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Foreword

[SO (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 established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO documents should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

The spectral characteristics of a laser, such as its peak wavelength or spectral linewidth, are important for
potential applications. Examples are the specific application requirements of interferometry and lithography.
This document gives definitions of key parameters describing the spectral characteristics of a laser, and
provides guidance on performing measurements to determine these parameters for common laser types.

The acceptable level of uncertainty in the measurement of wavelength will vary according to the intended
application. Therefore, equipment selection and measurement and evaluation procedures are outlined for
three accuracy classes. To standardize reporting of spectral characteristics measurement results, a report
example is also included.

© IS0 2024 - All rights reserved
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International Standard

ISO 13695:

2024(en)

Optics and photonics — Lasers and laser-related equipment
— Test methods for the spectral characteristics of lasers

1 Scope

This document specifies methods by which the spectral characteristics such as wavelength, bandwidth,

spectral d

ifmmmmmmmﬁmm T : T3
to both comtinuous wave (cw) and pulsed laser beams. The dependence of the spectral charactd

laser on ity

2 Norm

The follow
references
document

1SO 11145,
ISO/IEC Gu
IEC 60747-!

3 Term

For the purposes of this document, the terms and definitions given in ISO 11145, ISO/IEC Gu

IEC 60747-
[SO and IE
ISO On

IEC El¢

3.1
wavelengt
Ao
wavelengtl

Note 1toen

operating conditions may also be important.

ative references

ing referenced documents are indispensable for the application ¢f\this document.
only the edition cited applies. For undated references, the latest edition of the
[including any amendments) applies.

Optics and photonics — Lasers and laser-related equipment~~Yocabulary and symbols
ide 99, International vocabulary of metrology — Basic andgeheral concepts and associated {

b-1, Discrete semiconductor devices and integrated circuits — Part 5-1: Optoelectronic device

s and definitions

b-1, and the following apply.
[ maintain terminology databases’for use in standardization at the following addresse

line browsing platform: available at https://www.iso.org/obp

ctropedia: available at ittps://www.electropedia.org/

h in vacuum

1 of an infinite, plane electromagnetic wave propagating in vacuum

Lry: Fosa wave of frequency f, the wavelength in vacuum is then given by A = ¢/f, where ¢ = 299 7

applicable
ristics of a

For dated
referenced

erms (VIM)

c — General

ide 99 and

2]

92458 m/s.

3.2

wavelength in air

A

air

wavelength of radiation propagating in the air and related to the wavelength in vacuum by the relationship:

Aair = AO / n

where n;,

air

denotes the refractive index of ambient air (see 6.4)

Note 1 to entry: The specific properties of the ambient atmosphere, such as humidity, pressure, temperature and

composition all influence n
air. These can be calculated from A

Therefore it is better to report the wavelength in vacuum, or the wavelength
and n,;,. using the equation given in 6.4.

air

air air

© IS0 2024 - All rights reserved
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wavelength in dry air under standard conditions

Astd

wavelength of radiation propagating in dry air (0 % humidity) under standard conditions and related to the
wavelength in vacuum A by the relationship:

Astd =1

where ng4

0 / Ngeq

denotes the refractive index of air under standard conditions (see 6.4).

Note 1 to entry: For the purpose of this document, air under standard conditions is as defined in 6.4. Note that various
other “standard conditions” have been reported in the literature. It is therefore necessary to quote the conditions in

the testrep

3.4
spectral r

Py (D), [@5 (

ratio of the
the range ¢

Py (A)

Note 1 to en|
the integral

ort

hdiant power [energy] distribution
]

radiant power dP(A) [or energy dQ(A) in the case of a pulsed laser] transferred by lag
f wavelength dA to that range

dP(1) dQ(1)

W |aw-

da

er beam in

try: The radiant power (energy) delivered by the laser beam in any*bandwidth 2, to Ao, is then given by

defined by:

ant energy

Ahigh
Ahigh
P= [l Pi(2)dA [Q:j Q,l(/l)dl}
ﬂ'low
’llov
3.5
peak-emigsion wavelength
A
p
wavelength at which the spectral radiant power{energy) distribution has its maximum value
Note 1 to entry: See Figure 1.
3.6
weighted average wavelength (first moment)
A
g
wavelength representing the ceftre of gravity of the spectral radiant power (energy) distribution, as
[l 2504
/1 — a'min
g
J l‘“"s(ﬂ) da
ﬂ'min
where S(A] ishthe spectral radiant power P;(A) in the case of a cw laser, or the spectral radi
distribution @;(AJ TN the case of a pulsed laser
Note 1 to entry: See Figure 1.
Note 2 to entry: For choosing of the integration limits A ;, and A .., see 6.2.2.
3.7

central wavelength

A

© IS0 2024 - All rights reserved
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weighted a
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)

where

A

1

I.

1
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verage of the wavelengths of spectral lines or modes:

i=i
max
.
min
1=lmax I.

=lmin

is the wavelength of the ith spectral line or the ith mode;

is the relative radiant power of the ith spectral line or the ith mode;

danaota avirama cnactral linac armmadac haolaws and abhavua )
crerrote-cr e e ToO v Yorrrer oo o v e AT

min’ ‘nj

Note 1 to e
modes outsi

Note 2 to en

3.8
average w
Aav

ratio of thd

Ay =¢

Note 1 to {
measureme

3.9
RMS spect
AA
second mo

TP Tt I e O TITotres

ax

htry: Usually, the summation limits are chosen such that the relative radiant power of-spec
de the limits remains less than 1 % of the relative radiant power of the strongest line or‘thode, ]

try: This definition is particularly useful in the case of a multi-mode laser.

avelength

light velocity c to the average optical emission frequency f,,

fav

entry: The average optical emission frequency f,, can‘be measured directly, e.g. by the
nt method (see 6.6.5).

ral radiation bandwidth (second moment)

ment of the spectral radiant power (energy) distribution, as defined by:

AL

/’Lmax

%m(l—%ﬁzsﬁJdl

J

where S(A]
distributio

Note 1 to en
Note 2 to en

3.10
RMS spect

jlm§5(a)dz

n

is the spectral radiant power P,(A) in the case of a cw laser, or the spectral radi
n Q;(A) in the caseefa pulsed laser.

try: See Figurell:

try: For ¢choosing of the integration limits A ;, and 4., see 6.2.2.

rabbandwidth

tral lines or
pcated at Ap.

heterodyne

ant energy

A)ers

rms bandwidth is defined by:

AArms =

where

-

=lmin

2 i=i

Y

max
l.

=lmin

© IS0 2024 - All rights reserved
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is the wavelength of the ith spectral line or the ith mode;
is the relative radiant power of the ith spectral line or the ith mode;
is the central wavelength;

denote extreme spectral lines or modes below and above A,

Note 1 to entry: See Figure 1.

Note 2 to entry: Usually, the summation limits are chosen such that the relative radiant power of spectral lines outside
the limits remains less than 1 % of the relative radiant power of the strongest line, located at Ap.

Barticilacl

Note3toe

3.11
spectral b
FWHM
ALy
maximum
half of its

Note 1 to en

[SOURCE: ]
replaced b}

3.12

mcafial io tha coca of o o ol o o da 1o oy
oIt orreT

PN 1
TS parcrcoatrarty aotror TC-CoSC-oTTr 11T THOOCTa ST

andwidth

difference between the wavelengths for which the spectral radiant power-(energy) dis
eak value

try: See Figure 1.

SO 11145:2018, 3.17, modified — The abbreviation “FWHM? has been added, “AA, A
y “AAy” and Note 1 to entry has been added.]

spectral linewidth

FWHM
Ay,
maximum
distributio

Note 1 to en
Note 2 to en

Note 3toen
mode or oth

3.13
mode spad
separation

Note 1 to en

difference between those wavelengths withih 6A for which the spectral radiant pow
n is half of its peak value found within 6A

try: See Figure 1.
try: cf. spectral bandwidth (3.11), Axg

[ry: A spectral linewidth is amalegous to a spectral bandwidth (3.11), butis defined for a single (1
erwise clearly distinguisliable and labelled spectral feature contained within an interval 6A.

ing
of two neighbouring longitudinal modes expressed in frequency (F,) (wavelength (4

try: See Eigure 1.

fribution is

” has been

br (energy)

ngitudinal)

‘msp))

© IS0 2024 - All rights reserved
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100

50

Key

A wavele

3.14
number of
N

m
number of

3.15
side-mod¢

RSIV_IS
ratio of thd

the second

Rsms =

Note 1 to en

Note 2 to ¢
distribution

Rsms =

hgth

longitudinal modes within a specified bandwidtly, usually the rms spectral bandwidth|

igure 1 — Spectral characteristics of lasers — Illustration‘of defined parameter

longitudinal modes

suppression ratio

relative radiant power of the most intense mode, Ip, located at Ap, to the relative radia
most intense mode, I, located at Ay

1010g10(1

3

S
try: See Figure 2.

ntry: In practieenthe Rqys can be assumed to be equal to the ratio of the peak values of {
for the mostqntense and second most intense modes:

S(ﬂp)}

S

AA

rms

ht power of

he spectral

© IS0 2024 - All rights reserved
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S,)

SiA)

Key
A wavele

3.16
pulse repe

Jo

number of

3.17
temperaty
OAp
wavelengtl

Shy =

3.18
current de
OA.
wavelengtl

S = -

C

3.19
Allan vari
0,% (27)
two sampl

hgth

Figure 2 — Side-mode suppression ratio

tition rate

laser pulses per second of a repetitively pulsed laser

ire dependence of wavelength

1 shift per change in temperature T of the laser;

dA
dT
tpendence of wavelength

1 shift per change in laser eurrent /

A
i/

hnce for a cw laser

e variance of frequency fluctuations for an averaging time of T seconds and is defined |

[y(k+1)-y(K)]* |

9
y(k)

y

7)_< 7
2

denotes the average over an infinite set of data;

is the kth measurement of y in this set of data;

is obtained by averaging y(t) over a time interval t

Note 1 to entry: For frequency measurements, the fractional deviation y(t) is given by:

Y@ =[v(t) - vol/vo

© IS0 2024 - All rights reserved
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v(t)

Vo
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is the instantaneous frequency;

is the nominal frequency.

The measurement intervals all have the same duration t and there is no dead time between subsequent
measurement intervals. For times 7 < 100 s, the data set has to consist of at least 100 data. For larger times t;
the number of data may be reduced but shall be stated in the test report.

Note 2 to entry: y may be derived from heterodyne measurements where a frequency difference Av is integrated over
an interval T and normalized to the oscillation frequency v,

Note 3 to emmmﬂ?vw-@mmmmm

wavelength
Note 4 to en

3.20

stability.

try: For further details see Reference [1].

instrumental response function

R@A0)
response, i
wavelengtl

Note 1 to €
wavelength
instrument

.e. the output signal, of the instrument at the wavelength setting@{0 a monochroma
1Ay

ntry: Usually, over the wavelength range of the instrument, R{Af4,) is nearly independent
Ay, and the second argument is omitted. For a properly adjusted instrument, the first mo
] response function R(4,1), as defined by:

™) R(A, 4 ) dA

in

should be ¢
3.21

)"max
R(A,2,)dA
R ()

n

qual to the input wavelength: 4, = 4.

instrumental effective spectral bandwidth

AAinsU‘O)
second mo

A’lins (

Note 1 to e
wavelength

ment of the instrumental fesponse function R(A,A,), as defined by:

j)“ma"m—xg)z R(A,2y)dA

A’min
Anix
R(A, dA
j R()

ntry: If, as usually assumed, R(A,A,) and therefore A4, 4(4,) are approximately independent
Ao, the €ffective bandwidth A4, is used without argument.

o)

y and of the

kic input of

bf the input
ment of the

of the input

4 Symbels-and-abbreviatedterms
Symbol Unit Term

Fmsp Hz mode spacing in the frequency domain
fp Hz pulse repetition rate

N, number of longitudinal modes

Nyip refractive index of ambient air

Ngiq refractive index of dry air under standard conditions
P, W/m spectral radiant power distribution

© IS0 2024 - All rights reserved
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Symbol Unit Term
Q, W-s/m spectral radiant energy distribution
R(A, ) 1/m instrumental response function
Smsp m mode spacing in the wavelength domain
s (sjpect.ral radiant power P,(A) in the case of a cw laser or the spectral radiant energy
istribution @, (4) in the case of a pulsed laser
Rqyis dB side-mode suppression ratio
U, expanded standard uncertainty for measurand x
OAr m/K temperature dependence of wavelength
A, m/A current dependence of wavelength
A m wavelength
Ao m wavelength in vacuum
Air m wavelength in air
Aoy m average wavelength
lg m weighted average wavelength (first moment)
ﬁ.p m peak-emission wavelength
Astd m wavelength in dry air under standard congditions
A m central wavelength
AL m rms spectral radiation bandwidth (second moment)
Ady m spectral bandwidth (FWHM)
Alins m instrumental effective spectrdl bandwidth
AXy, m spectral linewidth (FWHM)
Admea m measured spectral tadiation bandwidth (second moment)
As m rms spectral bahdwidth
v Hz frequency ofithe wave
VESR Hz free spectral range (FSR) of the Fabry-Perot (FP) interferometer
O'Yz (2,1) Alan/variance characterizing the wavelength stability of a cw laser
Ty s pulse duration
5 Traceability
All measurpméntresults shall be traceable to the SI Units. For example, the wavelength shall be tracgable to the
meter by one©f the methods recommended by the International Committee for Weights and Measujres (CIPM).

NOTE

for details see References [2][3].

© IS0 2024 - All rights reserved
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6 Measurement of wavelength and bandwidth

6.1 General

6.1.1 Preparations

Depending on the spectral characteristics, the intended use of the laser and on the required level of
uncertainty U, or U, (as defined in ISO/IEC Guide 98-3) in the measurement of wavelength (or frequency) of
the laser, U, /A = U, /v, different parameters need to be tested, see 6.2.

In the case of a laser with unknown characteristics, an operational test should be performed in order to

select well-

adapted instrumentation and the best choice of parameters to be measured.

Itis assumled in this document that the spectral characteristics of the laser beam are the same-

the spatial
could be ad

As a guideljiine, three testing levels are proposed, see 6.2.

6.1.2 Co

The choice

the type of
a) broad-
mode f

b) multi-node lasers with a stable mode-structure over the'time-scale of interest;

9

For these t

single

forab

the we
AA or
operat}

for a n

the ce
domai
N,; th
or inje

— for a single frequency laser:

power (energy) distribution in the beam. If this is not the case, spatially resolved mes
hieved by means of limiting apertures.

mmon laser types

of parameters most suitable for characterizing the spectral chdracteristics of a laser
laser. Common types of laser are:

bandwidth lasers, for example pulsed lasers, or multi-mode lasers showing significa
luctuations;

frequency lasers.
hree types of lasers, the use of the following parameters is recommended:
road-bandwidth laser:

ighted average wavelength (firstmoment) A, rms spectral radiation bandwidth (secon

spectral bandwidth (FWHM), AAy; the dependence of the wavelength 6A; and/or
ing parameters, temperatuye and/or injection current;

ulti-mode laser:

ntral wavelength~7, the rms spectral bandwidth AA,. ., the mode spacing Fisp

h) or S, (wavelength domain), the number of longitudinal modes within a specified
e dependencé.of the wavelength, §A; and/or 61, on the operating parameters, temper
Cction current;

hroughout
surements

depend on

nt and fast

d moment)
bA., on the

(frequency
bandwidth
ature and/

akKwavelensth-A—oraverase—wavelepesth—A and—the—spectral- Hpnewidth-—-AA—and

side mode

the pe

oIS vv oV CICTrg eI /v OV Cragt—vvayv CItirgtir—7r o CIC— S Pttt TITrC vy T e 37t o et

suppression ratio Rgys; the dependence of the wavelength, 6A1 and/or 61, on the operating parameters,
temperature and/or injection current, the Allan variance g, 2(2,7) as a measure of wavelength stability.

6.2 Types of measurements

6.2.1 Ge

neral

The spectral characteristics of the lasers are assumed to be stable during the duration of the measurements,
though this may need evaluation through subsequent stability and drift tests (see Clause 7).

© IS0 2024 - All rights reserved
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6.2.2 Low accuracy measurements

These measurements are useful at a typical uncertainty of U,/A = U,/v > 10-% This applies to broad
bandwidth lasers, e.g. pulsed lasers or multi-mode cw lasers or measurements involving an instrument of
low resolution.

For these measurements, the individual modes need not be resolved and the weighted average wavelength,
Ag, and the rms radiation bandwidth, A4, should be determined. The wavelength stability should be assessed
as a function of the operating parameters, i.e. Ay and/or 6\ should be measured.

For the determination of the weighted average wavelength, the integration limits A,,;;, and A, are usually
chosen such that outside of this interval the spectral distribution remains smaller than 1 % of its maximum
value. In case other integration limits are used, these shall be reported in the test report.

There may|
value over
such a cas¢
for very nd

be cases where the spectral distribution takes values not much smaller than 1 % of its

h very wide range of wavelengths, e.g. for a narrow peak superimposed on a broadbdck

a considerable fraction of the total power may be found outside the integration-limits.
rrow distributions the instrumental resolution may affect the measured naximum v

at A, which in turn affects the integration limits. Care should be taken to ensure thatthe calculag

Ag 1s not sig

6.2.3 Mgq

These mea
to narrow

For these 1
domain) or S,

Inificantly influenced by this.

dium accuracy measurements

surements are useful at a typical uncertainty U, /A =
bandwidth pulsed lasers or cw multi-mode lasers.

U,/v inthe order of 10~% to 107>. 7

neasurements, the individual modes are usually resolved and the mode spacing F,,

msp (Wavelength domain), the number of longitudinal modes within a specified ban

and the sidle-mode suppression ratio Rgys can be assessedThe central wavelength A4, the rn

bandwidth
i.e. A and

6.2.4 Hi

These mea|
lasers, or n|

For these

AA, s should be determined. The wavelengthsstability as a function of the operating p
or 6A,, should be measured.

;h accuracy measurements

surements are useful at a typical uincertainty of U,/A = U,/v < 1075, This applies to s
arrow bandwidth pulsed lasers.

measurements, possiblelside modes have to be identified and if applicable, the

suppression ratio Rqy has to be detérmined.

The peak
operating (
Allan varid

6.3 Equ
The proper

vavelength A, orsaverage wavelength A,, and the spectral linewidth AA;, the depq
onditions 6A; axid/or 61 should be determined and, as a measure of the wavelength s{
nce oyz (2,7)sheuld be measured.

pmentseélection

equipment shall be chosen according to the required accuracy and the type of the |

example, a

maximum
ground. In
n addition,
hlue of S(A)
ed value of

his applies

p (frequency
dwidth N,

hs spectral
arameters,

ngle mode

side-mode

ndence on
ability, the

aser. As an

hiogh racaluition nv'\f\ng snactromatar A ba canahla of o hranf!n'\] racaluing pr\tvev D‘ =
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the order of 105 to 106.

AJAA; g on

In the case of a pulsed laser, interferometers can only be used if the pulse duration, ty, is large compared to
the inverse bandwidth of the instrument. For a Fabry-Perot interferometer with a free spectral range vgsp
and a finesse F, the minimum pulse duration is F/vggg. For a two-wave interferometer with maximum path
difference L, the minimum pulse duration is L/c, where c is the speed of light.

The wavelength accuracy required may often be low. There may, however, be a requirement for high accuracy
in the measurement of the amplitude of the spectral power distribution, for example to determine spectral
flatness, ripple, etc. in the case of broad bandwidth sources.

Any optical component to be used to couple the laser beam to the measurement system (lenses, mirrors,

optical fibres, etc.) should be either spectrally insensitive, or spectrally characterized, within the range of
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measurement. Their possible sensitivity to the state of polarization of the laser beam should be wavelength
independent, or characterized by for instance, proper wavelength-dependent Mueller matrices (see
[SO 12005). The polarization-dependent spectral response of the measurement system shall be taken into
account. Devices such as grating monochromators are known to have a polarization-dependent transmission

curve. The

same can be true for detectors or for other components of the measurement system.

For narrow bandwidth laser beams the transmission can often be considered as flat, independent of the

polarizatio

n state.

As many types of lasers are susceptible to optical feedback, any reflections of laser light back to the laser,
e.g. from optical windows, filters or lenses should be avoided by, for example, tilting the elements or by the
use of optical isolators.

6.4 Measurements in air

If A, is m
atmospher
varies witl
the influer
dependenc

The calcul
conditions
[450 ppm!
(see Referd

(nstd -
NOTE1
significantly
NOTE 2

1

If the a
is large

Ifthe a
than or]

(nair 1
where
i

Najr

easured, the measurement results depend on environmental conditions such)as te
ic pressure and humidity, as these influence the refractive index of air. Alsp,‘the refra
\ the wavelength itself (dispersion). If a laser with known wavelength {s used as a
ce of the refractive index partially cancels, and only the smaller effect of dispersi
e on the environmental conditions) needs to be taken into account.

ption of the refractive index starts with the dispersion formula of dry air. Unde
at a temperature of 15 °C, a pressure of 101 325 Pa, a COy volume fraction of 4
| and 0 % humidity, the refractive index of air may be calculated using an updated Edlé
nce [4):

2406147
130—(1000nm /A)?

15998
38,9-(1000nm /1)

1)x10% =8342,54+
'he above formula is accurate to about one part in07 for 300 nm <A < 1 700 nm. Within the v
y higher accuracy is achieved with this formula;

«q(6331m) = 1,000 276 5, n_,4(532 nm) ="$,000 278 2, n 4(1 530 nm) = 1,000 273 3.

ccepted level of uncertainty in the measurement of wavelength (or frequency) of the laser, U,
r than 10~4, the atmospheric conditiens need not be taken into account explicitly.

Ccepted level of uncertainty inthe measurement of wavelength (or frequency) of the U, /A, = U
equal to 10~%, measurement-results shall be corrected by the following formula (see Referenc

1,040,6322x107° p
$40,0036610xT

1)=(ngg —1)x x(1+gpql+x)—fx[&7345—00401x0000nm/

5 the refractive index in air;

mperature,
ctive index
reference,
bn (and its

I standard
150 x 106
n-Equation

sible range,

An=U, /v

v /Vm is less

P [4]):

1)2}x10‘1°

Ngtq 1

5 the refractive index in dry air under standard conditions, see above, at the measurement way

relength;

T

f

p

is the temperature, in °C;
is the partial pressure of water vapour, in Pa;

is the total atmospheric pressure, in Pa;

and the correction terms are defined as follows:

1) The use of ppm is deprecated. 1 ppm =1 pl/1.
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is the higher order, p and T, correction term,and 1 + £ =1+ 10-8 x p x (0,601 - 0,009 72 x T);

is a term taking into account deviations of CO, volume fraction, ¢,, from 450 x 10-¢ [450 ppm], and 1 +

x=1+0,54 x (¢, - 0,000 45).

Both correction terms may be taken to be equal to 1, if the accepted level of uncertainty in the wavelength, U, /A,
is larger than 10-6,

Pcoz is

NOTE 3

The refractive index n

the CO, volume fraction, in air.

air

is changed by approximately 1 x 1077 by each of the following changes in the

environmental conditions: temperature: AT = 0,1 °C, pressure: Ap = 30 Pa (or 0,3 mbar), CO,-content: A, = 600 x 106
[600 ppm], humidity: Af = 250 Pa.

NOTE 4

vapours of
wings of inf]
Further de
If the acceq
An=U, /v
measurem

6.5 Mea

6.5.1 Pr

For unknoy

spectral radiation bandwidth shall be done in order to detérmine the required instrumentation.

For this te
A single in
accessoriey

The aspect

6.5.2 Maeg

The laser |
shall be di
ratio of th
usually reg
entrance sl

The value

the beam d
For this tes
and of wav!

T

he above equations assume normal composition of the atmosphere. Enclosed apparatus, I
bils or solvents changing the refractive index by 1 x 10~7 or more. Particularly in the néar’i
rared absorption lines of water vapour, CO, or other gases may need to be taken into ac¢ount.

tails may be found in Annex A.

pted level of uncertainty in the measurement of wavelength (or frequency) of the
, is smaller than 10-7, wavelength measurements shall be performed jn vacuum or by
ents by heterodyne methods.

surements at low resolution

nciple

vn sources, a preliminary low-resolution measurément of the weighted average wave

bt a grating monochromator of moderate size (focal length of the order of 30 cm) is a
strument may be used for all kinds of-laser devices, but the choice of some comp
shall be made according to the spectral domain of the laser radiation.

s of the choice of the instrumentand the accessories are given in the informative Anne

asurement procedure

beam to be measured, or a fraction of this beam extracted from an appropriate be
ected onto the inputef the instrument e.g. the entrance slit of the monochromator. TH
e instrument should be matched to the beam by means of an appropriate optical sy
uires focusing of the laser beam. It should be remembered that the instrument, e.g. the
it, can be damiaged if too high a power density is used, and attenuators can be used if 1

f the effeetive spectral bandwidth of the instrument, A, ., shall be checked using, as ¢
f a narrow-linewidth laser adjusted to form a beam following approximately the samg
tanarrow-linewidth laser can be any laser device known to provide a beam of spectral

nay contain
hfrared, the

laser, U,/
frequency

length and

bpropriate.
bnents and

x B.

amsplitter,
e aperture
stem. This
b lips of the
ecessary.

reference,
geometry.
bandwidth

lapngth dvift Flai bty Ar lnact 1IN e craallnw dbh o +h A vn iy Aaliin fos A (cd

TCTITStIr OTIrc HHHethatiohateastrotHRe S SHarrerFthah—thRet cooret Yartde+o+ =775 O©

many cases, a 633 nm free-running He-Ne laser will be adequate.

e 6.5.3). In

If the instrument is scanned over the wavelength range of interest, the step size should be adapted to the
required resolution. The time constant of the recorder has to be much smaller than the time it takes to scan
through the halfwidth of the line. For example, a factor of ten between both times still leads to a shift of a
tenth of the linewidth.

The dynamic range of the detector shall be large enough so that irradiance measurements cover at least
2 decades.
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6.5.3 Analysis

The above procedure for measurements should allow the observation of the apparent spectral radiant
power (energy) distribution P,(A), or @,(A), respectively. If necessary, correct for the spectral sensitivity of
the instrument, the detector and the optics.

a) Apply any corrections to the wavelength scale and calculate the first moment of the measured spectral
radiant power (energy) distribution, i.e. the weighted average wavelength A, of the spectral radiant

power

For the determination of the weighted average wavelength, the integration limits A

(energy) distribution.

min

and A

max are

usually chosen such that outside of this interval the spectral distribution remains smaller than 1 % of
its maximum value. In case other integration limits are used, these shall be reported in the test report.

There
maxinj
broad
integr

measu‘lf

to ens

b) Calcul

(see 3.4
c¢) Recorg
d) Compsg

If
my

If

re
de|

If
po

6.6 Measurement at higher resolution

6.6.1 Ge|

All the m
Up/a= U,/

6.6.2 Pr

re that the calculated value of A, is not significantly influenced by this.

hite the second moment of the measured spectral radiant power<(energy) distribut

).

| the results in the test report data sheet.

re the second moment, A4, .., to the instrumental bandwidth A4, .

the second moment is found larger than 10 times the instrumental bandwidth,
pasurement is needed and AA = AA ...

AL eas i found between 2 and 10 times the instrumental bandwidth A4, ., specify

port the corrected spectral width, calculated as A/1=\/(A/1meas )2 —=(AAyg ) or ob
convolution procedure.

he second moment is found smaller than 2 times the instrumental bandwidth, a highg
wer instrument shall be selected'to further determine the spectral characteristics of the

neral

easurements/~for evaluation of the spectral characteristics of a laser with u
< 107> should be performed in a mechanically and thermally stable environment.

bliminary test

may be cases where the spectral distribution takes values not much smaller than|1 % of its
um value over a very wide range of wavelengths, e.g. for a narrow peak superimposed on a
background. In such a case, a considerable fraction of the total power may be found putside the
ition limits. In addition, for very narrow distributions the instrumental resolition may affect the
ed maximum value of (1) at A, which in turn affects the integration limits.Care should be taken

on, AA

meas

no further

in the test
ained by a

r resolving
aser beam.

ncertainty

For unkno
spectral ra

T SUUTTES d prefnmmary fow-resotutiomr measurentent of the—weighted—average
diation bandwidth shall be done in order to determine the required instrumentation.

avelength,

The choice of the equipment necessary to further characterize the source depends on the following

pected oscillation modes.

properties:
a) Theex
b)
9

distribution.
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6.6.3 Measurement with a grating spectrometer

In this regime a high resolving power grating will be preferred in most cases, since it is adequate for the
measurement of both the wavelength and the spectral bandwidths. If a grating spectrometer is used, the
procedure is the same as in 6.5.2.

6.6.4 Measurement with an interferometer

A Fizeau interferometer (optical wedge), or preferentially a set of Fizeau interferometers, is a valuable tool to
measure the wavelength with high accuracy. Appropriate combination of the wedge angles and of the base
lengths of the several interferometers in a multi-stage arrangement allows the achievement of a relative
accuracy of 1078 in the measurement of a wavelength. The Fizeau interferometer can be used for both cw

and pulse

laser beams

If only the

(FP) interferometer can be used (see Annex C). There is, however, a limitation to the use-of t
instrumentg

and cavity

t=2nD

where

n is

D th

In the case

A scanning
of a cw la
energy dis
or the fine
least 10 tin
of the insty

A scanning
Fabry-Perd
that leave

pectral radiant power (energy) distribution is to be determined, a scanning or solid K

in the case of pulsed lasers. The pulse duration, 7y, has to be longer than thelproduct
round-trip time ¢, which is given by:

c

the refractive index of the optical medium;
e distance between the two FP mirrors.
of very short laser pulses, a grating spectrometeris more suitable.

Fabry-Perot interferometer will be preferred-for the measurement of the spectral rad

Fribution of a pulsed laser. In either casé€)the optical path length between the mirror;
bse I should be large enough so thatthe instrumental resolution A4, ¢ of the interferg
nes smaller than the bandwidth ofthé spectral distribution. The free spectral range, v
ument should be bigger than the.bandwidth of the spectral distribution by a factor of

F interferometer requires-antinput beam that is matched to the device, e.g. for a pl
t interferometer, a collimated beam has to be used. A focussing lens at the output ima
'he interferometer to-a detector. The irradiance profile at the detector obtained by sd

mirror sp

C
the repeat}d occurrence ofithe spectral distribution of every free spectral range. The instrument

depends o

A solid int]
(Fizeau inf]

ing represents thé-spectral distribution of the laser. A linear frequency scale is dete

the reflectiyity)of the mirrors and the collimation of the input radiation.

erferometef requires a collimated input beam if the mirrors are aligned with a sl
erferometer) or a diverging input beam if the mirrors are parallel (Fabry-Perot inter

Both typeqd

can be used for spectral analysis and wavelength measurement of cw or pulsed las

abry-Perot
his kind of
bf finesse F

iant power

ber; a solid Fabry-Perot interferometer will be preferred for the measurement of the spectral

(nD) and/
meter is at
sp = ¢/2nD,
10.

hne-mirror
bes all rays
anning the
rmined by
resolution

ght wedge
ferometer).
er sources.

The Fizeay dnterferometer produces a pattern of straight-line fringes; the Fabry-Perot intefferometer
produces C‘Lmhrfmrgemrdmmgqmﬂﬁﬁﬁmmmqrﬁﬁjﬂmﬁmm@mwed on the

circular fringes) can be used to record the image. The spectral distribution of the source is determined by
comparison with the fringe spacing or the free spectral range (vgsg = ¢/2nD) of the interferometer. For the
Fizeau fringes this relationship is linear but for the Fabry-Perot fringes there is a square root dependence
of the circular fringe diameters. The choice of the mirror spacing and the size of the camera pixels shall be
matched to the resolution required for the measurement.

With either a scanning interferometer or a solid interferometer, the wavelength of the source is determined by
comparing the fringe spacing and the fringe positions of the input laser with that of a known reference laser.

A Michelson interferometer is an effective tool for the measurement of the peak emission wavelength, 4,
mainly for cw lasers. Although the resolving power of a Michelson interferometer is inversely proportlonal
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to the moving distance of a movable mirror, the wavelength resolution can be improved by means of fringe
dividing technology in the data treatment.

For wavelength measurements, both the collimated beam of the laser to be tested and the beam from a
reference laser of known wavelength shall be aligned into the interferometer to allow the wavefronts
travelling in the two arms of the instrument to interfere. The wavelength is measured using a fringe
counting method whereby the fringes of the reference and test lasers are observed simultaneously while the
movable mirror is scanned, and the wavelength of the laser under test, A, is calculated using the following

Formula (1):

N
Ap =2y = ey
Ny
where
A. isfthe wavelength of the reference laser;
N, thie number of fringes at the reference wavelength;
N, isjthe number of fringes at the wavelength of the test laser.
The resolution of the measurement increases with the number of fringes that’have been countdd, i.e. with
the displagement of the movable mirror.
In order to|obtain the spectral distribution of a laser beam using a Michelson interferometer, it i§ necessary
to record { full interferogram (transmitted irradiance in the interference zone as a function of[the mirror
displacemgnt), and to perform a Fourier transform. Caution dshhecessary in the choices of thle baseline,
the samplihg frequency and the computer code. For a propep treatment refer to the documentdtion of the
manufactulrer.
The use of p Mach-Zehnder interferometer is analogousto the case of a Michelson interferometer.
With interferometers, special care should be taken.to make sure that the measurement is not inffluenced by

residual si
the instrun

6.6.5 Mg

A self-delay
in the wav|
laser beam
delay betw
exit to pro
spectrum :
for an opti

A heterody
ofacwor

le-modes that overlap with the measured line because of the periodic transmission
nent.

asurement with photoele¢tric mixing methods

red homodyne method is a useful tool for measurement of spectral bandwidths of lase
plength range between visible and mid-infrared. For the measurement of AA; of a teg
is coupled into an.optical fibre which is then divided into two lines in order to introd
een the opticalpaths. The two beams in their fibre lines are mixed with one anotherj
Huce a self-béatnote. The spectral bandwidth is determined from the self-beat note y
nalyser. The-resolving power of this method is inversely proportional to the optical f]
ral delayline.

ne‘method is a powerful tool to determine the relevant quantities of the spectral char

function of

I's emitting
t laser, the
luce a time
after their
vith an RF-
ibre length

acteristics
e radiation

pulsed laser. Unlike the homodyne method, a second laser is needed here as a refereng

source, and care needs to be exercised which of the two lasers has the dominant bandwidth, the resolving
power and accuracy of the wavelength measurement being only dependent on the quality of the reference
radiation source.
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For the measurement of the spectral distribution in the optical frequency domain of a laser to be tested, a
collimated beam of the test laser is mixed with a reference laser beam to produce a beat note. The spectral
distribution in the optical frequency domain and the frequency difference are determined from the beat
note profile with an RF-spectrum analyser. The average beat frequency may also be determined by counting
the beat note with an electronic counter. The wavelength in vacuum of the test laser converts from the beat
note frequency in accordance with a following Formula (2):

(2)

¢ is|the speed of light, c =299 792 458 m/s;
is[the oscillation frequency of the reference laser;

6v is|the frequency of the beat note.

6.6.6 Analysis for medium accuracy U,/A = U, /v in the range 105 to 10

The above|procedure for measurements should allow the recovery of thé apparent spectral radliant power
(energy) distribution P,(A), or @,(A), respectively.

a) Calculate the side-mode suppression ratio Rqys as defined in.3.15.

=]

b) Calculjte the central wavelength A and the rms spectrakhandwidth AA, s as defined in 3.7 gnd 3.1
c) Deterrpine the number of longitudinal modes, N, as\defined in 3.14.

d) Deterrnine the mode spacing, S, ., as defined in-3.13.

msp’

e) Record the results in the test report data sheet.

to the instrumental bandwidth, AA,

f) Compdre the measured spectral linewidth, AA ins-

meas’

If a correctjion of the instrumental bandwidth is necessary, use the same procedure as 6.5.3 d).

6.6.7 Analysis for high accuracy U,/A=U,/v < 107>

The above|procedure for meastirements should allow the recovery of the apparent spectral radfiant power
(energy) distribution P, (A))0r Q,(A), respectively.

a) Calculgate the sideyfnode suppression ratio Rgys as defined in 3.15,

— if the Rgys s less than or equal to 20 dB, use the analysis for medium accuracy;

— ifthe’Rq),¢ is larger than 20 dB, proceed with b).

b) Determine the peak-emission wavelength, Ap, and the spectral linewidth, AA;, as defined in 3.5 and 3.12.
c¢) Record the results in the test report data sheet.

d) Compare the mode spectral bandwidth of the dominant mode to the instrumental effective spectral
bandwidth, A7 ..

e) Ifacorrection of the instrumental effective spectral bandwidth is necessary, use the same procedure as
6.5.3 d).
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7 Measurement of wavelength stability

7.1 Dependence of the wavelength on operating conditions

The wavelength stability is an essential characteristic for many lasers in the whole wavelength range. Most
lasers will exhibit some dependence of their emission wavelength on operating conditions, which should be
characterized. An oscillation wavelength depends mainly on mechanical distortion or vibration, on the
temperature and in the case of a diode laser on the injection current of the laser device. The temperature
dependence is quoted as wavelength change per unit temperature, measured in a range where no mode

jumps occ
injection c
procedure
emission W
laser) on t}

Since the
current of
For otherl

7.2 Way

Given nom,
may be of i
the Allan v
frequency
time of fre
two-sampl
should be
stability.

The Allan ¥

8 Test1
The testre
a) Geners3

1) re

r.In the case of diode ]acnrc’ the current dpppndpnr‘p is nlnnfpd as ‘Amvp]nngfh chan

irrent of the diode laser with otherwise unchanged measurement conditions. The. g
is the same as described in 6.5 and 6.6 and the dependence of the measured waveler

ravelength A, weighted average wavelength A, central wavelength A depending on
le operating parameters has to be determined.

pscillation wavelength of a diode laser depends mainly on the temperature and t
the laser device, for a diode laser a temperature and a current dependéence have to be d
hser devices usually only the temperature dependence needs to be‘determined.

elength stability of a single frequency laser

inally constant operating conditions, the wavelength orfrequency stability over tim
nterest. For a single frequency laser, the (in)stability.of the laser frequency may be de
ariance. This two-sample variance has to be detesmined from a time series of the o
[usually measured by the heterodyne methods)measured with an integration time, 7,

quency counter with no dead time between Successive measurements. From the tij
e variance O'yZ(Z,T) is determined for the evaluation of a single frequency laser. Integr
thosen according to the information required on medium- (1 ms to 100 ms) or long- |

rariance O'yZ(Z,T) is calculated as/specified in 3.19.

eport
port shall contain the following information.
1l information:

Ference to this-documenti.e ISO 13695:2024;

2) d

3)

e of test;

name‘and address of test organization;

e per unit
asurement
gth (peak-
the type of

e forward
termined.

b of a laser
scribed by
btical laser
.e. the gate
ne series a
htion times
> 1 s) term

4) na
b)

1y

me of individual performing the test.

Information concerning the tested laser:

laser type;

2) manufacturer;

3) manufacturer's model designation;
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4)
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serial number.

Test conditions:

1y
2)
3)
4)

5)
6)
7)

laser wavelength(s) at which tested;

temperature in Kelvin (diode laser cooling fluid) (only applicable for diode lasers);
operating mode (cw or pulsed);

laser parameter settings:

— output power or energy;

—[CUTTEent oT energy input;
—| pulse energy;

—| pulse duration;

—| pulse repetition rate;
m¢@de structure (if known);
state of polarization;
enyvironmental conditions:
—| room temperature;

—| humidity;

—| atmospheric pressure.

Information concerning testing:

1)

2)

measuring instrument:
—| effective spectral bandwidth A

—| wavelength repeatability-or calibration accuracy;

me¢asuring time (number, of pulses in the case of a pulsed laser).

e) Results and the anost suitable parameters characterizing the tested

1)[ state whether wavelengths in vacuum A, wavelengths in air A;,
(wavelength in dry air under standard conditions) A4 are reported below.

la

ber  type:

or standard wavelengths

2)| unlessa wavelength in vacuum was measured directly, characterize the environme¢ntal
coriditions to suitable accuracy, allowing the accurate determination of the refractjve index
during the measurement, and for A, explicitly state the standard conditions used;

3) ifavailable, include a graphical representation of the spectral density P,(A) or Q,(4);

4)  peak-emission wavelength Ap;

5) central wavelength A

6) weighted average wavelength Ag;

7)  spectral linewidth Ay

8) rms spectral bandwidth Ad s
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9)

10)
11)
12)
13)
14)
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spectral radiation bandwidth (second moment)  AA;

side-mode suppression ratio Royss
temperature dependence OAr;
current dependence (if applicable) oA
radiant power/energy of pulse (if applicable) P, Q;
Allan variance (two-sample variance) ayz (2,7).

f) Remark(s) (optional).
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