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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 International Standard 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
appli¢cation. Therefore, equipment selection and measurement and evaluation procedures are

three
exan

the intended
outlined for

accuracy classes. To standardize reporting of spectral characteristics measurement resjlts, a report

ple is also included.
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INTERNATIONAL STANDARD

ISO 13695:2004(E)

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

1

This [International Standard specifies methods by which the spectral characteristics such as
bandidth, spectral distribution and wavelength stability of a laser beam can be measured. This
Stanglard is applicable to both continuous wave (cw) and pulsed laser beams. The dépendence o
characteristics of a laser on its operating conditions may also be important.

2

The following referenced documents are indispensable for the application of this documen

refer
docu

ISO
ISO

IEC 6
Gend

Guid
oML

Intert
OIML

3

For the purposes of this document, the terms and definitions given in the VIM, 1ISO 11145 and |IE

and t

3.1

11145, Optics and optical instruments — Lasers and laser-related equipment — Vocabulary

12005, Lasers and laser-related equipment — Test methods for laser beam parameters — P

Terms and definitions

cope

ormative references

nces, only the edition cited applies. For undated references; the latest edition of th
ment (including any amendments) applies.

0747-5-1, Discrete semiconductor devices and integrated circuits — Part 5-1: Optoelectron
ral

b to the expression of uncertainty in-measurement (GUM), BIPM 1), IEC, IFCC 2), ISO, IUPA(
5), 1993, corrected and reprinted in1995

ational vocabulary of basicrand general terms in metrology (VIM). BIPM, IEC, IFCC, ISO, IU
, Geneva, ISO

he following apply.

wavelength,
International
f the spectral

t. For dated
b referenced

hnd symbols
Dlarization

ic devices —

> 3), IUPAP 4),

PAC, IUPAP,

C 60747-5-1,

wave
Ao

length in vacuum

wavelength of an infinite, plane electromagnetic wave propagating in vacuum

NOTE

© IS0

International Bureau of Weights and Measures (Bureau International des Poids et Measures).

International Federation of Clinical Chemistry and Laboratory Medicine.

)
)
3) International Union of Pure and Applied Chemistry.
) International Union of Pure and Applied Physics.
)

International Organization of Legal Metrology (Organization International de Metrologie Legale).
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3.2
wavelength
Aai

Agir = 4o

in air

I ngir

where ng;, denotes the refractive index of ambient air (see 6.4)

NOTE

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

The specific properties of the ambient atmosphere, such as humidity, pressure, temperature and composition

all influence n,;.. Therefore it is better to report the wavelength in vacuum, or the wavelength in standard air. These can be

calculated fron

Aqp-and n,.. using the equation given in 6.4

3.3
wavelength

Astd
wavelength

wavelength i

Astd = 4

in dry air under standard conditions

bf radiation propagating in dry air (0 % humidity) under standard conditions and related t
N vacuum A by the relationship:

[ ngyq

where ngq d¢notes the refractive index of air under standard conditions (see 6.4).

NOTE Fd
various other |
the test report

3.4

r the purpose of this International Standard, air under standard conditions is as defined in 6.4. Nof
standard conditions” have been reported in the literature. It is therefere necessary to quote the conditi

spectral radjant power [energy] distribution

P, (A), 10, (4
ratio of the ra
range of wav

)

diant power dP(A) [or energy dQ(A1) in the case of a pulsed laser] transferred by laser beam
elength dA to that range

—_—

dP(4) do(2)
Py (A)S AN=—"5jojo57
H)97; {Q*( )= "4
NOTE The radiant power (energy) deliyered by the laser beam in any bandwidth 4, to ihigh is then given
integral:
Anigh Ahigh
P= [P d2 Qo= | 0,1
ﬂ'low /1Iow
3.5

p the

e that
bns in

n the

by the

peak-emission-wavelength

A

p
wavelength at which the spectral radiant power (energy) distribution has its maximum value

See Figure 1.

2 © ISO 2004 — All rights reserved
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3.6
weighted average wavelength (first moment)
A
9
wavelength representing the centre of gravity of the spectral radiant power (energy) distribution, as defined by:

lmax
j 2 S(1) dA
ﬂ .
l — min
g ﬂmax
S(2) da

wherg S(1) is the spectral radiant power P,(1) in the case of a cw laser, or the spectral’rgdiant energy
distribution Q,(4) in the case of a pulsed laser

See Figure 1.

NOTE For choosing of the integration limits 4, and 4., see 6.2.2.

max’

3.7
central wavelength
A
weiglhted average of the wavelengths of spectral lines or modes:

=lmax

z I A

[

Z: =imin
i=imax
2 i
i=imin
wherg
L is the wavelength of\thé ith spectral line or the ith mode;

is the relative radiant power of the ith spectral line or the ith mode;
min» Imax  denote-extreme spectral lines or modes below and above 4,

NOTH 1 Usually, \the summation limits are chosen such that the relative radiant power of spectral lihes or modes
outside the limitsremains less than 1 % of the relative radiant power of the strongest line or mode, located af /1p.

NOTH 2 _ ‘This definition is particularly useful in the case of a multi-mode laser.

3.8
average wavelength

/1av

ratio of the light velocity c to the average optical emission frequency £,

Aav = clfay

NOTE The average optical emission frequency f, can be measured directly, e.g. by the heterodyne measurement
method (see 6.6.5).

© 1SO 2004 - All rights reserved 3
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RMS spectral radiation bandwidth (second moment)

AL
second mom

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

Amax

(A-4g)% S(A) d2

j{ .
Aﬂ — min
/Imax
j S(2) dA
2
“min
where S(4) is the spectral radiant power P,(1) in the case of a cw laser, or the spectral radiant’ epergy
distribution g,(4) in the case of a pulsed laser.
See Figure 1.
NOTE Fqr choosing of the integration limits 4, and 4, see 6.2.2.
3.10
RMS spectral bandwidth
Alrms . i .
rms bandwidth is defined by:
i=imax =2
D 1i(4-A)
_| | =imin
A/irms ] i=imax
2 i
i=imin
where
A; is the wavelength of the jthispectral line or the ith mode;
I; is the relative radiant\power of the ith spectral line or the ith mode;
A is the central-wavelength;
imins imak  denote.extreme spectral lines or modes below and above 4,
See Figure 1|.
NOTE 1 Ud unlly, the summation limits are chosen such that the relative radiant power of epar\frgl lines gutside the
limits remains less than 1 % of the relative radiant power of the strongest line, located at Zp.
NOTE 2  This definition is particularly useful in the case of a multi-mode laser.

© ISO 2004 — All rights reserved
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3.1

spectral bandwidth

FWHM

maximum difference between the wavelengths for which the spectral radiant power (energy) distribution is half
of its peak value

See Figure 1.
NOTE Adapted from ISO 11145.

3.12
spectral linewidth
FWH

Ad

maximum difference between those wavelengths within 64 for which the spectral+radiant power (energy)
distribution is half of its peak value found within 54

See Figure 1.

cf. spectral bandwidth (3.11), Ady

NOTH A spectral linewidth is analogous to a spectral bandwidth _{3.11), but is defined for a singl¢ (longitudinal)
mode]or otherwise clearly distinguishable and labelled spectral feature contained within an interval J4.

313

mode spacing

Fmsp [Smsp]

sepafation of two neighbouring longitudinal modes expressed in frequency (Fy,,) [wavelength (Syq,)]

See Figure 1.
00 [—=~r———————————7—
AA
% H
50 f——————————F R—— -1 —-‘—— —
SR TN NN N TN ) N N A O
AA, }
|
J | \
Ag| Ay S msp A
AA, Adrms
Key
A wavelength
Figure 1 — Spectral characteristics of lasers — lllustration of defined parameters

© 1SO 2004 - All rights reserved 5
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3.14

number of longitudinal modes

Nm

number of longitudinal modes within a specified bandwidth, usually the rms spectral bandwidth Ao

3.15

side-mode suppression ratio

SMS

ratio of the relative radiant power of the most intense mode, I, located at /1p, to the relative radiant power of
the second most intense mode, I, located at Aq:

SMS =1 !g“pw
s
See Figure 2.

NOTE In|practice the SMS can be assumed to be equal to the ratio of the peak values of the spectraldistribution for
the most intense and second most intense modes:

o5 — 1 lg[é‘(ﬂp)]

S(4s)

T _

L Y S — ]

Key
A wavelength

Figure 2 — Side-mode suppression ratio

3.16
pulse repetition rate

A

p "
number of laser pulses per second of a repetitively pulsed laser

3.17

temperature dependence of wavelength

oAt

wavelength shift per change in temperature T of the laser:
di

Sip = 24
T = dr

6 © ISO 2004 — All rights reserved
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current dependence of wavelength

S
wave

S

3.19

length shift per change in laser current 1

_
d/

Allan variance for a cw laser
62 (2,9)
two sample variance of frequency fluctuations for an averaging time of r seconds and is defined by:

wher

NOTH

wherg

The n
interv
be re

NOTH
interv

NOTH
wavel

NOTE

3.20

instr
R(4,4
respq

[+ 0= 30|

2
2,7)=
b, (2,7) 2

W

) denotes the average over an infinite set of data;
;_;(k) is the kth measurement of » in this set of data;
is obtained by averaging y(¢) over a time interval

1 For frequency measurements, the fractional deviation y(¢) is giyen by:

() =11 - vliv

() is the instantaneous frequency;
0 is the nominal frequency.

neasurement intervals all have the same.duration 7 and there is no dead time between subsequent
bls. For times 7< 100 s, the data set has to consist of at least 100 data. For larger times z; the numb
uced but shall be stated in the test report.

2 ; may be derived from.heterodyne measurements where a frequency difference Av is integ
bl ~and normalized to the oseillation frequency vy,

ength stability.
4 For further\details see reference [1] in the Bibliography.

Limental-résponse function

0)

nse, ‘i.e. the output signal, of the instrument at the wavelength setting 4 to a monochron

measurement
br of data may

rated over an

3  Since y=AvIivE=AIA, ay2 (2,7) is at the same time a measure of the frequency stabilify and of the

natic input of

wav

NOTE

tla 9
CTTYuT /LO

Usually, over the wavelength range of the instrument, R(4,4,) is nearly independent of the input wavelength A,

and the second argument is omitted. For a properly adjusted instrument, the first moment of the instrumental response
function R(4,4,), as defined by:

_ Zmin
Ag =

ﬂ-max

j A R(A,Ag) dA

lmax

j R(A,Ag) dA

Amin

should be equal to the input wavelength: 14 = 4g.

© IS0

2004 — All rights reserved
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3.21

instrumental effective spectral bandwidth

A/q“ins(/q”o)

second moment of the instrumental response function R(4,4,), as defined by:

lmax

(A=4g)? R(A ) dA

Aﬂins(ﬂo) = Zull

ﬂmax

j R(A,Ag) dA

Amin

NOTE If,[as usually assumed, R(4,4,) and therefore A4, .(4,) are approximately independent of the input wavelength

Ins
Ag the effective bandwidth A4, ¢ is used without argument.

4 Symbgls and abbreviated terms

Symbol Unit Term
Fnsp Hz mode spacing in the frequency domain
Jp Hz pulse repetition rate
Nm number of longitudinal modes
i refractive index of ambient air
Nstd refractive index of dry air under standard conditions
P, W/m spectral radiant power distribution
0, W-s/m spectral radiant energy distribution
R(2,40) 1/m instrumental response function
Smsp m mode spacing in the wavelength\domain
S() spec.trallradiant power P,(Min'the case of a cw laser or the spectral radiant energy
distribution O ,(4) in the case of a pulsed laser
SMS dB side-mode suppression‘ratio
U, expanded standard uncertainty for measurand x
OAT m/K temperature dependence of wavelength
og m/A current dgpendence of wavelength
A m waveléngth
4o m wavelength in vacuum
Aair m wavelength in air
Aav m average wavelength
Ag m weighted average wavelength (first moment)
Ap m peak-emission wavelength
Astd m wavelength in dry air under standard conditions
A m centralwavelength
AL m rms spectral radiation bandwidth (second moment)
Ay m spectral bandwidth (FWHM)
Aldins m instrumental effective spectral bandwidth
AL m spectral linewidth (FWHM)
Almeas m measured spectral radiation bandwidth (second moment)
Adms m rms spectral bandwidth
v Hz frequency of the wave
VesrR Hz free spectral range (FSR) of the Fabry-Perot (FP) interferometer
O'YZ (2,r) Allan variance characterizing the wavelength stability of a cw laser
Ty S pulse duration
8 © ISO 2004 — All rights reserved
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5 Traceability

All measurement results shall be traceable to the S| Units. For example, the wavelength shall be traceable to
the meter by one of the methods recommended by the International Committee for Weights and Measures
(CIPM).

NOTE

for details see reference [2] in the Bibliography.

For the meter, this is most commonly achieved by using a reference wavelength recommended by the CIPM,

6 Measurementof wavetengthand-banmdwidth

6.1.1
Depe
unce
U4

In the

General

Preparations
nding on the spectral characteristics, the intended use of the laser™and on the requ
tainty U, or U, (as defined in GUM) in the measurement of waveléngth (or frequency)
= U,/ v, different parameters need to be tested, see 6.2.

case of a laser with unknown characteristics, an operational test should be performed in o

well-adapted instrumentation and the best choice of parameters t6/b& measured.

red level of
of the laser,

rder to select

It is assumed in this International Standard that the spectralcharacteristics of the laser beam gre the same

throu
meas

As a

6.1.2

The ¢
type

a) b

ghout the spatial power (energy) distribution in thebeam. If this is not the case, spati
urements could be achieved by means of limiting apertures.

guideline, three testing levels are proposed, see 6.2.

Common laser types

hoice of parameters most suitable‘for characterizing the spectral characteristics of a laser d
pf laser. Common types of laser.are:

road-bandwidth lasers, foryéxample pulsed lasers, or multi-mode lasers showing signifig

mode fluctuations;

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

c) s

ngle frequency lasers.

ally resolved

bpend on the

ant and fast

For tlese three types of lasers, the use of the following parameters is recommended:

r-a broad-bandwidth laser:

the weighted average wavelength (first moment) A,, rms spectral radiation bandwidth (second moment)
AA or spectral bandwidth (FWHM) A4, the dependence of the wavelength oA and/or &4, on the
operating parameters, temperature and/or injection current;

— for a multi-mode laser:

the central wavelength 1, the root mean square spectral bandwidth A4

rms’

the mode spacing Frnsp

(frequency domain) or Srmsp (wavelength domain), the number of longitudinal modes within a specified
bandwidth N,,; the dependence of the wavelength, ot and/or &1, on the operating
temperature and/or injection current;

© IS0

2004 — All rights reserved
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for a single frequency laser:

the peak wavelength A, or average wavelength 1,, and the spectral linewidth A4 and side mode

suppression SMS; the

ependence of the wavelength, dir and/or d4;, on the operating parameters,

temperature and/or injection current, the Allan variance o, 2(2,7) as a measure of wavelength stability.

6.2 Types of measurements

6.2.1 Gene

The spectr

al - . . '
though this nl;ay need evaluation through subsequent stability and drift tests (see Clause 7).

ral

6.2.2 Low apccuracy measurements

These meagq
bandwidth la
resolution.

For these m
/19, and the
as a function

For the dete
chosen such
value. In cas

There may b
value over a
such a case,
for very narrg
which in turn
significantly i

6.2.3 Medi

These meas
to narrow ba

For these m
domain) or
the side-moq

Alms Should

urements are useful at a typical uncertainty of U,/A=U,/v> 104. This ‘@pplies to
5ers, e.g. pulsed lasers or multi-mode cw lasers or measurements involving an’ instrument ¢

pasurements, the individual modes need not be resolved and the weighted average wavele
ms radiation bandwidth, A4, should be determined. The wavelength-stability should be asse
of the operating parameters, i.e. 41 and/or 64, should be measured.

Fmination of the weighted average wavelength, the integration limits 4., and 4,,,, are u
that outside of this interval the spectral distribution remains smaller than 1 % of its max
b other integration limits are used, these shall be repertéd in the test report.

e cases where the spectral distribution takes values not much smaller than 1 % of its max
very wide range of wavelengths, e.g. for a narrow peak superimposed on a broad backgrou
a considerable fraction of the total power. hay be found outside the integration limits. In adq
w distributions the instrumental resolution may affect the measured maximum value of S(1)
affects the integration limits. Care should be taken to ensure that the calculated value of Ag
hfluenced by this.

Lm accuracy measurements
hdwidth pulsed laserfs or cw multi-mode lasers.

msp (wavelength domain), the number of longitudinal modes within a specified bandwidth N,
e suppression SMS can be assessed. The central wavelength 4, the rms spectral band
be determined. The wavelength stability as a function of the operating parameters, i.€

and/or o4, slhould be measured.

ents,

broad
f low

ngth,
ssed

>uaIIy
mum

mum
nd. In
ition,
At ﬂp,
s not

irements are useful at™a)typical uncertainty U, /A= U, /vin the order of 104 to 10-5. This applies

basurements, the’individual modes are usually resolved and the mode spacing Frnsp (frequiency

| and
width
. Ot

6.2.4 High

accuracy measurements

These measurements are useful at a typical uncertainty of U,/A=U, /v< 10-5. This applies to single mode
lasers, or narrow bandwidth pulsed lasers.

For these measurements, possible side modes have to be identified and if applicable, the side-mode

suppression

SMS has to be determined.

The peak wavelength A, or average wavelength A,, and the spectral linewidth A4, the dependence on
operating conditions o4t and/or &4, should be determined and, as a measure of the wavelength stability, the

Allan varianc

10

e 0,2 (2,7) should be measured.

© ISO 2004 — All rights re;
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6.3 Equipment selection

The proper equipment shall be chosen according to the required accuracy and the type of the laser. As an
example, a high resolution grating spectrometer may be capable of a practical resolving power R = A/AJ;, on
the order of 10° to 106,

In the case of a pulsed laser, interferometers can only be used if the pulse duration, 7, is large compared to
the inverse bandwidth of the instrument. For a Fabry-Perot interferometer with a free spectral range =g and
a finesse F, the minimum pulse duration is F/vegg. For a two-wave interferometer with maximum path
difference L, the minimum pulse duration is L/c, where ¢ is the speed of light.

The ent for high
accuracy in the measurement of the amplitude of the spectral power d|str|but|on for example:fto determine
specfiral flatness, ripple, etc. in the case of broad bandwidth sources.

Any pptical component to be used to couple the laser beam to the measurement system (lerjses, mirrors,
optical fibres, etc.) should be either spectrally insensitive, or spectrally characterized, within fthe range of
meagurement. Their possible sensitivity to the state of polarization of the laser’begam should b¢ wavelength
indegendent, or characterized by for instance, proper wavelength-depéndent Mueller matrices (see
ISO 12005). The polarization-dependent spectral response of the measurement system shall e taken into
accoynt. Devices such as grating monochromators are known to have a’polarization-dependent|transmission
curvg. The same can be true for detectors or for other components of the-measurement system.

For narrow bandwidth laser beams the transmission can ofteridbe considered as flat, indepgndent of the
polar|zation state.

As miany types of lasers are susceptible to optical feedbagks-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 py the use of
optical isolators.

6.4 | Measurements in air

If A,t is measured, the measurement-results depend on environmental conditions such as |temperature,
atmoppheric pressure and humidity, as“these influence the refractive index of air. Also, the refractive index
varieg with the wavelength itself (dispersion). If a laser with known wavelength is used as a r¢ference, the
influgnce of the refractive index partially cancels, and only the smaller effect of dispersion (and its|dependence
on the environmental conditions) needs to be taken into account.

The ¢alculation of the refractive index starts with the dispersion formula of dry air. Under standafd conditions,
at a femperature of 15°C, a pressure of 101 325 Pa, a CO, volume fraction of 450 x 106 [452') ppm ©)] and
0 % humidity, the refractive index of air may be calculated using an updated Edlén-Equation (see|reference [3]
in thg Bibliography):

2 406 147 N 15 998
130-(1000nm/1)?> 38,9—(1000nm/1)?

neg SHx108 =8342,54 +

NOTE 1 The above formula is accurate to about one part in 107 for 300 nm < 4 < 1 700 nm. Within the visible range,
significantly higher accuracy is achieved with this formula.

NOTE2  nyy(633 nm) = 1,000 276 5, ng4(532 nm) = 1,000 278 2, ny,(1 530 nm) = 1,000 273 3.

— If the accepted level of uncertainty in the measurement of wavelength (or frequency) of the laser,
U,y = U, vy, is larger than 10~4, the atmospheric conditions need not be taken into account explicitly.

6) The use of ppm is deprecated.
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If the accepted level of uncertainty in the measurement of wavelength (or frequency) of the

U,/Am=U,! vy is less than or equal to 10-4, measurement results shall be corrected by the following

formula (

(nair =1 =

where

is th

Nair

see reference [3] in the Bibliography):

-5
1,040 632 2x10 px(1+g

)><(1+x)—f><[3,734 5-0,040 1x (1 000nm/2)2}<10_10
1+0,003 6610x T

(nstg —1)x

e refractive index in air;

ngq i the refractive index in dry air under standard conditions, see above, at the measurement

alan

wan
T isth
f isth
p isth

and the corrg

1+¢

1+x

Both correction terms may be taken to be equal to 1, if the aceepted level of uncertainty in the wavel
s larger than 1076,

(pCO2 is {

NOTE 3 TH
environmental

[600 ppm], humidity: Af'= 250 Pa.

NOTE4  TH
vapours of oilg
infrared absor|

Further detai

If the accepted level of uncertainty in the measurement of wavelength (or frequency) of the

Uﬂ/ﬂ“m = UV/
frequency m

6.5 Meas

CTTOTT

and 1+x = 1+0,54 x (g0, — 0,000 45).

gthe

e temperature, in °C;

e partial pressure of water vapour, in Pa;
e total atmospheric pressure, in Pa;
ction terms are defined as follows:

is the higher order, p and 7, correction term, and 1 + =1+ 108 x p'x (0,601 — 0,009 72 x 1

s a term taking into account deviations of CO, volume fractien, ¢, from 450 x 106 [450

he CO, volume fraction, in air.

e refractive index n, is changed by approximately 1 x 107 by each of the following changes
conditions: temperature: AT = 0,1 °C, pressure: Ap = 30 Pa (or 0,3 mbar), CO,-content: Apco, = 600

e above equations assume jnaotmal composition of the atmosphere. Enclosed apparatus may c
or solvents changing the refractive index by 1 x 107 or more. Particularly in the near infrared, the wi
btion lines of water vapour, CO, or other gases may need to be taken into account.

s may be found in-Annex A.

1S smaller than 10-7, wavelength measurements shall be performed in vacuum
basurements by heterodyne methods.

bpm],

ength,

n the

106

bntain

Ngs of

aser,
Dr by

irements at low resolution

6.5.1 Princ

iple

For unknown sources, a preliminary low-resolution measurement of the weighted average wavelength and
spectral radiation bandwidth shall be done in order to determine the required instrumentation.

For this test a grating monochromator of moderate size (focal length of the order of 30 cm) is appropriate. A
single instrument may be used for all kinds of laser devices, but the choice of some components and
accessories shall be made according to the spectral domain of the laser radiation.

The aspects

12

of the choice of the instrument and the accessories are given in the informative Annex B.

© ISO 2004 — All rights reserved


https://standardsiso.com/api/?name=f87eec61deaa1381ddb61c67685b2ad4

ISO 13695:2004(E)

6.5.2 Measurement procedure

The laser beam to be measured, or a fraction of this beam extracted from an appropriate beamsplitter, shall
be directed onto the input of the instrument e.g. the entrance slit of the monochromator. The aperture ratio of
the instrument should be matched to the beam by means of an appropriate optical system. This usually
requires focusing of the laser beam. It should be remembered that the instrument, e.g. the lips of the entrance
slit, can be damaged if too high a power density is used, and attenuators can be used if necessary.

The value of the effective spectral bandwidth of the instrument, A4, shall be checked using, as a reference,
the beam of a narrow-linewidth laser adjusted to form a beam following approximately the same geometry. For
this test a narrow-linewidth laser can be any laser device known to provide a beam of spectral bandwidth and

of wavelength-drifi-HuctuationatHeast30-times-smaller-than-therequired-vatetorAA—(see-6-5.3). In many
cases$, a 633 nm free-running He-Ne laser will be adequate.

If thg instrument is scanned over the wavelength range of interest, the step size should be adapted to the
requifed 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 stillleads to a shift of a tenth
of the linewidth.

The fynamic range of the detector shall be large enough so that intensity measurements cpver at least

2 deg

6.5.3

ades.

Analysis

The

bove procedure for measurements should allow the observation of the apparent spectral

(energy) distribution P,(1), or Q,(4), respectively. If necessary, correct for the spectral sens
instryment, the detector and the optics.

a)

pply any corrections to the wavelength scalecand calculate the first moment of the meas
adiant power (energy) distribution, i.e. the weighted average wavelength /19 of the spectral
energy) distribution.

For the determination of the weighted average wavelength, the integration limits A, &
Isually chosen such that outside of‘this interval the spectral distribution remains smaller th

here may be cases where the spectral distribution takes values not much smaller thg
maximum value over.a very wide range of wavelengths, e.g. for a narrow peak superimpose
packground. In such-a case, a considerable fraction of the total power may be found
ntegration limits~1n addition, for very narrow distributions the instrumental resolution m
measured maximum value of S(1) at A,, which in turn affects the integration limits. Care shg
o0 ensure thatthe calculated value of /19 is not significantly influenced by this.

b)

Calculate the second moment of the measured spectral radiant power (energy) distriby

(|see 3.9).

pdiant power
itivity of the

Lired spectral
adiant power

nd A,y are
an 1 % of its

maximum value. In case othetr.integration limits are used, these shall be reported in the test feport.

n 1% of its
d on a broad
outside the
py affect the
uld be taken

tion, Adneas

c)

d)

© IS0

Compare the second moment, A4

Record the results in the test report data sheet.

to the instrumental bandwidth AZ:

meas’ Ins*

measurement is needed and AL = Al qqs-

If Adeas i found between 2 and 10 times the instrumental bandwidth A4,

the corrected spectral width, calculated as Aﬂ:\/(Almeas)z—(Alins)z or obt
deconvolution procedure.

2004 — All rights reserved

If the second moment is found larger than 10times the instrumental bandwidth, no further

specify in the test report

ained by a
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If the second moment is found smaller than 2 times the instrumental bandwidth, a higher resolving

power instrument shall be selected to further determine the spectral characteristics of the laser beam.

6.6 Measurement at higher resolution

6.6.1

All

the measurements for evaluation of the spectral

General

characteristics of a

U)A=U,lv< 10-5 should be performed in a mechanically and thermally stable environment.

laser with uncertainty

6.6.2 Preliminary-test
For unknown sources a preliminary low-resolution measurement of the weighted average wavelength;-spgctral
radiation barjdwidth shall be done in order to determine the required instrumentation.
The choice of the equipment necessary to further characterize the source depends on the following propgrties:
a) The exppcted oscillation modes.
b) The cw ¢r pulsed character of the laser: in the latter case the pulse duration,-7,, shall be considered.
c) The speftral characteristics to be measured: wavelength, or spectral radiant power (energy) distributjon.
6.6.3 Meaqurement with a grating spectrometer
In this regime a high resolving power grating will be preferred;in most cases, since it is adequate far the
measuremer|t 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 Meagurement with an interferometer
A Fizeau intgrferometer (optical wedge), or preferentially a set of Fizeau interferometers, is a valuable tpol to
measure thel wavelength with high accuragcy. 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 10-8 in the measurement of @wavelength. The Fizeau interferometer can be used for both cW and
pulsed laser beams.
If only the spectral radiant power(energy) distribution is to be determined, a scanning or solid Fabry-Perot
(FP) interferpmeter can be{used (see Annex C). There is, however, a limitation to the use of this kihd of
instrument inf the case of pulsed lasers. The pulse duration, 7, has to be longer than the product of finepse F
and cavity round-trip time 7, which is given by:

t = 2nDIq
where

n is the refractive index of the optical medium;

D the distance between the two FP mirrors.
In the case of very short laser pulses, a grating spectrometer is more suitable.

A scanning Fabry-Perot interferometer will be preferred for the measurement of the spectral radiant power of a
cw laser; a solid Fabry-Perot interferometer will be preferred for the measurement of the spectral energy
distribution of a pulsed laser. In either case, the optical path length between the mirrors (nD) and/or the

finesse F should be large enough so that the instrumental resolution A4 of the interferometer is at least
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10 times smaller than the bandwidth of the spectral distribution. The free spectral range, vigr = ¢/2nD, of the
instrument should be bigger than the bandwidth of the spectral distribution by a factor of 10.

A scanning interferometer requires an input beam that is matched to the device, e.g. for a plane-mirror Fabry-
Perot interferometer, a collimated beam has to be used. A focussing lens at the output images all rays that
leave the interferometer to a detector. The intensity profile at the detector obtained by scanning the mirror
spacing represents the spectral distribution of the laser. A linear frequency scale is determined by the
repeated occurrence of the spectral distribution of every free spectral range. The instrument resolution
depends on the reflectivity of the mirrors and the collimation of the input radiation.

A solid interferometer requires a collimated input beam if the mirrors are aligned with a slight wedge (Fizeau

matar) Ar re arn naerallal (E matar
T

\

interfe

can |
interfi
fringe
can k
fringe
relati
diam
resol

With
comy

A Mi
main
the n
dividi

For
refer
in th
wher

a-divergingnput-beamithemirrors—are—parallel{Fabry-Perotinterferometer
e used for spectral analysis and wavelength measurement of cw or pulsed laser sources
erometer produces a pattern of straight-line fringes; the Fabry-Perot interferometer prod
s in the image plane. A CCD camera or linear CCD photodiode array (centered on the cir
e used to record the image. The spectral distribution of the source is determined-By compa

spacing or the free spectral range (vggg = c/2nD) of the interferometer. Eorythe Fizeal

bnship is linear but for the Fabry-Perot fringes there is a square root dependence of the ¢

rone
CTOTTTCTCT Ot

ition required for the measurement.

either a scanning interferometer or a solid interferometer, the wavelength of the source is d
aring the fringe spacing and the fringe positions of the input laserwith that of a known refere

Chelson interferometer is an effective tool for the measurement of the peak emission wa
y for cw lasers. Although the resolving power of a Michelson interferometer is inversely p
hoving distance of a movable mirror, the wavelengthUresolution can be improved by me
hg technology in the data treatment.

vavelength measurements, both the collimated” beam of the laser to be tested and the

nce laser of known wavelength shall be aligned into the interferometer to allow the wavefrg
two arms of the instrument to interfere. The wavelength is measured using a fringe cou
bby the fringes of the reference and:tést lasers are observed simultaneously while the mov

. Both types
The Fizeau
ces circular
Cular fringes)
ison with the
fringes this
ircular fringe

pters. The choice of the mirror spacing and the size of the camera pixels shall be mdtched to the

btermined by
nce laser.

velength, /1p,
oportional to
ans of fringe

pbeam from a
nts travelling
nting method
Able mirror is

scanhed, and the wavelength of the laser under test, 4, is calculated using the following equation
N

Ny
wher

=}
C

D

is the wavelengttiof the reference laser;

~

. the number of fringes at the reference wavelength;

V; isthe’number of fringes at the wavelength of the test laser.

The fesolution of the measurement increases with the number of fringes that have been counted, i.e. with the

displacement of the movable mirror.

In order to obtain the spectral distribution of a laser beam using a Michelson interferometer, it is necessary to
record a full interferogram (transmitted intensity in the interference zone as a function of the mirror
displacement), and to perform a Fourier transform. Caution is necessary in the choices of the baseline, the
sampling frequency and the computer code. For a proper treatment refer to the documentation of the
manufacturer.

The use of a Mach-Zehnder interferometer is analogous to the case of a Michelson interferometer.
With interferometers, special care should be taken to make sure that the measurement is not influenced by

residual side-modes that overlap with the measured line because of the periodic transmission function of the
instrument.
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6.6.5 Measurement with photoelectric mixing methods

A self-delayed homodyne method is a useful tool for measurement of spectral bandwidths of lasers emitting in
the wavelength range between visible and mid-infrared. For the measurement of A4, of a test laser, the laser
beam is coupled into an optical fibre which is then divided into two lines in order to introduce a time delay
between the optical paths. The two beams in their fibre lines are mixed with one another after their exit to
produce a self-beat note. The spectral bandwidth is determined from the self-beat note with an RF-spectrum
analyser. The resolving power of this method is inversely proportional to the optical fibre length for an optical
delay line.

A heterodyne method is a powerful tool to determine the relevant quantltles of the spectral characterlst|cs of a

collimated bg
distribution i
profile with

beat note wi
frequency in

urement of the spectral distribution in the optical frequency domain of a laserto be tested, a

am of the test laser is mixed with a reference laser beam to produce a beat-note. The sp
the optical frequency domain and the frequency difference are determined from the beat
n RF-spectrum analyzer. The average beat frequency may also be determined by countin
h an electronic counter. The wavelength in vacuum of the test lasef<converts from the beat
accordance with a following equation:

vae =155y
where
¢ isthe speed of light, ¢ = 299 792 458 m/s;
v, is the oscillation frequency of the reference laser;
ov s the frequency of the beat note.
6.6.6 Analysis for medium accuracy U,/A= U, /vin the range 10-5 to 104

The above
(energy) dist

rocedure for measurements/)should allow the recovery of the apparent spectral radiant g
ibution P (1), or O,(A), respectively.

bctral
note
g the
note

ower

a) Calculatk the side-mode suppression ratio SMS as defined in 3.15.

b) Calculate the central wavélength 2 and the rms spectral bandwidth A4, as defined in 3.7 and 3.1Q.
c) Determipe the number of longitudinal modes, N,,,, as defined in 3.14.

d) Determipe-the mode spacing, Smsp» @S defined in 3.13.

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

to the instrumental bandwidth, A4

f)

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

Compare the measured spectral linewidth, A4 o4,

Ins*
6.6.7 Analysis for high accuracy U,/A=U /v < 10-5

The above procedure for measurements should allow the recovery of the apparent spectral radiant power
(energy) distribution P (1), or Q,(4), respectively.
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laser
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temp
depe
jump

injec

proce
emis
laser

Since

of th

other

7.2

Give

be ofl interest. For,a\single frequency laser, the (in)stability of the laser frequency may be des
Allan| variance. Jhis two-sample variance has to be determined from a time series of the
frequency (usdally measured by the heterodyne methods) measured with an integration time, 7,
time pf frequency counter with no dead time between successive measurements. From the time
sampgle variance o,2(2,7) is determined for the evaluation of a single frequency laser. Integration

ISO 13695:2004(E)

Calculate the side-mode suppression ratio SMS as defined in 3.15,

if the SMS is less than or equal to 20 dB, use the analysis for medium accuracy;

if the SMS is larger than 20 dB, proceed with b).

Determine the peak-emission wavelength, /1p, and the spectral linewidth, A4, as defined in 3.

Record the results in the test report data sheet.

5and 3.12.

Compare the mode spectral bandwidth of the dominant mode to the instrumental effective spectral

anawiatn, A4

Ins*

If a correction of the instrumental effective spectral bandwidth is necessary, use the-same
5.3d).

Measurement of wavelength stability

Dependence of the wavelength on operating conditions

vavelength stability is an essential characteristic for many lasers in the whole wavelength
5 will exhibit some dependence of their emission wavelength on operating conditions, whi
cterized. An oscillation wavelength depends mainly on:mechanical distortion or vibrg
rature and in the case of a diode laser on the injection’ current of the laser device. The
hdence is quoted as wavelength change per unit.temperature, measured in a range wh

fion current of the diode laser with otherwise unchanged measurement conditions. The 1
dure is the same as described in 6.5 and 6.6 and the dependence of the measured wave
5ion wavelength /1p, weighted average wavelength /19, central wavelength 1 depending o
on the operating parameters has to be determined.

the oscillation wavelength of a diode laser depends mainly on the temperature and the fo

¢ laser device, for a diode laser'a temperature and a current dependence have to be det
laser devices usually only theitemperature dependence needs to be determined.

Wavelength stability of a single frequency laser

nominally constant operating conditions, the wavelength or frequency stability over time o

brocedure as

range. Most
ch should be
tion, on the
temperature
bre no mode

5 occur. In the case of diode lasers, the current dependence is quoted as wavelength change per unit

neasurement
ength (peak-
n the type of

'ward current
ermined. For

F a laser may
Cribed by the
optical laser
i.e. the gate
Series a two-
times should

be cljosen according to the information required on medium- (1 ms to 100 ms) or long- (> 1 s) terrln stability.

The

Allan variance ay2(2,r) is calculated as specified in 3.19.
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8 Testreport

The test report shall contain the following information.

a) General information:
1) reference to this International Standard (ISO 13695:2004);
2) date of test;

3) name and address of test organization;

4) nanle of individual performing the test.
b) Information concerning the tested laser:
1) lasdr type;
2) manufacturer;
3) manufacturer's model designation;
4) seripl number.
c) Test confitions:
1) lasdr wavelength(s) at which tested;
2) temperature in kelvins (diode laser cooling fluid) (ehly applicable for diode lasers);
3) opefating mode (cw or pulsed);
4) lasgr parameter settings:
— |output power or energy;
— |current or energy input;
— | pulse energy;
— | pulse duration:
— | pulse repetition rate;

5) mode-structure (if known);

6) state of polarization;

7) environmental conditions:
— room temperature;
— humidity;
— atmospheric pressure.

d) Information concerning testing:

18 © 1SO 2004 — All rights reserved
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1) measuring instrument:

— effective spectral bandwidth A/

— wavelength repeatability or calibration accuracy;

2) measuring time (number of pulses in the case of a pulsed laser).

e) Results and the most suitable parameters characterizing the tested laser type:

ISO 13695:2004(E)

1) state whether wavelengths in vacuum /A, wavelengths in air A, or standard wavelengths

5

4) peak-emission wavelength

%) central wavelength

T) spectral linewidth

I) rms spectral bandwidth

1) temperature dependence

f) Remark(s) (aptional).

%) weighted average wavelength

9) spectral radiation bandwidth (second moment)

0) side-mode suppression ratio

2) current dependence (if applicable)
3) radiant power/enefgy of pulse (if applicable)

4) Allan variancé-(two-sample variance)

L I bl ol : -l 4 ol ol ol N2 b ol 1

(WavceiTligur nrury dir uruch staliudiu COTITUTUIUTTS ) /Lstd dli'c TCpPuUIrtcu UCiuw.
2) unless a wavelength in vacuum was measured directly, characterize the environmeéntal
suitable accuracy, allowing the accurate determination of the
measurement, and for Ay, explicitly state the standard conditions used;

3) if available, include a graphical representation of the spectral density P ,(A)or O ;(4);

o
A
/19;
A
Aﬂ*rms;
A,
SMS;
AT,

OAgs

(o3

P, 0,

.2(2,7).

refractive

index

conditions to
during the
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