INTERNATIONAL

ISO

STANDARD 23701

First edition
2023-04

Optics and photonics — Laser
and laser-related equipment
— Photothermal technique for
absorption measurement and
mapping of optical laser compol
Optique et photonique —<\Lasers et équipements associés

— Technique photothermique pour la mesure et la cartog
l'absorption des cotnposants laser optiques

nents

nux lasers
raphie de

Reference number
1SO 23701:2023(E)

© IS0 2023


https://standardsiso.com/api/?name=96a7051cb4dac946f7ff56882bbfaf63

IS0 23701:2023(E)

COPYRIGHT PROTECTED DOCUMENT

© 1502023

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting on
the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address below
or ISO’s member body in the country of the requester.

ISO copyright office

CP 401  Ch. de Blandonnet 8

CH-1214 Vernier, Geneva

Phone: +41 22 749 01 11

Email: copyright@iso.org

Website: www.iso.org
Published in Switzerland

ii © 1S0 2023 - All rights reserved


https://www.iso.org
https://standardsiso.com/api/?name=96a7051cb4dac946f7ff56882bbfaf63

IS0 23701:2023(E)

Contents Page
FFOT@WOTM.........cccocveveveesesee st iv
IIMEIOMUICTION ...t \%
1 SCOPI@ ... 1
2 NOTMATIVE FEEEI@IICES ............oooooo s 1
3 Terms aNd AefINITIONIS ...t 1
4 Symbols used and units of measure 2
5 TeSTIMEEROM. ...y e 2
5.1 B TS o) 0013 0] 1SRN S . 4000 ISR 2
5.1.1 General 2
5.1.2  Photothermal 1ensing (TL) ..o e 3
5.1.3 Photothermal deflection (PTD).......ceesm b oo 3
5.1.4 Rules for selecting reflected and transmitted photathermal deteftion
SCREBIMES ..o e
5.2 Measurement arrangement and test equipment....
5.2.1 Photothermal detection arrangement.....
5.2.2 Pump laser ...
5.2.3  ProODE IaSer oo et
5.2.4  Translation STAZE. ... A e
5.2.5 Detection Unit ... 8
5.2.6  Data acquisition and processing
5.2.7 Environment.....
5.3 Preparation of test sample
6 TESTPTOCEAUTE ........oooce e S e et 7
6.1 General w7
6.2 Measurements of photothgrmal amplitude and phase..........cfen 8
6.3 Maps of photothermal amplitude and Phase ... e 8
6.4 Calibration of photothermal amplitude
6.5  Assessments of the MEASUTEIMENT ...
7 EVAIUATION ... et
7.1 Determinatien of absorption via photothermal measurement. ..., 11
7.2 Determination of absorptance via photothermal calibration ..., 12
7.3 Two-dimensional/three-dimensional maps of absorption
7.4 Mapping area and spatial reSOIULION . ...
8 TESTIT@POTT ...ttt e 14
Annex A (informative) Theoretical and practical considerations on calibration.......}............ 16
Annex-B\(informative) Separation of surface absorption and bulk absorption.............f. 18
AnnexX C{ImormMatiVe) TeSTTePOT T e 21
BIDLEOGIAPIY ... 22
©1S0 2023 - All rights reserved iii


https://standardsiso.com/api/?name=96a7051cb4dac946f7ff56882bbfaf63

ISO 23701:

2023(E)

Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been 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.
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Introduction

With the rapid development of high-power/high-energy laser technology, laser-induced damage to
optical laser components and laser-induced thermal distortion in laser components become the most
important limiting factors for the operation and applications of high-power/high-energy laser systems.
Normally, the laser-induced damages to optical laser components are caused by absorbing defects
on the surface or within the laser components which result in thermal stress or melting of the laser
components and lead to damage. The thermal distortions, which induce wavefront distortions and
therefore beam quality deteriorations to the laser beam, are caused by non-uniform thermal expansion
or refractive index change due to absorption irregularities (such as absorbing defects) inside the laser
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rﬁ—m_d_d_d_wm_d_d_rl'onen 5. To Improve the laser-induced damage tnresno and reduce the 13
al distortion of laser components used in high-power/high-energy laser systemsythe

nly to measure precisely the absorptance of the laser components, but also~to de
Ibing defects on/within the laser components, therefore to improve the performance g

components via optimizing fabrication/coating processes.
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ently, the [SO 11551 standardized testing method - laser calorimetry for absorptance mq
tical laser components can only measure test samples with small sizes (normally less
hmeter and 10 mm in thickness) and has almost no capability to measure the absorpta
laser components (100 mm in diameter and over) widely used\in high-power/high-
ms. In addition, laser calorimetry has only limited capabilit{#to map the absorptance
optical laser component.

The mmeasurement procedures in this document have been optimized to allow the mapping
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In adldition to absorption measurement/mapping of optical laser components with pl

ampl
phys
prop
laser

itude, the photothermal phase measurement/mapping can also find applications
ical characterization of laser optics;iwhich will be helpful for a better understandi
erties of laser optics and laser,defect interaction that would lead to a better undel
-induced damage mechanism of laser optics.

ser-induced
re are needs
tect various
f these laser

asurements
than 50 mm
nce of large-
bnergy laser
distribution

bf absorbing
laser optics
nich provide
eliability.

hotothermal
in thermo-
ng of defect
'standing of

©ISO

2023 - All rights reserved


https://standardsiso.com/api/?name=96a7051cb4dac946f7ff56882bbfaf63



https://standardsiso.com/api/?name=96a7051cb4dac946f7ff56882bbfaf63

INTERNATIONAL STANDARD

1SO 23701:2023(E)

Optics and photonics — Laser and laser-related equipment
— Photothermal technique for absorption measurement
and mapping of optical laser components

1

This|document specifies procedures for the absorption measurement and high spatiz
two-dimensional or three-dimensional absorption mapping of optical laser compenent
calibration, the measurement of absolute absorptance of laser optics.

The

dimgnsional absorption mapping of optical laser components, that is, measurement of abs
function of position, as well as absorption/absorptance measurement and-mdapping of lase
in high-power/high-energy laser systems.

2
The

constitutes requirements of this document. For dated references, only the edition cited
unddted references, the latest edition of the referenceddocument (including any amendme

ISO
ISO

by pqrticle concentration

ISO §0000-7, Quantities and units — Parxt.7: Light and radiation

For t

ISO gnd IEC maintainytérminology databases for use in standardization at the following adc

3.1

Scope

methods given in this document are intended to be used for the twetdimension

Normative references

following documents are referred to in the text in such*a way that some or all of t

11145, Optics and photonics — Lasers and laser-related equipment — Vocabulary and syn|

14644-1, Cleanrooms and associated controlled environments — Part 1: Classification of a

Terms and definitions

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

IEC Electropedia: available at https://www.electropedia.org/

1l-resolution
5, and upon

hl or three-
orption as a
optics used

heir content
applies. For
hts) applies.

bols

r cleanliness

he purposes of this decument, the terms and definitions given in ISO 11145 and ISO $0000-7 and
the fpllowing apply.

Iresses:

absorption
radiant flux absorbed by the optical laser component

3.2

absorptance
ratio of the radiant flux absorbed to the radiant flux of the incident radiation

© IS0 2023 - All rights reserved
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3.3

absorption map

absorptance map

measured absorption (3.1)/absorptance (3.2) as a function of sample position

Note 1 to entry: The definition of absorptance used for this document is limited to absorptance processes

which convert the absorbed energy into heat. For certain types of optics and radiation, additional non-thermal
processes may result in absorption losses which will not be detected by the test procedure described here.

4 Symbols used and units of measure

Table 1 — Symbols used and units of measure

Symbol Term Unit
A Absorptance of test sample
Ay Absorptance of calibration sample
S Photothermal amplitude of test sample
So Photothermal amplitude of calibration sample
P, Py Pump laser power W

AL I Probe beam intensity change and dc probe intensity detected in-photothermal lensing

L, 1, Probe beam intensity detected by the two photo-detectors of'a bi-cell photo-detector
in photothermal deflection

D Thermal diffusion coefficient of test sample m%s1
A@(x,y) |[Photothermally induced optical phase shift to probébeam
Ay Linear thermal expansion coefficient of test samptle K1
dn/dT |[Temperature coefficient of refractive index of'test sample K1
% Poisson ratio of test sample
f Modulation frequency of pump laserpéwer Hz
Hin Thermal diffusion length of test sample m
a Pump beam radius in test sample m
A Probe laser wavelength m
z Detection distance m
T(x,y,z) |[Photothermally induced temperature rise distribution inside test or calibration sample K
B, C Proportional coefficients
B Slope of lineax(fit of the measured absorptance dependence of the power-normalized

photothermal amplitude of calibration samples

5 Test method

5.1 Test principle

5.1.1 General

Based on photothermal effects, photothermal techniques are highly sensitive for the measurement of
weak absorptance of optical laser components. In a typical photothermal experiment, a continuous-
wave or highly repetitive pulsed excitation laser (pump laser) beam is used to irradiate the sample
under test, heat is created within the sample due to optical absorption, and a temperature rise
distribution within the sample is formed. For optical laser components, a displacement is induced on
the sample surface due to thermal expansion, and a refractive index gradient is formed within the
sample due to the temperature dependence of refractive index. By employing photothermal techniques
to detect the surface displacement or refractive index gradient with a second probe laser beam, the

2 © IS0 2023 - All rights reserved
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absorptance (absorption) of the sample can be determined. The absolute absorptance can be obtained
by calibrating the photothermal amplitude. By measuring the absorption/absorptance as a function of
position, the absorption/absorptance map of a laser component is obtained.

Photothermal lensing (or thermal lens - TL) and photothermal deflection (PTD) are appropriate
detection techniques for absorption measurement and mapping of optical laser components. Two
detection schemes, both reflected and transmitted probe beam detections, can be used to measure the
photothermal signal amplitude, which is linearly proportional to the absorption/absorptance of optical
laser components under test when the photothermally induced optical phase shift to the probe beam is

relatively small as compared to the probe beam wavelength (small signal approximation).

5.1.2

In a
displ
phot

beann (in surface TL - STL scheme) or the transmitted probe beam (in transmitted TL - T|

This
pinh

5.1.3

In a
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the g
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signd
phot
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Seled
shou
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lasen
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is laj
phot
thec
rise
How
sche

For |
and

Photothermal lensing (TL)

typical TL scheme, an unfocused probe beam irradiates the pump laser~indu
acement zone or the refractive index gradient zone which acts as a negative (or-positi

probe beam intensity change can be detected by a pinhole photodetectot (a photodet
ble in front of it).

Photothermal deflection (PTD)

typical PTD scheme, a tightly focused probe beam irfadiates the pump laser-indy
acement zone or the refractive index gradient zone, the reflected probe beam is defl
lope of the surface displacement in a reflected PTD ¢onfiguration, or the transmitted
flected due to the refractive index gradient in a trafismitted PTD configuration. The pl
lis represented by the probe beam deflection, which can be easily detected by a positi
bdetector (for example, a bi-cell photodetector).

Rules for selecting reflected and transmitted photothermal detection schemes

ting between the reflected or trahsmitted photothermal detection schemes (both T
Ild be considered as follows. As-a general rule, the detection scheme with a high
tivity should be selected for'more sensitive and precise absorption measurement. Fd
component with a (much] larger linear thermal expansion coefficient so that the phd

ge, a reflected photothermal detection scheme is preferable. On the other hand, a

bthermal detection’scheme should be selected if the temperature coefficient of refrac
pbmponent is muchlarger so that the optical phase shift to the probe beam caused by the
induced refractive index change is much larger than that caused by the surface d
bver, if the '$ample under test is opaque to the probe beam, the reflected phototherm
me should be selected.

bhotothermal absorption measurement of bulk samples and separation of surface

ced surface
re) lens. The

bthermal signal is represented by the intensity change at the centre of either the reflected probe

TL scheme).
ector with a

ced surface
bcted due to
probe beam
hotothermal
on-sensitive

L and PTD)
er detection
r an optical
tothermally

ced optical phase shift tosthe probe beam by the thermal expansion caused surface displacement

transmitted
five index of
emperature
splacement.
al detection

absorption
he reflected

bulk absorption, the transmitted photothermal detection scheme is preferable. TI

photothermal detection scheme may be used for measurement of bulk samples only when the bulk
sample is homogeneous and has negligible surface absorption.

5.2

Measurement arrangement and test equipment

5.2.1 Photothermal detection arrangement

There are four photothermal detection arrangements that may be used to measure and map the
absorption of optical laser components. That is, surface thermal lens (STL), transmitted thermal
lens (TTL), reflected photothermal deflection (or photothermal displacement) (reflected PTD), and
transmitted photothermal deflection (transmitted PTD).

© IS0 2023 - All rights reserved
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Figures 1 to 4 show typical experimental arrangements for the STL, TTL, reflected PTD, and transmitted
PTD detection schemes, respectively.

Key

1 pump lager 9  probe laser

2 variable pttenuator for pump beam 10 mirror

3  beam-splitter 11 attenuator for probe beam
4  power meter 12 pinhole

5 mechanifal chopper 13 photo-detector

6 lens 14 lock-in amplifier

7  sample ynder test 15 oscilloscope

8 translatipn stage

=y

igure 1 — Typical experimental arrangement for the STL detection scheme

Key

1 pump laser 9  probe laser

2 variable attenuator for pump beam 10 mirror

3 beam-splitter 11 attenuator for probe beam
4  power meter 12 pinhole

5 mechanical chopper 13 photo-detector

6 lens 14  lock-in amplifier

7  sample under test 15 oscilloscope

8 translation stage

Figure 2 — Typical experimental arrangement for the transmitted TL detection scheme

4 © IS0 2023 - All rights reserved
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Key

1  pump laser 9 probe laser

2 Yariable attenuator for pump beam 10 mirror

3 heam-splitter 11 attenuator for-probe beam
4 ower meter 12,13 lens

5 fLechanical chopper 14 bi-céll photo-detector

6 lens 15 differential amplifier

7  qample under test 16 lock-in amplifier

8 franslation stage

Figure 3 — Typical experimental arrangément for the reflected PTD detection scheme

Key

1 pump laser 9 probe laser

2 variable attenuator for pump beam 10 mirror

3  beam-splitter 11 attenuator for probe beam
4  power meter 12,13 lens

5 mechanical chopper 14 bi-cell photo-detector

6 lens 15 differential amplifier

7  sample under test 16 lock-in amplifier

8 translation stage

Figure 4 — Typical experimental arrangement for the transmitted PTD detection scheme

© IS0 2023 - All rights reserved 5
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5.2.2 Pump laser

The pump laser is a continuous-wave or highly repetitive pulsed laser used to heat the test sample.
Wavelength of the laser source, angle of incidence and state of polarization shall correspond to those
specified by the manufacturer for the use of the test sample. The state of polarization (p or s) of the laser
beam shall be selected by the polarizer. If the value ranges are acceptable for these three quantities, any
combination of the wavelength, angle of incidence and state of polarization may be chosen within these
ranges.

The (average) power of the pump laser should be sufficiently high so that the surface displacement or
refractive index gradient created by the pump beam absorptlon of the test sample is highly detectable.
The pump lgse 3 atg any
change to the beam profile of the pump beam durlng power ad]ustment The pump beam profile
shall be the same at all times, during the calibration and during the photothermal measirement at
each adjuste¢d power. The pump laser power is periodically modulated by a mechanical chgpper pr an
acoustic-optic modulator. The modulation frequency is selected for optimal signal-to-noise ratio (SNR)
of the photofthermal signal.

laser
d its
tude

For absorptjon mapping performed longer than several minutes, the power stability of the pump
shall be monitored by a power meter or photo-detector as shown in Figures-“Dto 4, and if needg
influence or the absorption mapping shall be eliminated by normalizing the photothermal ampl
with the mohitored output power.

test
ount
11l be

The pump beam is focused into the test sample to create enough<temperature rise inside the
sample. Thg beam size of the pump beam on/inside the test sample is optimized taking into acqg
the SNR of the photothermal signal, the area and spatial resolution of absorption mapping. Care sh
taken to avdid laser damage to the test sample due to too tightfocusing.

5.2.3 Prope laser

The probe |
stable He-N
the probe 14
is negligible

hser is a continuous-wave laser used to'detect the photothermal signal. Normally a hjighly
p or diode laser with a TEM;,, mode-output is used as the probe laser. The output power of
ser should be low so that the heat ereated by the probe beam absorption of the test sample

For TL dete
larger than

the probe b
beam in the
maximize t}

imes
tion,
ump
ed to

ction, the probe beam is noymally not focused, or the probe beam size is at least five {
hat of the focused pump beam in the interaction zone of the two beams. For PTD deteq
pam is focused. The size ‘of the focused probe beam is at least smaller than that of the
interaction zone, The separation between the pump and probe beams has to be adjust
e photothermal.(lensing or deflection) amplitude for optimum SNR.

For absorpt
probe beam
For three-d
the angle of

hnce measusements and two-dimensional absorption mapping, the angle of incidence
with reSpect to the sample normal should be small, for example smaller than 10 deg
mensional absorption mapping or separation of surface absorption and bulk absory
incidence of the probe beam with respect to the pump beam should be adjusted taking

fthe
rees.
tion,

into

robe

consideratiqn”depth resolution and SNR of photothermal signal. The angle of incidence of the 1
beam should be documented.

A detailed description on the separation of surface and bulk absorption is given in Annex B.

5.2.4 Translation stage

A two-dimensional/three-dimensional translation stage is used to move the test sample in order to
measure the absorption as a function of position, so that a two-dimensional or three-dimensional
absorption map is obtained. The translation stage should be motorized with a position resolution better
than 10 um and controlled by a computer software.

© IS0 2023 - All rights reserved
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5.2.5 Detection unit

For TL detection, the detection unit consists of a pinhole and a photo-detector, which is appropriate
for the probe laser wavelength, and a lock-in amplifier. As a general rule, the size of the pinhole is
comparable to that of the surface displacement or refractive index gradient zone.

For PTD detection, the detection unit consists of a position-sensitive photo-detector (e.g. a bi-cell photo-
detector), a differential amplifier, and a lock-in amplifier. The position-sensitive photo-detector should
be appropriate for the probe laser wavelength, and the total detection area should be larger than the
probe beam size to make sure that all probe power is detected by the photo-detector. A positive lens
may be used in between the sample and photo-detector to adjust the probe beam size on the detection

area
the s
prob

In bq

ample onto the detector is established. A differential amplifier is used to delete the d
e beam deflection signal.

th cases the reference frequency of the lock-in amplifier should be the same as the

frequiency of the pump laser power, and the time constant of the lock-in amplifier should h

into

5.2.6

At eq
is re
mea
posit
perfq
For 4
phot
appr
repr

consideration the temporal resolution and SNR of photothermal signal.

Data acquisition and processing

Ich position of the test sample, the amplitude and phase of-the modulated photothg
corded via the lock-in amplifier for a certain time and averaged over a certain numb
urements. The photothermal measurement may alse be repeated at several diffe
ions. The reported absorption/absorptance value’is the average of repeat mg
rmed at a certain position or the average of measurements performed at the differe
bsorption mapping, the test sample is moved by.controlling the motorized translatic
bthermal amplitude and phase are measuredias a function of sample position. By
bpriate scan step and a measurement area,d map of photothermal amplitude is obtg
psents the absorption map. In addition,.a ' map of photothermal phase is obtained,

usefyl information on the thermo-physical characteristic distribution of the test sample.

5.2.7

The {
hum
ISO 1

5.3

In ge
refle
could
surfa

Environment

environment of the testing-place should consist of dust-free filtered air with 40 % to 6
dity. The residual dust shall be reduced in accordance with the clean-room Class 7 as
4644-1.

Preparation.efitest sample

neral, test samples should have flat surfaces, for example un-coated, highly reflective
ctive (AR) coated plane substrates. The absorption/absorptance of samples with cury
| also.be'measured. However, care shall be taken for absorption mapping of samples
ces\as the surface curvature shall be considered to keep identical alignment at e

eam spotat
c level of the

modulation
e set taking

brmal signal
er of repeat
rent sample
asurements
nt positions.
n stage and
choosing an
ined, which
which gives

0 % relative
specified in

HR) or anti-
red surfaces
with curved
ich position

duringposition scanning.

Storage, cleaning and preparation of the test samples shall be carried out in accordance with the

instr

uctions of the manufacturer.

6 Test procedure

6.1

General

Either STL, TTL, reflected PTD, or transmitted PTD configuration shall be chosen to measure and map
the absorption/absorptance of the optical laser component. The amplitude of the photothermal signal
shall be measured to determine the absorption, and upon calibration, to determine the absorptance of
the test sample. The sample position has to be scanned to map the absorption/absorptance of the test
sample.

© IS0 2023 - All rights reserved
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The incident angle of pump beam to the test sample shall be set according to the manufacturer's
instruction. For a sample with normal incidence, the absorption measurement should be performed
with the incident angle in between 1° to 10°, which shall be documented.

6.2 Measurements of photothermal amplitude and phase

The absorption of the test sample is determined photothermally by means of one of the photothermal
measurement arrangements described in Figures 1 to 4 (STL, transmitted TL, reflected PTD, and
transmitted PTD, respectively). Before the photothermal amplitude via lock-in amplifier readout is
recorded, the experimental parameters of the photothermal measurement have to be optimized and

the optical a
frequency d
distance (th
photo-deted
waiting tim
alignment. ]
position.

For phototh
constant of
consideratig

rrangement of the photothermal measurement has to be aligned carefully. The modul

tion

f the pump beam, the separation between the pump and probe beams, the dete
at is, the distance from the sample to the photo-detector), and the transverse position
tor are adjusted to maximize the amplitude and SNR of the photothermal sigrial.-Al

'he photothermal amplitude is recorded at least 5 times and an average js'obtained fo

ermal measurements, when setting the modulation frequency of the-pump laser and

S
e should be long enough, to allow for the photothermal signal to be stabilized after c:;rreful

ction
fthe
, the

I one

time

the lock-in amplifier the thermal diffusion properties of the sample shall be taken
n. A lower modulation frequency and a longer time constant shall be set for a s

into
ple

with a lowel thermal diffusion coefficient. For laser optics with fusedrsilica, N-BK7, or sapphire afs the
substrates, |t is recommended to set the modulation frequency to between 50 Hz to 500 Hz, and set
the time constant to between 0,1 s to 1 s. For TL measurement, the.pump and probe beams shoufd be

overlapped Wwith zero separation, the transverse position of the photo-detector should be nearly cemtred
related to the probe beam profile to maximize the photetl¥ermal signal amplitude. The deteftion
distance is get by the following Formula (1):
2
z=B- 1)
L

where

a is tIe radius of the pump beamsat'the sample surface or interaction zone;

A is the probe beam wavelength;

B isafoefficient between? and 10, depending on the radius of the pump beam and the modulpation

frequency.

For PTD mepsurement;the probe beam should be separated from the pump beam by approximately one
time the radius of th€ pump beam, and the transverse position of the position-sensitive photo-detgctor
is adjusted fjo have™iearly zero dc output of the differential amplifier.
NOTE The [détection distance is at least 10 cm or larger, depending on the radius of the pump ll)eam
and the modutation frequency:

6.3 Maps of photothermal amplitude and phase

Control the position of the test sample via a motorized translation stage. Set up a measurement area
of the test sample and a scan step for the mapping via a control software. Scan the test sample and
record the photothermal amplitude and phase as a function of the scanning position. During the
position scanning, at each position a waiting period of three to five times the time constant of the lock-
in amplifier is required before signal recording to allow for the photothermal signal to be stabilized.
The map of the photothermal amplitude represents the absorption map of the test sample, and the map
of the photothermal phase provides information on the distribution of the thermo-physical properties
of the test sample. As an example, Figure 5 shows a typical absorption map of a test sample measured
by reflected STL scheme.

© IS0 2023 - All rights reserved
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By tightly focusing the pump beam and scanning the sample position three-dimensionally, a three-
dimensional absorption map of a bulk sample can be obtained. An example is presented in Figure 6,
which is the three-dimensional absorption map of a fused silica substrate.

Figure 5 — Absorption map of a test sample measured by reflected STL scheme
(Mapping area: 5 mm x 5 mm)

x 10

v is
Figyre 6 — Three-dimensional absorption map of an optical substrate measured by [TL scheme

6.4 | Calibration of photothermal amplitude

As the photothermal amplitude is linearly proportional to the absorptance of the test] sample, by
calibrating the) photothermal amplitude with a calibration sample of a “known” absorptance and
withput abSorption inhomogeneities, the measured photothermal amplitude can be used tp determine
the apselute absorptance of the test sample. It is recommended to calibrate the photothermal amplitude
with|“Known” sample with the same or similar thermo-physical parameters as the test|sample and
under the same experimental conditions. The absorptance of the calibration sample can be determined
by spectrophotometry, laser calorimetry, etc.

It is recommended to use calibration samples with the same functions as the samples under test. That
is, an uncoated calibration sample (or sample set) for uncoated test samples, a HR-coated calibration
sample for HR-coated test samples, and an AR-coated calibration sample for AR-coated test samples. For
the AR-coated calibration sample, both the absorption coefficient of the substrate and the absorptance
of the AR coating have to be known, and the substrate material shall be the same as that of the sample
under test.

Prepare a calibration sample with a relatively high absorptance (up to approximately 0,1) or a
relatively low absorptance (between 105 and 0,001). For the high-absorptance calibration sample,
the absorptance may be determined by a commercial spectrophotometer or photometric method; for
the low-absorptance calibration sample, it is recommended to determine the absorptance with laser
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calorimetry, ISO 11551 for testing the absorptance of optical laser component. When calibrating the
photothermal amplitude with the high-absorptance calibration sample, the power of the pump laser
shall be reduced to obtain the photothermal amplitude which is comparable to that measured with the
test sample without reduction of the pump power. It is not recommended to adjust the pump power
when the low-absorptance calibration sample is used for calibration. It is important to note that when
the high-absorptance calibration sample is used for calibration, the resulting photothermal amplitude
is within the “small-signal approximation”, which can be checked by measuring the pump power
dependence of the photothermal amplitude.

The determination of the absorption of the AR-coated calibration sample can be performed as follows:
First determine the absorption coefficient of the substrate by measuring its absorptance with laser

calorimetry|
substrate by
the absorpt
absorptance
calibration 4§

The calibraf
absorptancg
phototherm
by the pum
absorptance
phototherm

The structural parameters of the calibration sample should be, specified. For HR-coated calibr

samples, a ¢
displacemer
thickness o
diffusion ley

.uth:\ﬁ

where

amples are prepared and used for the absorptance measurements of AR-coated samp

ion can also be performed with a set of (at least three) calibration samples of “kn
ranging from a few (or a few tens of) 10-® to approximately 0,1,-A Jinear dependen
al amplitude on the absorptance is expected by normalizing thesphotothermal ampl
b power, which is adjusted for appropriate photothermal ampljtude levels with diff
of calibration samples. The slope of this linear dependenée can be used to calibrat
al amplitude.

rcular sample is preferable with diameter much lasger than that of the pump laser ind
It region or refractive index gradient region as*well as the thermal diffusion length
[ the calibration sample is much larger thanithe thermal diffusion length. The th¢g
1gth is defined as given by Formula (2):

D/ nf

D

f
NOTE

ist
ist
Fd

In this case
sample is n
amplitude f

For the detg

!

e thermal diffusion coefficient of the test sample;
e modulation frequengy of the pump laser.
rmula (2) is for the-thermal diffusion length defined for a one-dimensional heat conduction or

the influenée-of the structural parameters on the photothermal signal of the calibr
poligible - THis calibration procedure can be used for the calibration of the photothgd
r the detefmination of absorptance of large-sized reflective laser components.

rmination of absorptance of small-sized laser components, the calibration sample s}

ce of
tude
brent
e the

htion
uced

The
rmal

(2)

ly.

htion
rmal

1ould

have the sar

Theoretical

e-grsimilar structural parametersas the test c:\mplp

and practical considerations on the calibration are given in Annex A.

The calibration procedure for photothermal measurement in the depth direction of a three-dimensional
absorption mapping is described in Annex B.

6.5 Assessments of the measurement

For absorption measurement and mapping, the amplitude map represents the absorption distribution
of the test sample. For determination of the absorptance, the measurement error is mainly caused by
the calibration error and uncertainties of other experimental parameters. The typical uncertainty for
the absorptance measurement is in the order of 10 % to 20 %.
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In general, for photothermal measurement, the photothermal signal is a complex function of many
parameters as listed in Table 2. A rigorous expression for the photothermal signal of an optical laser
component is complicated. However, for absorption measurements of optical laser components
with the photothermal technique, the physical basis is that under small-signal approximation, the
photothermal amplitude is linearly proportional to the absorptance of the test sample. With this linear
proportionality, a photothermal amplitude can represent the absorption, a photothermal amplitude

map
from|

the photothermal amplitude.

]innnrly represents the :lhcnrpfinn map, and upon r‘a]ihr:ﬂ'inn’ the nhcnrpfanrn canbe

determined

[Fable 2 — Parameters that affect the photothermal signals in photothermal absorption

measurements
Test sample’s parameters Instrumental/experimental pargmeters
Optigal parameters: Pump beam’s parameters
Aisorption coefficient Shape
Absorptance Size
Therymo-physical parameters Powem
T:[ermal conductivity Intensity distribution
Thermal diffusion coefficient Modulation frequency
Lihear thermal expansion coefficient Probe beam’s parameters
Temperature coefficient of refractive index Shape
Meclhanical parameter Size
Pqgisson ratio Power
Strugtural parameters Intensity distribution
SHape Wavelength
Sire Angle of incidence
Other experimental parameters
Separation of pump and probe beams
Detection distance
For gither TL-orPTD detection scheme, the photothermal signal is linearly proportjonal to the
photpthermally induced optical phase shift, which, for the reflected photothermal confjguration, is
apprpximately expressed as given by Formula (3):
X, y)=o in Lty r’(XJ’Z)aZ (3)
) th /l 1 —v »
where
Ay, is the linear thermal expansion coefficient of the test sample,
% is the Poisson ratio of the test sample,
A is the probe beam wavelength, and
T(x,y, z) 1isthe photothermally induced temperature rise inside the test sample.
11
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The integration is performed along the depth direction of the test sample For the transmitted
photothermal configuration see Formula (4):

2T

20 (x, ) =2 SR [7(x, 5, )z @

where dn/dT is the temperature coefficient of refractive index of the test sample.

The integration is performed along the propagation path of the probe beam in the sample. In both cases
the temperature rise T(x, ), z) is linearly proportional to the absorptance A of the test sample and the
power of the pump laser P. For TL detection, the TL amplitude can be expressed as given by Formula (5):

S=AI/fy<A-P (5)
where

Al is|the intensity change of the probe beam detected with the pinhole photo-detector, and

I, is|the dc intensity of the probe beam detected with the pinhole photo=detector.

For PTD detection, the PTD amplitude can be expressed as given by Formula(6):

S=(Iy1y) /(I +1y)= A-P ©)
where I, angl I, are the intensity values of the probe beam detected by the two photo-detectors qf the
bi-cell detegtor (position-sensitive photo-detector).

NOTE Fqr more information on the mathematical description of TL and PTD amplitudes, see Referencel[6].
7.2 Determination of absorptance via photothermal calibration

Absorptance of test sample can be determined by calibrating the photothermal amplitude wjith a
calibration sample of “known” absorptance/ For the calibration sample with absorptance 4 and
measured with pump laser power P, the\photothermal amplitude is S, as given by Formula (7):

where C is|a proportional factor which is determined by the thermo-physical parameters of the
calibration §ample and experimental parameters of the photothermal detection configuration.

For the tesfk sample with absorptance A (and with the same thermo-physical parameters of the
calibration §ample) and measured with pump laser power P under the same experimental photothdrmal
configuratidn, the,photothermal amplitude is S, as given by Formula (8):

S=C-A{P (8)
The absorptance, 4, of the test sample is therefore given by Formula (9):

A=(5/S¢)-(Po /P)-Ay (9)

To minimize the calibration error, it is recommended that the pump power is adjusted to measure
the photothermal amplitude of the calibration sample so that S; and S are comparable. However, the
calibration sample can only present linear absorption, without any nonlinear absorption. This can be
checked by measuring the pump power dependence of the photothermal amplitude of the calibration
sample.

The calibration can also be performed with a set of “known absorptance” calibration samples
(@ minimum of three samples with a wide range of absorptance) with the same thermo-physical
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properties. The photothermal amplitude normalized by pump power (S,/P,) is measured as a function
of the absorptance A, as presented in Figure 7. A linear fit is performed to the measured absorptance
dependence of the power-normalized photothermal amplitude. From the linear fit, a slope 8 is obtained,
thatis, (Sy/Py) = B-Ay. Then the absorptance of the test sample can be obtained via Formula (10):

A=(S/P)/B (10)

The calibration with a set of calibration samples is preferable whenever a set of “known absorptance”
samples with a wide range of absorptance is available.

For the absorptance determination of the AR coatings of AR-coated samples, a separation of surface
and bulk absorption has to be performed by line-scanning the sample along the depth(difection. The
absofptance of the AR coating is determined by calibrating the separated surface absprptiqn.

Refer to Annex B for the separation of surface and bulk separation .

Y

100 F

10 +

1 -
0,1 Bl 1 1 1
10 100 1000 10 000 X

Key
X Ay in ppm
Y So/Po (1/W)
u measurements

R linear fit

NOTHE The symbols représent measurements with calibration samples of different absorptance valuesd.

Figure 7— Dependence of photothermal amplitude normalized by pump power
on the absorptance of the calibration sample

7.3 Twn-dimpncinnnlllthrpp-dimpncinnnl maps of nhcnrptinn

A two-dimensional/three-dimensional absorption/absorptance map can be obtained by scanning the
test sample two-dimensionally/three-dimensionally and measuring the photothermal amplitude as a
function of sample position.

The three-dimensional map can only be obtained for bulk samples. In this case, a large interaction angle
between the pump and probe beams is needed for a reasonable spatial resolution in the depth direction
of the test sample. It is recommended that the interaction angle between the two beams is at least 30°.

7.4 Mapping area and spatial resolution

For photothermal absorption/absorptance mapping of an optical laser component, the mapping area
has to be determined first. The scan step is determined by taking into consideration the acceptable
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test time and spatial resolution requirements. The spatial resolution of the absorption mapping is
determined by the pump beam size on the test sample, the scan step and the thermal diffusion length.
The mapping area is under-sampled if the scan step is larger than the pump beam diameter and is over-
sampled if the scan step is smaller than the pump beam diameter. When it is under-sampled, the spatial
resolution is determined by the scan step. When it is over-sampled, the spatial resolution is determined
by the mutual influence of pump beam diameter, the scan step and the thermal diffusion length. A
smaller scan step results in a better spatial resolution of photothermal absorption mapping.

8 Testreport

The followir
a) Inform
1) test
2) dat
3) exa
b) Inform
1) maj
2) typ
3) par
4) spe
5) spe
pur
c) Inform
1) mai
2) typ
3)
4) par
5) spe
6) abs
d) Inform
1y
2)
3)
4)
14

gimformatiomrshattbedocumentedirthe testreport:
htion on the test organization:

ing organization;

b of test, time;

miner;

htion concerning the test sample:

hufacturer of test sample;

e of test sample;

t ID, date of production;

cifications of manufacturer for storage and cleaning;

cifications of manufacturer for normal use (wavelength, polarization, angle of incid
pose of use, etc.);

htion concerning the calibration.sample(s):
ufacturer of calibration sample(s);

e of calibration sample(s);

stryctural parameters/{shape, size, etc.) of calibration sample(s);

t ID, date of preduction;
cifications of-manufacturer for storage and cleaning;

brptarice'at test pump wavelength and absorptance measurement method.

ence,

htion concerning the test facility:

pump laser source (operation mode, wavelength, output power, power stability, state of
polarization, modulation frequency);

probe beam source (wavelength, beam quality, state of polarization)

photothermal measurement configuration (reflected TL, transmitted TL, reflected PTD, or
transmitted PTD);

description of other relevant test equipment;
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5) environmental conditions (temperature, degree of cleanliness when clean room is used,
relative humidity, vibration control, etc.);

e) Information concerning testing and evaluation:
1) photothermal amplitude of calibration sample and used pump power;
2) photothermal amplitude of test sample and used pump power;
3) radius or diameter of pump beam on the sample surface;

4) mapping area and scan step for photothermal absorption mapping;

%) acquisition time;

f) Testresults:

1) absorptance of test sample;

2) absorptance uncertainty of test sample;

3) graphs of photothermal absorption maps (two-dimensional pithree-dimensional)
g) Areference to this document, i.e. SO 23701: —:

An exemplary test report format is given in Annex C.
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Annex A
(informative)

Theoretical and practical considerations on calibration

A.1 General

This annex tliescribes the theoretical and practical considerations on the calibration issue.

A.2 Thed

Theoretical
phototherm
thermal exp
direction of
displacemer
coating absq
absorptance
coated samj
pump beam
sensitive to
incidence off
the coating
case separa
amplitudes

Similarly, fg
phototherm
refractive if
propagation
the sample
absorptancd
again a “uni

retical consideration on calibration

y, for reflected photothermal detection schemes, either STL or ‘reflected PTD
al amplitude is related to the surface displacement caused by )absorption ind
ansion, which is proportional to the integral of the temperature.gradient along the ¢
the sample. When the pump beam irradiates the sample at normal incidence, this su
It is approximately proportional to the total absorptance ©f the sample (that is, su

can be used to calibrate the photothermal amplitude“of uncoated, HR-coated, and

does not irradiate the sample at normal incidence, the photothermal amplitude bec
the temperature profile along the depth direction, which is closely related to the ang
the pump beam and the absorption profile aleng the depth direction. The contributig
bsorption and substrate absorption to thé{photothermal amplitude are different. Iy
e calibration samples of known absorptance should be used to calibrate the photothg
bf uncoated, HR-coated, and AR-coated samples, respectively.

r transmitted photothermal detection schemes, either TTL or transmitted PTD
al amplitude is related to the optical phase shift caused by the absorption ind

the
uced
epth
rface
m of

rptance and substrate absorptance). In this case, a “univefsal” calibration sample of knjown

AR-

bles if the substrates of these samples are the same,"On other hand, in the case that the

bmes
rle of
ns of

this
rmal

the
uced

dex change, which is proportional to the integral of the refractive index gradient alon|

the

path of the probe beam inside the sample. When both pump beam and probe beam irradiate
at normal incidences, this optical phase shift is approximately proportional to the |total
of the sample (that.is,sum of coating absorptance and substrate absorptance). In this|case,
versal” calibration'sample of known absorptance can be used to calibrate the photothdrmal

amplitude df uncoated, HR=coated, and AR-coated samples if the substrates of these samples arg the

same. On th
not irradiate
absorption

known absd

rptanee should be used to calibrate the photothermal amplitudes of uncoated, HR-c

and AR-coatled samples, respectively.

e other hand,/ifi"the case that either the pump beam, or the probe beam, or both beams do
e the sample’at normal incidences, the contributions of the coating absorption and subsitrate
[0 the photothermal amplitude are different. In this case separate calibration samples of

ted,

The above discussions indicate that only when the pump beam irradiates the sample at normal incidence
in reflected detection schemes, and when both pump beam and probe beam irradiate the sample at
normal incidence in transmitted detection schemes, a “universal” calibration sample, no matter
uncoated or coated, exists for calibrating the photothermal amplitudes of uncoated, HR-coated, and
AR-coated samples with same substrates to determine the absorptance of the test samples. Practically,
however, in real TL and PTD detection schemes, both pump beam and probe beam irradiate the samples
at certain angles of incidence. The calibration samples of the same functions of the test samples have to
be used for calibrating the photothermal amplitudes of uncoated, HR-coated, and AR-coated samples.
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A.3 Practical consideration on calibration samples

Practically, the following are examples of calibration samples:

a) ND filters with absorptances in the order of 0,01 to 0,1, measured by a spectrophotometer;

b) Uncoated substrates with absorptances in the order of 10-5 to 10-4, measured by a laser calorimeter;
c) Protected metal mirrors with absorptances in the order of 0,01, measured by a spectrophotometer;

d) Dielectric HR mirrors with absorptances in the order of several to several tens 10-¢, measured by a
laser calorimeter;

e) (ne-side dielectric AR-coated substrates with total absorptances in the order of 1075>to 0,001, and
yith absorptance of substrate measured in advance. The absorptances are measured by a laser
¢alorimeter.

Itis jlecommended that whenever possible, the preparation of the calibration samples with the substrate
matgdrials be the same as that of the test samples. It is also important that the calibration $amples and
test pamples have the same functions. That is, HR calibration sampleswith same substrate materials
for HR test samples, AR calibration samples with same substrate materials for AR test samples, and un-
coated substrate calibration samples for substrates with same material but different absgrptance. Do
not yse calibration samples with different substrate materials atd different functions to ¢alibrate the
photpthermal amplitude for absorptance determination. In general, it is not necessary thaf the coating
materials are the same for calibration and test samples.

NOTH The calibration is highly dependent on the properties and design of the sample.
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Annex B
(informative)

Separation of surface absorption and bulk absorption

b the

B.1 General

This annex {lescribes the photothermal configuration to separate the surface (coating) absorptioxll and
bulk (substrate) absorption of AR-coated optical laser component and considerations regardin
measurement results.

B.2 Photpthermal detection configurations for separation of surface absorpti
and bulk absorption

The transmitted photothermal detection schemes, either transmitted TL ortransmitted PTD, shou

used to sep
of transmit
configuratid

irradiates the sample at a relatively large angle of incidence. It is\preferable to have a large intera

angle betwd
which is nd
absorption,
pump and p
Figure B.2 s
is a vector 4
zone of pun

irate the surface absorption and bulk absorption. As an example, an optical configur
fed TL detection for the separation is re-shown in Figure B.1. In this transmitte

en the pump and the probe beams for a higher spatial resolution in the depth dired
eded when the substrate is thin. For separation of the surface absorption and
a line scan along the depth direction is perférmed by moving the interaction zone d
robe beams across the sample and recording the TL amplitude as a function of the d
hows a typical line scan result of a one-side AR-coated fused silica sample. The TL ampl
um of the TL signals from the coatingand substrate, respectively. When the intera
p and probe beams is within the:substrate but far from the coated surface, the TL s

is attribute

used to detérmine the absorption coeffigient of the substrate (the bulk absorption). The maximu
amplitude pleak, which appears when the‘interaction zone of the pump and probe beams is close |
coated surfdce of the substrate, can®be-used to determine the absorptance of the coating. However
has to be talken when determiningthe coating absorptance as the substrate absorption also contril
to the maxigum TL amplitude peak, and its contribution shall be eliminated.

to the substrate absorption only.'In this case the TL amplitude, when calibrated, cg

Id be
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n, the pump beam irradiates the sample at nearly normal incidence, and the probe heam
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