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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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in_fiaison with 150U, also take part in the wWork. 1SO collaborates closely with
| Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

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

the technical committees are circulated to the member bodies for voting. [Publication as
| Standard requires approval by at least 75 % of the member bodies casting avote.
drawn to the possibility that some of the elements of this document miay be the subject of p3
P was prepared by Technical Committee ISO/TC 172, Opticsfand photonics, Subcommittee S
Ccal systems.

edition of 1SO 21254-2:2011, together with 15021254-1:2011, cancels and reple

1:2000 and ISO 11254-2:2001, which have been technically revised.

consists of the following parts, under the genetal title Lasers and laser-related equipment —
[ laser-induced damage threshold:

Definitions and general principles
Threshold determination
Assurance of laser power (energy) handling capabilities

Inspection, detection.and measurement [Technical Report]
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roduction

This part of ISO 21254 specifies test methods for determining single-shot and multiple-shot laser-induced
damage thresholds (LIDTs) of optical components, both coated and uncoated. The aim is to provide methods
which will enable measurement results to be obtained which are consistent and can be rapidly and accurately
compared between different test laboratories.

In t}Le single-shot test, which is referred to as the 1-on-1 test in this International Standard, each
on the sample surface is subjected to only one pulse of laser radiation. Repeated laser radiation pulses
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damage optical components, or otherwise cause them to deteriorate, at irradiation*levels |

ersible damage due to ageing, microdamage and the generation or migration of.défects is ob
radation of the optical quality is a function of the laser operating parameters and the opticg
h the component is located. The multiple-shot test, referred to as the S-on-{l. test, is based o
uses a series of pulses with constant energy density at each unexposed test site.

fdition to an evaluation technique based on the survival curve for 1-0n-1 tests, this part of ISO
cribes two methods for the reduction of raw data obtained from S-on-1 damage tests: on
racteristic damage curve and the other an extrapolation technique. The characteristic da
hod calls for S-on-1 testing at a large number of sites_ofi the optical surface of the sp
bration of a set of three graphs indicating energy density values corresponding to probabilitieg
0 %, 50 % and 90 % for a selected number of pulses.“The characteristic damage curve rep
Its of a complete and extended laser-induced damage-test, and it is recommended for basic in
ewly developed or critical laser optics. The second”method of S-on-1 testing, the extrapolat
a considerably smaller number of test sites,* This method generates a distribution diag

S

D

es per site. This diagram is of limited reliability but may be employed for the quality control of
ponents which have already been qualified by a complete damage test or as part of the pre
nded damage testing.

listic laser damage tests suitable for industrial applications require a large number of pul

nes a procedure for obtaining the S-on-1 threshold by extrapolation of the characteristic dam4

E It should berealized that the laser-induced damage threshold of an optical component which is|
ated pulses of radiation can be affected by a variety of different degradation mechanisms, including ¢
Mal heating, migration or generation of internal defects, and structural changes. These mechanisms are
laser operating parameters, the environment and the component mounting conditions. For these r
ssary to‘record all the parameters and to bear in mind that the damage behaviour might differ in tests
Fent operating conditions.
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test procedures described in this part of 1SO 21254 are applicable to all combinatio

ns of laser

wavelengths and pulse lengths. However, comparison of laser damage threshold data can be misleading
unless the measurements have been carried out at the same wavelength, using the same pulse length and
beam diameter. Definitions and the general principles of laser-induced damage threshold measurements are
given in 1ISO 21254-1.
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Scope

part of ISO 21254 describes 1-on-1 and S-on-1 tests for the.détermination of the laser-indug
shold of optical laser components. It is applicable to all types_éflaser and all operating conditio

Normative references

following referenced documents are indispensable for the application of this document,
rences, only the edition cited applies. Foriundated references, the latest edition of the
ment (including any amendments) applies.

11145, Optics and photonics — Lasérts and laser-related equipment — Vocabulary and symba

21254-1:2011, Lasers and ‘laser-related equipment — Test methods for laser-induce
shold — Part 1: Definitions @nd general principles

Terms and definitions

the purposesof this document, the terms and definitions given in ISO 11145 and ISO 21254-1

Testmethods

4.1

er-induced
nides, Be,
omments.

ed damage
ns.

For dated
referenced

Is

ed damage

apply.

—General

The general principles of laser-induced damage threshold measurements, and the apparatus and sampling
techniques used, are described in ISO 21254-1.

4.2

4.2.

1-on-1 test method

1 General

In the 1-on-1 test, each unexposed site on the surface of the sample is exposed to a single laser pulse with
defined beam parameters. From the experimental data, a plot depicting the probability of damage as a
function of the energy density or power density is constructed.

© 1S0O 2011 — All rights reserved
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4.2.2 Test parameters

The test equipment shall be characterized by the parameters described in ISO 21254-1:2011, 6.2.6.5.

4.2.3 Procedure

Test sites are positioned in the beam and irradiated by single shots of laser radiation with different energy
densities or power densities. Expose a minimum of ten sites to one preselected pulse energy (or beam power)
and record, for each site, the actual pulse energy (or beam power) measured by the beam diagnostic unit as
well as the state of damage after irradiation (damage or no damage). Repeat this sequence for other pulse

energies orhe
to include lpw values which result in no damage at any site and sufficiently high values wh|ch mduce dan

oad
age

at each site[tested.
4.2.4 Evaluation of measurements
Damage thfeshold data are obtained by the damage-probability method. To construct a plat-of the probability
of damage |versus the quantity in terms of which the laser-induced damage threshold is to be expressed/ the
probability pf damage is determined for each energy-density or power-density incfement by calculating| the
ratio of the number of damaged sites to the total number of sites tested. Linear extrapolation of the damage-
probability dlata to zero damage probability yields the threshold value. An example is shown in Figure 1.

Y

1 T
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0,6

04

0,2

0 L ] l ] 1 ] 1 ] 1 ] 1 ] 1

0 100 200 300 400 500 600 700 X

Key
X energy, in millijoules

Y damage probability

NOTE The test conditions were as follows: dgg 5 = 1,44 mm, A=10,6 ym, 74 =100 ns, tail 3,5 ys (TEA CO, laser),
specimens: KBr windows, 50 items, diameter 40 mm.

Figure 1 — Graph for the determination of the damage threshold from experimental data

© 1S0O 2011 — All rights reserved
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In the case of a laser system with a high pulse-to-pulse energy variation, it is permissible to expose the
specimen to arbitrary pulse energies and to sort the data with respect to appropriate energy intervals after the
test.

NOTE 1 Examples of an efficient measurement procedure giving maximum accuracy for a given number of sites are
presented in Annex A and Annex C for the 1-on-1 and the S-on-1 test, respectively.

NOTE 2 The diameter of the test beam at the specimen position can influence the measurement result. Therefore, the
beam diameter has to be kept constant throughout the entire measurement procedure.

4.3 S-on-1 test method

4.31 General

To getermine the S-on-1 damage threshold, extensions of the set-up and procedure for|1-on-1 test damage
threshold measurement are necessary. However, a measurement facility for S-on-1/tests can be used for
1-op-1 measurements if the online damage-detection system is combined with a)Nomarski-typg differential
intefference contrast microscope. It is recommended that the online damage-detection system hgve a facility
for ¢utting off subsequent pulses and for stopping the pulse counter.

4.3.2 Test parameters

Theltest equipment shall be characterized by the parameters described in ISO 21254-1:2011, 6.2.6.5, and the
follgwing additional parameters:

a) |number of pulses per site S;
b) [total number of sites per test Nq.

NOTE For the S-on-1 test, the parameters given.n 1ISO 21254-1:2011, 6.2.6.5 d) to g), refer to the properties of the
typigal pulse defined in ISO 21254-1:2011, 6.2.6.4.

4.3.3 Procedure

An Uinexposed test site is positioned, in the beam and irradiated by a series of S pulses, the pulse typical of the
serigs having an energy Q,,. Ifdamage is observed by the online damage detection system beforg the series
of J pulses is completed, stop the irradiation of the site and record the minimum number of gulses Ny,
Repeat this procedure for(different energies of the typical pulse. The number of pulses S shall be fonstant for
the entire test proceduré;and it shall be selected such that the S-on-1 test records the specific laser-induced
damage behaviour ofthe specimen.

4.3.4 Evaluation of measurements

4.3.4.1 General

Aft f the type

(Qtpr Nmin), Where Nyip < S in the case of damage,

(Qtp, S) when no damage is detected

The evaluation of the data obtained (see Figure 2) may be performed using the characteristic damage curve
(see 4.3.4.2) or the extrapolation method (see 4.3.4.3). The method using the characteristic damage curve
allows accurate determination of the laser-induced damage threshold. This accurate technique should be
used for fundamental investigations and for the testing of prototype components. The extrapolation method,
on the other hand, is a practical technique for estimating the S-on-1 threshold for a large number of pulses.

© 1S0O 2011 — All rights reserved 3
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4.3.4.2

Characteristic damage curve

The procedure for determining the S-on-1 damage threshold (see 4.3.3) is carried out and the resulting file of

data points is recorded. For the evaluation to have sufficient significance, a minimum number N,¢ of sites
shall be tested for each energy value Qt of the typical pulse. This minimum number of sites N, can be
approximated by the following relat|onsh|p

Nps = 5 x integral value of (1 +1og44S) (1)

The range of typical-pulse energies O employed shall be sufficiently broad to include points corresponding to
zero probability of damage as well as pomts corresponding to 100 % probability of damage.

Damage-pr
basis of the

The energy]
with the ex
selected nu
Data points
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calculated as the ratio of the number of data points corresponding to damaged-sites to the total numbq
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NOTE1 T
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Linear extrapolation of the damage-probability_curve to zero damage probability yields the threshold en

(see 4.2.4)

Linear extrg
number of
extrapolatig

In Figure 2
undamaged
illustrated b
data pair (¢
on the grap

pbability values for a defined number N of pulses and a specified energy Q are calculated.on
following data-reduction technique.

scale is divided into a series of intervals [Q — AQ, O + AQ) covering the energy range access
perimental set-up. For the calculation of the damage probability for a certain energy QO and f
mber N of pulses, data points with Qt =[O0 - AQ, O + AQ) are selected from.the'file of data po
with N, < N correspond to sites WhICh are damaged, whereas data points with N,,;, > N or S
to sites not damaged in the energy interval considered. The damage prebability for the energy

considered in the evaluation.

he value of AQ has to be chosen such that a significant fraction of data points is available for a distinct int
AQ). The value of AQ is kept constant during the evaluation procedure, and it determines the statistical
pld values. An example of an efficient measurement procedure‘with suitably selected parameters is give

ure is repeated for other values of the energy © to generate a data set of damage-proba

curve which is plotted versus the energy of the typical pulse. From this curve, the energy va
d Qg for the corresponding damage-probability values of 10 %, 50 % and 90 % are deduce
n.

which shall be converted into units of threshold energy density Hy, or threshold power density A

data points are available, more sophisticated extrapolation methods are permitted.
n procedure used shallbe stated in the test report.

data points corresponding to damaged spots are represented by XX and those correspondin
spots are représented by o. The evaluation procedure used for the damage-probability methg
y the interval [Q — AQ, O + AQ) marked on the graph. More than one point can occur for a speg
tps S) or (Qtp, Npin) during the test. The number of points for a specific data pair may be indic
h.

the

ible
pr a
nts.
>N
O is

r of

prval
Brror
BN in

bility
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threshold (LIDT) test. Therefore, the pulse energy scale is given in arbitrary units, and no numbers are given

to indicate t

he presence of identical data points.
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undamaged
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Figure 2 — Data points resulting from damage testing

To generate the characteristic damage-eurve, the algorithm described above is repeated for selected numbers
N of pulses to determine the corresponding energy values Q4q, Osg, and Qgg. These values are copverted into
the units in which the damage threshold is expressed and plotted versus the number of pulses. The numbers
of pulses shall be selected ih a“way that at least five data points are located in the significant r¢gion of the
chafacteristic damage curve.-Log-log coordinates are recommended for this plot to make it poss|ble to carry
out p linear extrapolation-of the characteristic damage curve for large numbers of pulses (see Figure 3).

NOTE 2 Log-log ceordinates might not be appropriate for an extrapolation of the characteristic damage curve for
extrégmely large numbers of pulses. In many cases, the characteristic damage curve converges to a finite energy density,
and|the shape~of this convergence might give information on the laser-induced ageing mechanisms ipvolved (see
Anngx E).

4343 Extrapolation method

A distribution diagram of damaged and undamaged regions can be generated on the basis of a test with a
reduced number of data points. In the extrapolation method, S-on-1 test procedures are performed covering a
range of numbers of pulses per test site that is appropriate for determining, by extrapolation, the S-on-1
damage threshold for a defined large number of pulses. A slightly modified test procedure (see 4.3.3) is
performed for a selected set of data points. In this method, the number of pulses S is varied during the test
procedure, and it shall be selected such that a significant number of sites are irradiated with the selected
number of pulses S. The irradiation of an individual test site is stopped after the defined number of pulses has
been reached or damage has been detected. The result of this irradiation protocol is a set of data points (Qtp,
S, state of damage) represented by the energy of the typical pulse, the selected number of pulses, and the
state of damage, respectively. For specimens which show self-quenching damage mechanisms, the
extrapolation method can also be used in damage-testing facilities without an online damage detection system.
In this case, each site is subjected to the selected number of pulses independently of the state of damage.

© 1S0O 2011 — All rights reserved 5
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Y
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10 100 1000 10000 X
Key
X number|of pulses
Y energy flensity, in joules per square centimetre
1 90 % LIPT
50 % LIDT
10 % LIPT
NOTE The test conditions were as follows: 7y =130 fs, d1 ¢f = 87 um, 4 =780 nm, f, = 1 kHz, specimen: HR njirror
(Tap05/Si05) for 780 nm.
Figure 3 — Characteristic damage curve
For each data point{the energy value Qt is converted into the unit of energy density or power density [and
plotted as @ graph:presenting this value versus the number of pulses. By separating the data points with
respect to the«state of damage, the damaged and undamaged regions are indicated by the graph. [This
distribution |diagram (see Figure 4) makes it possible to give an approximate estimation of the threshold
energy density forfarge mumbers of pufses:

NOTE Compared to the method using the characteristic damage curve, the extrapolation method is based on a
considerably smaller number of S-on-1 test procedures, and it can be performed on one specimen. Although the reliability
of the extrapolation method is limited, it might be sufficient for quality control of a production process already certified by a
complete damage-probability test or as part of the preparation for extended damage testing. The distribution diagram
resulting from the extrapolation method can be interpreted as a rough estimation of the characteristic damage curve (see
Figure 4), and it can also be deduced from the data file of the characteristic damage curve.

A particular data point (Qt , S), with no damage can be considered to be an indication that no damage is likely
to occur for lower pulse numbers S for the energy value O x- As a consequence, symbols indicating no
damage can be plotted in the distribution diagram for all other selected values of S which are lower than the
pulse number S,. A particular data point (Qtp, Nnin)x With damage can be considered to be an indication that

6 © 1SO 2011 — All rights reserved
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damage is likely to occur for all higher pulse numbers S for the energy value Q,, .. As a consequence, symbols
indicating damage can be plotted in the distribution diagram for all other selected values of S which are higher
than the pulse number N, .. Technical considerations or the statistical damage behaviour of the specimen
might restrict the lowest number of N, which is detectable in a measurement facility. As indicated in Figure 4,
a separation line can be drawn to indicate the energy/pulse regime with no damage of the specimen.

Y
1,2

® O
N =

O O 0O O oo O O 0 O

O,4| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| |

1 10 100 1000 10 000 100 000 X
Key,|

X |number of pulses

Y |energy density, in joules per square centimetre

undamaged sites

2 |damaged sites

NOTE The test conditions)were as follows: 7= 130 fs, dr off = 87 pm, A =780 nm, f, =1 kHz, specimegn: HR mirror
(TiOR/SiO,) for 780 nm.

Figure 4 — Distribution diagram showing damaged and undamaged regions

5 |[Aecuracy

Prepare the calibration error budget outlined in 1SO 21254-1 to determine the overall accuracy of the
measurement facility. Variations in the pulse repetition rate, total energy or beam power, spatial profile and
temporal profile shall be included in the error budget.

6 Testreport

6.1 General
For the purpose of documenting and presenting the measurement data, the test report shall include the

information specified in 1ISO 21254-1:2011, Clause 8, items a) to ¢), and the results for the type of test which
was performed.

© 1S0O 2011 — All rights reserved 7
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6.2 1-on-1 test

Information

on the test result:

a) a Nomarski micrograph of a typical damaged test site, choosing a pulse energy or beam power in the
damage-probability range between 20 % and 80 %;

b) a graph of the type shown in Figure 1;

c) theresult of the test, given as Hyp, or Eyy, OF Fiy;

d) the tota

It is recom
supplied to

6.3 S-on
Information

a) at leas
damag

b) a grapI of the kind shown in Figure 3 with data points joined by lines for S-on-1 damage-probability

oragr

In the even
the damags

If possible,
specificatio

| number of sites used for the test, M.

mended that a test report containing the test specifications and the test results be Mwritten
the customer. An example of such a test report is given in Annex B.

-1 test

on the test result:

t one Nomarski micrograph of a typical damaged test site, choésing a pulse energy in
E-probability range between 20 % and 80 % for each number of pulses per site;

ph of the kind shown in Figure 4.

t of changes in the damage mechanisms with the number of pulses, include a brief statemen
behaviour observed.

the supplier or the laboratory shall supplito the customer a test report containing the
s and the test results. An example of such.a test report is given in Annex D.

and

—

he

Hata

t on

test
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Annex A
(informative)

Example of a measurement procedure (1-on-1 test)

General

-2:2011(E)

Thi

annex describes an example of a measurement procedure for a 1-on-1 test. The basic stru

pro¢edure consists of three steps.

In

e first (initialization) step, the fundamental parameters of the test are calculated or d

initiglization may also include a binary search routine for an estimation of the actualdamage thres
a de¢termination of the energy density intervals for testing. In the initialization procedure, the funda
pargameters are specified on the basis of the intended application and information available from

on s

In th

pecimens of similar design and materials.

e second step, the specimen is interrogated and the data collected

In the final step, the data collected are analysed and an estimate, of the damage threshold and its

are

A.2

A.2

calculated.

Initialization of the measurement procedure

(1 Total number of test sites, Nig

Fromn the area 4qpt of the specimen available-for the damage test, the beam diameter dr gt and thg

of th
If a

In th
has

e test sites in terms of the laser beam-diameter dggp, the total number N of test sites can be
Fectangular array of test sites is assumed, the total number of sites is given by:

Ay
NtS - 2
(dsepdT,eff )

e case of an arrangement of the test sites in a hexagonal close-packed (HCP) structure, a fac
to be introduced.in Equation (A.1):

B 8 Aopt
2
\/g(dsepdT,eff )

Nts

cture of the

efined. The
hold and for
mental test
ormer tests

uncertainty

separation
Hetermined.

(A1)

or of 2/\/5

(A.2)

In t

Is HCP arrangement, all next-neighbour test sites are dsepdt eff @apart. As minimum condit

ons for the

damage frequency method, the value of Nis should exceed 75 and dsep should range between 1,25 and 5 for a
beam with a Gaussian spatial distribution.

A.2.2 Number of fluence steps, ngteps, probability resolution, Pres, number of damage sites,
Nsites

Figure A.1 is used to determine the values of the probability resolution, Ps, and the number of sites to be
damaged per fluence level, ngjes, fOr a given value of Ni. For a given value of N, the range of possible
values of Peg and ngjtes Can be seen by following the contour for the value of Nig from left to right. For a
sufficiently large value of Mg, there is a large number of possible values for P.es and ngjtes, allowing great

flexi

bility in the design of the test. For smaller values of N, the choice of design is more limited.
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If there is a history or suspicion of a tail of low probability, then the tester should opt for the smallest
acceptable value of P.es. This will ensure, to the greatest extent possible, that a low-probability tail of this kind
is seen by the interrogation protocol. If there is no history of, or concern over, a low-probability tail, then the
preferred choice would be for ngjies 10 have the largest possible value. The choice of a large value for ngjtes
leads to the most accurate determination of the damage probability allowed in a particular area available for
the test [see Equations (A.5) and (A.6)].

After the selection of P,.g, Figure A.2 is used to determine the number of fluence levels, or fluence steps, used
in the test, nsteps- The value of ngteps is read directly off the curve in Figure A.2.

EXAMPLE Selection of ngiec and Proc

Consider a tpst with 200 sites. The ngjes contour for 200 allows values of ngjes from 1to 5 and corresponding. vValugs of
Pres from approximately 0,06 to 0,15. If there is concern over a low-probability tail, then the lower values of\Prgs, Which
allow more fluence levels to be interrogated, are recommended. If this concern is not present, then a higher value fon Pyeq
is the preferrpd choice, because it will give higher accuracy in measuring of the damage probability.

VL =
\7700) 1y dman
Ve
V)
) e
| 1y ===
|27 /==
= —
==

Figure A.1 — Contour plot of N
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7 steps

8
—
4 m

0 0,05 0,1 0,15 0,2 0,25 0,3 | Pres
Figure A.2 — Plot of Piss versus ngieps

A.213 Top and bottom energy density levels, /o, and Hyottom

Thej top and bottom energy density levels, Hiyg and Hpottom, Can be estimated from historical data available
from previous damage tests on comparable-specimens. The value of Hi,, corresponds to an engrgy density
valye with approximately 60 % damagée probability. The value of Hpuom iS Near, but above, the estimated
threshold. If historical data are not available, the values of Hiop and Hpottom Can be determined by a binary
seafch routine, which is performedion’the actual test area. A minimum number of 15 test sites shopld be used
for this binary search routine. Forvlarge test areas with N >150, it is permissible to employ one-enth of the
total number of sites, Ny, for thisTinitial binary search.

A.2l4 Resolution of ehergy density, oH

The| energy density.resolution is defined by the equation:

Hysg — H|
SH <S0p _ ""bottom (A.3)

Nsteps

where ngsteps has been determined as described in A.2.2.

A.3 Test routine

The algorithm for the irradiation sequence of the specimen is illustrated in Figure A.3. The initial energy
density level Hy is Hiop. After interrogation of the first site, the state of damage is detected and recorded. The
variables n,-d and n{‘d are counting variables for the number of sites damaged and not damaged, respectively,
at the selected energy density level H;. Irradiation of the sample at the ith level continues until at least 12 sites
have been interrogated and n,-d = Hgjtes OF n{‘d =3/ P without observation of a single damage site. When

the irradiation is complete at the ith level and ng;.s Sites have been damaged, the energy density level is

© 1SO 2011 — All rights reserved 11
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decreased by oH. If 3/Pes shots at H; are taken without observation of a single damage site, the energy
density level for the next value of i is increased by 0,56H and by J6H for each level thereafter. This procedure is
repeated until the whole test area has been used.

Calculate number Uzigt%al!:niwgi’r:‘;etﬁg‘ LIiisgfuf:;esAaZn ?o Determine Calculate
f sites, usi —>1 N ) : —>1 — -
START Figuilae: 1u§:n§2 number of sites determine the number H 1o, and o0H
) ’ and P, of fluence levels bottom
i=1 |-
lNo
Have S
Exposelspecimen ave 12 sites Yes 3/ P, sites Yes Have n Yes Record
- to lgser at > been exposed at > been exposed at »< instances of damage - w8 and nil
flugnce H; fluence H,? fluence H,? occurred? i !
No No Y
there|any test Record _ Increase
areh left? results | iby1

Yes Is there

Hiv1=Hi+ 6H 12 % [2(i - nggps) + 1] any test area
left?

Calculate
m, b, c,, 0,

Hijuwq=H;-SH

Is Hy, + oy

Usehgfowest fluence greater than the Calculate
observed to cause _
smallest fluence at Hy=blm
damage as the upper and
estimate of Hy, Oth

Use 0 gs(the, lower Yes Use Hy, + oy,
limit oflthefluence L= ISyt o <02 > as the upper estimate
estimate Hy, of Hy,
No
Y Use Hy, - oy,

as the lower
( STOP ) limit of the

fluence estimate Hy,

Figure A.3 — Flow chart for test
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A.4 Evaluation of the test results

The final step of the algorithm consists of an evaluation of the data stored during the test routine, as discussed
below. For the determination of the damage threshold and the uncertainty in the result of the test, linear
extrapolation of the measured damage probabilities is performed. For each energy density level H;, the
observed damage probability P; is calculated from the equation:

d
n.
P = i (A4)
bopd g pnd
whgre nid + n{‘d is the total number of sites exposed to achieve n,-d damaged sites.
Theluncertainty for each point i in the data set is estimated using Equation (A.5) or Equation'A.6):
nd 2 d
—_ l
o; = nq(n +nf‘d) + &f when n™ >0 (A.5)
1 1 1
o, =+ef when n9 =0 (A.6)

wheg

The]
usin

re & is the fractional uncertainty in the measured energy density.

slope m and intercept b of the weighted linear fit to the measured damage-probability curve ar
g Equations (A.7) and (A.8) and Equation (A.9), respectively:

e calculated

52| T 2 A7
A[(iaiJ[i i i Oi i (T
where
1 H? B’
o[z 5| 222 9
i Oi i Oi i Oi
and
2
1 H P H: PH.
-1 SE |24 =4 =2 9
i Oj i Oj i Oj i Oi
Theldamage threshold is determined by the expression:
b
ch =—; (A10)

The calculated threshold should be both positive and less than or equal to the lowest observed energy density
causing damage. If the value of Hy, is not positive, the reported threshold should be given as the lowest
observed energy density causing damage. Further, if any additional test sites are available, a binary search
for the threshold should be conducted, with highest energy density in this search being the lowest energy
density corresponding to damage observed when making the measurement.

© 1SO 2011 — All rights reserved 13
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The uncertainty in the threshold is determined using Equations (A.11) and (A.12) and Equation (A.13):

ot = 1202 +m2o? (A11)

m
where
1< H?
%=ZZ§. (A12)
and
1 1
%=—27- (A.13)
47 o;

The lower limit of the estimated threshold Hy, — ain should be positive and less than‘ar equal to the loyest
observed epergy density causing damage. If either of these conditions is not fulfilled for the lower limit, then it
should be replaced by 0.
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Annex B
(informative)

Example of a test report for a 1-on-1 test

Measurement of laser-induced damage threshold by a 1-on-1 test in accordance
with ISO 21254-2

Test institute

Name of institute:

Tester/date: dd/mm/yyyy
Spdcimen
TypE of specimen: Original part, HR at 1 064 nm on BK7 glass

Manufacturer:
Storage, cleaning: No special requirements

Specification: Highly reflective mirror, R >.99;5 % at 1 064 nm, 0 rad angle of incidenge, standard
coating for normal use

Par{ identification number:

Daté of production: Coating run #1187 of dd/mm/yyyy
Test specification

Pulged Nd:YAG laser consisting of an electro-optically Q-switched oscillator and an optically isolated amplifier
stage. Single transversal and longitudinal mode operation. Focusing by a biconvex lens with a beam

f-number of 300.

Laser parameters

Wayelength: 1064 nm
Andle of incidence: 0 rad
Polarization state: linear
Minimum time between shots: 5s

Effective beam diameter in target plane: 0,34 mm
Pulse duration: 12 ns

Effective pulse duration: 12,7 ns

© 1SO 2011 — All rights reserved 15


https://standardsiso.com/api/?name=bb479d0c519bbac2a9b313ca369e31e5

ISO 21254-2:2011(E)
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Figure B.1 — Temporal profile

200 X

Figure B.2 — Spatial profile
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a) Random variations:
Pulse-to-pulse energy stability 3%
Pulse-to-pulse spatial-profile stability 5%
Pulse-to-pulse temporal-profile stability 18 %
b) Systematic variations:
Calorimeter calibration 5%
Calorimeter-energy monitor correlation 2%
Overall energy density measurement reproducibility +12,2 %
Overall energy density measurement uncertainty 10,4 %
Test procedure
Number of shots per specimen: 25
Arrgngement of test sites: 5 x 5 matrix
Min|mum distance between sites: 3 mm
Number of specimens tested: 5
Total number of sites for the test: 125
Damage detection: online scatter measurement, online image processor
Stofage of the specimen: manufacturer's box, normal room conditions
Tes} environment: clean, filtered air
Cleaning: dusted off with dry nitrogen

© 1S0O 2011 — All rights reserved
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Test results

Y
1

®

[ Ii”

0,9 I /

0,8 | |

0,7 1ot
0,6 f
os | /
0,4 ! /

0,3 _ I{I,
/

0,2

0,1
0 I 1 | L/I 1 1 1 | 1

0 10 20 30 40 50 60 70X

Key

X  pulse energy density, in joules per square centimetre
Y  probability of damage

Figure B.3 — Damage-probability plot, damage threshold 15,1 J/cm?

NOTE Damage induced by inclusions in the coating. Contribution from absorption-induced damage at higher energy
density levels.

Figure B.4 — Nomarski micrograph for an energy density of 19 J/cm?
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NOTE Damage induced by inclusions in the coating. Contribution from absorption-induced damage at tligher energy
dengity levels.

Figure B.5 — Nomarski micrograph for an erfergy density of 30 J/cm?
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Annex C
(informative)

Example of a measurement procedure (S-on-1 test)

C.1 General

This annex
threshold m
is oriented

of test sites

In the first
initialization
threshold. |
basis of theg
subsequent
a function ¢
based on a
simulate th
evaluation ¢

C.2 Initid

C.21 Tes
In the initig
application,
damage-mgq

The definiti

describes an example of a measurement procedure developed for a special laser-induced dam

easurement facility with a high-repetition-rate Nd:YAG laser. The basic structure of the proce
owards efficient determination of the laser-induced damage threshold using the minimum nun

(initialization) step, the fundamental parameters of the test are calculated” or defined.
also includes a preliminary test routine to provide an approximate estimate of the dam
h the next step, the sites on the specimen surface are interrogated and.the data collected. On
data recorded during the preceding test cycles, a recommended energy’level is calculated for
site on the specimen surface. For this purpose, an individual modelfor the damage probabilit
f the energy density has to be included in the calculation. In the present example, this mod
logistic regression of binary data. However, any statistical or{physical model can be employe
e damage behaviour. The final step in the test procedure described in this example is
f the collected data and the computation of the damage-proebability curve.

lization of the measurement procedure

t parameters
lization procedure, the fundamental test parameters are specified on the basis of the inten
information available from previous,tests on similar specimens and the specific limitations of
asurement facility.

bns given in Table C.1 apply to the test procedure described in this example.

Table C.1="Definitions of symbols used in the test procedure

age
Hure
nber

The
age
the
the
y as
B| is
d to
the

ded
the

Symbol

Meaning

minimum number of pulses for data evaluation: 0 < N < §

Aopt

area of the specimen available for the damage test

dsep

separation of test sites in terms of beam diameter dy ¢ (physical separation of test sites divided by
beam diameter)

the

do

minimum width of interval between energy classes

Py(Q)

probability of damage after N pulses (specific model)

S

uncertainty in the fit Py(Q)

C.2.2 Total number of sites for the test Vg

From the area A4, of the specimen available for the damage test, the beam diameter d; . and the separation
of the test sites in terms of the laser beam diameter d,, the total number N4 of test sites can be determined.
Assuming that the dimensions of the area available for the test are large compared to the separation of the
test sites, the following approximations may be made.
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If a rectangular array of test sites is assumed, the total number of sites is given by:
Aopt
Nig=—2—— (C.1)
(dsepdT,eff )

In the case of an arrangement of the test sites in a hexagonal close-packed (HCP) structure, a factor of 2 N3

has

to be introduced in Equation (C.1):

2 Aopt
Nis=—4

(C.2)

In t
cha
and

C.2

The)
and
dani

1-on-1 damage. However, a higher value might be chosen {or*N, in the case of damag

med
spe
max
cha
whi

C.2

The)
con

C.2

For
dan
and
qua
datd

In th

Vo (dsepdT,eff )"

his HCP arrangement, all next-neighbour test sites are dqo, d7 o apart. As minimuni condit
racteristic damage curve method, the value of N5 should exceed 100 and dgq, should range
5 for a beam with a Gaussian spatial distribution.

.3 Minimum number of pulses N

minimum number of pulses per site is selected according to the intended application of the]
the pulse-counting and switching uncertainty of the online damage detection system. In n
age threshold measurements, N = 1 will be preferred because‘this’value includes the imporj

surements involving very high repetition rates in the kilohertz regime. Also, for laser con
Cial applications with restricted operating conditions, a higher value of N might be an advg
imum number of pulses per site S is dependent on the’accuracy required for the extrapol
racteristic damage curve to high pulse numbers, andit is restricted by the need for a measu
h is reasonable for the damage test.

L4 Energy resolution 60

energy resolution 0 should be selected according to the energy reproducibility of the t
unction with the attenuation system:-

L5 Fitting function P,(0)and uncertainty 5y

the calculation of the recommended energy value for the subsequent test site, an individual m
age probability P,(Q)\has to be included. The probability function P,(Q) is a function of eng
includes, besides the number of pulses N, a set of characteristic parameters. The uncertd
htity which desgcribes the deviation of a parametric fit of the probability function P,(Q) from th
for a given value of N.

exp(ay +by Q)

Pi(0) =

is example) the inverse logistic function commonly used for the analysis of binary data is utilized:

ons for the
between 3

specimens
host S-on-1
ant case of
e threshold
hponents in
ntage. The
ation of the
ement time

pst laser in

odel for the
rgy density
inty oy is a
b measured

(C.3)

1+exp(ay thy Q)

where a,, and b,, are characteristic parameters to be fitted according to the measured data for a given value of
N. For the uncertainty Jy, the standard deviation for the fit is used.

C.3 Initial test

An initial test is necessary to obtain a database for the calculation of the energy values to be used in the
subsequent test procedure. For this purpose, at least 10 sites should be subjected to pulse trains of S pulses
with energies which are selected with respect to an estimate of the energy interval which will be meaningful for
the test. Therefore, it is important to find energy values for sites tested without damage after S shots as well as
energy values for sites tested with damage after at least N shots.
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C.4 Test procedure

During the test procedure, the results of the current damage test are used for fitting the damage behaviour of
the sample to a theoretical model. The theoretical model describes the probability of damage P,(Q) to the
specimen surface as a function of the pulse number N and the energy Q. It might be based on the description
of damage mechanisms or statistical algorithms specific to the actual type of specimen. The fitting parameters
of this model are recalculated after each interrogation of the specimen. By evaluating the damage behaviour
predicted by the recalculated model, the energy value QO,g for the following test site is determined. The main
criterion for the determination of this energy value is the improvement in the uncertainties 6,; and J,p for the
damage probabilities Py, (Q) and P,p(Q). These steps are repeated until the whole test area has been used or
the required uncertainty in the characteristic damage curve has been reached.

The initial fifting parameters are computed using the data from the initial test routine.
Step 1: Initiplization [see Equation (C.2)].

Step 2: For| pulse numbers N and S, compute the damage probability fit curves Py, (Q) and-P,p(Q) and their
uncertaintigls dy, and J,p by fitting to the currently available set of data.

In the exarpple given above [see Equation (C.3)], the parameter sets (ayp, byp)and (ay,, by ) have td be
calculated ihdependently for both numbers of pulses. An iteration procedure far this special case is givgn in
Clause C.2

Step 3: Th¢ value of an auxiliary variable n is determined. The variablevn may take the value of N ¢r S,
depending yvhich of the two corresponding uncertainties 8y, and dyp i:the higher, as follows:

A~
O
2

NL if 6NL > 5NP
n= .
Np in all other cases

The energy| range between O, and Qy, indicating the ‘increase in damage probability from P, (Q;)=5 % to
P,(Op) =99 %, is divided into a series of intervals, as<follows:

A~
@)
S

[OL +ifdg, O +(i+1)-dg)
where i is al counting variable for the opefinterval [Q, , dQ, i).

The width df the interval dQ is given by'the maximum of the resolution &0 and the energy range divided by the
square root|of N.

dQ=nm{éQQi;%J (.6)
W
ts
EXAMPLE In\the case of the logistic function, the energy range is given by following approximations:
0 = maxk_w’ oJ and Qy = maxt_w’ oJ (C.7)
n bﬂ
NOTE The damage-probability values of 5 % and 95 % are suitable for the selected logistic function. If other models

are used, these limits might have to be adjusted.
Step 4: Select at random one interval [Q,, dQ, r] from those with the minimum numbers of data points

collected in the preceding interrogations. The energy value Qyg for the next site is given by the position of this
interval:

Oys =0 +(r+0,5)-dg (C.8)
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Step 5: Subject the next site to the calculated energy Oyg. If test sites are left, go back to step 1. If not, stop
the measurement cycle and start the evaluation of the data collected.
C.5 Evaluation of the results

In the final step of the algorithm, a procedure for the evaluation of the data stored during the test routine is
performed in accordance with 4.3.4.2.
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Measurement of laser-induced damage threshold by an S-on-1 test in accordance

Annex D
(informative)

Example of a test report for an S-on-1 test

with 1ISO 21254-2

Test institu

Name of ins
Tester/date
Order No.:

Specimen

Type of spq
Manufactur
Part identifi
Storage/cle
Specificatio

Date of pro

Test equip

te

titute:

cimen:
br/supplier:

cation number:

n.

juction:

ment

Beam source

Bning procedure:

XXXXXX  dd/mm/yyyy
12345

Type: Q-switched laser
Manufacturer:

Model: Spectron SL456-101)
Power meter

Manufacturer Coherent, Inc.
Model: J-50MB-YAG?2)

Calibration due date:

mm/yyyy

1) Spectron SL456-10 is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.

2) J-50MB-YAG is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Online power measurement
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Pulse energy measured by an Si photodiode during irradiation, signal calibrated by making a measurement
with the power meter before and after irradiation, linear interpolation of the heating power.

Laser parameters

Wavelength: 1064 nm
Operating mode: pulsed
Pulse_repetition frequency: 10 Hz
Source parameter settings:
Output energy: up to 50 mJ
Pulse duration (FWHM): 10 ns
Pulse duration (effective): 11 ns

Vaguum conditions:
Conditioning:
Laser irradiation:
Pump system:

Turbo pump:
Rough pump:

Meadsurement specifications

Bedm diameter in the target plane (e-2):

Beam diameter in the target plane (effective):

Spatial beam profile:

Angle of incidence:
Polarization:

Number of test sites:

Tes} site matrix:

Distance betweenctest sites:
Online detection system:

Offline detéection system:

at atmospheric

365 pm (normal incidence)
258 ym (normal incidence)
near-Gaussian

0°x1°

linear

>150

hexagonal close-packed
1,5 mm

scattered light

Nomarski microscopy
(magnification 50x, 100x, 200x, 500

X

Environmental conditions:
Cleaning:

Mounting of optical components:

Comments

© 1S0O 2011 — All rights reserved
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Error budget

a)

b)

Random variations:

Pulse-to-pulse energy stability: 5%

Pulse-to-pulse spatial-profile stability: 5%

Pulse-to-pulse temporal-profile stability: 10 %

Systematic variations:

Calibration of the energy monitor: 10 %

Online lenergy monitor: 8 %
25%

Reproducibility:

Spatial begm profile at specimen position

z

50

Key
X

Y
4

Z
.fn‘n .fn‘l.
L ]
Hr ll. HI Ll.
f t 50 7 t
1 I} / 1
ff \\ // 1,\
j' ‘\ 13,5 \\
Y
length scale, in arbitrary units
length scale, in arbitrary units
amplitudle, in percent of full scale
NOTE 86,5 =388 UM -344 um =365 uym; dt o = idsﬁ,s =258 um
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Figure D.1 — Spatial profile
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Temporal beam profile at specimen position

U
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I1ISO 21254-2:2011(E)

0,8 -

0,6 -

04 |

0,2 -

Key|

U |amplitude, in arbitrary units

t time, in nanoseconds

NOTE Pulse duration (FWHM) = 10 ns; pulse width (effective) = 11 ns.

Figure D.2 — Temporal profile
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Test results

Specimen: Specimen 1
Manufacturer:

Specimen type:

Characteristic damage curve

— 1
160 |- —0— 2
[ o
140 -
120 |
140 |
i [9)
80 F o o = 2 ©
F N\
. o Nl
40 |- ] \D —jr— —a O O _D
2
o [ l [N l [ l [
1 10 100 1000 X
Key
X number|of pulses 1 50 % threshold value
Y energy-fensity thresholdwalue, in joules per square centimetre 2 0 % threshold value
Figure D.3 — Characteristic damage curve for specimen 1
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Table D.1 — LIDT values for two different LIDT levels

I1ISO 21254-2:2011(E)

50 % LIDT 0 % LIDT
Number of pulses
Jicm? Jicm?
1 144,5 79,4
2 112,1 49,5
5 98,0 50,0
10 90,4 40,8
77 87 .4 37,4
46 85,7 38,6
100 82,1 40,9
220 82,1 40,9
460 82,1 40,9
1000 82,1 40659
Damage-probability plots
Y Y
11 x 1
0B - 0,8
0p - 0,6
ou 0,4 )
s x L
0p 0,2 ©o B
0 okl Satanstiatalie et Sl 0 PR X ¥ X | l
0 50 100 150 200 250 X 50 100 150 200 250 X
Key,|
X |energy density, in joules per square centimetre
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Figure D.4 — Damage-probability plots for specimen 1 for two different LIDT levels
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