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Abstract : In the rapid development course of laser technology and modern optics , optical metrology continuously gains im2
portance for the quality management in the indust rial p roduction environment and also for research in optical coatings. Be2
sides absorption and scatter losses , the spect ral characteristics and laser induced damage thresholds are considered as com2
mon quality factors for coated optical component s and often define the optimization target s for new product s and applica2
tions. Also , these quality parameters are the basis for the comparison of commercial optics and can be found in the prod2
uct catalogues of most manufacturers of optical component s. As a consequence , standardization of characterisation proce2
dures for these fundamental properties evolved to a crucial point for the optics indust ry. During the last decade , adapted

standard measurement techniques have been elaborated and discussed by representatives f rom many indust rial companies

and research institutes within working group s of the International Organisation for Standardization ( ISO) . In this contri2
bution , the current state of standardized characterisation techniques for optical coatings is summarised. Selected standards

for the measurement of absorption ( ISO 11551) , scattering ( ISO 13696) and laser induced damage thresholds ( ISO

11254 , Part s 1 and 2) will be described and discussed in view of their applicability and reproducibility. The report will be

concluded by an outlook on the current project s and future tasks of standardization in optics characterisation.

Key words : optical coating ; standardization ; optics characterisation ; absorption ; scattering ; laser induced damage thresh2
old ; round2robin test

1　Int roduction

　　The production of optical t hin films wit h

advanced quality is an enabling technology for

many innovative applications of lasers and mod2
ern optics. Prominent examples in indust rial

p roduction environment s can be found in laser

material p rocessing or micro2lit hograp hy , where

t he economic efficiency is directly coupled to t he

optical lo sses and the lifetime of t he beam steer2
ing or imaging systems. Also in research and de2
velop ment of laser systems for medical applica2
tions , optical met rology , and information tech2
nology , optical component s have to f ulfil a varie2
ty of demanding requirement s , which can be on2

ly achieved on t he basis of t he newest optical

p roduction techniques. Prominent examples can

be found in laser f usion experiment s , where op2
tical coatings wit h ext remely high damage

t hresholds have to be realised on large area com2
ponent s , or in f s2technology , which can be only

t ransferred to economical applications on t he ba2
sis of optical coatings wit h highest degree of

complexity to manage the dispersion effect s in

t he laser systems. Standardized characterisation

met hods wit h high precision and sensitivity are a

key position for these application fields and chal2
lenges of optical t hin film technology. Standards

p rovide t he means for a comparison of t he quali2
ty factors during optimization of optical compo2
nent s and for their commercialisation wit hin t he
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global market . Therefore , in most optics com2
panies and optical t hin film cent res , standardized

characterisation techniques are maintained as a

major tool for t he quality management wit hin t he

develop ment p rocedures and t he production

lines , and t hey are developed f urt her to keep

pace wit h p rogresses in laser technology and

modern optics.

In the p resent cont ribution a brief review on

quality parameters of optical coatings is given ,

and selected examples are p resented in order to

illust rate the typical develop ment and testing

procedures for International Standards in optics

characterisation. Besides measurement p rotocols

for laser induced damage t hresholds , standard

met hods for t he determination of optical absorp2
tance and total scat tering will be discussed. In

addition to p racticability and efficiency , success2

f ul round2robin test s are considered as a major

p rerequisite for the qualification of draf t stand2
ards in optics characterisation. Therefore , sev2
eral international experiment s have been co2ordi2
nated on selected standardization p roject s , which

are elaborated and discussed in the Standardiza2
tion Commit tee ISO/ TC 172/ SC 9. Most of

t hese round2robin test s were conducted wit hin

t he f ramework of t he European Project EU RE2
KA EU ROL ASER CHOCL AB , which has been

initiated by t he German Minist ry of Science and

Technology in the year 1995. Result s of selected

round2robin test s will be summarised and evalua2
ted in respect to t he p racticability of t he existing

standard measurement p rocedures. Finally ,

some current as well as f ut ure t rends in laser

technology and t heir influence on optics charac2
terisation will be considered.

Tab. 1　Selected quality parameters of optical laser components and the corresponding characterisation techniques.

For the stability of optical components in respect to mechanical , chemical and other environmental influences ,

a variety of national and international standard measurement procedures is available.

Specification Parameter/ Unit Standard/ Measurement principle

Laser induced

Damage threshold

(L ID T)

CW2L ID T

1 on 12L ID T

S on 12L ID T

Certification

W/ cm

J/ cm2

J / cm2

J / cm2

ISO 1125421 : CW2laser irradiation

ISO 1125421 : irradiation with single pulses

ISO 1125422 : repetitive irradiation with pulses

DIS 1125423 : irradiation sequence
Optical losses Absorptance

Total scattering

1×10 - 6

1×10 - 6

ISO 11551 : laser calorimetry

ISO 13696 : integration of scattered radiation

Transfer function Reflectance

Transmittance

%

%

DIS 13697 : precise laser ratiometric method

DIS 15368 : spect rophotometry

Surface quality Form tolerances

Scratch/ Digs

Roughness

λ/ N

　

ISO 10110 : part 5 , interferometry

ISO 10110 :13 part s containing different

types of imperfections

Stability Abrasion

Environmental

Stability

ISO 9211 : different test methods

ISO 9022 : 21 part s containing a variety of conditioning

methods

2 　Quality parameters for optical

coatings

　　Some of the quality parameters f requently

considered in optical coating technology are com2
piled in Tab. 1 in conjunction wit h t he corre2
sponding measurement techniques. For t he sur2
face p roperties and t he environmental stability of

optical coatings , a variety of national and inter2
national standards are available and under con2
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tinuous discussion in different commit tees of ISO

and also national working group s. The basis of

t his develop ment work , which was performed

during several decades , is formed by t he classical

applications of optical coatings in imaging sys2
tems , consumer optics and op ht halmology. In

cont rast to t his , standardization of coatings for

laser technology is subjected to a st ronger dyna2
mism driven by t he rapid develop ment of this e2
merging field. As a consequence of t he massive

engagement of indust rial companies , which are

interested in an accelerated t ransfer of t heir in2
novations in commercial p roduct s , many of t he

important standards for optical laser coatings

could be implemented within a few years. The

EU RE KA Project EU ROL ASER CHOCL AB

(Characterisation of Optics and Laser Beams) ,

which cont ributed f undamental research aspect s

and especially round2robin experiment s for in2
vestigations in t he practicability of t he discussed

standard measurement p rocedures , was also a

substantial factor for t his fast p rogress. In t he

characterisation of optical coatings , measure2
ment p rocedures for absorptance ( ISO 11551[ 1 ] )

and total scatter ( ISO 13696 [2 ] ) have been tested

in several international campaigns. Furt her2
more , several measurement activities were ini2
tialised to examine t he general applicability and

to extend t he current standards for t he measure2
ment of laser induced damage thresholds ( ISO

1125421 , 22 ,[3 ] ) to f s2regime. In the following ,

t he f undamentals of these standard measurement

p rocedures will be int roduced and illust rated.

Also , selected result s of t he interlaboratory

test s will be summarised and discussed in view

of t he applicability of t he investigated standard

measurement p rocedures.

3　Laser induced damage thresholds

　 　 The laser induced damage t hresholds

(L ID T) of an optical component is one of t he

mo st important quality parameters in the devel2

op ment and application of high power laser sys2
tems. Even today , t he power handling capability

of optical component s is a limiting factor in many

laser applications including nuclear f usion tech2
nology , material p rocessing or laser medicine.

During the intense scientific activities of t he last

forty years [425 ] , dedicated to an imp rovement of

laser induced damage t hresholds , a broad spec2
t rum of different damage mechanisms had been

discovered and investigated for miscellaneous la2
ser operation conditions and wavelengt hs. The

continuous discussions on the research result s

wit hin in t he international scientific community

clearly revealed t he need for comparable or

standardized damage t hreshold measurement s.

In a first approach , an extended international

round2robin experiment for t he wavelengt h of

1. 064μm[6 ] has been conducted at the beginning

of t he 19802es. This experiment clearly indicated

t hat severe rest rictions in t he beam parameters

of t he test facility and t he evaluation algorit hms

have to be inserted in order to achieve compara2
ble measurement result s. Therefore , in t he

p resent standard procedure for L ID T measure2
ment s , ISO 11254[3 ] , laser systems operating in

single t ransversal and longit udinal modes are

recommended. Also , a p recise beam diagno stic

package has to be installed in order to character2
ise t he beam parameters at t he specimen or a

conjugate location. Besides online damage detec2
tion systems , an inspection using a differential

interference cont rast microscope is p rescribed for

a reliable identification of the damage state of t he

irradiated sites. For t he evaluation of t he raw

data , a technique based on t he determination of a

survival curve is p referred which was int roduced

by Seitel and Porteus [7 ] and f urt her developed

by ot her working group s[8 ] . Besides 1 on 12 and

CW2test s , which are outlined in t he first part

ISO 1125421 , irradiation sequences wit h repeti2
tive laser p ulses ( S on 12test s) are also consid2
ered in part 2 of the standard. S on 12test s re2
present t he typical operation condition of a com2
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ponent in p ractical applications. They also pro2
vide t he means for a rough estimation of t he

component lifetime by an assessment of t he

t hreshold behaviour as a f unction of the number

of p ulses necessary to damage t he surface. A

corresponding uncomplicated evaluation and ex2
t rapolation met hod on t he basis of the character2
istic damage curve is also described in t he second

part of ISO 11254.

Even t hough 1 on 12damage test s are not

rep resentative for the operation conditions of op2
tical component s in typical applications , t hey are

of ten listed in catalogues of optics manufact urers

and considered for a comparison of t he power

handling capabilities of competing product s.

Therefore , t he standard measurement p rocedure

for 1 on 12L ID T has been tested in round2robin

test s. As an example , t he outcome of a national

German measurement campaign wit h Nd : YA G

laser facilities is illust rated in Fig. 1. This ex2
periment [9 ] was concent rated on laser compo2
nent s which are routinely applied in Nd2laser

systems. The specimens were p roduced in indi2
vidual p roduction runs to ensure nearly identical

p roperties for each of the six optics types. Every

part ner received an original sample set contai2
ning three samples of each component type for

his L ID T2measurement s. Three part ners were

involved operating Nd : YA G laser systems wit h

p ulse durations between 10 ns and 15 ns and

beam diameters adjusted to values ranging f rom

160μm to 600μm , respectively. The uncertain2
ty of t he measurement values is influenced by

t he rep roducibility of t he spatial and temporal

beam parameters as well as t he calibration of t he

beam diagnostic system. In most experimental

set2up s , t hese cont ributions accumulate to a to2
tal error budget in t he range of 10 %～20 %. Be2
sides t hese error margins completely pertaining

to the apparatus , also t he statistical nat ure of

t he damage mechanisms , which are mainly initi2
ated by inclusions at the wavelengt h of 1. 064

μm , have to be taken into account . In considera2

tion of t hese uncertainties , t he agreement be2
tween t he measurement result s is good for t he

majority of t he samples. The raw data of t his

p reliminary experiment were discussed in detail

and processed f urt her for t he conception of t he

current standard [ 10211 ] .

Fig. 1 　Summary of result s for a national measurement

campaign on laser induced damage thresholds at

1. 064μm. The component types are indicated by

the following notations : HR0°PL : dielect ric mir2
rors with protection layer , HR0°: standard die2
lect ric mirror , HR45°: standard deflection mir2
ror , AR 0°beids. : laser window with antireflec2
tive coating on both sides , SU P uc : subst rate of

SU PRASIL , uncoated , B K uc : subst rate of B K7

uncoated.

For a f urt her evaluation and qualification of

t he L ID T standards , several national and inter2
national round2robin test s have been carried out

also at the wavelengt hs 10. 6μm and 248 nm.

All test s were based on optical component types

selected f rom practical applications in laser tech2
nology and performed wit h different laser sys2
tems by part ners of several count ries. Although

a broad spect rum of laser beam parameters was

employed by t he part ners , good agreement could

be achieved for most component types. The re2
sult s demonst rated t he versatility of t he meas2
urement p rocedure described in ISO 1125421 ,

which is now accepted by most optical companies

and research instit utes.

834 　　　Optics and Precision Engineering　　　 Vol. 13



© 1994-2010 China Academic Journal Electronic Publishing House. All rights reserved.    http://www.cnki.net

Furt her research work was carried out to

qualify ISO 11254 for applications of excimer la2
sers operating wit h high p ulse repetition rates in

t he DUV/ VUV2spect ral range (193 nm and 157

nm) as well as for t he rapid develop ment of ult ra

short p ulse lasers , which operate in the p ulse

lengt h regime below 1 p s. As the most p romi2
nent paceset ter for t he p resent research activities

in t he DUV/ VUV2spect ral range , semiconduc2
tor lit hograp hy on it s way towards integrated

circuit s with st ruct ures below 90 nm can be con2
sidered. The f ut ure potentiality of f s2laser tech2
nology is mainly at t ributed to high precision la2
ser material p rocessing , laser medicine and ult ra

fast diagnostics.

For t hese laser sources , which operate at

high p ulse repetition rates up to t he k Hz2range ,

t he S on 12testing routine described ISO 1125422

Fig. 2　Example for the evaluation of a damage thresh2
old measurement according to ISO 1125422. The

test was performed using a CPA2Ti :sapphire la2
ser (repetition rate 1 k Hz) with a pulse duration

of approx. 100 f s. The diameter of the near

Gaussian beam profile was adjusted to 100μm at

the sample surface. Result s are presented for a

dielect ric broadband mirror of TiO2 / SiO2 ,

which is optimised for applications in f s2sys2
tems. The dielect ric mirror was deposited by an

adapted ion beam sputtering process on a fused

silica subst rate. The specific evaluation methods

used for a further refinement of the damage

probability curves are described elsewhere [12 ] .

was analysed in several experiment s and interna2
tional measurement campaigns. The S on 1

measurement p rotocol p rescribes an interroga2
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tion of t he test surface wit h a t rain of p ulses ,

which have identical beam parameters. In order

to avoid catast rop hic damage of t he specimen and

to determine t he number of p ulses until damage

occurs , an online damage detection system ,

which interrupt s t he laser system after damage ,

has to be employed for advanced S on 12testing.

An example for the data reduction technique out2
lined in the Draft Standard is illust rated in Fig. 2

for a laser induced damage threshold measure2
ment wit h a commercial ult ra2short p ulse la2
ser [12 ] . In Fig. 2a2c damage probability plot s are

depicted as a f unction of t he energy density for

selected p ulse numbers. These survival curves

can be ext racted f rom t he raw data by calculating

t he ratio of damaged sites to t he total number of

sites tested for a certain energy interval and

p ulse number . The survival curves are const ruc2
ted by repeating t he described f undamental step

for all energy intervals tested. The error bars in

Fig. a2c are a consequence of t he fact , t hat dif2
ferent numbers of event s are available for t he e2
valuation in a certain energy interval . If only few

interrogation sequences have been performed

within a defined energy interval , t he uncertainty

of t he damage probability is accordingly high. In

Fig. 2 ( d) t he energy density values of certain

damage probabilities values ( 10 % , 50 %) are

plotted as a f unction of the number of p ulses.

This diagram represent s the characteristic dam2
age curve , which gives an overview of t he dam2
age behaviour for t he specimen. Considering t he

achieved maximum damage t hreshold value of

0. 5 J / cm2 , optical component s for ult ra2short

p ulse lasers have to be significantly improved for

p resent and f ut ure applications.

4 　Laser calorimet ric measurement

of absorptance

　　Absorption in optical coatings is mainly in2
duced by deficiencies in stoichiomet ry , absorbing

inclusions and contaminant s , or by special

effect s at t he interfaces between t he layers. In

most optical component , absorption leads to a

conversion of a f raction of the impinging laser

power into heat , which dissipates in t he bulk of

t he component and induces distortion effect s.

For example in laser material p rocessing , t hese

t hermal distortion effect s can induce a shif t of

t he focal plane on t he work piece , which in t urn ,

deteriorates t he quality of t he p rocess. Furt her2
more , t he loss of laser power in t he optical com2
ponent s of an application is also an economical

aspect , because additional expendit ures are nec2
essary for t he corresponding compensation by a

higher outp ut power of t he laser system. In t he

course of t he massive implementation of high

power laser systems for material p rocessing in

indust rial p roduction , optical companies con2
stantly optimise t heir coatings in respect to opti2
cal absorption during t he last two decades. Ini2
tially , several measurement p rinciples based on

p hotot hermal deflection , t hermal imaging and

laser calorimet ry were applied for t he determina2
tion of absorp tion losses[13 ] . During t he f urther

evolution of low loss coatings , a clear t rend to2
wards laser calorimet ric methods could be ob2
served , which was driven by t he practical advan2
tages of laser calorimet ry. In cont rast to t he

p hotot hermal deflection methods , which are

based on a rat her complicated signal generation

process involving a variety of parameters , laser

calorimet ry p rovides t he means for absolute

measurement s by uncomplicated calibration tech2
niques. Early comparison test s on calorimet ry ,

which were initiated as a consequence of t he slow

progress in t he develop ment and t he increasing

commercial demand for low loss component s , re2
vealed severe deviations of the measured absorp2
tance values. In the course of t hese p reliminary

measurement campaigns , a standardization pro2
ject on optical absorptance ( ISO 11551) based on

t he laser calorimet ric technique had been star2
ted. As paceset ters for t he develop ment of ISO
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11551 , coating companies active in the field of

CO22laser component s int roduced calorimet ric

absorption measurement s in their quality man2
agement systems first . As a consequence of t he

int roduction of t he measurement technique , a

t remendous improvement of commercial compo2
nent s for 10. 6μm could be observed. During a

few years , t he absorptance values of laser win2
dows and lenses for material p rocessing applica2
tions had been more than halved on t he basis of

reliable measurement facilities.

The f undamental measurement p rinciple de2
scribed in ISO 11551 is relatively uncomplicated.

A temperat ure sensor is at tached to t he speci2
men , which is located in a t hermally isolating

calorimet ric chamber . Af ter t hermal equilibrium

between t he sample and t he environment is

reached , t he sample is subjected to a laser beam

with known power starting at t he time t1 for a

heating period wit h a duration tB . During this

heating period , t he energy of t he laser beam is

partly converted into heat by absorp tance , and

t he temperat ure of t he specimen increases. At a

defined instant t2 , t he laser is switched off , and

t he temperat ure of t he specimen decreases as a

consequence of heat dissipation to it s environ2
ment . For the evaluation of t he calorimet ric

measurement , t he recorded temperat ure curves

of t he heating and cooling cycles are considered.

The p ulse method ( see Fig. 3) is based on t he

assumption , t hat t he total amount of absorbed

heat is deposited at t he time ( t1 + t2 ) / 2 by an in2
stantaneous irradiation. U nder t his condition ,

t he absorptanceαcan be deduced by ext rapola2
tion of the cooling curve to t he time t1 + tB / 2

α =

( TExt - T ( t1 ) ) ∑
i

m i C p , i

t B P
, (1)

where t he sum ∑m i C p , i rep resent s t he heat ca2

pacity of t he sample unit including t he specimen ,

t he mount , and t he temperature sensor. For

most applications , t he specific heat data Cp , i can

be directly taken f rom tables , meanwhile t he

masses m i of t he sample and t he ot her part s of

t he sample holder are determined by weighing.

For measurement s , where t he available laser

power or t he absorptance of t he specimen is not

sufficient to achieve a high temperature in a

short time interval , an ext rapolation met hod

may be applied for t he evaluation of t he tempera2
t ure curve ( see Fig. 4) . In t his case , t he temper2
at ure behaviour is modelled directly on t he basis

of a solution for the heat conduction equation

wit h t he boundary conditions according to t he

sample geomet ry. For a sample with infinite

t hermal conductivity and small temperat ure in2
creases , t he heat equation can be reduced to

d T
d t

=
αP
Ceff

-γT , (2)

whereγrep resent s t he coefficient for heat lo sses

induced by radiation and convection. The effec2
tive heat capacity Ceff is combined of t he cont ri2
butions f rom t he sample and the holder in con2
junction with additional heat contact effect s to

arrangement s in t he calorimet ric chamber. The

differential equation 2 can be solved by exponen2
tial f unction for t he heating ( P≠0 , t1 ≤t≤t2 ,eq.

3) and t he cooling curve ( P = 0 , t > t2 ,eq. 4) :

T ( t) = T ( t1 ) +
αP
γCeff

(1 - exp ( -γ( t - t1 ) ) , (3)

　T ( t) = T ( t1 ) +
αP
γCeff

(exp ( -γ( t - t2 ) ) -

exp ( -γ( t - t1 ) ) ) , (4)

For t he determination of the absorptanceα, t he

recorded temperat ure curves are employed for a
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fit of the f unctions with respect to t he parame2
ters in eq. 3 and 4. An example for an evaluation

of a calorimet ric measurement according to this

exponential met hod is depicted in Fig. 4. The

advantage of this data reduction technique ,

which is recommended for lower laser powers

and exposure times longer t han 60 s , is t he in2
volvement of all measured data point s in the p ro2
cedure.

Fig. 3 　Pulse methods for the evaluation of temperature

curves recorded during a calorimetric absorptance

measurement according to ISO 11551. The irradi2

ation time starting at t1 and ending at t2 is indica2

ted by the rectangular graphs at bottom of the di2

agram.

Fig. 4 　Exponential methods for the evaluation of

temperature curves recorded during a calori2
metric absorptance measurement according

to ISO 11551.

The measured temperat ure curve and t he

grap hical p resentation of t he data reduction

met hod are mandatory part s of the test report of

ISO 11551 and can be assessed for more sop histi2
cated evaluation met hods. The described evalua2
tion met hods are well adapted to nearly ideal

conditions , i. e. t he measurement of specimens

wit h high t hermal conductivity and absorptance

values exceeding t he sensitivity limit of t he calo2
rimet ric facility by orders of magnitude. This

sit uation is characteristic for most optical com2
ponent s applied for high power CO22lasers oper2
ating at a wavelength of 10. 6μm. Nowadays ,

all p roduct s for t hese applications are routinely

certified in respect to absorption. In order to as2
sess t he p racticability of the standard especially

for t hese types of optical component s , extended

international round2robin test s[14215 ] have been

conducted during the elaboration p hase of ISO

11551. As an example , selected result s of a par2
allel measurement campaign dedicated to optical

component s often used in CO22laser systems are

illust rated in Fig. 5. In this experimental ap2
proach , a batch of identical samples was dist rib2
uted to t he laboratories which performed t heir

measurement s in parallel at a certain time in2
stant . The major p roblem of this approach is t he

realization of identical p roperties and t he proof ,

t hat the deviation of t he absorptance values

wit hin t he sample set is small compared to t he

uncertainties of t he applied measurement facili2
ties. In t he p resent round2robin test , t he sample

set consisted of only two types : a high power la2
ser window wit h advanced antireflective coating

and a metal mirror of a special aluminium2alloy

designed for improved environmental stability.

Three specimens of each sample type were dis2
t ributed to t he laboratories after a p re2inspection

cycle at t he co2ordinating laboratory. Then t he

specimens were measured in a first cycle (cycle

1) , circulated in a pat h which avoids long ship2
ment distances , and re2measured in a second cy2
cle ( cycle 2) at t he participating laboratories.

Finally , a post inspection was performed by t he

co2ordinating partner in order to assess possible
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degradation and ageing effect s wit hin t he sam2
ples. The result s of t he 11 part ners involved in

t he experiment are summarized in Fig. 5 for t he

laser windows. Besides t he average values ,

which are determined f rom t he absorp tance data

measured for t he t hree ZnSe2windows by each

facility , absorptance values combined f rom bot h

measurement cycles and t he pat h of the sample

set s are indicated. The error bars are assigned to

t he standard deviation calculated f rom t he availa2
ble measurement data. Most of t he data point s

are located near t he total average absorptance

value , which amount s to 0. 21 % and is slightly

higher t han t he average value determined in t he

pre2screening experiment . With the exception of

t hree part ners , absorp tance values wit hin an er2
ror limit of 25 % were obtained by t he laborato2
ries. By following t he sample set s along t heir

path t hrough the laboratories , deviations f rom

t he total average value can be considered as typi2
cal for t he individual laboratories and are nearly

independent of the sample set s. Therefore , in

first order , t he deviations detected in t he current

experiment originate p redominantly f rom specific

measurement p roblems of t he facilities. In this

experiment , a clear aberration of laboratory L K

toward ext remely high absorp tances and of labo2
ratory L G towards low values can be detected ,

respectively. Also , a slight depart ure f rom t he

25 %2limit of partner L I is apparent . Most of

t he causes for these tendencies , which were also

observed for the metal mirrors investigated in

t he test , could be identified during t he evalua2
tion p hase. Deviations of individual measure2
ment facilities could be at t ributed to specific cali2
bration errors , effect s on t he temperat ure sen2
sors by scat tered radiation , or not sufficient out2
p ut power of t he measurement laser system[ 15 ] .

The result s of t he round2robin experiment s ,

which involved more t han 400 single measure2
ment s and app roximately 100 samples , clearly

indicate the p racticability of t he measurement

p rocedure described in ISO 11551 for t he wave2

length of 10. 6μm.

Fig. 5 　Mean absorptance values for the laser win2
dows measured by the participant s in cycle 1

and cycle 2. The combined average values

are indicated by cycle 1 and 2 ; meanwhile the

path of the sample set s is illust rated by ar2
rows. The participating laboratories are indi2
cated by the capital letters.

As a consequence of t he low t hermal con2
ductivity of glass and quartz materials routinely

employed for the V IS2 and N IR2wavelengt h re2
gion , t he uncomplicated evaluation schemes il2
lust rated in Fig. 3 and 4 can not always be ap2
plied in t his range. In order to evaluate t he de2
tailed evolution of t he temperat ure field in such

optical component s , t he heat t ransport equation

has to be solved considering the boundary condi2
tions for t he calorimet ric measurement p roce2
dure[16217 ] . An ot her difficulty of calorimet ric ab2
sorptance measurement s in t he N IR/ V IS2spec2
t ral range is t he low level of absolute absorp2
tion , which ranges between 1 ×10 - 5 and 1 ×

10 - 4 for conventional component s and can even

reach values below 1×10 - 6 for layer systems de2
posited by advanced ion beam techniques[18220 ] .

In consideration of t he outp ut power level a2
chievable by t he presently available laser sys2
tems , calorimet ric facilities have to reach tem2
perat ure sensitivities in t he m K2region , to assess

t he absorption behaviour of modern low lo ss

component s. Also , special means have to be
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considered to shield t he system from t he envi2
ronment and to improve t he sensitivity of t he

temperat ure measurement . Within t he European

EU RE KA2project CHOCL AB several technical

approaches have been investigated and optimised

for measurement s in t he sub2pp m2regime[17 ,21 ] .

The achieved result s were integrated in a revised

version of ISO 11551 which was p ublished in

2003 and reflect s also t he specific sources of er2
rors of calorimet ric measurement s wit h increased

sensitivity. An example for a sensitive laser cal2
orimet ric measurement on an uncoated f used sili2
ca subst rate is depicted in Fig. 6. Recent p ro2
gresses in high sensitivity laser calorimet ry allow

for temperat ure detection limit s below 50 μK

corresponding to absorptance levels well below

0. 1×10 - 6 .

Fig. 6 　Example for a laser calorimetric measurement

with high sensitivity on an uncoated fused silica

subst rate (thickness :1 mm , measured absorp2

tance : 3×10 - 6 ) .

Furt her aspect s , which were identified dur2
ing the testing of ISO 11551 wit h excimer lasers

in t he DUV/ VUV2spect ral range , include non2
linear effect s appearing in materials with band

gap energies near to the p hoton energy of t he ap2
plied laser systems. Besides these non2linear

effect s in bulk materials and coatings , which

could be directly measured[22225 ] , degradation and

conditioning mechanisms have to be considered.

Recent investigations also indicate an essential

influence of t he environment of the calorimet ric

facility as well as t he handling , storage , and

cleaning conditions of the samples on t he absorp2
tance result s in the UV2range. High energetic

p hotons in t he DUV/ VUV2range may also excite

elect ronic t ransitions in t he materials with fluo2
rescent decay channels which dissipate t he ad2
sorbed radiation energy wit hout t he generation

of heat . Obviously , t he calorimet ric measure2
ment scheme is not sensitive to these absorption

p henomena , and therefore , additional measure2
ment techniques on the basis of fluorescence

spect roscopy have to be combined wit h laser cal2
orimet ry to acquire t he total power absorbed by

t he optical component .

5　Measurement of total scat tering

　　Total scat tering is a loss channel in optical

component s , which is mainly induced by micro2
st ruct ural defect s in the bulk and t he surface

roughness of t he coatings and the subst rates.

The radiation impinging onto the optical compo2
nent is deflected by t hese imperfections out of

t he specular direction and is no longer available

for t he intended application. Thus , t he amount

of radiation scat tered by t he optical component s

is of major concern because it influences directly

t he efficiency of a p roduct or an application. Es2
pecially in t he UV2spect ral range , lo sses by op2
tical scattering impair t he economic efficiency ,

because t he production of UV2laser p hotons is

expensive compared to most other p rominent

wavelengths. Also , laser safety aspect s have to

be considered in high power laser applications ,

where even low optical scat tering may lead to

dangerous laser power levels in t he environment

of t he laser and beam steering systems. As a

consequence an ISO2Standard has been developed

during t he last years[2 ] , which is dedicated to t he
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measurement of the total scat tering ( TS) value

of optical laser component s. In t his standard

procedure , which was derived f rom national

standards developed in the United States for t he

measurement of total integrated[26 ] and angle re2
solved[27 ] scat tering , t he radiation scat tered by

t he specimen is collected and integrated by an

Ulbricht2sp here[28 ] or a Coblentz2hemisp here[29 ] .

The power of t he scat tered radiation is measured

by a detector and related to the corresponding

power of a 100 % diff use reflecting standard. De2
pending on t he half space of integration , total

backward and total forward scat tering are distin2
guished. These measurement values are directly

connected to t he application in laser systems and

are not related to t he reflectance of t he test sur2
face as t he total integrated scat ter value defined

in ASTM F 1048.

　Fig. 7　Example of a measurement facility for total scattering

according to ISO 13696 with an Ulbricht2sphere for

the visible and near inf rared spect ral range [31 ] . The

measurement facility has a sensitivity of less than

1×10 - 6 for the installed laser wavelengths.

　　A typical measurement facility , which is e2

quipped wit h an Ulbricht2sp here for the visible

and near inf rared spect ral range , is depicted in

Fig. 7. This apparat us consist s of separate

chambers for t he beam preparation and t he scat2

ter measurement device , which can be flushed

wit h gases in order to reduce t he cont ribution of

Rayleigh scat tering to t he zero signal of t he sys2

tem. For the quality management in indust rial

p roduction , set2up s with sensitivities of a few

1×10 - 5 are sufficient and can be built up wit h

low financial and experimental expendit ure.

Meanwhile t he Ulbricht2sp here offers a variety

of advantages in respect to handling , alignment ,

and geomet ry of the specimens ; specific disad2

vantages have to be considered for shorter wave2

lengths. Since t he f undamental p rinciple of t he

Ulbricht2sp here is based on multiple diff use re2

flections of the scat tered radiation , t he absolute

diff use reflectance of t he inner walls is of p rima2

ry importance for it s efficiency. For wavelengt hs

below 200 nm , app ropriate materials wit h high

diff use reflectance are not available , or t hey ex2

hibit radiation induced ageing effect s. There2

fore , Coblentz2hemisp heres coated with adapted

high reflecting metal and protection layers are

p referred for TS2measurement in the deep and

vacuum UV2spect ral range. In comparison to t he

integration principle of t he Ulbricht2sp here , t he

collection effect of t he Coblentz2sp here can be

considered as an optical imaging of the scat tered

radiation onto t he detector , which are positioned

at conjugate point s. In t his model , t he Coblentz2

hemisp here forms a sp herical mirror , and t he

typical rest rictions of such an imaging device

have to be examined for an estimation of t he

measurement accuracy[ 30 ] .
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Tab. 2　Properties of the experimental facilities employed within an international round2robin test on total

backward scattering ( D : sphere diameter , ROA : range of acceptance angle , dr : spot diameter on the

sample surface , Sb : sensitivity limit , Er : relative error) .

Lab. Type D/ mm ROA (°) dr / mm Sb / ×10 - 6 Er / %

1 Coblentz 254 2. 50 2 70. 0 2. 5 5. 0 223

2 Coblentz 350 2. 00 2 85. 0 0. 3 < 0. 1 < 10

3 Ulbricht 220 2. 00 2 85. 0 1. 0 1. 4 2 4. 0 < 10

4 Ulbricht 150 2. 90 2 70. 0 1. 5 < 5. 0 2
5 Ulbricht 250 2. 00 2 88. 0 0. 4 < 0. 5 < 10

6 Coblentz 220 2. 85 2 80. 0 1. 0 20. 0 ≈3

7 Ulbricht 150 2. 00 2 82. 0 1. 5 < 5. 0 < 10

8 Ulbricht 250 2 1. 0 9. 0 2
9 Ulbricht 152 1. 90 2 82. 0 1. 0 2. 0 < 10

　　Sources of error and the p racticability of t he

standard measurement p rocedure have been in2
vestigated within the EU RE KA2project EU RO2
L ASER CHOCL AB at t he wavelengt h 633 nm of

t he He2Ne laser . On t he basis of t he experience

gathered during an extended national pilot

test [31 ] , a parallel international round2robin test

had been initiated involving a sample set , which

rep resent s optical component types of ten applied

in laser technology[32 ] . Every part ner received

t hree separately sealed specimens of a high re2
flecting mirror , a beam split ter and a laser win2
dow which were produced in batches especially

ordered for t he experiment in order to achieve i2
dentical p roperties for each sample type. More

t han 100 samples were dist ributed among t he ten

part ners af ter a p re2screening procedure at t he

co2ordinating laboratory in an initial cycle. In

t he second p hase , total backward scat ter values

of t he specimens were measured by the cont ribu2
ting partners according to ISO 13696 during a

relatively short time period. A broad spect rum

of different measurement parameters was availa2
ble wit hin t he round2robin test ( see Tab. 2) . Six

laboratories performed total backward scatter

measurement s wit h Ulbricht2sp heres , and three

part ners employed arrangement s wit h Coblentz2
hemisp heres. As in ot her extended international

experiment s , a double blind approach was pre2
ferred , where neit her t he co2ordinator , nor t he

participant s were informed about t he measure2
ment result s until termination of t he measure2
ment campaign. After completion of t he meas2
urement sequence at t he part ners , all sample

set s were collected by t he co2ordinating laborato2
ry and inspected in two scat ter measurement

runs in order to monitor contamination problems

of t he surfaces.

As an example , measured backward scat ter

values for t he laser windows wit h antireflective

coatings on bot h surfaces are illust rated in Fig. 8

(a) and 8 (b) . In t hese diagrams a statistical sur2
vey of t he measured total backward scat ter val2
ues is p resented in unit s of count s for t he ap2
pearance of surface sites with a scat ter value in

an interval indicated by t he x2axis , which is cali2
brated in unit s of scat tering. The concent ration

of the measured values in the interval f rom

5. 5×10 - 6 to 9 ×10 - 6 in the histogram of t he

pre2screening cycle ( see Fig. 8 (a) ) , indicates a

good quality of the p roduction run for t he AR2
coated laser windows. The total backward scat2
ter values at tained f rom the round2robin cycle

exhibit a broadening of t he statistical dist ribu2
tion ( see Fig. 8 ( b) ) , which reflect s t he devia2
tions of the values measured by t he cont ributing

part ners. In cont rast to the significant broade2
ning , the statistical mean values of t he two dis2
t ributions differ only by a few percent . A de2
tailed summary and discussion of all data accu2
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mulated wit hin this extended campaign[32 ] dem2
onst rates a good practicability of t he standard

ISO 13696.

Fig. 8 　Statistical dist ribution of total backward

scatter values determined during the pre2
screening ( a ) and the round2robin cycle

( b) . The samples ( laser windows with

AR2coatings of Ta2 O5 / SiO2 , V2coating

for 633 nm , AOI 0°) were coated in one

deposition run on laser grade fused silica

subst rates.

Present t rends in optical scat ter measure2
ment s are concent rated on lower wavelengths in

t he DUV/ VUV spect ral range , which impose

additional difficulties related to t he handling of

t he measurement radiation in appropriate beam

preparation systems and to t he properties of t he

collecting element . In addition , specific p rob2
lems are expected which are induced by Rayleigh

scattering of t he environmental at mosp here ,

which increases wit h t he wavelengt hλaccording

to a 1/λ42law. Therefore , scatter measurement s

in the DUV/ VUV2spect ral range have to be per2
formed in vacuum or an at mosp here of inert gas ,

which is t ransparent for the measurement radia2
tion. An experimental arrangement , which has

been qualified for t he measurement of total scat2
tering at the wavelengths 193 nm and 157 nm , is

depicted in Fig. 9. Besides t he technical p rob2
lems connected with t he high p hoton energy of

t he measurement radiation , the topic of calibra2
tion with an appropriate diff use reflecting stand2
ard had to be addressed during t he adaptation of

t he measurement p rocedure described in ISO

13696 to t he DUV/ VUV2range. A special laser

p rocessed diff use reflecting standard wit h a

Lambertian scat ter characteristic had been devel2
oped and qualified for t he DUV/ VUV2measure2
ment . In addition , enhanced influences of t he

sample contamination and radiation induced

effect s in the specimens have to be taken into ac2
count . Recent experiment s indicate t hat ISO

13696 can be t ransferred to the DUV/ VUV2
spect ral range without significant amendment s.

6　Reflectance and t ransmit tance

　　The measurement of spect ral reflectance and

t ransmit tance according to ISO 15368 is a rou2
tine task in an optical t hin film laboratory. For

t he wavelengt h2range f rom 175 nm to 50μm a

variety of commercial spect rop hotometers are a2
vailable , which can be adapted to t he specific

tasks of optical t hin film technology wit h low

expense. As a consequence of recent p rogresses

of DUV/ VUV2laser2systems for applications in

semiconductor lit hograp hy , material p rocessing

and conditioning of technical surfaces , new de2
mands are imgposed on optical t hin film technol2
ogy in the p roduction of stable and power resist2
ant coatings for t he DUV/ VUV2spect ral range.

For the determination of t he f undamental t hin

film properties in t his spect ral region , appropri2
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Fig. 9　Set2up for TS2measurements in DUV/ VUV2spect ral range with a D2 discharge lamp as light source

and a Coblentz2sphere as collecting element [33 ] . The scatter measurement is operated under vacuum

conditions with a phase sensitive detection scheme.

ate spect rop hotomet ric devices have to be devel2
oped and qualified. The f undamental p rinciple of

a UV/ VUV2spect rop hotometer designed espe2
cially for optical t hin film optimization[ 34 ] is illus2
t rated in Fig. 10. The system consist s of four

f unctional compart ment s which are operated un2
der vacuum conditions or flushing wit h p ure ni2
t rogen. The source section contains two D22dis2
charge lamp s wit h different exit windows which

can be alternatively selected for t he measure2
ment s by a switching mirror ( mirror 1 in Fig.

10) . For measurement s in t he wavelengt h range

between 115 nm and 230 nm , the D22discharge

lamp wit h t he MgF2 exit window is coupled into

t he monochromator unit . To surpass t he second

order limit of t he spect rometer above 230 nm ,

t he second D22discharge lamp s is equipped wit h a

quartz exit window which act s as a second order

filter for t he measurement range between 150 nm

and 300 nm. The chamber behind t he lamp unit

contains the monochromator system wit h a holo2
grap hic grating arranged in Seya Namioka con2
figuration. As an advantage of t he Seya Namioka

configuration , t he wavelengt h can be t uned by a

simple rotation of t he grating with a comp uter

cont rolled stepping motor . A mirror is installed

behind the exit slit of t he monochromator to di2
rect t he monochromatic radiation into t he polar2

izer compart ment and to shape the measurement

beam. After passing t he polarizer unit , t he beam

enters the sample compart ment where a part of

t he beam is deflected onto a p hotomultiplier t ube

( PM T) by a scraper mirror . This PM T act s as

t he reference detector for a ratiomet ric measure2
ment compensating for power fluct uations or

drif t s of t he light source. The remaining part of

t he beam impinges onto t he sample which is

mounted in a 42axis positioning system. The sec2
ond PM T for signal detection can be positioned

behind t he sample for t ransmittance measure2
ment s or in t he beam reflected by the sample for

reflectance measurement s. In this configuration

t he sample compart ment offers t he advantage to

measure t he reflectance of the sample directly

wit hout any special reflectance unit s which are

most common for commercial systems at other

wavelengths. Furthermore , t ransmit tance and

reflectance can be measured under fixed condi2
tions , because no realignment of t he sample is

necessary for switching between bot h measure2
ment modes. The position of the signal PM T in

respect to the sample is adjusted automatically in

t he measurement routines. For cont rolling and

read out of t he f unctional part s , t he spect rop ho2
tometer is equipped wit h a comp uter system con2
taining all necessary motor driving and converter
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modules. The cont rol sof tware feat ures a menu

of measurement s met hods including plain spec2
t rop hotomet ric scans and surface mappings as

well as measurement cycles for recording t he re2
flectance or t ransmittance as a f unction of t he

angle of incidence or cycles involving polarised

radiation.

Fig. 10　Illust ration of the fundamental principle of the de2
veloped spect rophotometer.

Another task in optical coating technology

is of ten the determination of reflectance and

t ransmit tance values with a higher p recision a2
bove 10 - 3 which is beyond t he capability of con2
ventional spect rop hotometers. Especially for la2
ser wavelengt hs , t he cavity ring down ( CRD)

technique[35 ] can be applied for t he accurate de2
termination of t ransmit tance values near zero or

reflectance values near unity. Experiment s in t he

V IS2 and N IR2spect ral range on t he comparabili2
ty of t he CRD2technique wit h combined loss

measurement s demonst rate t he versatility of t he

CRD2technique[36 ] . The major disadvantage of

t he CRD2technique is t he limitation to optics

with losses resulting in ring down times which

are sufficiently long for an accurate measure2
ment . As an alternative , t he measurement p ro2
cedure described in ISO/ DIS 13697 for an accu2
rate determination of reflectance and t ransmit2
tance at a single wavelengt h has been elabora2
ted[37 ] . The p rinciple of t his ratiomet ric met hod

is illust rated in Fig. 11. A laser beam wit h well

defined and stable beam parameters is switched

by a rotating chopper mirror ( C) between a di2
rect pat h or a reflection by t he specimen into an

integrating sp here ( U S) . Thus the signal at2
tained by the detector (D) , which is at tached to

t he inner wall of integrating sp here , t urns be2
tween two levels corresponding to the incident

beam power or to t he power reflected by t he

specimen , respectively. The modulation dept h

ΔS , which can be determined using a lock2in am2
plifier (L I) t uned to switching f requency of t he

chopper blade , is directly related to reflectivity

of t he specimen by t he equation.

RS =
1
RC

(1 -
ΔS
S 0

) , (5)

The parameters RS and RC are the reflectance

values of t he specimen and t he chopper blade ,

respectively. S0 denotes t he signal according to

t he incident power , which can be determined by

blocking t he beam path to t he specimen.

Fig. 11　Basic principle of a reflectance measurement facility

according to ISO/ DIS 13697. For t ransmittance

measurements , the specimen is positioned between

the reflector (M) , which is replaced by a mirror of

known reflectance and the Ulbricht2sphere ( US) .

The laser source , which emit s the beam at the lef t

side of Fig. 11 , is not depicted

The measurement p rinciple had been tested

and optimized wit hin an international measure2
ment campaign[ 39 ] resulting in a high versatility

for t he measurement of coated component s. Self2
containing absolute calibration procedures have

been developed , and an accuracy of 10 - 4 has

been demonst rated for t he wavelengt h of t he

CO22laser . For t he Nd : YA G laser (1 ,064μm)

an even bet ter p recision below 10 - 5 could be

achieved[40 ] .
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7　Conclusions and outlook

　　During t he last decades , laser technology e2
merged f rom research laboratories to innovative

applications in many technology fields with high

f ut ure potential . In t he course of t his develop2
ment , optical coatings advanced to a key tech2
nology wit h essential impact on progresses in

modern optics. Besides the improvement of high

quality deposition processes , t he characterisation

of optical coatings is an essential p rerequisite for

a continuous economical and technical success of

optical coating technology. In view of t he de2
manding specifications of laser technology , In2
ternational Standards have been developed and

qualified for t he key parameters of modern laser

optics. Besides measurement techniques for laser

induced damage t hresholds , ISO2Standards were

developed and tested for the determination of ab2
sorption and scat ter lo sses in optical compo2
nent s. Furt hermore , for t he measurement of t he

t ransfer p roperties of optical laser component s

approaches were investigated and will be p ub2
lished as standard during the next few mont hs.

The present work of the Standardization Com2
mittees is concent rated on t he measurement of

p hase shif t s induced by optical coatings as well

as on the topics of contamination and cleaning of

optical surfaces , which are considered as a mile2
stone for t he develop ment of high quality coat2
ings for t he DUV/ VUV2spect ral range. Furt her

challenges will be imposed by t he rapid growt hs

of ult ra short p ulse laser technology on t he

standardization of measurement techniques for

t he group delay dispersion of chirped mirrors and

ot her dispersive optical element s. A f urt her

standardization problem of highest interest is t he

lifetime of optical coatings , which is far f rom be2
ing solved at the moment . Finally , also t he

t rend towards shorter wavelengths in t he EUV2
spect ral range should be mentioned , which is

driven by next generation lit hograp hy in a wave2

length range around 13 nm. The solution of

t hese new tasks and t he revision of p resent

standards in optics characterisation will foster

t he modern optics community and cont ribute es2
sentially to f urt her p rogresses and economical

success in the field.
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