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Abstrakt

Fyzikalni jevy vyplyvajici z optiky tenkych vrstev jsou znamé jiz n€kolik stoleti. To nejstarsi,
co lze povazovat za moderni optiku tenkych vrstev, byl objev jevu, kterému dnes fikame
Newtonovy krouzky. Vysvétleni tohoto jevu je dnes povazovano za velmi prosté, totiz ze jde
0 interferenci svétla na tenké vrstvé o proménné tloust’ce. Ovsem ve své dob¢ se jednalo o jev,
jehoz vysvétleni (spolu s dal§imi pozorovanimi Isaaca Newtona) nebylo vzhledem k urovni
rozvoje optiky mozné po dalSich 150 let.

Pro odvétvi optiky tenkych vrstev byla vyznamnd predev§im prace Augustina Jeana Fresnela,
ktery zkombinoval vysledky Youngova experimentu s dvojitou Stérbinou a Huygensovy
piedstavy o Sifeni svétla do jedné teorie difrakce. Fresnelovy zakony, kterymi se fidi amplituda
a faze svétla odrazeného nebo proslého pres rozhrani jsou zasadni. Tyto znalosti spolu s objevy
jeho soucasnikil (napt. Siméon Denis Poisson) a ndsledovnikii (zejména James Clerk Maxwell)
tvoti zakladni teorii optiky tenkych vrstev.

Technologie tenkych opticky vrstev zaznamenala velky rozvoj ve tficatych letech minulého
vakuového naparovani piiblizné z prelomu stoleti devatenactého a dvacatého, nebyly tyto
techniky povazovany za uzite¢né vyrobni postupy zejména kvili nedostatku vhodnych
cerpacich systému. Byl to az vyzkum v oblasti difuznich vyvév (olejli) na zacatku tiicatych let,
ktery tyto techniky ucinil uzite¢nymi. Od té doby doslo k vyznamnému technologickému
rozvoji téchto technik, zejména ke konci minulého stoleti.

Ve stejné dobé se zacaly objevovat nové pozadavky na vlastnosti optickych tenkych vrstev.
Bylo Zadouci, aby spliiovaly nejen poZadavky na propustnost, odrazivost a nizkou absorpci, ale
také naptiklad na odolnost vii¢i laserovému zateni o velkych intenzitach.

V oblasti technologie optiky tenkych vrstev je tak stale prostor pro dalsi vyvoj nejen v hledani
novych materiali nebo technologickych postupi, ale také ve specialnich aplikacich postupi jiz
zavedenych.

Kli¢ova slova

optika tenkych vrstev, napafovani elektronovym svazkem, napafovani za asistence ionti, prah
poskozeni zptisobeného laserem



Abstract

The physical phenomena resulting from thin film optics have been known for several centuries.
The oldest discovery which can be considered as modern day thin film optics is what is how
called the Newton rings. The explanation of this phenomenon is quite simple, it is the
interference of light on a thin film. However in the time of its discovery, due to the level of
knowledge of optics, its explanation wasn’t possible for the next hundred and fifty years.

The works of Augustin Jean Fresnel have been particularly important for the field of optics. He
combined the results Young’s double slit experiment with Huygens’ ideas of light propagation
into one theory — the theory of diffraction. The Frenel’s laws which govern the propagation of
amplitude and phase of light reflected or transmitted over a boundary are essential. These laws
along with the discoveries of his contemporaries (i.e. Siméon Denis Poisson) and followers
(especially James Clerk Maxwell) are the foundations of thin film optics.

Optical thin film technology went through rapid development in the 1930’s. Even though the
principles of sputtering come from approx. half of the nineteenth century and the principles of
vacuum evaporation come from the turn of the nineteenth century, these techniques were not
considered useful production techniques especially because of the lack of usable pumping
systems. It was the research in the area of diffusion pumps (and oils) in the 1930’s which made
these techniques useful. Since then there has been a great technological development of these
techniques, particularly towards the end of the last century.

During the same period new requirements for the optical thin film properties have appeared.
Not only were they required to perform well in the area of reflectance and transmittance but
also to be able to withstand high intensity laser radiation.

There is still a wide range of scientific and technological opportunities in the field of optical
thin film production not only in the form of finding new materials or novel coating techniques
but also in the usage of standardized technology for special and unique applications.

Keywords

thin film optics, vacuum evaporation, plasma ion assisted deposition, laser induced damage
threshold
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1 Struktura prace

1.1 Uvod do problematiky disertacni prace

Pti realizaci optickych sestav slouzicich jak pro vyzkumné, tak primyslové aplikace je
vyuzivéana celd fada optickych elementti rizného druhu. Typicky se jedna o ¢ocky, rizné dé€lice
svétla, polarizatory, optickd vlakna, ¢i rizné optické filtry. Pii ndvrhu optické sestavy je tieba
mit dobré informace o optickych vlastnostech téchto elementt, aby pfi praci s takovou sestavou
nedochézelo k nezddoucim jeviim, jako jsou napf. optické ztraty odrazem na rozhranich mezi
materidlem optickych prvkii a okolnim prostfedim a aby svételny svazek dopravovany ze svého
zdroje na méfici pozici mél pozadované parametry. Z tohoto divodu jsou optické prvky
Vv takovychto sestavach ¢asto opatfovany optickymi tenkymi vrstvami, které zajisti pozadované
vlastnosti. K vyrobé optickych tenkych vrstev Ize pouzit fadu depozi¢nich technologii. Tato
disertacni prace se zabyva technologii vakuového napatovani elektronovym svazkem a to jak
ve své klasické podobg, tak za asistence iontil. Tyto metody jsou popsany dale v textu.

1.2 Cile a struktura prace

Diserta¢ni prace se zamétuje na technologii depozice optickych tenkych vrstev pro specidlni
aplikace v oddéleni Koherenéni optiky na Ustavu piistrojové techniky AV CR (UPT).
Vzhledem k zaméteni oddéleni na aplikace laserti od metrologie az po obrabéni materiald, jsou
k experimentalni ¢innosti Casto vyuzivany unikatni optické sestavy vyzadujici nestandardni
optické prvky. Aby bylo mozné takovéto prvky vytvaret, je nutné hledat nové postupy v oblasti
depozice optickych tenkych vrstev.

Préce je délena na ¢ast vyzkumnou a ¢ast aplikacni. Ve vyzkumné ¢asti se prace vénuje tématu
prahu poskozeni zptisobeného laserem, neboli ,,laser induced damage threshold” (LIDT). Zde
se jedna o dulezité téma na poli optiky tenkych vrstev v souvislosti s vystavbou vykonovych
laserovych infrastruktur. Vrstvy jsou pii provozu takovych zatfizeni vystaveny Casto extrémnim
podminkdm. Jednd se zejména o zatizeni velkou hustotou energie dopadajiciho zafeni, ale 1
napf. vystaveni velmi nizkym teplotam. Proto je zddouci mit dobré informace o schopnostech
tenkych vrstev v takovémto prostiedi obstat. Tato Cast prace ma metodologicky charakter, cilem
je navrh a realizace aparatury pro méfeni efektu LIDT a ovéfeni jeji funkcnosti.

Aplika¢ni ¢ast se pak vénuje vyvoji konkrétnich optickych komponentt, kdy je vyuzivano
technologie depozice napatovani tenkych optickych vrstev pro specialni aplikace. V této ¢asti
prace byly vybrany tii ptiklady takovychto aplikaci vyuZzivajicich unikatni optické prvky
ptipravené na UPT. Na piipravé t&chto prvki jsem se ve viech piipadech podilel navrhem,
depozicemi a charakterizaci optickych vlastnosti téchto prvka.

Piinos této prace spoliva v rozsifeni stavajicich depozi¢nich technologii na UPT o nové
pfistupy a v rozSifeni moznosti charakterizace a kvantifikace vlastnosti optickych tenkych
vrstev piipravenych jak na UPT, tak na externich pracovistich. Vysledkem snaZeni je soubor
postupil umoznujici komplexni ptistup k aplikacim optickych tenkych vrstev od jejich vyroby,
az po jejich kone¢né pouziti v sestave.



2 Optika tenkych vrstev

2.1 Zaklady optiky tenkych vrstev

2.1.1 Definice pojmiu

Tenké vrstvy jsou nééim, co Ize v ptirod¢€ pozorovat bézné. At jsou to napft. olejové vrstvy na
vodeé nebo tieba mydlové bubliny. V této praci se budu zabyvat vyhradné optickymi tenkymi
vrstvami, tj. vrstvami navrzenymi pro pouziti v optickych aplikacich. Pod pojmem opticka
tenkd vrstva tedy budeme rozumét dielektrickou, kovovou (vodivou) nebo polovodi¢ovou
vrstvu nanesenou na vhodné podlozce, jejiz tloustka je srovnatelna s vinovou délkou svétla.
K typickym vlastnostem takovychto vrstev patii spektralni zavislost reflexe (R) a transmise (T),
zavislost R a T na thlu dopadu a zavislost R a T na polarizaci pti nenulovém thlu dopadu svétla.
Nejcastéjsi priklady pouziti optickych tenkych vrstev v praxi jsou [1]:

— Antireflexni vrstvy (AR) — smyslem téchto vrstev je snizit koeficient reflexe pro
danou vInovou délku, ¢i soubor vinovych délek (napf. pro minimalizaci ztrat odrazem
Vv optickych sestavéch)

— Vysoce odrazné vrstvy (HR) — smyslem téchto vrstev je ziskat vysoky koeficient
reflexe v okoli dané vinové délky nebo pro soubor vinovych délek

— Deélice svétla (BS) — filtry vykazujici téméf konstantni koeficient reflexe v dané oblasti
vlnovych délek a umoziiuji tak délit dopadajici svétlo v uréitém definovaném poméru

— Dolni, horni a pasmova propust’ (LP, HP a BP) — takovéto vrstvy jsou aplikovany
napf. jako barevné filtry v zobrazovaci technice

—  Uzkopasmoveé filtry (NBPF) — filtry propoust&jici jen velmi tizkou &ast spektra, fadové
zlomky az jednotky nanometrli (napf. pii vyuZiti ve spektroskopii)

— Polarizujici filtry — vrstvy vykazujici vysoky koeficient reflexe pro jednu polarizaci a
soucasné nizky pro druhou (MacNeilliv polarizétor)

Vyse uvedené piiklady pokryvaji valnou cast spektra vyuziti optickych tenkych vrstev. Témef
vzdy se jedna nikoli o jednu samostatnou vrstvu, nybrz o soustavu vrstev deponovanych od
podlozky jedna na druhou. Liché vrstvy vyuZzivaji material s vy$§im indexem lomu, sudé vrstvy
pak materidl s niz§im indexem lomu, pfipadné naopak. VZdy se ale materialy stfidaji. Vysledny
tvar kiivky spektralni zavislosti R nebo T je potom disledkem interference svétla dopadajiciho
na takovou soustavu vrstev. Nasledujici text ukazuje zplisob vypoctu vlastnosti této soustavy.
Jedna se o struény uvod do problematiky. Detailni popis 1ze nalézt v [1] a zejména pak [2], [3]

[4].



2.1.2 Vypocet soustavy vrstev

M¢jme soustavu vrstev dle néasledujiciho obrazku.

- nm nrr|+1

m
II
Obrazek 2-1: Soustava tenkych vrstev — prrevzato z [1]

Pro vypocet je tfeba znat nasledujici veli¢iny: index lomu n a index absorpce k pro kazdé
prostiedi (tj. nejen vrstvy samotné, ale i vstupni a vystupni prostiedi), tloustku vrstvy h pro
kazdou vrstvu a thel dopadu svétla @o. Z téchto veli€in vypocteme tzv. admitanci prostfedi Y
pro vSechna prostiedi a ob& polarizace svétla (v rovnicich odlisenych indexy P a S). Nejprve
spocteme

A=n?—k? B = 2nk C =A-(ng-sin(0,))? (2.1)

Odtud

Nz=j<%(C+ BZ+CZ)> K

Pro admitanci pak plati

j(% (-c+ VB2 + 62)> (2.2)

, A—iB
zZ

Pro kazdou vrstvu spoéteme tzv. interferen¢ni matici M. Nejprve

2
(p=7(NZ—iK)-h (2.4)
a odtud
.sing
M=< Cos ¢ i Y > (2.5)
iY-singp cosg

10



Interferen¢ni matici celé soustavy vrstev ziskame soucinem matic pies vSechny vrstvy

M =
J

m
M 2.6)
=1

Vynasobime-li tuto matici z obou stran admitan¢nimi maticemi vstupniho prostiedi a podlozky,
dostaneme tzv. pfenosovou matici systému S

1 1\t 1 1
s=(y, —y,) M( )
Yo Y A A (2.7)

Z ptenosové matice systému pak mizeme urcit amplitudové koeficienty reflexe r a transmise t
pro vinu dopadajici zprava (R) a zleva (L).

, Sz _siz o
. S11 t S11 R C511 ' (2.8)
kde
— 1 _ €0s0,
= ° = €0S 041 (2.9)

Indexy Sa P oznacuji hodnotu koeficientu ¢ pro pfislusnou polarizaci. Odtud pak lze uréit
odrazivost R a propustnost T pro vinu pfichazejici zleva i zprava jako

2 1 2

S11

S12

S11

S21

S11

2
Y.
R=r-r Rp = R, = T=75 (2.10)
0

Provedeme-li piedchozi vypocet pro piedni (I) i zadni (II) povrch podlozky, dostaneme vyrazy
pro celkovou odrazivost a propustnost oboustranné povrstvené neabsorbujici podlozky ve tvaru

RL + (T™ — RLRY) - RY T!.T!
R = I pll T= 1 _ pl.pl (2.11)

Pouziti téchto vztah piedstavuje tzv. pfimou ulohu, kdy jsme ze zndmych veli€in popisujicich
dand prostiedi vypocetli spektralni zavislost R a T. Pfi ndvrhu optické soustavy vrstev je tieba
postupovat opacné a urcit parametry jednotlivych prostiedi tak, abychom obdrzeli pozadovanou
kiivku. Toho docilime tak, Ze hodnoty ziskané feSenim piimé ulohy pouZijeme jako vstupni
hodnoty pro optimaliza¢ni algoritmus. Proménnou jsou zde tloustky vrstev. Indexy lomu
vstupniho prostiedi a podlozky jsou pevné dané a indexy lomu vrstev jsou omezeny dostupnosti
materiali. Optimalizovat jejich hodnoty tedy z technologickych divodii nemé smysl, i kdyz
matematicky to mozné je. Vysledkem optimalizace je pak soustava vrstev, které jsou nasledné
deponovany na podlozku.
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2.2 Technologie depozice optickych tenkych vrstev

Existuji rizné zpusoby, jak piipravit tenkou vrstvu nebo systém tenkych vrstev na podloZzce.
Jako piiklady takovych technologii a postupti lze uvést [1]:

e Vakuové napafovani
e Magnetronové napraSovani
e Nanaseni vybojem v plynu nebo plazmatu

Jednou z nejvyznamnéjSich metod piipravy tenkych vrstev je vakuové napafovani. Touto
metodou je pfipravovana valna vétSina optickych tenkych vrstev. Je to zaroven metoda, jejiz
vyuziti ma na UPT AVCR dlouholetou tradici. V dal§im textu se budeme zabyvat pouze touto
metodou. Jejim principem je taveni materialu umisténého ve vakuové komote, v niz je
dostate¢né nizky tlak na to, aby stiedni volna draha molekul odpafovaného materialu byla vétsi,
nez vzdalenost materialu od podlozky, na které ma dochazet ke kondenzaci.

V ramci této metody lze rozlisit nékolik variant, podle zptisobu ohfevu materialu:

— Napatovani z tzv. ,,lodicky* — v tomto piipad¢ je pouzita lodi¢ka vyrobena z materialu
s vysokym bodem tani, jako je wolfram, tantal nebo molybden, ve které je umistén
napafovany materidl. Lodicka je pak odporove zahtivana.

— Ohfev elektronovym svazkem — zde je materidl umistén v kelimku, do kterého je
smérovan elektronovy svazek, ktery materidl tavi. Toto je varianta pouzivand obéma
napafovacimi aparaturami na UPT a veskeré tenké vrstvy deponované na nagem
pracovisti byly pfipraveny prave timto zpisobem, pokud neni vyslovné uvedeno jinak.

— Ohfev laserovym svazkem — kK ohfevu materialu je pouzit laserovy svazek.

U vSech vySe uvedenych metod je nezbytnou souc¢asti ptipravy vrstev kontrola jejich parametrt,
zejména tloustek. Tuto kontrolu lze realizovat riznymi zplsoby. Zminime jen zplsoby
pouzivané technologii napafovani. Nejjednodussim zpisobem kontroly tloustky je metoda
navazky, kdy se zcela odpafi obsah jedné lodicky a tloustka vrstvy je pak imérna mnoZstvi
navazeného materidlu. Druhd metoda kontroly tlouStky ataké napatovaci rychlosti je
monitoring oscilujicim kifemennym krystalem, jehoZz frekvence se méni v zavislosti na
mnozstvi materidlu na krystalu napafeném. Dal§i metodou je opticky monitoring, kdy je
Vv pritbéhu napatrovaciho procesu sledovéana propustnost, ptipadné odrazivost vzorku. Vzhledem
k tomu, ze prubéh kiivky zavislosti propustnosti, ¢i odrazivosti vrstvy na jeji tloust'ce lze
doptedu spocitat, miize byt tato charakteristika vyuzita pro kontrolu tlouStky v pribéhu
depozice.

12



2.3 Piistrojové vybaveni na UPT AV CR

Ustav pfistrojové techniky v souasné dobé disponuje dvéma aparaturami pro p¥ipravu tenkych
vrstev metodou vakuového napatovani elektronovym svazkem. Prvni, star$i stroj je BAKS550
vyrobce Balzers, druhy stroj je SYRUSpro 710 firmy Leybold Optics (nyni Biihler).
V nasledujicim textu aparatury stru¢né popiSeme a uvedeme rozdily mezi nimi.

Balzers BAK550

Tato aparatura byla instalovana v roce 1980 a od té doby je vyuZzivana pro depozice jak pro
potieby Ustavu pfistrojové techniky, tak pro vyvoj specialnich vrstev pro spolupracujici
externi subjekty. V roce 2017 prosla celkovou repasi a modernizaci. Uved'me nyni jeji
zékladni charakteristiky:

a)
b)

c)

d)
e)

Vakuova komora — kubické o hrané¢ 550mm

Odparovace — 2ks elektronového déla

Zdroj napatrovacich materiali — dva kelimky, z nichz jeden je Ctyfpozicovy a druhy
rotujici jednopozicovy

Monitoring — oscilujici kiemenny krystal o frekvenci 5SMHz

Cerpaci systém — dvoustupiiovy, rotaéni vyvéva kombinovana s difuzni vyvévou

SYRUSpro 710

Vzhledem k tomu, Ze v nedavné dobé& v souvislosti s rozvojem tustavu vznikla potieba
modernizovat a rozsifit aplika¢ni moznosti, byla v roce 2012 instalovdna zcela nova

naparovaci aparatura, ktera byla v roce nasledujicim nasazena do ostrého provozu. Stejné
jako v pfedchozim ptipad€ uved'me jeji zakladni vlastnosti:

a)
b)

c)

d)

e)
f)

Vakuova komora — kubické o hran€ 710mm

Odparovace — 2ks elektronového déla

Zdroj napatrovacich materialti — dva kelimky, z nichz jeden je osmipozicovy a
druhy rotujici jednopozicovy

Monitoring — oscilujici kiemenny krystal o frekvenci 6MHz pro kontrolu
depozi¢ni rychlosti a tlousték vrstev kombinovany s optickym monitorem
kontrolujicim tloustky pomoci méteni propustnosti, pfipadné€ odrazivosti vzorku
Podpora napatovaciho procesu — zdroj argonovych iont

Cerpaci systém — dvoustupiiovy, rotaéni vyvéva kombinovana s turbomolekularni
vyvévou. Komora je navic vybavena tzv. Meissnerovou pasti ochlazovanou na cca
-130°C pro zlepseni kvality vakua.
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Obrazek 2-2: Vlevo komora SYRUSpro 710, vpravo Balzers BAK550

Ob¢ aparatury jsou si konstrukéné v mnohém podobné, nicméné rozdily mezi nimi existuji. Ty
drobné, spocivajici napt. v rizné velikosti odparovaci, zptisobu piedehfevu substratii (zdola vs.
shora), ¢i odlisném vakuovém Cerpacim systému nejsou pro tuto praci podstatné. Popisi tedy
pouze dva nejzasadnéjsi. Témi jsou ptitomnost zdroje argonovych iontii a moznost optického
monitoringu u aparatury SYRUSpro.

Deporzice za asistence iontu (Plasma ion assisted deposition - PIAD):

Jedna se o podplirnou technologii, ktera rozSifuje a zkvalitiiuje depozi¢ni moznosti aparatury.
Princip ¢innosti zdroje pojmenovaného vyrobcem APSpro ukazuje Obrazek 2-3 prevzaty
z manualu SYRUSpro.

Shielded hood/Gas shower

Anode protective tube

Cooling water channel
Anode tube

Deflection call

Gas connection
(Process gas)

Cathode

Graphite heater
Insulators
Media supply

- Cooling water

- Heater current/Coil current
- Operating gases

Obrdzek 2-3: Schéma APSpro. Media supply: privod Ar a chladici vody, Graphite heater: Zhavi LaBs katodu
(Cathode), Anode protective tube: Anodova trubice. Pracovni plyn je pripoustén mezi katodu a anodu, je
ionizovan a elektromagnetickym polem urychlovan smérem k substratium
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Hlavnim pfinosem zdroje APSpro je vyznamné zvysSeni maximalni celkové hodnoty tloustky
deponovaného systému vrstev. Zatimco v piipadé aparatury BAKS550 jsme omezeni hodnotou
cca 4um, pfi jejimz piekroceni hrozi odpadnuti napafeného materidlu z méticiho krystalu a tim
padem K nevratné ztraté kontroly nad procesem, u technologie PIAD tento problém odpada diky
vetsi kompaktnosti vrstev a jejich lepsi ptilnavosti k podlozce.

Opticky monitoring

Opticky méfici systém OMS5000 muize pracovat ve dvou riznych rezimech. Bud’ Ize méfit
odrazivost vrstvy na kontrolnim sklicku umisténém ve stfedu komory (viz obrazek), nebo lze
méfit propustnost vrstvy pfimo na vzorku.

Hlavni vyhodou optického monitoringu je to, ze systém je schopen reagovat na ruzné
nedokonalosti v procesu, které maji vliv na index lomu jednotlivych vrstev. Na rozdil od
situace, kdy je proces kontrolovan krystalem, zde geometricka tloustka nerozhoduje a pro fizeni
procesu slouzi pravé hodnota propustnosti, ¢i odrazivosti. Krystal je tak vyuzivan pouze pro
kontrolu napafovaci rychlosti. Podrobné informace o principu a fungovéni tohoto systému lze
nalézt v [5], [6].

Obg¢ aparatury jsou vyuzivany pro bézné depozice, které jsou rutinni zalezitosti, a technologie
jejich vyroby je dobfe zvladnutd. V disertacni praci se budeme vénovat nékolika specialnim
aplikacim, které vyZadovaly nestandardni technologické postupy. Pro tyto specialni aplikace je
vyuzivana aparatura SYRUSpro 710, kterd ma diky vySe zminénému vybaveni (OMS5000 a
APSpro) pro tuto praci lepsi predpoklady.
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3 Vyzkumna cast
3.1 Prah poskozeni zpiisobeného laserem

3.1.1 Uvod do problematiky

Stématem LIDT jsem se setkal pfed nékolika lety, kdy oddéleni koherencni optiky bylo
ptizvano ke spolupraci na projektu HiPER. Tento projekt, jehoz cely nézev zni High Power
laser Energy Research facility, m¢l za cil experimentdln¢ studovat jadernou fuzni reakci
s inercialnim udrZenim fizenou vykonnymi lasery. Ucast na projektu méla probihat formou
vyzkumu a vyvoje v oblasti AR a HR vrstev. Takovéto vrstvy jsou potiebné na celé fadé
optickych prvkl po trase laserovych svazkii a zejména pak na samotnych pevnolatkovych
optickych zesilovacich, kde mély minimalizovat ztraty pfi nasobnych prichodech svazku
témito zesilovaci. Projekt HIPER byl v dtsledku politickych zmén ve Velké Britanii pferusen,
nicméné témata, ktera méla byt feSena, se tykaji i infrastruktur ELI Beamlines a HiLASE
a tudiz bylo zadouci je neopoustét.

Zacal jsem se tedy tomuto tématu vénovat formou stavby testovaci stanice, kterd by umoznila
jednak kvantifikovat LIDT u vrstev pfipravenych u nas, ¢imz by doplnila a rozsifila naSe
technologické moznosti na poli optickych tenkych vrstev, a jednak by poslouzila pro vyzkum
a vyvoj v této oblasti, kdy je potfebné testovat a srovnavat vlastnosti optickych tenkych vrstev
pripravenych riiznymi technologickymi postupy.

LIDT je dilezity parametr, ktery hraje klicovou roli pfi nadvrhu laserovych systémi pracujicich
S energiemi, které jsou dostatetn¢ vysoké na to, aby zpiisobily poSkozeni optickych prvki.
Takové systémy se objevily jiz v sedmdesatych letech minulého stoleti [7]. Ptikladem
Z posledni doby je pak laserovy systém instalovany v laboratofich projektu HiLASE
0 primérném vykonu 1 kW s energii v pulsu 100 J [8].

Jednou z dulezitych vlastnosti nasi testovaci stanice, kterou se li$i od podobnych zafizeni je
schopnost testovat vzorky zchlazené na teplotu kapalného dusiku. Diivod je ten, Ze optické
prvky ve vykonovych laserovych zafizenich je ¢asto nutné chladit prostfednictvim plynil o
kryogennich teplotach, aby se zajistil nalezity odvod tepla mezi jednotlivymi pulsy a tak
ptedeslo poskozeni pii provozu zafizeni. Optické vlastnosti substratl i vrstev se v takovém
piipadé 1isi od vlastnosti, které maji za pokojové teploty [9].
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3.1.2 Zaklady LIDT

Poskozeni transparentnich materialti laserovym zafenim bylo pozorovano uz od pocatku vyvoje
vykonnych lasert a je dlouhodob¢ studovano [10], [11]. Mechanismy poskozeni v materialech
lze, obecné vzato, rozdélit do dvou skupin: vnéjsi mechanismy, které souvisi s absorbujicimi
centry typu necistot a riznych inkluzi v materialu a wvnitini mechanismy souvisejici
s vlastnostmi materialu jako takového bez pfitomnosti jakychkoli defekta [11]. Vznik
poskozeni ovlivituji rizné faktory. Jednim znich je samoziejm¢ intenzita dopadajiciho
laserového zafeni, ale dale je to zejména vinova délka tohoto zafeni [12] a délka pulsu v piipadé
pulsnich lasert [10], [13]. V této praci uvadim pouze zakladni charakteristiky mechanismt
poskozeni. Jejich podrobné rozbory jsou dostupné jak v zde citovanych, tak v mnoha dalSich
publikacich.

V pribéhu let byly navrzeny rizné modely popisujici vnéj$i mechanismy poskozeni. Jsou
zaloZeny na piitomnosti inkluzi, které siln¢ absorbuji dopadajici laserové zafeni, v disledku
¢ehoz dochazi k jejich prudkému ohfevu az do bodu, kdy dojde k destrukci matridlu v misté
ozateni. Toto chovani Ize popsat nasledujicim zptsobem [11]:

10

aCT— (ZKaT)+ I, T
at(p)_rzarr ar Q(I)I

(3.1)

kde ¢, p a Kjsou po tadé tepelna kapacita, hustota a tepelna vodivost inkluze a ¢len Q(I,T)
popisuje vykon inkluze, coby tepelného zdroje, pti¢emz | je intenzita dopadajiciho zateni a T
je teplota a ma tvar:

T ; To) ’ (3.2)

0

QU,T) = QW exp ¢

kde ¢ je materialovy parametr a To je pocateéni teplota.

Reseni rovnice (3.1) ukazuje, ze teplota inkluze roste nade vSechny meze, kdyz se intenzita
zateni blizi urCité hrani¢ni hodnoté.

Vnitini mechanismy poskozeni relevantni pro niZe popisované experimenty jsou srazkova
ionizace a zafiva ionizace (fotoionizace). Tyto jevy, které hraji diillezitou roli v ptipad€ pulsnich
laserti operujicich s pulsy o délkach v fadu nanosekund az femtosekund jsou popisovany
teoretickymi modely zaloZenych na rovnicich urcujicich rozlozeni elektronti ve vodivostnim
pasu dielektrickych materidlti, Boltzmanovy rovnici pro rozlozeni elektroni a fononti a
rovnicich pro popis hustoty volnych elektroni ve vodivostnim pasu. Detailni matematicky
popis zde neuvadim a je k nalezeni v [11] a zdrojich v ném uvedenych.
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3.1.3 EXperimentalni sestava

Cilem mého snazeni pii studiu efektt LIDT byl navrh a realizace aparatury pro evaluaci vrstev.
Jedna se o vyzkum metodologického typu, kde je realizovano prostfedi a podminky blizké
realnému provozu v pulznim laseru. Klicovou soucasti experimentalni sestavy je v ptipadé
LIDT testi za kryogennich teplot vakuova komora. Nizky tlak v komote ochrani povrch
testovanych vzorki pfed nezadouci kondenzaci vodnich par na jejich ochlazeném povrchu. Jeji
parametry jsem zvolil nasledujici:

— Vakuova komora o priméru 260 mm umoziujici chlazeni vzorkt
—  Pracovni tlak v komote: fadové 10 mbar

— Maximalni primér métenych vzorka: 2%

— Rozsah moznych thla dopadu: 0° - 45°

— Moznost méfeni v obou polarizacich svétla

K vycerpani komory na pracovni tlak je pouzita turbomolekularni vyvéva podéerpavana
membranovou vyvévou.

Jako zdroj laserovych pulsii je pouzit pulsni laser Brilliant b od firmy Quantel, ktery je schopen
na zakladni vinové délce 1064 nm generovat pulsy o délce 6 nm s repeti¢ni frekvenci 10 Hz.
Energie v pulsu je dle vyrobce az 850 mJ, coz je pro nase tcely vice nez dostate¢né.

Experimentalni uspotadani je zobrazeno na nésledujicim schématu:

| Nd:YAG 1064nm I HR

movable mirror I I

BS waveplate
camera

| He-Ne laser I \yg

vacuum chamber

Obrdzek 3-1 — Experimentdlni sestava: HR — zrcadlo, Ty, Rs — polarizace proslého resp. odraZeného svétla, BS —
polarizacni délic, DM — dichroické zrcadlo, E — méric energie
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Laserovy puls prochazi teleskopem, ¢imz je jeho primér zvétSen z cca 8 mm na cca 20 mm.
Toto provadim proto, aby pii dané energii v pulsu Klesla plo$na hustota energie
a minimalizovala se tak moznost ndhodného poskozeni optickych prvkii po trase pulsu. Puls
nasledné prochazi atenuatorem, ktery sestava z ptlvinné desky a polarizacniho dé€lice. Zménou
uhlu natoceni piilvinné desky lze ménit mnozstvi energie v odrazeném a proSlém pulsu.
Pohyblivé zrcadlo umoziuje volit, zda bude pouzit s-polarizovany, ¢i p-polarizovany puls bez
nutnosti zasahu do sestavy. Pomoci kiemennych klint je cast energie pulsu smérovana na
detektor méfici mnozstvi energie v pulsu a na kameru sledujici prostorovy profil pulsu.
Nasledné je puls fokusovan tak, aby pii dopadu na plochu testovaného vzorku mél primér cca
0,5 mm.

LIDT stanice je provozovana v tzv. rezimu 1-on-1 nebo S-on-1, kdy je plocha testovaného
vzorku rozdélena na dil¢i testovaci pozice, které jsou od sebe vzdaleny 1 mm, aby nedochéazelo
ke vzajemnému ovliviiovani. Tato pozice je nasledné ozarena testovacim pulsem a to bud’ pravé
jednou (1-on-1) nebo opakované (S-on-1). Na vzorku je takto ozafeno alespon deset pozic pro
kazdou hodnotu energie v pulsu a je zaznamenan pocet pozic vykazujicich poskozeni. Hodnota
LIDT je poté urcena z pravdépodobnosti poskozeni. Podrobny popis metod méteni LIDT udéava
norma [14].

Tato experimentalni sestava slouzi jako dopln¢k naSich diagnostickych metod pouzivanych
pfi navrhu a depozici optickych tenkych vrstev.

3.1.4 Vysledky ovérovaciho experimentu

S pouzitim aparatury jsem provedl pilotni méfeni na AR vrstvach piipravenych externimi
dodavateli na substratech z taveného kiemene a safiru. AR vrstvy byly voleny proto, Ze jsou
jimi ve velké mife opatfeny optické komponenty v laserovych sestavach, kde zamezuji
optickym ztratam neZadoucimi odrazy a také snizuji ptfipadné riziko poskozeni néjaké Casti
sestavy nahodnym odrazem. Nastaveni experimentu ukazuje nasledujici tabulka.

Polomér svazku [mm] 0,21
Vinova délka [nm] 1064
Opakovaci frekvence [Hz] 10
Délka pulsu [ns] 6
Teplota vzorku [K] 300/120
Tlak v komote [mbar] 1e3/3e-6
Pocet pulsi 1000

Tabulka 3-1- parametry méreni LIDT

Nasledujici tabulka obsahuje naméfené hodnoty LIDT na jednotlivych vzorcich. Pfi hodnotach
F v tabulce oznacenych jako PASS nevykazoval povrch vzorku zadné poskozeni. Pti hodnoté F
oznacené jako FAIL doslo k destrukci vrstvy.
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Vzorek Uhel dopadu [°] F [J/cm?] Teplota [K]

HO0818 0 13,7 PASS 300
16,2 FAIL 300
13,5 PASS 120
16,2 FAIL 120
HO0331 0 5,5 PASS 300
7,4 FAIL 300
7,4 PASS 120
8,4 FAIL 120

Tabulka 3-2 - vysledky méreni LIDT na AR vrstvdch

Z namétenych hodnot je patrné, ze u vzorku oznac¢eného H0331 doslo pfi jeho ochlazeni
k nartistu hodnoty LIDT, coz je v souladu s vysledky publikovanymi napt. v [15]. U vzorku
oznac¢en¢ho HO818 zlstala hodnota LIDT prakticky stejnd. Divodem miiZze byt kontaminace
povrchu vzorku kondenzaci vodnich par pii jeho zchlazeni, pfipadné fluktuace hodnoty energie
Vv testovacim laserovém svazku. V ramci pilotniho experimentu, jehoZ cilem bylo ovéfit
pouzitelnost a funk¢énost experimentalni sestavy je tento vysledek uspokojivy, nicméné ukazuje
na potiebu dalsi optimalizace sestavy, ktera bude predmétem dalsi prace. Nasledujici obrazky
pofizené konfokalnim mikroskopem ukazuji mista, kde doslo k destrukci AR vrstvy. Destrukce
vrstvy se projevila vznikem kraterti zasahujicich az do substratu a delaminaci optickych tenkych
vrstev v jejich bezprostfednim okoli. Obrazky jsou dobrym piikladem morfologie poSkozenych
mist pii pouziti laserovych pulsti v nanosekundové oblasti.

Obrdzek 3-2 - detail poskozeni povrchu vzorku

Na tuto doposud provedenou praci budou navazovat dalsi experimenty, kdy bude rozsifena
Skala testovanych typa tenkych vrstev na dalsi typy bézné pouzivané v laserovych sestavach,
jako jsou zrcadla, rizné délice, polarizacni filtry apod.
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4 Technologicky zméreny aplikovany vyzkum
4.1 Transparentni fotodetektor

4.1.1 Uvod do problematiky

Jednim z témat feSenych na UPT je problematika fluktuaci indexu lomu prosttedi a jeji vliv
na interferometrické odmétovani. V ramci feSeni byl piedloZzen koncept interferometru se
stojatou vlnou, ktery vyuziva principu stabilizace vlnové délky zdroje zafeni na piesnou
mechanickou referenci [16]. Tento koncept byl realizovan v pasivnim Fabryové — Perotové
rezonatoru, ktery je ¢asto vyuzivan jako etalon frekvence stabilizovanych lasert. Princip tohoto
konceptu spociva vtom, Ze vpiedem zadaném meéficim rozsahu (délka rezonatoru) je
stabilizovadna vinovéa délka laseru ve vzduchu. Dojde-1i ke zmén¢ indexu lomu prostiedi, vazba
laseru na rezonan¢ni maximum rezonatoru bude sledovat v regulacni smycce tuto zménu
a vlnova délka v rezonatoru ziistane konstantni se stabilitou odpovidajici mechanické stabilité
rezonatoru. Odmérovani uvnitt pasivniho Fabryova — Perotova rezonatoru je provadéno pomoci
transparentniho fotodetektoru, ktery je schopen detekovat minima a maxima stojaté viny.

M1 TFD M2
LK

Obrdzek 4-1 - Schéma pasivniho Fabryova-Perotova rezondtoru s transparentnim fotodetektorem (TFD). Zrcadla
M1, M2 pevné umisténd na zdkladné Z slouZici jako mechanickd reference.LK: laserovy kolimdtor, D: detektor

Fotodetektor sestava ze substratu z kiemenného skla (FUSI) o priméru 20 mm a tloust'ce 0,4
mm s optickymi plochami lesténymi na rovinnost A/20. Na tomto substratu je nanesena tenka
fotorezistivni vrstva kfemiku, na niZ jsou po okrajich vytvofeny vodivé elektrody. Pii vyvoji
fotodetektoru, ktery ma pracovat uvnitt rezonatoru, je nutné najit kompromis mezi ztratami
zpusobenymi absorpci na fotorezistivni vrstvé detektoru a jeho citlivosti a také maximalné
potlacit nezadouci odrazy, které nutné vznikaji na kazdém rozhrani. Pro potlaceni nezddoucich
odrazt bylo kazdé rozhrani, tj. zleva doprava (viz schéma) vzduch-Si, Si-FUSI, FUSI-vzduch
opatfeno antireflexni vrstvou.

21



Si S

7/ S &) s
w

AR, AR, AR,

Obrazek 4-2: Schéma transparentniho fotodetektoru. Vpravo fotografie transparentniho fotodetektoru. AR:
antireflexni vrstvy, Si: kiemikova vrstva, S: substrat z kfemenného skla, E: titanové elektrody, W: elektrické
kontakty — prrevzato z [16]

Depozice tenkych kiemikovych vrstev byla realizovéna na Fyzikdlnim Gstavu Akademie véd
Ceské republiky, v.v.i. (FZU), v oddéleni Tenkych vrstev a nanostruktur (skupina RNDr.
Antonina Fejfara). Antireflexni vrstvy byly vytvofeny v naSem oddéleni na aparatuie Balzers
BAKS550.

Pro danou tloustku Si vrstvy byly po matematickém modelovani optickych vlastnosti celkové
sestavy vrstev navrzeny nasledujici parametry:

Vrstva Material h [nm]

vzduch
3 TiOgs 60,3
2 Si 28,1
1 TiO- 50,9
FUSI

Tabulka 4-1: Sestava antireflexnich vrstev na Celni strané TFD. TiO,: materidl se standardnim indexem lomu,
TiOgs: materidl s uméle snizenym indexem lomu

V dané sestavé se pracuje se dvéma riznymi hodnotami indexu lomu TiO2. Divodem je fakt,
ze aby jedind vrstva fungovala jako antireflexni, je tfeba, aby jeji index lomu byl pfiblizné roven
odmocning sou¢inu indexti lomu okolnich prostredi [4]. Témi jsou v jednom piipadé taveny
kifemen a Si vrstva a ve druhém piipad€ Si vrstva a vzduch. V prvnim ptipadé vychazi pro
vinovou délku 532 nm hodnota potfebného indexu lomu n = 2,62 a lze tedy postupovat
standardn€. Ve druhém piipadé je pozadovand hodnota n = 2,17, tedy vyrazné nizsi. V tomto
piipadé byl zvolen postup, kdy byl opét pouzit TiO2, aby se pfedeslo nutnosti pouzit tieti
materidl (nabizel by se napi. Ta2Os) a jeho index lomu byl uméle snizen regulaci teploty
ve vakuové komote v pribé¢hu depozice. Nutnost deponovat tuto vrstvu za pokojové teploty
byla déna také snahou tepelné neovlivnit diive pfipravenou vrstvu Si.

Osetrit antireflexni vrstvou bylo potieba téz zadni stranu kiemenného substratu. Tato depozice
byla délana jako prvni. Pfi ndvrhu sestavy vrstev bylo nutné vzit do ivahy i optické vlastnosti
Si vrstvy. Vysledkem matematického modelovani je nésledujici sestava, kterd byla pouZita.
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Vrstva Material h [nm]

vzduch
4 SiO, 82,8
3 TiO2 83,6
2 SiO, 24,6
1 TiO2 14,5
FUSI

Tabulka 4-2: Sestava pro antireflexni vrstvu na zadni strané TFD. Cislovani vrstev vzestupné od substrdtu.

Vysledna propustnost detektoru se pro vinovou délku 532 nm pohybuje okolo hodnoty 65 %.
Cela sestava je zobrazena na nasledujicim obrazku.

Obrazek 4-3:Fotografie experimentdalniho uspordadani pasivniho F-P rezondtoru s vlozenym transparentnim
fotodetektorem (Zluty obdélnik) — prevzato z [16]

Na nésledujici strané jsou uvedeny vysledky méteni s vyrobenym detektorem, jehoz smyslem
bylo ovétit funkénost detektoru a také pripadny vliv detektoru na stabilizaci optické frekvence
laserového zdroje.
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4.1.2 Vysledky méreni

Naésledujici obrazek ukazuje ¢asovy zdznam detekce maxim a minim stojaté viny uvnitt dutiny

rezonatoru.
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1] 500 1000 1500 2000 2500 3000 3500 4000

Cas [ms]

Obrdzek 4-4 - Casovy zdznam stojaté viny detekované transparentnim fotodetektorem — prevzato z [16]

Vlozeny detektor nezptisoboval pii pohybu uvniti dutiny rezonatoru zadné odchylky, které by
prinasely problémy pii stabilizaci optické frekvence laserového zdroje, coz je pfimym
disledkem dobie fungujicich AR vrstev. V piipad€, Zze by AR vrstvy nebyly pfitomny nebo
nefungovaly spravné, doslo by ke vzniku tzv. vdzanych rezonatori mezi koncem dutiny
rezonatoru a piislusnou plochou TFD a v zaznamu by bylo viditelnych vice stojatych vin.
Zaznam uvedeny na nasledujicim obrazku nenaznacuje Zadné ovlivnéni stabilizace optické
frekvence laseru. Podrobné informace o tomto méfeni 1ze nalézt v [16], odkud pochazi i tyto
zdznamy mefeni a v této kapitole uvedené obrazky experimentalni sestavy.
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Regulaéni velicina [LSB]
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Obrdzek 4-5 - Casovy zdznam regulacni veliciny laserového zdroje, ktery nevykazuje Zddné ovlivnéni pohybem
transparentniho fotodetektoru uvnitr dutiny rezondtoru — prevzato z [16]
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4.2 Opticky kalibra¢ni snimac se sférickym retroreflektorem

4.2.1 Uvod do problematiky

Dalsim z feSenych témat ma nazev ,,Bezkontaktni optické¢ méfici metody a systémy pro presné
strojirenstvi“. Na tomto projektu spolupracovalo odd&leni Koherenéni optiky UPT s Ustavem
radioelektroniky Fakulty elektrotechniky a komunikacnich technologii VUT v Brné
a primyslovym partnerem firmou Mesing, spol. s r.0. [17]. Naplni tohoto projektu byl vyzkum
optickych bezkontaktnich metod, které¢ vyuzivaji interference koherentniho svétla pro méieni
vzdalenosti, polohy a geometrickych rozmérti. Na tomto projektu jsem se podilel
prostiednictvim navrhu a depozice optickych tenkych vrstev pro specialni optické prvky.

4.2.2 Princip optického kalibra¢niho snimace

Jak jiz bylo feCeno, snima¢ pracuje na principu interference laserového zareni. Zakladem
optického snimace je Michelsontiv laserovy interferometr, ktery vyuziva nepolarizujici optické
prvky. Ve snimaci jsou dva prvky, které bylo tieba opatfit optickymi tenkymi vrstvami. Prvnim
Z nich je nepolarizujici délici hranol (NBS) a druhym z nich je sféricky odraze¢ (SO), jehoz
pouziti je unikdtnim feSenim. Pracovni vinova délka je 1530 nm. Nasledujici obrazek ukazuje
schéma snimace. Obrazek znazornuje pouze optickou cast celé experimentdlni sestavy.
Resenim zbyvajicich asti jsem se nezabyval a jejich detailni popis Ize nalézt v [16].

POSUV 10mm
>

. o

NBS

M1

Obrdzek 4-6: Schéma optického kalibracniho snimace. Laserové zdreni vstupuje do této Cdsti sestavy pres
kolimator (LK), prochdzi nepolarizujicim délicim hranolem (NBS), kde se rozdéli na referencni a mérici vétev.
Referencni vétev se odrdzi od zrcadla M1, mérici vétev prochdzi do sférického odraZece opatieného na vstupni
strané AR vrstvou a odrdZi se od zrcadla M2. Obé vétve se rekombinuji na NBS a prochdzeji pres LK zpét

4.2.3 Nepolarizujici délici hranol

Zde bylo tieba nanést vysoce odraznou (HR) vrstvu na jednu sténu hranolu tak, aby nebylo
potieba pro zpétny odraz paprsku pouzit Zadné dalsi zrcadlo. Samotnd vyroba tohoto optického
prvku probéhla ve dvou krocich. Nejprve byla testovana varianta, kdy byl cely prvek vyroben
na UPT. Tento postup vyzadoval kombinovani dielektrickych a kovovych vrstev.
Po teoretickém rozboru problému byl jako dielektricky material zvolen Ta20s a jako kovovy
materidl Ag. Kovova vrstva byla pfipravena metodou magnetronového napraSovani a piipravil
ji Ing. Jaroslav Sobota, CSc. ze skupiny tenkych vrstev oddéleni specialnich technologii UPT .
Dielektrické vrstvy byly pfipraveny na aparatufe SYRUSpro metodou PIAD.
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Postupovano bylo tak, ze po napaieni prvni vrstvy Ta;Os na podlozku byl tento kus predan
kolegovi, ktery na ni nanesl vrstvu Ag a predal nam kus zpét k naneseni posledni dielektrické
vrstvy. Hranol byl nasledné stmelen. Po stmeleni hranolu a jeho ozkouseni jsme zjistili, Ze
hranol neni funk¢ni a nedéli dopadajici laserovy svazek v poméru 1:1, jak by mél. Zpétnou
analyzou tohoto chovani bylo zji§téno, ze energie argonovych iontli v pribé¢hu PIAD je
dostatecné velka (fadové desitky eV) na to, aby celou kovovou vrstvu odprasila z podlozky
a hranol tak fakticky obsahoval pouze vrstvy Ta,Os.

Tento problém bylo mozné fesit zaclonénim zdroje argonovych iontl v prvnich vtefinach
naparovaciho procesu a clonu otevfit az po piekryti vrstvy Ag nékolika nanometry Ta;Os, ktery
by poslouzil jako ochrannd vrstva. Vzhledem k tomu, Ze tento postup by obnasel zacit celou
vyrobu od zacatku, coz by bylo vzhledem k poctu dil¢ich kroka zdlouhavé, byl zvolen postup
jiny.

Z komer¢nich zdroji byl zakoupen jiz hotovy NBS a na jeho jednu stranu byla nanesena
odraznd vrstva. Hranol jiz z vyroby obsahoval antireflexni vrstvy na vSech vnéjSich funk¢nich
plochach. HR vrstva tak byla deponovéna ptes tuto jiz existujici vrstvu. Z pohledu funkénosti
tento postup neni nijak problematicky a je vyhodny, kvuli ¢asové tuspote. V pribéhu této
depozice je tfeba vSak kontrolovat teplotu v komote, protoze tmel pouzity pro spojeni obou
polovin NBS by mohl degradovat a mohlo by dojit ke zhorSeni optické (rovnobéznost optickych
ploch) nebo mechanické (pevnost spoje) kvality spoje. Takto pripraveny NBS jiz fungoval
spravné a byl pouzit pro vyrobu senzoru.

4.2.4 Sféricky odrazec

Stéricky odrazec je zajimavou aplikaci technologie depozice optickych tenkych vrstev pro svij
kulovy tvar a nestandardni index lomu. Jedn4 se vlastn€ o kulovou ¢ocku o priméru 6 mm
vyrobenou z optického skla S-LAH 79 od firmy Ohara. Diky svému vysokému indexu lomu
(2,0033) funguje jako tzv. ,cat-eye™ reflektor. Tato kulova ¢ocka byla doplnéna HR vrstvou
na zadni stran¢ a AR vrstvou na stran¢ vstupni.

Pti depozici soustavy vrstev na tento substrat bylo tfeba dbat na to, aby ob¢& vrstvy byly
na kulovy povrch ¢ocky deponovany co nejlépe naproti sobé. Toho bylo dosazeno vyrobou
specialniho drzéku s valcovym otvorem pro ¢ocku, ve kterém byla ¢ocka upevnéna. Pti otaceni
¢ocky pro mezi obéma depozicemi tak bylo zajiSténo, ze je oproti prvni depozici otocena
0 180°.

Samotné depozice pak vyzaduje kombinaci optického a krystalového monitoringu. Divod je
ten, Ze vysoky index lomu kulové Cocky vyzaduje inverzni design soustavy vrstev oproti
béznym sklim. Jak ukazuje Tabulka 4-3, pro prvni vrstvu je pouzit material SiO2. Vzhledem
k tomu, Ze opticky monitoring nelze provadét na cocce samotné, je tieba méfit na referencnim
skle s indexem lomu 1,52. Prvni vrstva je tedy deponovana na material s téméf identickym
indexem lomu a zména propustnosti v zavislosti na tloust’ce vrstvy je natolik mala, ze by
dochazelo k nepfesnostem pii depozici. Proto byla depozice prvni vrstvy kontrolovana
krystalem a opticky monitoring byl vyuzit pro zbytek procesu.
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Vrstva Material h [nm]
vzduch

14 TiO 170,8

13 SiO2 264,0

12 TiO 170,8

11 SiO2 264,0

10 TiO2 170,8

9 SiO2 264,0
8 TiO2 170,8
7 SiO2 264,0
6 TiO2 170,8
5 SiO2 264,0
4 TiO2 170,8
3 SiO2 264,0
2 TiO2 170,8
1 SiO2 290,0

Tabulka 4-3 - Design HR vrstvy pro sféricky odraze¢

4.2.5 Vysledky

Naésledujici obrazek ukazuje vyrobené prototypy optického kalibraéniho délkového snimace,
které byly vyrobeny ve spolupraci s firmou Mesing.

Obrdzek 4-7 - Prototypy optického snimace — prevzato z [16]

Experimentalni ovéteni funk¢nosti snimace bylo publikovédno v ¢lanku, ktery je ptilohou této
prace. Dals$im vysledkem je pfihlaSeny uzitny vzor, ktery je téZ ptiloZen.
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4.3 Technologie absorp¢nich kyvet

Technologie absorpénich kyvet je dali z oblasti, které jsou na UPT dlouhodobé dobie
zavedeny. Absorpcni kyvety jsou standardn€ vyuzivanym nastrojem pro stabilizaci laserii napft.
v metrologii délek. Nase pracovisté je v soucasné dobé vyznamnym dodavatelem téchto kyvet
pro metrologickou obec nejen v Ceské republice nebo v Evropé, ale i ve zbytku svéta.

4.3.1 Uvod do problematiky

Kyvety sestavaji ze dvou zakladnich Casti a to samotného téla kyvety, které je nejCastéji
valcového tvaru (ale existuji i1 jiné varianty) a okének, ktera jsou pfivaiena ke konciim téla
kyvety. T¢lo i okénka jsou vyrobeny nejcastéji z kiemenného skla. Takto pfipravena kyveta je
nasledné plnéna riznymi plyny dle pozadavkd na pracovni vinovou délku. Laserovy svazek
vychazejici ze zdroje, ktery mé byt stabilizovan prochazi celou délkou kyvety (nékdy
I vicenasobng) a jeho frekvence je v regulaéni smycce fizena tak, aby doslo k co nejlepsi shodé
s hodnotou optické frekvence vybrané absorpéni Cary v pouzitém plynu. Vice o funkci
absorpénich kyvet 1ze nalézt napt. v [18].

Obrazek 4-8: Priklad absorpcni kyvety. Na koncich jsou vidét navarenad okénka, uprostred pak jiz zatavend

trubicka pro plnéni kyvety plynem

Vzhledem k tomu, ze laserovy svazek prochazi obéma okénky, tj. prochazi postupné ¢tyimi

rozhranimi, dochézi kvili pfirozené odrazivosti kiemenného skla k pomérné velkym ztratam.

Jedna se fadové o jednotky procent na kazdém rozhrani. Z tohoto ditvodu je nezbytné pouZziti

AR vrstev na vSech rozhranich. V ptipadé€ vnéjSich stran okének se jedna o rozhrani AR vrstva

—vzduch, kde k zadnym technologickym problémim nedochazi. Slozitéjsi je situace u vnitinich

stran okének, kde je nutno fesit dva technologické problémy.

Prvnim z nich je tepelna zatéz pii navafovani okének na té€lo kyvety. Okénka v této fazi jiz
obsahuji AR vrstvu na své vnitini stran¢ a vzhledem k nutnosti ohfat kiemenné sklo az do bodu
taveni, coz pii dané tloust’ce okraji okénka predstavuje teplotu min. 800 °C, dochazi
v nékterych ptipadech k jejimu tepelnému ovlivnéni. To mé za nasledek zménu spektralnich
vlastnosti AR vrstev a nezadouci nartist ztrat odrazem.
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Druhym problémem je fakt, ze uvnitt kyvety pfichazi AR vrstva do kontaktu s pracovnim
plynem. Ptestoze dielektrické materialy pouzité pro piipravu AR vrstev jsou chemicky stabilni,
dochazi v nékterych ptipadech kvuli jist¢ poréznosti vrstev k pronikani molekul plynu
do struktury AR vrstev. Zejména v piipadé, kdy jsou jako pracovni plyn pouzity pary jodu, bylo
pozorovano zloutnuti vrstev v ¢asti vnitini plochy okének. Tento problém byl podrobné
studovan a vysledky publikovany v ¢lanku [19]. Na tuto praci nyni navazuji dal§im studiem
vlastnosti AR vrstev.

Ve spolupraci s pracovistém Deutsches Zentrum fiir Luft- und Raumfahrt e. V (DLR) jsem
provedI spolu s kolegy z UPT experimenty, jejichZ cilem bylo ovéfit odolnost AR vrstev viéi
elektronovému a protonovému zaieni. Tato potieba vyvstala z pozadavku DLR na vyrobu
jodem plnéné absorpcni kyvety, ktera bude v ostrém provozu nasazena na obézné draze
na modulu Bartolomeo, ktery je soucésti mezinarodni vesmirné stanice ISS, kde bude tomuto
zafeni vystavena po dobu nekolika let. Kyveta zde bude nasazena v radmci projektu Compasso,
jehoz cilem je hledat stabilni zdroje optické frekvence pro satelity.

4.3.2 Experimentalni postup

Bylo vytvoteno celkem osm sad vzorkl opatfenych AR vrstvou na obou plochach za pouziti
nasledujicich kombinaci metod, napatovacich materialt a designti:

Vzorky

Material Fused Silica
Rozméry [mm] 15x15x 3
Kvalita povrchi Lesténé

K depozici AR vrstev byly pouzity obé metody dostupné na naSem pracovisti, tj. e-beam
a PIAD. Nasledujici tabulky obsahuji informace o pouzitych napafovacich materidlech a
designy AR vrstev.

Nazev Index lomu @ 500 nm PIAD Index lomu @ 500 nm E-BEAM
TiO2 2.38 2.32
Ta20s 2.14 2.13
SiO2 1.48 1.48

Tabulka 4-4 - pouZité naparovaci materidly
Metoda Naparovaci mat. Pocet vrstev  Design *
PIAD H=TiO2, L =Si02 2 14.7H 122.4L
PIAD H=TiO2, L =Si02 4 22.3H 42.3L 43.4H 111.4L
PIAD H =Ta205, L = SiO2 2 22.2H 120,4L
PIAD H =Ta205, L = SiO2 4 27.2H 28.2L 77.3H 98.6L
E-BEAM H=TiO2, L =Si02 2 13.9H 123.4L
E-BEAM H=TiO2, L =Si02 4 21.3H 43.6L 41.3H 111.8L
E-BEAM H =Ta205, L = SiO2 2 21.7H 119.4L
E-BEAM H =Ta205, L =Si02 4 25.3H 30.5L 76.8H 99.9L

Tabulka 4-5 - Cisla ve sloupci Design udavaji tloustky jednotlivych vrstev v nm smérem od substratu
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Bylo realizovano deset kusi vzorkd pro kazdou variantu (viz Tabulka 4-5). Celkem tedy bylo
vyrobeno osmdesat kusti vzorki. Po depozici byla zméfena odrazivost a propustnost kazdého
vzorku na spektrofotometru Cary 7000. Nasledné bylo z kazdé sady deseti vzorku vybrano pét
a tyto byly vypeceny na teplotu 600 °C v piipad¢ vzorkl ptipravenych metodou e-beam a 700
°C v pripad¢ vzorki ptipravenych metodou PIAD. Volba teplot vyplyva z piechozi prace [19].
Pti téchto teplotach AR vrstvy odolavaji pronikani jodu do struktury vrstvy a zaroven jsou
poméme dobfe zachovany jejich spektralni vlastnosti. Po vypeceni byly vzorky vystaveny
param jodu. Nasledné byly na zakladé spektralnich vlastnosti vybrany z kazdé sady cCtyfi
nejlepsi vzorky a tyto byly odeslany do DLR, kde byly vystaveny nejprve elektronovému
a nasledné protonovému zaieni.
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4.3.3 Vysledky

Nasledujici zdznamy ukazuji spektralni vlastnosti vzorki po kazdém experimentalnim kroku.
Spektra byla ziskana pomoci UV-VIS-NIR spektrofotometru Agilent Cary 7000. VVzorky jsou
ve vSech pripadech oznaceny nésledujicim zplisobem:
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Obradzek 4-9 — Vliv jednotlivych experimentdlinich krok( na spektrdini vliastnosti AR vrstev na bdzi TiO2
pfipravenych metodou PIAD.
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Z grafii viz Obrazek 4-9 je patrné, Ze vystaveni vzork param jodu a nasledné elektronovému
a protonovému zafeni nemélo zadny vliv na spektralni vlastnosti AR vrstev. U vzorki
vypecenych na 700 °C doslo k mirnému posunu kiivky propustnosti smérem k del§im vinovym
délkam, nicméné funkénost AR vrstvy na pracovni vinové délce 532 nm, ktera je v grafech
vzdy vyznacena pierusovanou Carou, je velmi dobfe zachovana. Obrazek 4-10 ukazuje situaci
Vv ptipad¢ vzorka piipravenych metodou e-beam. Vystaveni pardm jodu a elektronovému
a protonovému zareni opét nezpisobilo zadné zmény spektralnich vlastnosti, nicméné zejména
u dvojvrstvé AR je patrny vyznamny posun spektralnich charakteristik po vypeceni na 600 °C,
ktery mé za nasledek omezeni jeji funk¢nosti a nartst optickych ztrat o vice nez 1 %, coz neni
zanedbatelné.
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Obrazek 4-10 - Vliv jednotlivych experimentdlnich krok( na spektrdlni viastnosti AR vrstev na badzi TiO>
pfipravenych metodou e-beam.
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Pozorované zmény jsou disledkem dvou jevi. Prvni z nich souvisi se strukturalnimi zménami
v materidlu TiO2 vlivem teploty. Vrstvy pfipravované metodou e-beam tvoii v priubéhu
depozice sloupcovou strukturu, kterd je znacné porézni, jak ukazuje nasledujici obrazek
prevzaty z [20].

PESS03 190.08kV X38.0K

‘ (d)

x30k 8BB4 22KV 1um x30k -8005 22kV 1um

Obrazek 4-11 - srovndni struktury vzrok( pripravenych metodou e-beam (a, b) a PIAD (c, d)

Pfi narGstu teploty dochazi u takto poréznich vrstev k vyraznému zmenseni jejich tloustky [21],
coz ma za nasledek posun kiivek smérem ke kratSim vinovym délkdm. Druhym jevem je
zvySeni hodnoty indexu lomu vlivem teploty [22], coz ma za nasledek zvySeni odrazivosti
vrstvy. Kombinace téchto dvou jevll zptisobuje pozorované zmény Ve zméfenych spektralnich
vlastnostech AR vrstev.

Obrazek 4-12 ukazuje vysledky v pfipadé AR vrstev na bazi Ta,Os ptipravenych metodou
PIAD. Na prvni pohled je patrny vyrazny pokles propustnosti po vypeceni vzorka na teplotu
700 °C. Toto je zptusobeno faktem, ze metoda PIAD produkuje vrstvy s amorfni strukturou,
ve kterych pfi vypeceni na dostatecné vysokou teplotu dojde k tvorbé polykrystalické struktury
[23], coz v kone¢ném dusledku vede k nartistu optickych ztrat rozptylem pozorovanych
v uvedenych spektrech.
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Obrazek 4-12 - Vliv jednotlivych experimentdlnich kroki na spektrdlni vliastnosti AR vrstev na bdzi Ta20s
pfipravenych metodou PIAD.

Obrazek 4-13 ukazuje vysledky pro AR vrstvy na bazi Ta>Os ptipravené metodou e-beam. Zde
je opét patrny posun kiivek smérem ke kratSim vinovym délkam vlivem vysoké teploty.
Vysvétleni tohoto jevu je stejné, jako v predchazejicich ptipadech,
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Obrdzek 4-13 - Vliv jednotlivych experimentdlnich krok( na spektrdlni vliastnosti AR vrstev na bdzi Ta205
pfipravenych metodou e-beam.

Nasledujici grafy ukazuji vysledky métfeni odrazivosti vzorkd. Odrazivost byla méfena pouze
po depozici a po vypeceni. Ostatni experimentalni kroky maji za nasledek zvySeni absorpce
ve vrstvach, coz je nejlépe pozorovatelné na zméndch ve spektralni propustnosti a méteni
odrazivosti, které je ¢asové narocnéjsi, po téchto krocich nepiinasi uzitecné vysledky. Toto
méteni je naopak velmi pfinosné bezprostfedné po depozici a po vypeceni vzorkll, protoze
umoziuje kvantifikovat vliv teploty na optické vlastnosti AR bez dalSich vlivi.
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Obrdzek 4-14 - Vliv teploty na spektrdini odrazivost vzorki na bdzi TiO2 pfipravenych metodou PIAD
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Obrdzek 4-15 - Vliv teploty na spektrdini odrazivost vzorki na bazi TiO: pripravenych metodou e-beam

Uvedené grafy spektralni odrazivosti ukazuji dobrou odolnost vrstev pfipravenych metodou
PIAD vci vysoké teploté. Pozorovany je jen maly posun ve spektru a mirny nartst odrazivosti.
Ta se ale stale drzi pod hodnotou 0,2 %, coz z pohledu funkcnosti AR vrstvy Ize povazovat
za dobré. Naproti tomu u vrstev piipravenych metodou e-beam je patrny vyrazny posun kiivek
smérem ke krat§Sim vlnovym délkam vlivem zhutnéni vrstev a také vyrazny ndrast odrazivosti.
Obrazky na nasledujici stran¢ ukazuji vysledky pro AR vrstvy na bazi Ta2Os, kde je situace
velmi podobnd, ackoli nedochazi k vyraznému naristu odrazivosti, pravdépodobné proto, ze
teplota vypékani nema tak vyrazny vliv na hodnotu indexu lomu Ta20s. Fakt, Ze u vzorku
Ta4P700-2 nedoslo po vypeceni témetr k zddnému zvysSeni odrazivosti, ale zaroven doslo
k vyraznému poklesu propustnosti (viz Obrazek 4-12) je ve shod¢ s naristem absorpce vlivem
krystalizace v ptivodné amorfnim materialu.
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Obrdzek 4-16 - Vliv teploty na spektrdini odrazivost vzorki na bdzi Ta20s pripravenych metodou PIAD
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Obrdzek 4-17 - Vliv teploty na spektrdini odrazivost vzork( na bdzi Ta20s pripravenych metodou e-beam

Obrazek 4-18 a 4-19 na nasledujici strané srovnavaji chovani AR vrstev podle pouzité
technologie. Na zakladé tohoto srovnani lze fici, ze technologie PIAD vyrazné 1épe odolava
vypékani anetrpi vyraznymi posuny ve spektru nebo naristim odrazivosti. AR vrstvy
sestavajici ze Ctyt dil¢ich vrstev jsou pak odolné€jsi vii¢i témto posuniim, protoze maji Sirsi
oblast potlaceni odrazivosti a pfipadny posun ve spektru pak nema tak velky vliv, jako v pfipadé
dvouvrstvych designtl.
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Obrdzek 4-19 - Srovndni jednotlivych variant AR vrstev

Shrneme-li tedy ziskané vysledky, mizeme fici nasledujici:

AR vrstvy pfipravované metodou PIAD dobte odolavaji tepelnym vliviim a jsou dobie
pouzitelné i po vypeceni na 700 °C. AR vrstvy piipravované metodou e-beam jsou na
teplotu nachylngj§i a zejména v pfipadé dvojvrstvych systémii dochazi
k nezanedbatelnému omezeni funkénosti.

U zadné testované kombinace nebyly pozorovany zmény ve spektralnich vlastnostech
AR vrstev vlivem elektronového nebo protonového zafeni.
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Na vzorcich pouzitych pro tyto experimenty také nebyl pozorovan vliv pfitomnosti par jodu,
jak bylo pozorovano v [19]. Za timto stoji s nejvétsi pravdépodobnosti fakt, Ze v citovaném
ptipad¢ byly méteny spektralni vlastnosti na celych kyvetach, které byly plnény jodem po jejich
vy&erpani na tlak < 107 mbar. Cerpani na takto nizky talk zptsobi, ze vzduch nahromadény
V porech vrstev je odCerpan a ve vrstvach jej nahradi molekuly jodu, které poté ptisobi jako
absorp¢ni medium. Ve zde uvedeném piipad¢é nebylo mozné vyrobit celou kyvetu pro kazdou
kombinaci materidlu a depozi¢ni technologie z divodu velké naro¢nosti vyrobniho procesu
kyvety. Vzorky tak byly vystaveny param jodu v exsikatoru, kde je 1 po vyCerpani tlak o cca
2 - 3 tady vyssi a jod se tedy drzi pouze na povrchu vzorku, kde je pii jeho ¢isténi odstranén a
k absorpci tak nepfispiva. Tato teorie je pfedmétem navazujici prace s cilem jejiho ovéfeni
a potvrzeni.

Vysledky zde uvedenych experimentd budou slouzit k vybéru vhodného technologického

postupu a kombinace napafovacich materidlti, které budou nasledné€ pouzity pro vyrobu

wev
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S5 Zavér

Predkladana disertacni prace je souborem vysledki, které byly dosazeny v oblasti technologie
optickych tenkych vrstev, jejiz principy a stru¢ny teoreticky ivod obsahuji prvni dvé kapitoly.
Usili v této oblasti je vedeno dvéma sméry.

V jednom z nich jde o metodologicky vyzkum v oblasti vlastnosti optickych tenkych vrstev
za nestandardnich podminek, konkrétné odolnost optickych tenkych vrstev vici dopadajicimu
laserovému zafreni o vysokych vykonech za kryogennich podminek. Vysledkem mého snazeni
je sestava, ktera umoznuje provadét LIDT testy na vzorcich a kvantifikovat jejich odolnost.
Smyslem této sestavy je poskytnout doplitujici informace o vlastnostech optickych tenkych
vrstev piipravovanych na nasem pracovisti a umoznit dalsi technologicky rozvoj v této oblasti.
Funk¢nost aparatury je testovana pilotnim experimentem na souboru vzork.

Druhym smérem, kterym se prace odviji, je technologicky zaméteny aplikovany vyzkum. Zde
se jedna o vybér technologicky zajimavych a unikétnich optickych prvki, které byly pfipraveny
na naSem pracovisti. Tyto prvky, které jsem opatiil optickymi tenkymi vrstvami, byly nasledné
pouzity v experimentalnich sestavach. Zde se tedy jedna a o vyuziti technologie depozice
tenkych optickych vrstev pro aplikace ve vyzkumu. Mezi témito vysledky zduraziuji praci
na vlastnostech optickych tenkych vrstev na absorp¢nich kyvetach, ktera bude pokracovat
I nadale a ktera je velmi dulezita pro dalsi rozvoj technologie vyroby téchto kyvet. Poptavka po
téchto kyvetach je v poslednich letech vyznamna a objevuji se zcela nové aplikace vyzadujici
nové postupy. Takovou aplikaci je v této praci uvedend spoluprace s némeckym centrem pro
letectvi a vesmir, jejimz vysledkem bude kyveta umisténa na Mezindrodni vesmirné stanici.
Vysledky experimenti provedenych na sestavach obsahujicich tyto specidlni optické
komponenty byly prezentovany na mezinarodnich konferencich a publikovany v odbornych
casopisech. Tato témata jsou obsahem paté kapitoly.

PtiloZeny k této disertacni praci jsou vybrané clanky publikované v odbornych ¢asopisech.
Na védecké praci popisované v téchto ¢lancich jsem se podilel piipravou optickych tenkych
vrstev na komponentech, které jsou klicové pro funkénost pouzitych experimentalnich sestav
a konzultacemi v této oblasti. Vysledkem jsou unikatni sestavy pro vyzkum v oblasti
interferometrie a presného méfeni délek.

Piinosem této prace je rozsifeni a zkvalitnéni depoziénich mozZnosti na Ustavu piistrojové
techniky a také rozSiteni védomosti o chovani optickych tenkych vrstev za riiznych podminek
vyplyvajicich z rozvoje v oblastech tyto vrstvy vyuzivajicich.
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Seznam pouzitych zkratek a symbolii:

ZKratka Vyznam

1-on-1 rezim ozareni jedné pozice prave jednim pulsem

APSpro zdroj argonovych iontll napafovaci aparatury

AR antireflexni vrstva

BS polarizacni déli¢

DLR Deutsches Zentrum fiir Luft- und Raumfahrt e. V

DM dichroické zrcadlo

e-beam vakuové napatrovani elektronovym svazkem

F-P rezonator Fabrytv-Perotliv rezonator

FUSI taveny kifemen

FzZU Fyzikalni Gstav AV CR, v.v.i.

He-Ne helium-neonovy laser

HIPER High Power laser Energy Research facility

HR vysoce odrazna vrstva

LIDT prah poskozeni zptisobeného laserem

LK laserovy kolimator

M1, M2 zrcadlo

NBS nepolarizujici déli¢

Nd:YAG granat hlinito-yttrity dopovany neodymem

OMS5000 opticky monitorovaci systém napatfovaci aparatury

PIAD vakuové napatrovani elektronovym svazkem za asistence ionti
S substrat z optického skla

S-LAH79 oznaceni typu optického skla

SO sféricky odrazec

S-on-1 rezim ozafeni jedné pozice S pulsy

TFD transparentni fotodetektor

UPT Ustav piistrojové techniky AV CR, v.v.i.

VUT vysoké uceni technické

W elektrickeé kontakty

Symbol Vyznam Jednotka
Ag stiibro [-]

C tepelna kapacita [J/K]
F plo$na hustota energie [I/m?]
h geometricka tloustka [m]

I intenzita zafeni [W/m?]
k index absorpce [-]

K tepelnd vodivost [W/m.K]
M interferenéni matice [-]

n index lomu [-]

P p-polarizovana vina [-]

R odrazivost [%]

r amplitudovy koeficient reflexe [-]
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Influence of coating technology and thermal
annealing on the optical performance of AR
coatings in iodine-filled absorption cells
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Abstract: In this contribution, we investigate the properties of antireflective coatings on
iodine-filled absorption cell windows. These coatings are subject to high temperatures during
the cell production process and are in direct contact with the absorption medium, which
influences their optical performance. We tested the thermal resistance of TiO,- and Ta,Os-
based coatings produced using conventional electron beam evaporation (e-beam) and ion-
assisted deposition (PIAD). We prepared a set of iodine-filled absorption cells that were used
to test the coatings’ resistance to iodine vapors. We show that the choice of coating materials,
coating methods, and a well-chosen bakeout procedure can mitigate any unwanted effects,
such as temperature-induced spectral shifts and optical losses inhomogeneities or settling of
the absorption medium in the coating.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

There are multiple deposition techniques of dielectric optical thin films. The most common
are electron beam evaporation, plasma ion assisted deposition, magnetron sputtering or ion
beam sputtering [1]. In this article we will deal with electron beam evaporation both
conventional and plasma ion assisted. Conventional electron beam (e-beam) evaporation uses
an electron beam to melt and evaporate the source material in a vacuum chamber. During
deposition, the chamber pressure is low enough for the source material molecules to reach the
substrate.

Plasma ion assisted deposition (PIAD) uses a plasma ion source in the vacuum chamber
which directs a cone of plasma towards the substrates. The main difference from e-beam is a
higher kinetic energy of the condensing material particles. Coatings prepared using this
method have a higher refractive index and packing density than coatings prepared using e-
beam only [2].

One of many applications of thin film coatings deposited on optical elements is in the area
of absorption cells used as optical frequency references for frequency locking of lasers. The
physical properties of the absorption medium and the optical properties of the cell itself
determine the achievable parameters of the standard. The absorption cells are commonly
developed in the form of bulky glass tubes, where the laser beam enters the inner volume
through an optical window, interacts with the absorption medium inside the cell and leaves
through an output optical window to a photodetector [3,4]. The most common absorbing
media for stabilization of laser standards in present days are molecular iodine (mainly for
visible spectral range) and acetylene (telecom wavelengths), because they offer the best
spectral properties for laser locking [5-10]. Several absorption media (including iodine) are
highly corrosive (especially for metallic materials) and sensitive to the presence of impurities
and contaminants [3,4,11]. Moreover, especially in term of alkali vapors filled cells, problem
of relaxation of excited atoms to ground state due to collisions with the cell walls caused

#355459 https://doi.org/10.1364/0OE.27.009361
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reduction of achievable frequency stabilities. Also in these cases, a special coatings of the cell
walls can reduce these unwanted effects [12,13].

Modern approach to the design of optical frequency references includes utilization of
hollow-core photonic crystal fibers, where the mass and volume of the reference is drastically
reduced and the interaction lengths of the light beam and the medium can be extended to
units/tens of meters [14—17]. The main factor limiting broader application of these fiber-based
references can be seen in lower achievable frequency stability due to transit-time and
collision broadening of the absorption lines.

Antireflection coatings deposited on the cell windows and optical fiber ends can
significantly reduce optical losses, laser light back-reflections and unwanted resonator effects
[18]. Especially in compact laser setups, the cells are often used in multi-pass arrangements
[10,19]. In this case the inner surface of the windows can be coated with a combination of
antireflection and high-reflective coatings to produce the multiple reflections of the beam
through the medium. As the quality and spectral properties of the coatings affect the optical
parameters of the reference, it has also a direct impact on the performance of the whole laser
standard.

The optical windows can be attached to the cell body/tube by several techniques. One
possibility is using special vacuum-compatible glue or solder. The windows can be also
connected by optical contacting technique, where no additional material/chemical is needed.
This technique needs demanding equipment for high precision polishing of optical surfaces,
and it is more suitable for connecting optical elements with larger surfaces than the 1-2 mm
wide joints between the cell tube and windows [19]. The third approach for connecting the
optical windows to the cell body is the quartz welding method. The potential risk of thermal
stress and degradation of the coatings caused by welding flame can be minimized by proper
mechanical design of the windows [4]. The windows are in this case typically equipped with
facets, so the thermal energy needed for melting of windows boundaries is reduced and transit
of the heat to the coatings is minimized (Fig. 1).

Fig. 1. Drawing of one half of the absorption cell with depicted welding areas and window
outer and inner surfaces. A pair of windows is used for each cell. The window inner surface is
AR coated before the welding process, the window outer surface is coated after. The inner
surfaces of both the windows are baked out as they are the ones thermally influenced.

Depositing the coating on every active surface means that some of the coatings are in a
direct contact with the medium inside the cell. Due to this fact, the material of the coating
itself must also ensure non-reactivity and inertness to the absorption medium. Furthermore,
the coatings have to be prepared in a way that avoids settling of the medium particles in the
coatings structure.
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In this article we investigate the influence of high temperatures and the presence of
corrosive iodine vapors on the antireflective coatings properties and its dependence on
coating materials and deposition technologies.

In the following investigation we especially concentrate on performance of antireflection
coatings for 532 and 633 nm wavelengths, where molecular iodine-stabilized laser standards
commonly operate. However, the general results are applicable for different coating designs
and desired wavelengths as well.

2. AR coatings for 532 and 633 nm wavelengths

For our experiments we prepared four types of coatings deposited on four sets of fused silica
substrates (FS). The aim of these experiments was to investigate the differences in coating
materials and deposition techniques and their influence on sensitivity to thermal stress, and on
the optical performance of the iodine absorption cells.

The fused silica substrates are 1” in diameter and 5 mm thick. One surface is polished to
optical quality of A/10, the other surface is fine ground to minimize back surface reflections.

When designing an antireflective coating there are several coating materials to choose
from. In our case we wanted to investigate the materials we commonly use as they are
relatively cheap, easy to work with and have a good optical performance. We chose TiO, and
Ta,0s5 as the high refractive index material and SiO, as the low refractive index material. The
optical designs of the coatings are summarized in Table 1.

Table 1. Optical Coating Designs*’

Ti0,/SiO, TiO,/Si0, Ta,05/Si0, | Ta,0s/Si0O,
PIAD e- beam PIAD e-beam
t [nm] t [nm] t [nm] t [nm]

IH 22.3 25.9 27.2 25.7

2L 423 32.2 28.2 29.4

3H 434 60.5 77.3 76.6

4L 111.4 104.1 98.6 99.4

“t — Physical Thickness, H — High Refractive Index Material (TiO, or
Ta,0s), L — Low Refractive Index Material (SiO,), FS — Fused Silica
Substrate.

? Numbers in the first column denote the individual layers starting from
the substrate.

The coatings were produced using a SYRUSpro 710 coating system made by Biihler
(formerly Leybold Optics). All coatings of one particular type were prepared in a single batch
to ensure the same conditions for all samples. The deposition parameters can be found in
Table 2. The substrate temperature was 300 °C in case of e-beam and approx. 260 °C in case
of PIAD. The plasma source used was APSpro by Biihler.

Table 2. Deposition Parameters

e-beam PIAD
Layer | starting material dep. rate | O, pressure dep. Rate O, flow BIAS voltage
SiO, Umicore SiO, 1.5 nm/s 2.107* mbar 0.40 nm/s 5 scem 145V
granulate
TiO, Umicore Ti305 0.5 nm/s 4.107* mbar 0.25 nm/s 23 scem 110V
tablets
Ta,Os | Umicore Ta,05 0.4 nm/s 4.107* mbar 0.20 nm/s 22 scem 110V
granulate

The residual spectral reflectance characteristics measured by Varian Cary 5
spectrophotometer are in Fig. 2. All of the samples exhibit residual reflectance equal to or
lower than 0.1% at the desired wavelengths (532/633 nm).
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Fig. 2. Spectral profiles comparison of the TiO,/SiO, and Ta,0s/SiO, coatings deposited by
PIAD and e-beam techniques respectively.

3. Thermal resistance of dielectric coatings based on TiO, and Ta,05s materials

The temperature influence on the coatings’ optical properties (degradation, spectral shifts)
were investigated by exposing the samples to various temperatures (350-1000°C) in a PID
regulated electrical furnace. The applied temperature influence control loop steps include: 1/
heating up from room temperature to the desired temperature (heating rate 1000°C/1 hour), 2/
keeping the desired temperature for 2 hours, 3/ spontaneous cooling back to room
temperature. For each bakeout procedure temperature level, new AR coated FS sample from
the set was used. The residual reflection of tested substrates was evaluated by the
spectrophotometer (Varian Cary 5). The thermally induced spectral shifts of all samples (e-
beam TiO,, e-beam Ta,0s, PIAD TiO,, PIAD Ta,0s) are summarized in Fig. 3, detailed
results from desired AR wavelengths (532 and 633 nm) are pointed out in Fig. 4.

The results show that PIAD coatings have a better resistance to high temperatures. They
exhibit very low spectral shifts and perform reasonably well at both 532 nm and 633nm up to
1000 °C in case of TiO, and 900 °C in case of Ta,0s. The e-beam prepared coatings spectral
performance fails at lower temperatures. The plasma ion assist transfers its kinetic energy to
material particles, which are condensing on substrate [20]. E-beam coatings form a columnar
structure, while PIAD coatings form a dense structure on the surface, which is less susceptible
to thermal treatment [21]. The measurement also confirms that comparing to Ta,0s/SiO,
coatings, where the thermally induced spectral shifts play a role in case of bakeout
temperatures over ~600°C, Ti0,/SiO, coatings show better properties. The same ion energy
was used for both TiO, and Ta,0Os. As there is a difference in mass of these materials, they
might be affected differently by the ion assist, which may result in a different microstructure
and susceptibility to thermal treatment. The surface morphology of the samples was inspected
by AFM (atomic force microscopy) and we did not observe any changes of the surface with
the temperature.

It must be pointed out that the presented results of bakeout procedures were done for a
relatively short exposure times (~2 hours) and slow thermal shock rate (1000°C/hour). The
mid-term and long-term impacts are planned for investigation in future work together with
dramatically faster cooling of the heated coatings. However, we did not observe any
differences in the results of two hours and ten hours long bakeout procedures. Moreover,
repeated measurement of the spectra after one month of the initial bakeout procedure did not
show any spectral changes during this period. We also expect that the thermal expansion
coefficient of used substrate material (fused silica) is small enough to prevent the coatings
against thermal shock induced mechanical cracking (discussed below in section 4).
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Fig. 3. Bakeout procedure induced spectral shifts of the antireflection coatings deposited by
different methods (e-beam/PIAD) and using TiO,,Ta,Os as high refractive index materials —
overall visible spectral range.
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Fig. 4. Bakeout procedure induced spectral shifts of the antireflection coatings deposited by
different methods (e-beam/PIAD) and using TiO,,Ta,0s as high refractive index materials —
details on desired AR coating wavelengths 532 and 633 nm. Red crosses: TiO,/PIAD, yellow
circles: TiO,/e-beam, purple stars: Ta,Os/e-beam, blue squares: Ta,Os/PIAD.

4. Spectral and optical properties of baked out AR coatings for iodine
absorption cells windows

Considering the results from comparison between TiO, and Ta,0Os coatings material in section
3, we decided to use TiO,/SiO, material combination and PIAD deposition method for testing
its suitability for AR coatings for iodine absorption cells windows. The design of the coatings
was the same as in bakeout procedure test described in section 3. The cells set consisted of 6
cells filled with ultra-pure molecular iodine '*’I,. The whole cells (including optical windows)
were made of fused silica material, the windows were equipped with safety facets and were
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joined to the cell body midsections by quartz welding. The active length was 200 mm and
active diameter of the windows (AR coatings diameter) was 22 mm.

4.1. AR coatings spectral properties in context of iodine absorption cells technology
steps

The cell windows inner surfaces were AR coated, then the windows were baked out. After
baking out, the windows were welded onto the midsection and then their outside surfaces
were AR coated. The evaluation of the coatings spectral properties after each individual cell
manufacturing technology step consists of: 1/ residual reflectance measurement of the
window surfaces after the welding of the window to midsections of the cell body, 2/
transmittance measurement through the cell after welding all of its parts together (midsections
with windows welded to central part), 3/ transmittance measurement after the filling of the
cell with the iodine media.

Considering the results of thermal resistance presented in section 3, we decided to apply
the bakeout procedures as follows: PIAD-no bakeout, 800°C, 900°C and e-beam-no bakeout,
600°C, 800°C. The baked windows with connected midsection parts were then coated from
outer sides and residual reflectance of both sides of the windows were evaluated by the
optical spectrophotometer Agilent Cary 7000. The diagrams in Fig. 5 present means of
averaged residual reflectance measured from pairs of windows tested from inner and also
outer sides.

Investigation of the results found that the baking procedure did not cause significant
spectral profiles changes, the residual reflectance at desired wavelengths still stays below

0.25% for all baking temperature cases. The main difference can be observed in the graph
PIAD / 900°C with spectral red shift of ~10 nm.
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Fig. 5. Residual reflectance of the deposited windows (inner coatings baked out), averaged
over the pair of windows and inner/outer surface measurement.

The finished windows with midsections were than welded to the central parts of the cells,
the cells were completed and prepared for filling with iodine. The transmittance of the
completed cells (before filling) is shown in Fig. 6. The size of the spectrophotometer sample
compartment allows for placing of the whole cell to the path of the focused light beam, with
the optical waist in the middle of the cell length. Because of the length of the cells (~200 mm)
and the divergence of the beam, the cross section of the beam at the windows positions is
~15x15 mm and covers almost the whole surface of the coatings.
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Fig. 6. Transmittance through the whole cells before their filling with iodine absorption media
(blue lines) and after their filling with iodine absorption media (red lines). The iodine
molecules were stored in liquid nitrogen trap.

The investigation of the final transmittance through the cells was done after the filling of
the cells with iodine media using the same optical arrangement in the spectrophotometer as in
the previous step. To avoid the optical absorption caused by the iodine vapor, the cold finger
of the cell was placed in liquid nitrogen (LN,) trap where the iodine was stored in a solid
state. After several tens of minutes of LN, cooling, the transmittance spectra were recorded.

The transmission measurement results in Fig. 6 confirm the thermally induced effects in
the spectral properties of the coatings. In case of the PIAD method, the bakeout procedure of
up to 800°C level causes negligible changes (losses ~0.1% per coating) of optical
transmittance at desired wavelengths. With the thermal stress induced by bakeout temperature
of 900°C, the losses increase to levels of 0.6% (532 nm) and 0.3% (633 nm) per coating
respectively. In comparison to these results, the coatings deposited by conventional e-beam
method exhibit much higher sensitivity to applied bakeout temperatures, optical losses reach
0.5% (532 nm) and 0.3% (633 nm) per coating for 600°C and 0.65% (532 nm) and 0.25%
(633 nm) per coating for 800°C bakeout temperature levels.

Moreover, in comparison to conventional e-beam technology, the use of the PIAD method
in optical coatings deposition dramatically reduces the sensitivity of the coatings to the
settling of the iodine molecules in the coating structure (Fig. 6). The results also confirm that
this unwanted effect in e-beam deposition can be mostly suppressed by proper coatings
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bakeout before filling the cell with the iodine media (but finding an acceptable compromise
against deformation of the spectra caused by baking out is necessary).

4.2. Optical losses homogeneity of the cells’ windows AR coatings

Considering the limitations of spectrophotometer spot size of ~15 x 15 mm, we decided to
map the AR coatings’ optical losses homogeneity at A = 532 nm using laser beam. The filled
cells were put into simple optical system consisted of frequency doubled Nd:YAG laser and a
photodetector unit. The frequency of the laser was detuned far away from any visible iodine
absorption line in the cell and further the iodine in the cell under the test was trapped in liquid
nitrogen (LN,) trap. In this arrangement we were able to monitor optical losses on the cell
windows (4 interfaces in total) by the optical power meter. Thanks to small diameter size of
the laser beam (~1 mm) we were able to monitor these losses in different areas of the
windows. The correctness of this method has been verified by comparison of the
transmittance measurement of the iodine filled cell (solid iodine trapped by LN, trap) and
measurement of reopened and washed cell. The washing procedure included slight heating of
the cell windows with the hot-air gun (~60°C) with simultaneous rinse of the argon gas for
helping the iodine to get off the inner volume of the cell. The washing was applied for 30
minutes. The resulting transmittance, which was ~0.2% lower after the washing than in case
of the iodine filled cell (due to absorption caused by residual iodine settling on AR coatings)
confirms that using of LN, trap in our measurements is a reliable method for keeping the
iodine out of the coatings.

The results of total optical losses measured through both cell windows (1 beam pass) at 9
different positions (1 in center, 4 between center and periphery and 4 in the coating periphery)
for each of the cells are plotted in Fig. 7.

Considering the estimated accuracy of the laser measurement ( £ 0.1%), the results show
the same trends as with previously obtained data from the spectrophotometry measurement.
The use of the ion assist (PIAD) in the coating formation significantly contributes to better
thermal resistance of the coating. According to the results of the tested coatings, there is a
minimal impact of spectral shifts or degradation of the coatings to resulting optical losses for
bakeout temperatures for up to at least 800 °C. The standard deviations of the homogeneity of
the optical losses at different window locations are well below 0.5% (averaged per 4 coatings
interfaces).

Regarding the coatings produced without ion assist, there is an evident impact of the
iodine absorption medium to the resulting optical losses. The iodine molecules probably settle
and are trapped in the porous structure of the coatings and cause additional light absorption.
The worst case (the windows deposited with coating without ion assist and without bakeout
procedure) exhibit very high losses at levels up to 6% per pass through the cell. When we
consider that this unwanted iodine settling effect acts only on the inner surfaces of the cell
and the outer losses per coating is at or below 0.2% level, we obtain the losses at least at 2.8%
per one coating-iodine interface.

However, the bakeout procedure can significantly reduce this effect, as shown by results
from “e-beam / 600°C” and “e-beam / 800°C” diagrams in Fig. 7. Considering the coating
design under the test and minding the results from above presented measurements, one can
find a suitable compromise between bakeout temperature level (spectral shift and degradation
of the coating) and the level of iodine settling effect between 600 and 800°C. Furthermore,
thermal impact on the coating structure is confirmed by the inhomogeneity of optical losses of
the “e-beam — no bakeout” cell. The standard deviation of the losses at different location of
the windows is at 1.5% level, at least three times higher than in case of the PIAD deposited
cells. Moreover, in general this cell exhibits lower level of losses close to the coating edge,
caused by the glasswork burner induced thermal stress around the edges during the welding of
the windows. This result confirms heat influence on the coatings-iodine reactivity/settling
effect.
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PIAD / no bakeout e-beam / no bakeout

53% 4.2%

PIAD/800°C e-beam / 600°C

1.3% 11% 1.0% 1.2%

e-beam / 800°C

1.9% 1.9% - 1.9%

Fig. 7. Measurement of the coatings optical losses homogeneity at different windows locations
(total optical losses at 532 nm wavelength over 1 cell pass = 4 interfaces
coatings/environment).

4.3. Evaluation of the iodine purity

One of the potential reasons for degradation of the coatings optical properties can be found in
contamination with the iodine and formation of unwanted iodine based compounds settling
down/reacting with the windows coatings. The evaluation of the chemical purity and non-
reactivity of the iodine media against materials of the coatings was realized through the laser
induced fluorescence method (LIF), well described in [3,4,22]. This technique is based on
measurement of dependency between the relative level of induced fluorescence on iodine
pressure, expressed by Stern-Volmer formula [22] and resulted in Stern-Volmer coefficient
(K [Pa]) describing the purity level. The cells are rated as: excellent (K<1 Pa), good (K
between 1 and 1.5 Pa) and contaminated (K>1.5 Pa). All of the iodine cells were tested by the
LIF system and they show excellent purity with the Stern-Volmer coeficient (K) at 0.76-0.93
Pa level (Table 3).

61



Vol. 27, No. 7 | 1 Apr 2019 | OPTICS EXPRESS 9370

Optics EXPRESS

Table 3. Stern-Volmer Coefficients of the Tested Iodine Cells

Cell name Stern-Volmer
coefficient K [Pa]
PIAD / no bakeout 0.91
PIAD / 800°C 0.84
PIAD /900°C 0.76
e-beam / no bakeout 0.76
e-beam / 600°C 0.83
e-beam / 800°C 0.93

These results confirm the high-level purity of iodine medium in the cells and there is no
chemical reaction of iodine with the coatings materials. This evaluation also confirms that the
high level of optical losses found in the measurement (especially the cell e-beam / no
bakeout™) is caused by the settling of iodine molecules in the structure of the coating surface.
This effect can be reduced by using of the PIAD and proper bakeout procedure of the coatings
before the filling of the cell with the iodine.

5. Conclusions

This work was oriented towards the influence of thermal annealing to spectral properties of
dielectric optical coatings on iodine absorption cells windows. Two different coating material
combinations (TiO,/SiO, and Ta,0s/Si0,) and two different deposition methods
(conventional e-beam and plasma ion assisted deposition) were studied from the point of view
of antireflective coatings’ resistance to applied bakeout temperatures and chemically
aggressive environment.

TiO, based PIAD coating is the most resistant against temperature induced spectral shifts.
Temperatures up to 1000°C do not produce any significant shifts in the spectrum and the
coating performs well at both 532 nm and 633 nm wavelengths. In case of both TiO, and
Ta,0s, PIAD coatings show better thermal resistance than conventional e-beam.

In terms of iodine-filled absorption cells, the proper bakeout procedure can significantly
reduce optical losses of the AR coatings due to the iodine settling into the coating. In case of
TiO, based PIAD coating baked to 900°C we achieved optical losses at the inner surface of
0.3% level, while in case of e-beam based coating without bakeout procedure this losses
dramatically increased up to 2.8% level per inner surface.

The resulting spectral characteristics confirm that by selection of proper deposition
method and optimized bakeout temperature, the unwanted effect of settling of the iodine in
the coating structure can be effectively suppressed and the performance of laser standards
based on these iodine cells can be further improved.
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Abstract—We report on the design and prototype realization
of the gauge probe sensor for the measurement of displace-
ment based on a laser interferometer. The measurement system
incorporates a suitable laser source and interferometric phase
processing system. The phase extraction (fringe counting) relies
on a single-detector homodyne detection method for phase
extraction that uses a harmonic optical frequency modulation
of the laser beam and allows for a significantly reduced and
thus compact and robust optical arrangement. The experimental
verification revealed that the sensor system achieves the sub-
nanometer precision and nanometer accuracy in the 10 mm
measurement range.

I. INTRODUCTION

The laser interferometry techniques represent the most pre-
cise methods for dimensional measurement with both the sub-
nanometer precision and the large measurement range as well
as ultimate accuracy, precision and repeatability [1]. The basic
resolution of the laser interferometer corresponds to the wave-
length of the laser source, usually to one half or one quarter of
it, depending on the optical configuration. This resolution is
typically improved by various methods, commonly referred to
as fringe counting/subdivision or detection techniques [2], [3],
that provide the resolution down to picometer range. Another
advantage is that the inherently optical method allows for the
traceability transfer into the mechanical domain.

One of the still relevant challenges is the application of
its ultimate dynamic range (theoretically an infinite) and
precision into practical instrumentation suitable e.g. for the
mechanical engineering industry. Such an application, besides
the obvious advantages introduces several issues that needs
to be tackled: both the interferometers and the laser source
require stable operation conditions, the optical setups tend
to be mechanically fragile, bulky and expensive and that the
routine long-term operation requires skilled maintenance.

In this paper we present a compact form-factor displace-
ment gauging probe sensor for contact measurement based on
a laser interferometer with a simplified optical arrangement.
The pencil-type construction, similar to that of the LVDT
sensors, features linearly guided contact tip with the 30 mm
travel range, the housing from low-expansion material and
adjustable mounts for the interferometer’s optical components.

The research was supported by GA CR (GB14-36681G), TA CR
(TA03010663, TA03010835, TA02010711, TE01020233), MEYS CR
(LO1212), its infrastructure by MEYS CR and EC (CZ.1.05/2.1.00/01.0017)
and by ASCR (RVO:68081731).
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Fig. 1. The sensor system architecture: (a) the simplified optical arrangement
of the interferometer fed from (b) the laser source. The (c) processing system
acquires and processes the interferometer’s output.

The interferometer, operating at 1.5 um wavelength band, uses
the Michelson’s arrangement with our custom single-detector
homodyne detection based on harmonic modulation of the
laser wavelength. Sections II and III present the design and
prototype realization of the sensor itself, an appropriate laser
source for the embedded interferometer and the methods for
the processing of the signal from the interferometer. Sections
IV and V presents the experimental verification of the sensor
performance.

II. SENSOR DESIGN

The entire sensor system incorporates several components:
the measurement sensor itself (the gauge probe), the laser
source and the processing subsystem. The body of the gauge
probe basically provides the housing for the measuring tip and
for the optical components of the laser interferometer. The
processing system generates control signals for the laser and
performs the fringe counting. The individual parts, shown in
Fig. 1, are described in following sections.



A. Optical Setup

The laser interferometer uses the Michelson interferometer
arrangement (Fig. 1a) that uses a non-polarizing beam-splitter
(NBS) cube to split the fiber-fed beam into the reference and
measuring arm. The reference arm uses a flat mirror that is
realized as a dielectric reflective coating deposited onto the
wall of the NBS. The measurement uses a cube-corner reflector
that is mounted on the translation mechanism of the measuring
tip. As both the mirror coating in the reference arm and the
reflector in the measuring arm reflect the beam in parallel to
the incident beam and without a lateral offset so that the output
of the interferometer is collected back by the collimator and
fed to the processing subsystem. The laser delivery as well as
the optical arrangement use a non-polarizing optics and single
mode fibers.

B. Laser Source

As the laser source we used a compact laser-diode based
module with integrated circuitry for the stabilization of the
diode temperature and injection current. As the wavelength is
longer in comparison to that of the He-Ne laser sources (tra-
ditionally used for dimensional metrology), the fundamental
resolution is proportionally lower. On the other hand the fiber
and optical components for the telecommunication wavelength
band are significantly more abundant and thus cost-effective.

The laser output (see 1b), already fiber-coupled within the
module, is passed through an Optical Faraday Isolator and to
a single-mode fiber splitter. Small part of the light is sensed
by a photodetector so that the processing system can monitor
the intensity of the laser module output and compensate it’s
intensity fluctuations caused e.g. by the residual amplitude
modulation that occurs as a consequence of laser frequency
optical modulation. The rest of the light passes to the optical
circulator that directs the beam from laser to the gauge
probe and then directs the interferometer’s output — that is
transmitted back through the same fiber — to the interference
signal photodetector.

C. Processing System

The processing subsystem carries out the fringe counting
using a homodyne-based single-photodetector detection sys-
tem, that relies on a harmonic modulation of the laser source
optical frequency in order to reconstruct a pair of sine/cosine
signals by means of numeric computation [4]. The calculations
(see 1c) are done in the digital domain from digitized input
analog signals from the photodetectors. First step is the syn-
chronous demodulation (DEMOD) of the modulation effects
caused by the optical frequency modulation of the laser. The
demodulated part is mixed (MIX) with a phase shifted copy of
the modulation signal. Then the signal is averaged (AVG) and
scaled (SCALE) to produce the sine and cosine signals. Onto
those the compensation of the residual amplitude modulation
(that is caused by the optical frequency modulation) and scale
linearity correction algorithms are applied (COMP; [4], [S]).
The phase is then extracted (PHASE) and the displacement is
calculated (CNTR).
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Fig. 2. Sensor prototypes (gauges only).

III. PROTOTYPE FABRICATION

We have completed several sensor prototypes — shown in
Fig. 2 — in order to carry out the experimental verification. The
body of the sensor is fabricated from carbon fiber reinforced
polymer that exhibits very low thermal expansion while it
ensures rigid support for the rest of the mechanics. A commer-
cially available measuring tip with a precise linear ball bearing
was adjusted so that it can hold the retroreflector that acts as
the measuring arm of the interferometer. The measuring tip is
spring-expanded and air-retracted. An aluminum housing was
fabricated to hold the 5mm beam-splitter cube and the fiber
collimator with the gradient-index lens. The position of the
retroreflector and the beam splitter is factory adjusted while
the collimator is adjustable in six degrees of freedom.

The laser module we use (RIO Orion Module by Redfern
Integrated Optics) is lasing at the nominal wavelength of
1530.245 nm. The module with the nominal output power of
10mW and the line width > 2kHz is modulated with a sine
signal with 50kHz frequency and ~ 150 MHz peak-to-peak
modulation depth of the optical frequency.

The DAQ (Agilent U2531A) acquires the signals from
the photodetectors at 400 kSps with 14—bit resolution. The
acquired data are transferred to a PC where a dedicated control
software processes them in real-time (with a certain trans-
port delay). The fundamental bandwidth of the displacement
measurement is equal to the modulation bandwidth, i.e. with
the single-pass arrangement the resulting maximum translation
velocity reaches ~ 9.5 mm.s~!. For measurements within the
range < \/4, the detection technique provides theoretical limit
that is equal to the analog-to-digital sampling rate.

IV. EXPERIMENTAL VERIFICATION

We carried out two sets of experiment to verify the perfor-
mance of the displacement sensor. In first set of experiment,
we have assembled conventional Michelson interferometer
with similar optical arrangement to that in the sensor and with
two separate detection chains. The reference chain realized the
four-detector homodyne detection while the other realized the
tested method. On this setup we compared the coincidence of
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Fig. 3. The comparison of the single-detector phase detection technique
against the reference detection method. The plot shows the difference between
the reference displacement and displacement measured by the verified method.
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Fig. 4. Calibration results of the sensor prototype (referred to as DUT -
Device Under Test), measured on the nano-calibrator.

the phase extraction between the two in order to separately
verify the fringe counting method. The results of comparison
on the 100 mm travel range are shown in Fig. 3.

The overall performance was inspected on a dedicated
nano-comparator machine (developed at ISI[6]) which was
constructed for the calibration of precise displacement sensors.
The results, shown in Fig. 4, indicate the ¢ = 5.5 um accuracy
over the 10 mm lift of the gauge probe.

V. RESULTS AND DISCUSSION

The experimentation has revealed that the single-detector
fringe counting technique used in conjunction with the in-
terferomer operated with the 1.5 pum laser achieves better
coincidence than A/1000 in comparison to the traditional
homodyne detection technique. The substantial benefit of the
novel detection scheme is that it allows the use of non-
polarization optics and single mode fiber for beam delivery.
This combination also makes the system robust against the
inevitable rotation of the polarization induced by the vibrations
and movements of the delivery fiber. The drawback is the
requirement for the optical frequency modulation capability
in the laser source, which can be fortunately easily met with
modern semiconductor laser sources.
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The calibration measurement revealed that the displacement
measurement error keeps below 10nm. A benefit of the
interferometric measurement is the feasibility of the trace-
ability transfer from the optical domain to the mechanical
domain, e.g. by the means of external stabilization of the
laser source on an atomic transition in acetylene. Since the
laser sources at the 1.5 um are able to deliver high optical
power (compared e.g. to stabilized He-Ne lasers) a single laser
source could be used for driving multiple sensors in a complex
measurement system. The system could also provide multiple-
sensor applications referenced to a single scale (represented
by the laser frequency), optionally including the traceability
to a fundamental standard.

Please note that as the only interface between the gauge
probe and the rest of the system is the optical fiber, the sensor
system is immune to the EMI noise.

VI. CONCLUSION

We have developed the compact gauge probe sensor system
that uses the principle of the laser interferometry for the
precise displacement measurement. The use of the modulation-
based interference phase detection method allowed for the
construction of an interferometer with a significantly simpli-
fied optical arrangement so that the presented design integrates
the ultimate precision of the laser interferometer with the en-
durance necessary for the manufacturing industry. The sensor
system is feasible e.g. for multi-axis dimensional systems or
for various length metrology applications.
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Integrovany laserovy snima¢ délky pro kontaktni méfeni

Oblast techniky

Technické feseni se tyka integrovaného laserového snimace délky pro kontaktni méteni na bazi
interferometru.

Dosavadni stav techniky

Pfi soucasném stavu techniky jsou pro kontaktni délkové sniméani vyuzivany zpravidla
nasledujici kategorie technik:

A) Induk¢nostni snimace
B) Opticka pravitka
C) Laserov¢ interferometry

Principem induk¢nostnich snimacd je ptrevod hodnoty magnetické indukce na vzdalenost.
Vyhodou je kompaktni a cenové efektivni provedeni a dale okamzité absolutni odvozeni pozice.
Nevyhodou je niz8i pfesnost, citlivost na elektromagnetické ruseni a teplotu prostfedi, velka
relativni chyba a nutnost kalibrace.

Opticka pravitka odvozuji méfenou vzdalenost od integrovaného mechanického pravitka, jehoz
stupnice je opticky snimana. Vyhodou je robustnost vii¢i vliviim prostiedi a lepsi pfesnost nez
napf. u indukénostnich snimact. Nevyhodou je nakladnéjsi a objemngjsi konstrukce, relativni
rozliSeni polohy, které vyzaduje pritomnost referencnich znacek a pro pfesna méfeni nutnost
kalibrace.

Laserové interferometry predstavuji nejpresnéjsi techniky méfeni, jejichz vyhodou je vysoké
rozliSeni, mala relativni chyba v zavislosti na méfené délce a moznost pfimé metrologické
navaznosti na definici jednotky jeden metr dle provadécich doporuceni SI. Nevyhodou je potfeba
slozitého optického uspotadani, které je velmi citlivé na mechanické a teplotni vlivy okoli.

Podstata technického feSeni

Vyse uvedené nevyhody dosavadniho stavu techniky jsou do zna¢né miry eliminovany
integrovanym laserovym snimacem délky, ktery obsahuje

- t€lo opatfené vstupem pro pfipojeni optického vlakna,

- déli¢ svazku paprski, ktery je uspoiadany v téle a ktery obsahuje délici plochu pro déleni
svazku paprsku ptivadéného ze vstupu na méfici ¢ast svazku a referencni ¢ast svazku,

- nosi¢, ktery je svym proximalnim koncem suvné ulozeny v téle,
- zpétny odrazec, a je upevnény v nosici, a
- odraznou plochu, ktera je usporadana v téle,

pricemz vstup pro pfipojeni optického vlakna, déli¢, zpétny odraze¢, odrazna plocha jsou
usporadany
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- pro vedeni meéfici Casti svazku paprskii do zpétného odrazece a jeji odrazeni zpét na délici
plochu apro vedeni alesponi prvni Gasti této odrazené méfici ¢asti do vstupu pro pfipojeni
optického vlakna,

- pro vedeni referen¢ni ¢ast svazku paprskll na odraznou plochu a jeji odrazeni zpét na délici
plochu a pro odrazeni alespon prvni ¢asti této odrazené referen¢ni ¢asti do vstupu pro piipojeni
optického vlakna, a

- pro vytvafeni prvniho rekombinovaného svazku paprskd z prvni Casti meéfici Casti svazku
a prvni Casti referencni ¢asti svazku.

V ptednostnim provedeni integrovany laserovy snimac dale obsahuje kolimaéni ¢ocku, ktera je
uspofadana v te€le mezi vstupem pro piipojeni optického vlakna a délicem svazku paprski,
pfi¢emz je uspofadana pro kolimaci svazku paprskl pfivadénych ze vstupu do délice svazku
paprskil a pro kolimaci prvniho rekombinovaného svazku paprski pied jeho vstupem do vstupu
pro pfipojeni optického vldkna.

S vyhodou je délicem délici hranol a/nebo je odrazna plocha tvofena odraznou optickou vrstvou
deponovanou na boc¢ni plose délice.

Rovnéz je vyhodné, kdyz je nosi¢ na distalnim konci opatfeny kontaktnim hrotem.

Prednostné je zpétny odrazec¢ kulovy zpétny odraze¢ a/nebo je vyroben z materialu, jehoz index
lomu je roven 2 (+ 0,05).

Ve zvlast vyhodném provedeni je zpétnym odrazeCem kulova cocka, kterda je na strané
privracené k délici opatiend antireflexni vrstvou a/nebo je na strané odvracené od déli¢e opatfena
odraznym povlakem.

Kolimac¢ni ¢ockou je nejlépe gradientni Cocka.
Télo je s vyhodou vyrobeno z vrstveného kevlaru.

Integrovany laserovy snima¢ s vyhodou obsahuje optického vldkno pfipojené ke vstupu pro
privadéni svazku paprski do délice a pro odvadéni rekombinovaného svazku.

Integrovany laserovy snima¢ podle tohoto technického feSeni s vyhodou obsahuje pomocny
vystup, pii¢emz kolimacni CocCka, délic, zpétny odraze¢ a odrazna plocha jsou vzhledem
k pomocnému vystupu uspotfadany

- pro odrazeni druhé ¢asti métici ¢asti svazku paprsku, ktera byla odrazena od zpétného odrazece
na délici plochu, do pomocného vystupu, a

- pro pruchod druhé ¢asti referenéni Casti svazku paprskd, ktera byla odrazena od odrazné plochy
na délici plochu, do pomocného vystupu, a

- pro vytvafeni druhého rekombinovaného svazku paprskid z druhé casti méfici Casti svazku
a druhé ¢asti referencni Casti svazku.

Predkladané feSeni kombinuje dil¢i vyhody jednotlivych metod: jednoduché, kompaktni, robustni
a cenové efektivni optické usporadani, které poskytuje velmi presné rozliSeni a metrologickou
navaznost.
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Objasnéni vykresi

Technické feseni je dale podrobnéji popsano pomoci piikladného provedeni, které je schematicky
znazornéno na vykrese.

Priklad uskuteénéni technického feSeni

Ptikladné provedeni integrovaného laserového snimace délky pro kontaktni méfeni podle tohoto
technického feseni obsahuje télo 1 integrovaného laserového snimace, na jehoz jednom konci je
vstup pro piipojeni optického vlakna 8 a na druhém konci je kontaktni hrot 3.

T¢lo 1 integrovaného laserového snimace délky je pfednostné vyrobeno z vrstveného kevlaru,
nejlépe zkevlaru vrstveného tak, e md koeficient tepelné roztaZnosti men$i nez 10 K2,
Pfipadn€ mize byt z jiného materialu s nizkou hodnotou koeficientu teplotni roztaznosti.

Kontaktni hrot 3 je usporfadan na nosici 4, ktery je suvné pomoci linearniho vedeni 2 ulozen
vtéle 1 integrované¢ho laserového snimace délky tak, Ze ho lze CasteCné vysouvat ztéla 1
integrovaného laserového snimace a alesponi Castecné zasouvat do téla 1 integrovaného
laserového snimace délky.

Linearni vedeni 2 je pfednostné ve formé kulickového linearniho vedeni. Pfednostné jsou rovnéz
télo 1 a/nebo nosi¢ 4 opatfeny neznazornénymi dorazy pro vymezeni maximalniho a/nebo
minimalniho vysunuti/zasunuti nosice 4 z/do téla 1 integrovaného laserového snimace. Dale
muze byt integrovany laserovy snima¢ opatfen neznazornénym piedpinacim prvkem pro
predepnuti nosic¢e 4 do maximalni vysunuté polohy nebo maximalni zasunuté polohy.

V nosici 4 je upevnén zpétny odraze¢ 5 ve formé kulové Cocky. Ve znazornéném piikladném
provedeni je zpétny odraze¢ 5 vyroben z dopovaného skla, které ma index lomu prostiedi blizky
hodnot¢ 2, naptiklad ze skla dopovaného lanthanoidy. Na strané privracené ke kontaktnimu hrotu
3 je odraze¢ 5 ve formé kulové CoCky povrstveny odraznou optickou vrstvou, coz zvySuje
efektivitu odrazu, na druhé strang, tedy na strané ptivracené K piivadénému svazki paprskd, je
povrstveny antireflexni vrstvou, coz eliminuje optické etalonové efekty uvnit cocky.

V téle 1 integrovaného laserového snimace je dale mezi zpétnym odrazeCem 5 a vstupem pro
ptivadéni svazku paprsku, respektive pro pfipojeni optického vlakna 8, uspotadan déli¢ 6 svazku
paprski a kolimacni ¢ocka 7.

Jako d¢li¢ 6 svazku je prednostné pouzit nepolarizujici délici hranol, u kterého neni délici pomér
ovlivnén zmeénou polarizace (ke které mize dochazet primarné tim, Ze piivod svazku je
realizovan optickym vldknem).

Jako odrazna plocha je s vyhodou pouzita odraznd opticka vrstva 10, kterd je prednostné
nanesend piimo na sténé délice 6 svazku paprskii ve formé déliciho hranolu, coz eliminuje
nutnost prostorového sesouhlaseni délice 6 svazku paprskt a odrazné optické vrstvy 10 a snizuje
prostorové naroky.

Jako kolimacni ¢oc¢ka 7 je s vyhodou pouzita gradientni ocka (¢ocka s proménnym indexem
lomu, resp. ¢ocka typu GRIN).

Déli¢ 6 svazku a/nebo kolimaéni ¢ofka 7 mohou byt uspofadany vtéle 1 integrovaného

laserového snimace fixn€, nebo mohou byt piestavitelné, ¢imz je umoznéno pozde€jsi doladéni
prostorového uspotadani.
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Znéazornény integrovany laserovy snimac pracuje nasledovné:

Laserovy svazek paprski je piivadén optickym vldknem 8 do integrovaného laserového snimace,
konkrétné do kolimacni ¢ocky 7. Svazek vystupujici z kolimaéni Cocky 7 je ptivadén na délic¢ 6
svazku, ve kterém je svazek rozdelen tak, Ze se referencni ¢ast RB svazku odrazi od délici plochy
9 na odraznou optickou vrstvu 10, ze které se odrazi zpét na délici plochu 9 a z ni je prvni ¢ast
referencni casti RB svazku odrazena zpét do kolimacni ¢ocky 7, zatimco druha ¢ast referencni
¢asti RB svazku projde délici plochou 9 do pomocného vystupu 11. Méfici ¢ast MB svazku
projde délici plochou 9 délice 6 svazku a dopada na zpétny odraze¢ 5, ze kterého se odrazi zpét
do délice 6 svazku, resp. na délici rovinu de€lice 6 svazku, ze kterého dale pokracuje prvni ¢ast
méfici ¢asti MB svazku do kolimaéni ¢ocky 7 a druha ¢ast do pomocného vystupu 11.

Prvni ¢ast odrazené méfici ¢asti MB a prvni Cast odrazené referencni ¢asti RB svazku, které
dopadaji na délici plochu 9, se v mist¢ dopadu rekombinuji (znovu spojuji) a dochazi zde
K interferenci téchto ¢asti MB, RB, tj. vznika prvni rekombinovany/interferenéni svazek, ktery je
privadén do kolimacni ¢ocky 7. Prvni rekombinovany svazek predstavuje interferencni signal,
ktery nese informaci o vzajemné fazi referené¢ni ¢asti RB svazku a méticiho ¢asti MB svazku, ze
které 1ze odvodit relativni polohu linearniho vedeni 2 a potazmo kontaktniho hrotu 3 vzhledem
k déli¢i 6 svazku.

Druhé ¢&ast odrazené méfici ¢asti MB svazku a druha ¢ast odrazené referenéni ¢asti RB svazku,
které dopadaji na délici plochu 9, se v misté dopadu rovnéz rekombinuji (znovu spojuji)
a dochazi zde k interferenci téchto ¢asti MB, RB, tj. vznika druhy rekombinovany/interferencni
svazek, ktery je ptivadén do pomocného vystupu 11.

Druhy rekombinovany svazek je vyuZitelny zejména pti mechanické kompletaci, resp. sefizovani
optické sestavy integrovaného laserového snimace.

Diky vySe popsanému uspofadani predstavuje jediné rozhrani mezi integrovany laserovym
snimacem, zdrojem laserového svazku a systém pro vyhodnoceni interferencni faze jedno optické
vlakno, coz eliminuje vliv elektromagnetického ruSeni, nebot’ pfenos informace se déje plné
fotonicky (bez pfitomnosti elektroniky).

Diky pouziti kolimac¢ni ¢ocky 7 ve formé gradientni ¢ocky je umoznéno generovani vhodného
profilu svazku pfivadéného do delice 6 a zaroven je umoznéno s vysokou ucinnosti zpétné
navazat interferen¢ni signaly zpét do optického vldkna 8.

Diky tomu, ze je jako zpétny odraze¢ 5 pouzita kulova cocka z dopovaného skla, odrazi zpétny
odraze¢ 5 svazek tak, Ze osy dopadajiciho a odrazeného svazku jsou rovnobézné, ¢imz se
v kombinaci s kolimaéni ¢o¢kou 7 ve formé gradientni ¢o¢ky kompenzuje piipadna Ghlova chyba
linearniho vedeni. Diky kulovitému tvaru zpétného odrazece 5 je na rozdil od béznych odrazect
mozné odrazet svazek paprski tak, ze osy dopadajiciho a odrazeného svazku jsou identické, coz
umoznuje vyuzit jedno optické vldkno 8 ajednu kolimaéni ¢ocku 7 jak pro ptivod svazku
laserovych paprsku, tak pro vystup zpétné odrazeného, rekombinovaného interferenc¢niho signalu.

Samotny princip méfeni, pii kterém se méfend délka odvozuje od optické frekvence laserového
svazku, umoziuje pfimou metrologickou navaznost na jeden metr dle definice SI.

Ackoli byla popsana zvlast’ vyhodna piikladna provedeni, je zfejmé, ze odbornik z dané oblasti
snadno nalezne dal$i mozné alternativy k t¢émto provedenim. Proto rozsah ochrany neni omezen
na tato ptikladna provedeni, ale spiSe je dan definici pfilozenych narokli na ochranu.
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NAROKY NA OCHRANU

1. Integrovany laserovy snimac délky pro kontaktni méfeni, vyznacujici se tim, ze
obsahuje

- télo (1) opatiené vstupem pro pfipojeni optického vlakna (8),

- déli¢ (6) svazku paprsku, ktery je uspotadany v téle (1) a ktery obsahuje delici plochu (9) pro
déleni svazku paprskl pfivadéného ze vstupu na meéfici ¢ast (MB) svazku a referencni ¢ast (RB)
svazku,

- nosi¢ (4), ktery je svym proximalnim koncem suvné ulozeny v téle (1),
- zpétny odrazec (5), ktery je upevnény v nosici (4), a
- odraznou plochu, ktera je usporadana v téle (1),

pri¢emz vstup pro ptipojeni optického vlakna (8), déli¢ (6), zpétny odrazec (5), a odrazna plocha
jsou usporadany

- pro vedeni méfici ¢asti (MB) svazku paprski do zpétného odrazece (5) a jeji odrazeni zpét na
délici plochu (9) a pro vedeni alespon prvni ¢asti této odrazené méfici ¢asti (MB) do vstupu pro
pripojeni optického vlakna (8),

- pro vedeni referencni ¢ast (RB) svazku paprskii na odraznou plochu a jeji odrazeni zpét na
délici plochu (9) a pro odrazeni alespon prvni ¢asti této odrazené referencni ¢asti (RB) do vstupu
pro pfipojeni optického vlakna (8), a

pro vytvateni prvniho rekombinovaného svazku paprskll z prvni ¢asti méftici ¢asti (MB) svazku
a prvni Casti referencni ¢asti (RB) svazku.

2. Integrovany laserovy snima¢ podle naroku 1, vyznacujici se tim, Ze dale obsahuje
kolimacni ¢ocku (7), ktera je usporadana v té€le (1) mezi vstupem pro pfipojeni optického
vlakna (8) a délicem (6) svazku paprskil, pficemz je usporadana pro kolimaci svazku
paprsku privadénych ze vstupu do délice (6) svazku paprskt a pro kolimaci prvniho
rekombinovaného svazku paprskt pied jeho vstupem do vstupu pro pfipojeni optického
vlakna (8).

3. Integrovany laserovy snimac podle kteréhokoli z pfedchazejicich narokd, vyznacujici se
tim, Ze déli¢ (6) je délici hranol a/nebo odrazna plocha je tvofena odraznou optickou
vrstvou (10) deponovanou na boc¢ni plose délice (6).

4. Integrovany laserovy snimac podle kteréhokoli z pfedchazejicich narokdi, vyznacujici se
tim, Ze nosic (4) je na distalnim konci opatfeny kontaktnim hrotem (3).

5. Integrovany laserovy snimac podle kteréhokoli z pfedchazejicich narokd, vyznacujici se
tim, Ze zpétny odrazec (5) je kulovy zpétny odraze¢ a/nebo je vyroben z materidlu, jehoz
index lomu je roven 2 (£ 0,05).

6. Integrovany laserovy snimac podle kteréhokoli z pfedchazejicich narokd, vyznacujici se
tim, Ze zpétny odrazec (5) je kulova Cocka, ktera je na strané privracené k délici (6)
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opatfena antireflexni vrstvou a/nebo je na strané odvracené od délice (6) opatiena
odraznym povlakem.

Integrovany laserovy snima¢ podle kteréhokoli z pfedchazejicich naroki, vyznacujici se
tim, Ze kolimacni ¢ocka (7) je gradientni ¢ocka.

Integrovany laserovy snima¢ podle kteréhokoli z pfedchazejicich narokt, vyznacujici se
tim, Ze télo (1) je vyrobeno z vrstveného kevlaru.

Integrovany laserovy snima¢ podle kteréhokoli z pfedchazejicich narokt, vyznacujici se
tim, Ze obsahuje optického vlakno (8) ptipojené ke vstupu pro ptivadéni svazku paprski
do déli¢e (6) a odvadéni rekombinovaného svazku.

Integrovany laserovy snima¢ podle kteréhokoli z pfedchazejicich narokt, vyznacujici se
tim, Ze obsahuje pomocny vystup (11), pti¢emz kolimaéni ¢ocka (7), déli¢ (6), zpétny
odraze¢ (5) a odrazna plocha jsou vzhledem k pomocnému vystupu (11) uspofadany

- pro odrazeni druhé ¢asti méfici ¢asti (MB) svazku paprski, ktera byla odrazena od zpétného
odrazece (6) na délici plochu (9), do pomocného vystupu (11), a

- pro pruchod druhé casti referencni ¢asti (RB) svazku paprsktl, ktera byla odrazena od odrazné
plochy na d€lici plochu (9), do pomocného vystupu (11), a

- pro vytvareni druhého rekombinovaného svazku paprskil z druhé ¢asti méfici casti (MB) svazku
a druhé casti referencni ¢asti (RB) svazku.

1 vykres
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ARTICLE INFO ABSTRACT
PACS: Besides the environmental fluctuations, the typical sources of significant uncertainty in the laser interferometry
07.60.Ly systems are the geometrical errors. These are stemming, among others, from the misalignment of measurement
06.30.Bp axes, the thermo-mechanical influences of the system components and the mounting, guidance errors of the
g;zéﬁh translation mechanism that carries the measurement mirror or vibrations. We report on a compact double-pass
42.15.8q differential plane interferometer that features an original optical arrangement with four parallel and coplanar
beams, where the beam pairs in the two arms are coaxial. The differential arrangement minimizes the dead path
Keywords: and shortens the metrological loop so that the sensitivity to thermal drifts and vibrations is reduced. The arm

symmetry allows for the preservation of the Abbe principle, and the common path mitigates the influences of the
environmental disturbances. The interferometer optics is designed as a self-contained single-piece assembly made
using optical contacting from the low-expansion materials. The interferometer system integrates the homodyne
receiver (even though the optical arrangement is well-suited for heterodyne detection too) and also a tilt-detection
electronics that allows for detection of pitch and roll of the interferometer mirror so that the parasitic movement
of the measuring mirror could be compensated for. The experimental characterization revealed a good optical
performance of the interferometer with sub-nanometre cyclic error and the resolution of tilt detection in order

Laser interferometry

Optical metrology
Dimensional measurement
Common path interferometer
Differential interferometer
Tilt compensation

of a few microradians.

1. Introduction

Establishing a well-performing measurement testbed with a laser in-
terferometer, the wide-spread workhorse in the geometric and dimen-
sional metrology [1-3], means to address a quite well-known list of is-
sues [4]. In the first place, all three integral parts of any interferometric
system — the laser source, the optics, and the phase-detection system
(receiver) — have to be up to quite a high degree of precision and well-
characterized (calibrated), especially when it comes down to preserving
the traceability link [5]. The laser source has to deliver sufficient sta-
bility of the optical frequency, and the optics in conjunction have to
exhibit a minimal cyclic error [6-9]. Then there are the environmental
factors that need to be tackled, i.e., a priori minimized when applicable
or observed and compensated for otherwise.

Apart from the fluctuations in the refractive index of air, that are typ-
ically compensated for using the monitoring of atmospheric conditions
[10-13], by tracking refractometry [14] or by avoiding the air either
partially or entirely [15,16], it is the mechanical stability of the whole
arrangement that is the most significant source of uncertainty. In the
first line, a stable metrology reference frame is critical for high-precision
instrumentation in the dimensional metrology and nanometrology

* Corresponding author.
E-mail address: res@isibrno.cz (S. Refucha).

https://doi.org/10.1016/j.optlaseng.2021.106568

[17-19] to keep the metrology loop under control, and the amount of
used expensive Zerodur ceramics or Invar alloy determines the quality
and precision of the final instrument. Next issue, typically associated
(and almost unavoidable) with the displacement interferometers, is the
mechanical imperfection of the translation mechanism that carries the
measurement mirror. The resulting guidance errors give rise to the co-
sine and Abbe errors [4].

A feasible approach is using a differential arrangement with par-
allel beams in the two interferometer’s arms. To a certain extent, the
differential approach excludes the body of the interferometer from the
metrological loop. The observed phase shift is dependent only on the
mutual position of the two arms’ mirrors along the common measure-
ment axis. Relatively few interferometers of such an arrangement has
been described for geometric measurements [20-22], coordinate mea-
surements [23] or specialized application such as scanning probe mi-
croscopy [24,25]. Several differential interferometers are also available
commercially, such as the RLD10-xx-DI series by Renishaw, DPMI by
Zygo, or the 10719A and 10715A by Keysight.

Generally, the parallel beams have a positive impact on the reduction
of the optical path-length change due to uniform changes in the refrac-
tive index of air or thermal expansion of the instrumentation base (in a
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similar manner to the compensated arrangement for the interferometer
back-to-back comparisons [26]). When considering the sensitivity to the
geometrical errors, such as the guidance errors or parasitic pitch/yaw of
the measured axis, it is the beam arrangement that plays an important
role.

Reliable preservation of the Abbe principle requires the interferom-
eter’s axes to be not only parallel but also coaxial, which in turn en-
forces a double-pass configuration. Suitable interferometers are for ex-
ample the PTB interferometer [20], NPL Differential Plane Interferom-
eter [27,28], its principally close commercial relative DPMI (Zygo) or
10715A (Keysight). These interferometers have the four beams either
coplanar and evenly spaced, where the inner pair and the outer pair rep-
resent the two arms or organized in a 2x2 matrix with the beams from
respective arms on the diagonals. What remains is the cosine error, that
typically occurs due to the imperfect motion of the measurement mirror
resulting in its residual tilt (pitch and yaw) that occur both statically
(e.g., from guiding errors) and dynamically (e.g., from vibrations).

In this paper, we present a four beam double-pass differential plane
interferometer with coplanar beams and coaxial arms, that combines an
original optical arrangement and the ability to detect the tilt of the mea-
surement mirror. The interferometer optics is arranged and realized as
a self-contained, compact single block without the need for an external
beam-splitting element and assembled using the optical contacting to
increase the thermo-mechanical and alignment stability of the optical
elements.

The arrangement also allows us to introduce the detection of lat-
eral displacement of the beam in one of the interferometer arms with
a position-sensitive detector so that any changes in the tilt of the re-
spective mirror could be detected in-situ, simultaneously with the phase
measurement and with real-time response. As the response of the lateral
shift scales with the physical distance, it might be slightly impractical
for the inference of the absolute tilt angle, but well exploitable for the
realization of a closed-loop compensation of the tilt, for instance using
the wide-spread piezoelectric adjusters.

The in-line tilt detection feature could be considered a significant
advantage in comparison with alternative approaches. Most usually an
additional interferometer axis (or axes for up to six degrees of freedom
characterization) is used [17,18,29-32] (which is costly). A different
approach might be, for example, a CCD-assisted alignment [33] (which
probably will not keep pace with the phase measurement) or in-situ es-
timation through physically “modulating” the pitch and yaw [34] (that
require repeated measurement).

In the following sections, we describe the architecture and optical ar-
rangement (Section 2) and the tilt sensing approach (Section 3), present
the characterization (Section 4) and discuss the aspects of the presented
system (Section 5) before concluding the article (Section 6).

2. The interferometer

The architecture of the interferometer is shown in Fig. 1. The heart
of the optical arrangement is the large polarizing beam splitter (PBS)
that distributes the input laser beam into four parallel beams in a sin-
gle plane. With the first incidence of the input laser beam on the beam-
splitting layer, this is split into two beams, forming the two polarization-
separated arms of the interferometer. The reflected part exits the inter-
ferometer as the first-pass beam of the outer pair. The transmitted part
undergoes a reflection on the auxiliary corner cube (CC), bounces back
from the dielectric reflective coating on the opposite side, passing twice
the quarter-wave plate (QWP), and then reflects on the splitting layer
and exits the interferometer as the first-pass beam of the inner pair.

Both beams pass the other QWP once after exiting the PBS, and once
after bouncing back from plane surfaces, then re-enter the interferom-
eter, undergo a reflection on the rear CC, and exit the interferometer
as the second-pass beams. After the second round-trip, the returning
inner beam carries on with the voyage bouncing from the QWP on the
right side, where a small part of the beam is transmitted and illuminates
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the position-sensitive detector that allows for the sensing of the tilt of
the surface that reflects the inner beam. It then passes the other small
CC and joins the outer beam on its return from the second pass at the
beam-splitting plane. From here, the recombined (and still polarization-
separated) beams continue hand-in-hand towards the four-diode homo-
dyne receiver.

To achieve maximal thermo-mechanical stability of the optical ar-
rangement, depicted in Fig. 2, the components were manufactured from
fused silica (bulk components) and crystal quartz (retardation plates),
that have low and approximately matching coefficient of thermal ex-
pansion. The components, coated with anti-reflection coatings, were as-
sembled using the optical contacting technology. The optical assembly
(56 x 51 x 12 mm) was enclosed in a titanium housing (94 x 60 x 30 mm),
which also contained the phase receiver, the position-sensitive detection
facility and a collimator slot for a convenient optical fibre light delivery.

The homodyne receiver, principally described, e.g., in [35], used a
four-detector arrangement and incorporated an active preamplifier. For
the tilt sensing, the four-quadrant photodiode (Hamamatsu S4349) was
installed, also with a preamplifier. Both transistor-based amplifiers were
designed as low-power and low-dissipation circuits.

3. Tilt sensing

The tilt detection feature in the interferometer system exploits the
internal reflection at zero degrees that occurs in the path of the inner
arm, apparent from Fig. 1. When the respective mirror is tilted by the
angle of ¢, as illustrated in Fig. 3, the beam in the inner path is de-
flected by 2¢ on its first incidence with the mirror. Back on the rear
plane of the large beam-splitter, the pivot plane, the projection of the
beam is laterally shifted by d, = L, tan(2¢), where L, is the distance
between the pivot plane and the mirror. When the beam passes the cor-
ner cube, its tilt is unchanged, and it is laterally shifted by —d,. After
the second reflection on the mirror, the beam path is again parallel to
that of the original beam and laterally displaced by 2d,. Consequently,
the tilt sensing is insensitive to the spacing between the optics and the
position detector, but the absolute value of the beam displacement is
proportional to the distance between the optics and the mirror.

The position-sensitive detector in our system features four square-
shaped photo-sensitive segments in a 2 x 2 matrix. When the beam illu-
minates the four-quadrant detector, a shift of the incident beam’s axis
from the detector’s area affects the incident power on the individual
segments ¢y, q,. g3, 44. Using the traditional interrogation approach, we
calculate

S=q+qp+a+ay (eY]
D, = [(q; + q4) — (g + 43)1/S @)
Dy, = [(q; +42) — (a3 + a)1/S &)}

to obtain tilt signals D,, D, that correspond to the tilt in x— and y—axes.
These sigmoid-shape signals, normalized by the total incident intensity
S, have a range of [-1, 1], and their slope and definition range is a func-
tion of the beam radius, the beam profile, the L, distance affected by tilt
and L the total distance the beam travels from the waist to the detector
(when the mirrors are perfectly aligned).

We can roughly estimate the waveform with a simple numerical
model. Assume the mirror is tilted by «, # in the x— and y—axes. Then
on the detector, the incident beam has the offset x, y, from the center

xo = 2L, tan(2a) @)
Yo = 2L, tan(2p) ®)
and the beam path length z will be

2=L=2L,+\[4L2+ X+ 1} ©6)
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Fig. 1. The architecture of the interferometer sys-
tem: the optical arrangement creates four parallel
beams in a single plane, reflected from a pair of
plane surfaces, where the inner pair and the outer
one represent the two arms (the beam path in the
inner arm is emphasised with the fine dots).
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Knowing the wavelength A of the Gaussian beam with the waist radius
of w,, we can express the actual radius depending on the distance z

z

:)

r

w(z) = wy/ 1+ ( 7
where z, = nwg /4 is the Rayleigh length. The beam intensity at partic-
ular point (x, y) can be expressed as

2 I
IWY):IO(%) exp[ 2= %)’ + = yo))

w(z)?
where I, is peak intensity.

By integrating the function over the range given by the physical di-
mensions of the photodetector segments, we obtain the desired wave-
form. An example, based on real parameters of our experimenal setting,
is depicted in the later section in Fig. 6a.

®)

4. Characterization

To characterize the performance of our design, we present both an
empirical assessment (Sections 4.3 and 4.4) and an experimental inves-
tigation. We have carried out two (sets of) experiments: one focused on
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from interferometer

Fig. 2. The interferometer optics assembled
(a) and mounted in the housing (b) — provi-
sional housing from aluminium is depicted.

assessing the periodic nonlinearity (Section 4.1) and the other on the tilt
sensing (Section 4.2). In the first scenario, we introduced a periodical
displacement of the reference mirror with a linear translation stage and
used frequency decomposition to investigate the amplitude of the pe-
riodic nonlinearities. In the second experiment, we observed the angle
between the interferometer mirror simultaneously with the tested in-
terferometer and an autocollimator and compared the results with the
theoretical prediction from the previous section.

4.1. Investigating the scale linearity

For the investigation of the cyclic errors (see Fig. 4a) we used the
laser interferometer in conjunction with a pair of round silver mirrors.
The first mirror, referred to as the measurement mirror, with a diameter
of 12.7 mm reflected the inner pair of beams and was mounted on a PZT
translation stage (Thorlabs MAX312D/M). The reference mirror, used
for the outer pair, was a 50.8 mm diameter mirror with 13.5 mm circular
cut-away.

The PZT stage was driven with a signal generator producing volt-
age steps corresponding to ~ 5 nm displacement in 1.22 ym range (cov-
ering slightly over seven interference fringes). A frequency stabilized
and iodine locked diode laser [36] with optical fiber-coupled output
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Fig. 3. The effect of mirror tilt to the beam path in the interferometer: the tilt
of the mirror causes only a lateral displacement of the beam and not a tilt.

a) Periodic nonlinearity characterization b) Tilt-sensing experimentation
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Fig. 4. The experimental setups for the characterization of periodic nonlinear-
ities (a) and the proof-of-concept tilt-sensing experimentations (b); the beam
path L denotes the total length the beam travels from the waist through the
inner arm of the interferometer to the position-senstive detector and the length
L, is the distance affected by tilt of the measurement mirror.

served as a source for the interferometer. The prototype of the inter-
ferometer we used for the experimentation was adjusted for the input
power of 0.25 mW, which resulted in ~ 40 uW power on each pho-
todiode in the receiver. Before entering the interferometer, the laser
beam polarization was filtered with a Glan-Taylor calcite polarizer.
The output from the interferometer was converted into voltage signals
with the four-photodiode homodyne receiver. These signals were con-
sequently recorded and preprocessed with our custom interferometer
module (DETINF card by ISI) with 0.5 kHz output frequency and simul-
taneously sampled 12-bit analog inputs.

On the recorded signals, we applied the elliptical correction [6] and
extracted the interference phase. Then we averaged the read displace-
ment for individual steps and removed the trajectory of the PZT with a
polynomial.

Fig. 5 shows that without the elliptical correction the interferometer
exhibits a periodic nonlinearity < 0.55 nm. With the correction applied,
the residuals generally keep below +0.1 nm (¢ = 0.055 nm); we attribute
the outliers to the environmental factors. Such a performance closely
follows the state of art in the interferometry, with currently recognized
non-linearity limit at 5 pm and resolution figure at 0.1 nm [2].
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Clearly, the technique we used has its limitations, and further exper-
imentation would be need to investigate the limits of the non-linearity
and possibly enhance the post-processing scheme to push the perfor-
mance closer to the current state-of-art. The next step forward would
be a calibration against a suitable closed-loop controlled system, for in-
stance, the X-ray interferometry [37].

4.2. Testing the tilt detection

For the experimental investigation of the tilt sensing, we used inter-
ferometer together with the pair of mirrors and a reference autocollima-
tor, as sketched in Fig. 4b. As the source, we used a frequency stabilized
single-mode He-Ne laser with fiber-coupled output with the nominal di-
ameter of the feeding beam of 4 mm. The position-sensing detector with
active surface of 3 x3 mm received only the small fraction (0.3 yW)
that passed through the coating (as this was designed for maximal re-
flectivity) on the small wave-plate. With the use of a dichroic mirror,
we arranged the setup so that we were able to manually tilt the mirror
and simultaneously observe the tilt with both the reference system and
the interferometer under test. The active length of the beam path be-
tween was L, = 190 mm and the total path was L = 959 mm. The four
signals from the position-sensitive detector were recorded with our cus-
tom mixed-signal module (ADDA3g card by ISI) with 0.5 kHz sampling
frequency, and 12-bit analog inputs.

Before the measurement procedure, the mirrors were aligned to
obtain an interferogram with the best contrast. Their parallelity was
checked with the autocollimator, whose gauges were reset to a zero an-
gular position.

During the actual measurement, we manually adjusted the mirror
pitch between zero and 850 urad stepwise with 120 urad increments,
then adjusted back to zero, then we went in the other direction to
850 urad and back to zero (please note the range and steps are approx-
imate as the measuring instrument operated with arc seconds, i.e. we
used +175 asec range with 25 asec steps). For each pitch, we took =~ 1000
readings of the signals of interest.

The outcomes are summarized in Fig. 6. Fig. 6a shows the theo-
retically predicted course of the tilt signal m, overlapped with the ex-
perimentally obtained curve c,. The plot also shows a linear fit of the
nearly-linear middle section of the predicted signal (in the range of
+1000 urad) — the slope of this linear fit indicates that for particular
configuration in the sensitivity of the tilt measurement is approximately
0.48 - 1073 prad™".

The difference ¢, — m, between the experimental data and theoretical
prediction, shown in Fig. 6b, falls below 0.02 in the +1000 urad region,
which indicates approximate accuracy (in terms of linearity error) below
41.3 pyrad. The standard deviation of readings at particular points, shown
in Fig. 6¢, indicates the precision of reading ¢ < 5.7 urad).

It is apparent that the accuracy of the tilt detection does not reach
the figures achievable with the additional interferometer axis (or in-
terferometer with the multiaxis arrangement; typically around 1 prad
[31,32]). With the current state, the most limiting factor is probably the
amount of light incident to the position-sensitive detector and associated
noise from amplification of the weak signals. We expect the figure would
improve when the position-sensitive detector operates with higher in-
cident power than we have available now, which involves redesigning
the reflective optical coatings.

The significant advantage of our approach is that the tilt is detected
without this added axis (which is convenient in terms of cost and space).
It also does not pose additional requirements (and uncertainty sources)
such as the geometrical properties of the reflectors, their mutual orga-
nization or uneven influence of the atmospheric perturbances.

4.3. Measurement capability

With the experimental results at hand, we are able to characterize
the measurement capability of the proposed interferometer system:
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Displacement resolution is principally limited by the fringe subdivision
approach. For the homodyne detection the resolution is typically given
by the performance of the consequent analogue-digital conversion of
the signals from the homodyne receiver; depending on the condition
the limit lies at picometre level ([36], Section 2.3).

Displacement precision and accuracy are limited by several factors. A
constant term involves: (a) the periodic non-linearity stemming mainly
from manufacturing imperfections and parasitic polarization crosstalks,
experimentally found to be 0.055 nm with our interferometer and (b)
the noise floor (that also involves the processing electronics beyond the
interferometer), that was found to be below 0.07 nm with 10 ms aver-
aging (see Fig. 7).

Other factors are relative to the difference in the optical path length
in the interferometer’s arms L: (a) the environmental disturbances, man-
ifesting as changes in the refractive index of air, typically controllable
down to 1-107% . L and (b) the optical frequency stability of the laser
source (2 - 1078 - L with a He-Ne laser).

Displacement range is principally limited by the coherence length of
the laser source (hundreds of meters with the He-Ne lasers) and the
adjustment of geometry of the laser beam and the interferometer’s op-
tics. In our previous work, we have demonstrated the measurement on
a 3.5 m long calibration bench with the slightly different two-pass ar-
rangement, but with identical beam collimation and very similar optical
components [38]. It translates to 1.75 m range for the four-pass system,
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but it could be safely expected the range could be upscaled by a factor
of ten.

The interferometric system from Rerucha et al. [38] also used iden-
tical homodyne receivers and we demonstrated the displacement band-
width of up to 19 mm.s~! which translates to 9.5 mm.s~! for the four-pass
system.

As for the tilt sensing performance, we are able to estimate the tilt
sensing precision and accuracy and tilt sensing range using the experimen-
tally obtained values. We have evaluated the precision to be 5.7 uyrad
and the accuracy to be 41.3 yrad. We assume the useful measurement
range is +2000 urad, where the sigmoid-shaped tilt signal has a reason-
ably detectable slope. We substitute these three angular values as « into
the Eq. (4), effectively converting them onto the lateral shift of the laser
beam on the surface of the position-sensitive detector x,,. Then we reor-
ganise the Eq. (4) to express the angle « as a function of parameter L,

X0
()
and substitute the respective values of x,, we obtain the approxima-
tion of the precision, accuracy and range as a function of the distance
L,, shown in Fig. 8. For the minimal L, = 40 mm (when the mirror
is as close as possible to the interferometer housing) the measurement

range will be the broadest (9.5 mrad) and the precision and accuracy
the worst (190 and 27 urad). At L, = 1 m, the range decreases to mere
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(380 urad) and the precision and accuracy significantly improves (7.7
and 1.1 prad). In other words, the signal-to-noise ratio (the accuracy to
measurement range ratio) and the dynamic range (the precision to mea-
surement range ratio) are constant. Similarly, the particular figures will
also scale proportionally to the beam radius and its Rayleigh distance.

The tilt sensing bandwidth is directly related to the frequency response
f. of the position-sensitive detector and the preamplifier, that is in our
case higher than 1 MHz.

A detailed characterization of the tilt sensing performance would re-
quire more experimentation, especially with the adjusted configuration
of the reflective coating that would allow for more incident power on
the position-sensitive detector. We estimate that this adjustment could
improve the accuracy by a factor of 10, which would render the per-
formance much close to that of interferometer-based angular measure-
ments.
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axis of measurement

beam paths

Fig. 9. Example application arrangements with the reference (RS) and measure-
ment (MS) surface indicated: setup for calibration of 8—mm pencil-type length
gauges (a) and setup for high-cycle material fatique characterization (b).

4.4. Application use cases, improvement over state-of-art

Due to a large amount of previously published interferometric sys-
tems for dimensional measurements [1-3], it is challenging to compare
the presented systems in every aspect. Generally (as we mentioned in in-
troductory section), the significant advantage of the presented interfer-
ometer is the compact and single-block form factor, that in combination
with the four-beam coplanar differential arrangement and cube-corner
retroreflectors in the beam paths delivers the principally most stable and
geometry error-free operation for a wide range of measurement scenar-
ios. Of course, there might be a slightly better performing approach for
any of the scenario, but it will be probably significantly more complex
and more application-specific.

Fig. 9 a) shows the interferometer mounted in a machine, designed
for the calibration of 8-mm form-factor length gauges. This application
could be perceived as a significantly simplified alternative, e.g. to the
PTB nano-comparator [15] for industrial use. Any interferometer with
other than the coplanar four-beam differential arrangement would bring
increased measurement uncertainty because of geometric errors (Abbe
errors, material thermal expansion). The existing interferometers with
the right arrangement are bulkier. However, our interferometer brings
additional advantage with the tilt sensing, that allows the system to
compensate for the parasitic angular movement of the measuring mirror
in the real-time.

Fig. 9 b) shows the interferometer mounted in an experimental ar-
rangement used for measurement of high-cycle material fatigue. The
material sample is subjected to a vibration load along the measurement
axis (at ~ 20 kHz) until the sample breaks apart. The interferometer
evaluates the elongation of the sample, especially just before breaking.
The frequency amplitude of the induced vibrations caused rapid phase-
changes (interference fringes were observed with up to 25 MHz band-
width) that were processed with dedicated electronics with 100 MHz.
The requirement for such a high bandwidth would generally prevent
the use of a heterodyne interferometer (again, except for some signif-
icantly more complex dedicated setup [39]). Here, a non-differential
arrangement would cause problems with mechanical stability due to
induced vibrations. The differential interferometers with the beams or-
ganized into the 2 X 2 matrix would be very difficult to align with the
sample.

5. Discussion

The presented configuration passively compensates a small tilt of
the measuring mirror with respect to the reference mirror in terms of
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preserving the contrast of the interferograms. As both the measuring
beam and the reference beam pass through a single large corner-cube
reflector, the tilt of the mirrors only reduces the overlap of the beams
from the two arms at the output. This results in a lower interference
contrast but not in a tilt of the wavefronts.

The sensitivity and range of the tilt detection could be scaled by
choosing a suitable distance between the interferometer’s body and the
mirrors (as mentioned before). Thanks to the differential and common-
path arrangement, the physical placement does not add up to the dead-
path thus does not increase the sensitivity to the environmental influ-
ences.

What could be seen as the Achilles heel is that the lengths of the
beam paths “in glass” differ by ~ 150 mm between the measuring and
reference arms. This unbalance increases sensitivity of the interferome-
ter to thermal expansion of the glass (75 nm-K~!) and thermal drift of
the refractive index (1.3 yum-K~') [40]. These effects are, on the other
hand, significantly less severe thanks to the manufacturing out of fused
silica with small temperature sensitivity (0.52 - 10~® K~!) and very low
thermal conductivity (1.38 - 10~> W-K~!). The unbalance of the beam
paths also makes the interferometer susceptible to the frequency noise
of the laser source, where 1 part per billion drift of the optical frequency
will induce ~ 150 pm drift.

Based on these findings, we have proposed a slightly modified ar-
rangement, where the input beam would enter the optics at the point
where the inner arm beam bounces for the first time from the small
wave-plate. This wave plate will be replaced with two smaller ones,
where one will remain in place where the part of the light is let through
to the position-sensitive detector, and the other will be placed where
the input beam initially entered the interferometer. Consequently, the
geometric properties would remain intact, but the path will have equal
length.

6. Conclusion

We presented the universal and compact design of a common-path
displacement measuring interferometer with original optical arrange-
ment suited for differential measurement with Abbe principle preserva-
tion. The interferometer system integrates the self-contained optics with
the phase receiver and a facility for detecting the tilt of the one of its
mirror in a compact package. The experimentation revealed the inter-
ferometer system has a periodic nonlinearity < 0.1 nm, and can detect
the tilt of one of the mirrors with resolution down a few microradi-
ans so that the geometrical errors associated with the translation of the
movable mirror can be detected and further reduced. The drawback of
the presented system is the overall sensitivity to long-term temperature
drifts and relatively complicated manufacturing process.

A natural road further is the characterization of the system with the
modifications proposed in previous sections, and then a practical eval-
uation of the closed-loop tilt compensation. It might also be interest-
ing to push the tilt-detection further with more than four “pixels” [41].
Regarding the cyclic error, further experimentation and enhancement
(mentioned before) would be also needed to investigate and push the
limits.

Despite the recognized obstacles to be overcome, the presented sys-
tem represents a way to easier adoption of the laser interferometry into
dimensional optical metrology systems with the typical error sources in
mind, leading to more straightforward integration together with smaller
and well-defined measurement uncertainties.
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