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ABSTRACT   

The!number! and! importance! of! the! adapti5e!optics! instruments! has! Dro<n! in! the!<orld! throuDh! the! last! t<o!decadesI!
Such!s6stems!are!becominD!Je6!elements! for! larDe! telescopes7!<ith! increasinD! t6pes!and!complexit6I!The!Ver6!LarDe!
Telescope!NVLTO!has!been!ePuipped!<ith!man6!instruments!usinD!adapti5e!optics!such!as!ShacJ:Hartmann7!cur5ature!or!
p6ramid!<a5efront!sensorsI!In!this!frame<orJ!the!European!Southern!Obser5ator6!NESOO!has!collected!a!larDe!expertise!
in! the! field!of! instrument! inteDration! and! in!particular! the! inteDration!of! adapti5e!optics! s6stemsI!The!purpose!of! this!
article! is! to! share! this! expertise! <ith! the! communit6! and! tell! ho<! instruments! are! beinD! built! in! our! orDani=ationI!
Therefore!this!article!is!aimed!at!persons!<ho!ha5e!some!or!little!experience!in!inteDration!and!optical!aliDnmentI!!

!
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1.  INTRODUCTION  
Astronomical! instruments! differ! in! man6! aspects! and! as! a! consePuence! there! are! multiples! expertise! and! <a6s! of!
performinD!a!successful!inteDrationI!The!inteDration!phase!is!often!critical!and!rePuires!specific!careI!These!issues!ha5e!
first! to!be! addressed! at! s6stem!desiDn! le5el! choosinD! a! Dood! tolerance! strateD6! and! anal6sisI!The!Pualit6!of! the!opto:
mechanics!and!the!desiDn!of!inteDration!tools!are!of!Dreat!importanceI!In!Deneral!a!Dood!preparation!<orJ!<ill!boost!the!
<orJ! efficienc6! and! lead! to! the!best! aliDnment! and! s6stem!performancesI!This! article! tacJles! s6stem! inteDration!o5er!
optical!and!mechanical!aspects!onl6!N<e!are!not!co5erinD!soft<are!and!electronics!inteDration!hereOI!

We!describe!the!experience!Dained!in!the!inteDration!of!such!instruments!at!the!European!Southern!Obser5ator6!NESOO!
and! in! particular! at! the! Ver6! LarDe! Telescope! NVLTOI! We! <ill! tell! first! ho<! assembl67! inteDration! and! testinD! are!
performed!all!alonD!the!instrument!lifetime!and!<hat!are!the!important!issues!related!to!inteDration!to!be!addressed!at!the!
different!buildinD!staDesI!We!<ill!focus!on!some!important!rules!and!practical!hints!in!instrument!aliDnmentI!For!each!
aliDnment! issue! <e! <ill! discuss! problems7! impact! on! the! s6stem7! means! of! diaDnostic! and! control! Di5inD! some!
Puantitati5e! information!based!on!our! experienceI! In! the! third! section!of! this! article7! <e!<ant! to!Di5e! clues! about! the!
specificit6!of!adapti5e!optics!inteDration7!ans<erinD!the!follo<inD!PuestionY!<hat!should!one!do!to!manaDe!successfull6!
the! inteDration! of! an! AO! s6stemZ!We! <ill! illustrate! this! article! <ith! examples! of! VLT! adapti5e! optics! s6stems! and!
rele5ant!test!resultsI!

2.  INSTRUMENT INTEGRATION STRATEGY AT ESO 
In! this! section! <e! <ant! to! remind! ho<! instruments! are! built! at! ESO7! at! <hich! staDes! an! inteDration! specialist! must!
inter5ene!in!the!construction!process!and!<hich!roles!he!taJesI!This!participation!can!ha5e!different!le5els!dependinD!on!
<hether! the! instrument! is! built! entirel6! at! ESO!GarchinD! or! held! b6! a! consortiumI!Of! course! it! depends! also! on! the!
manpo<er!a5ailable!and!the!distribution!and!t6pe!of!expertise!amonD!the!team!<orJI!What!<e!describe!here!should!not!
be!considered!as!a!uniPue!<a6!of!orDani=inD!inteDration!at!ESO7!ne5ertheless!most!of!instruments!built!in!the!past!b6!our!
inteDration!and!cr6o:5accum!department!ha5e!been!built!<ith!such!strateD6I!
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2.1  Instrument design and reviews 

The!birth!of!an!instrument!is!a!rather!lonD!process!in!<hich!conceptual7!manaDement!and!financial!issues!are!discussedI!
Once! the! concept! and! the! feasibilit6! are! settled! and! accepted! b6! the! ESO! manaDement! NScience! and! Technical!
Committee7! Council! and! Finance! CommitteeO! the! instrument! desiDn! beDinsI! In! the! best! case! an! inteDration! specialist!
starts! beinD! in5ol5ed! in! a! pro\ect! as! soon! as! the! first! ]D! conceptual! dra<inDs! are! elaboratedI! At! this! le5el! <e! help!
mechanical!desiDners!<ho!sometimes!need!input!for!technical!aspectsI!DurinD!the!desiDn!phase!the!pro\ect!is!re5ie<ed!at!
least! t<ice! b6! an! external! board! in! <hat! <e! call! the! PDR! and! FDR! NPreliminar6! DesiDn! Re5ie<! and! Final! DesiDn!
Re5ie<OI! A! larDe! part! of! the! documentation! is! presented! and! <ritten! at! those! re5ie<sI! DurinD! the! re5ie<! the! board!
in5estiDates!all!ma\or!critical!and!technical!aspects!in!order!to!ensure!the!pro\ect!<ill!fulfill!its!specificationsI!!

On! the! inteDration!side7!<e!ha5e! to! issue! the!Assembl6! InteDration!and!Test! NAITO!plan! in!<hich!<e!present! ho<!<e!
intend!to!aliDn!and!assemble!an!instrumentI!In!fact!man6!aspects!are!re5ie<ed!liJe!for!instance!the!compatibilit6!of!the!
facilities!<ith! the! construction!of! the! instrumentY! laborator67! inteDration! space7! crane! capabilities7! handlinD! ePuipment!
and!strateD67!test!stand7!measurinD!ePuipment!must!be!adePuate!to!the!instrument!desiDnI!We!also!re5ie<!the!inteDration!
and!tests!of!subs6stems7!ho<!the6!are!performed7!the!sensiti5e!parameters!to!checJ!and!the!tools!rePuiredI!The!optical!
aliDnment!procedure!is!as!<ell!of!prime!importanceY!it!should!describe!accuratel6!the!different!steps!of!aliDnment!<ith!
emphasis!on!the!accurac6!rePuirements7!the!optical!and!mechanical!references!used7!the!list!of!aliDnment!tools7!and!the!
ad\ustments! a5ailable! in! the!mechanical! desiDn! descriptionI! In! addition7!<e! of! course! care! about! the! tasJ! schedulinD7!
manpo<er!and!<e!rePuire!durinD!the!FDR!re5ie<!a!first!re:inteDration!plan!and!strateD6!at!the!obser5ator6I!

!
FiDure!_I!Instrument!inteDration!flo<!chartI!This!fiDure!sho<s!the!main!staDes!<here!the!inteDration!specialist!pla6s!a!role!in!
the!construction!of!an!instrumentI!

!
2.2 Manufacturing follow up 
The! instrument! beinD! desiDned7! re5ie<ed! and! accepted! b6! ESO! board!members7! the! procurement! of!mechanical! and!
optical!parts!can!startI!Some!parts!can!be!found!on:the:shel5es`!some!cannot!and!must!be!manufactured!especiall6! for!
ESOI!In!that!case7!it!is!important!to!follo<!up!the!manufacturinD!of!these!piecesI!For!instance!the!instrument!housinDs!are!
5er6! particular! parts! <ith! tiDht! specifications! and! special! rePuirementsI! Some! interactions! bet<een! ESO! and! the!
manufacturer!are!una5oidableI!ToDether!<ith!mechanical!desiDner!the!inteDration!specialist!often!pla6s!an!important!role!
to!ensure!the!Pualit6!of!indi5idual!parts!and!subs6stemsI!
!

2.3  Subsystems assembly and testing 

As!soon!as!enouDh!components!are!stored!in!house7!the6!can!be!assembled!into!subs6stemsI!It!can!be!for!example!a!filter!
<heel!or!a!cr6ostatI!For!critical!components!<hich!properties!and!beha5iors!must!be!<ithin!specifications7!<e!perform!
indi5idual! acceptance! testsI! It! can! be! optical! measurements! for! a! mirror7! motion! accurac6! for! a! translation! staDe7!
reproducibilit6!of!an!actuator7!etcIII!These!measurements!must!be!performed!in!similar!final!operational!conditions!and!
en5ironment`! for! instance! at!LN>! temperatures! for! cr6oDenic! instruments!or! simpl6!<ith! the!proper! load!or! stress! for!
opto:mechanical!componentsI!The!5ariet6!of!tests!is!huDe!and!rePuires!full6!ePuipped!facilitiesI!

2.4  System integration 
S6stem! inteDration! is! the!main! step! in! <hich! all! components! and! subs6stems! can! be! assembled! toDether! to!maJe! an!
instrumentI!The!inteDration!specialist! taJes!its! full!responsibilit6!at!this!staDeI!Cr6oDenic!instruments!must!be!tuned!to!
reach!Dood!5acuum!and! temperature! le5elsI! It!consists!also! in!maJinD! the!optical!aliDnment!<hich! is!al<a6s!a!critical!
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step!in!the!inteDration!phaseI!T6pical!instruments!contain!se5eral!tens!of!optical!and!mechanical!components!that!must!be!
aliDned!accuratel6!accordinD!to!desiDn!specificationsI!AliDnment!Pualit6!criteria!are!in!Deneral!<a5efront!aberrations!and!
imaDe! stabilit6I! The6! are! controlled!<ith! interferometers7! detectors! and!CCDsI! For! cr6oDenic! instruments7! the! tasJ! is!
e5en!more!difficult! since!aliDnment! is!done!at!<arm!temperature!<hereas! the!5erifications!must!be!done!at!cr6oDenic!
temperatures7!leadinD!to!lonD!iterations7!in!<hich!the!instrument!has!to!be!pumped7!cooled!do<n7!and!<armed!up!aDainI!
In!parallel!to!this7!electronic!and!soft<are!enDineers!must!<orJ!on!instrument!controlI!!
!
2.5  System verification and testing 
Once!aliDned!and!operational7!the!s6stem!can!be!tuned!to!reach!its!optimal!performancesI!This!staDe!is!under!the!s6stem!
enDineer!responsibilit6!althouDh!the!inteDration!specialist!Di5es!its!support!to!sol5e!potential!problems!that!al<a6s!come!
<hen! startinD! to! use! and! debuD! such! complex! s6stemsI!This! staDe! usuall6! lasts! for! se5eral!months! dependinD! on! the!
instrument! complexit6! and! ends! <ith! the! so! called! Preliminar6! Acceptance! in! Europe! NPAEO! <here! instrument!
functionalities!and!performances!are! re5ie<ed!b6!an! internal!board!<hich! includes! the!obser5ator6!staffI!This!applies!
also!to!ESO!instruments!built!externall6!b6!consortiaI!When!an!instrument!is!declared!compliant7!it!Dets!the!authori=ation!
to!be!shipped!to!the!obser5ator6!and!installed!at!the!telescopeI!
!
2.6  Packing and shipment to the observatory 
At!ESO7!the!instrument!pacJinD!is!often!led!b6!the!inteDration!responsibleI!It!is!prepared!<ell!in!ad5ance!and!optimi=ed!
to!be!as!fast!as!possible!since!schedules!are!al<a6s!5er6!tiDhtI!Most!often!the!shipment!is!sent!b6!plane! to!the!Chilean!
ESO!Obser5ator6!sites. During this long trip, the boxes encounter shocks and vibrations especially on desert’s road and 
durinD! handlinDI! Therefore7! instruments! are! often! shipped! partiall6! disassembledI! Specific! and! adapted! transportation!
crates! are! built! for! each! instrumentI! PacJinD! is! a! crucial! operation! because! of! potential! damaDes! and! failures! <hich!
sometimes!cannot!be!sol5ed!on!the!Obser5ator6!sitesI!
!
2.7  Re­integration at the telescope 
Instruments! are! sent! at! the! telescope! se5eral!<eeJs!before! the!_rst! obser5inD!niDhtI!There7! the! inteDration!department!
taJes!care!of!the!re:inteDration!in!collaboration!<ith!ESO!local!staffI!Our!<orJ!consists!in!re:buildinD!the!instrument!and!
brinDinD!it!at!the!same!acceptance!le5el!as!in!EuropeI!In!addition7!it!must!be!attached!and!aliDned!<ith!the!telescopeI!All!
this! lasts! for! fe<!<eeJs! and!must! be! finali=ed! at! a! 5er6! strict! deadline! Nthe!obser5ator6!niDht! obser5ation! schedulinD!
beinD! settled! six! months! in! ad5anceOI! The! instrument! is! then! commissioned! <hich! means! it! is! declared! capable! for!
scientific! obser5ationsI! In! this! process! the! s6stem! is! tuned! to! reach! its! optimal! performances!under! telescope! and! sJ6!
conditions!b6!s6stem!enDineers!and!astronomersI!

!
FiDure!>I!An!example!of!AO!instrument!beinD!inteDrated!at!the!VLT!on!the!Nasm6th!platformY!CRIRES!

!
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2.8 Maintenance, upgrade and repair 

Instrument! maintenance7! upDrade! and! repair! are! an! opportunit6! for! the! inteDration! specialist! to! “put! his! hands”! in!
instruments! at! the! telescopeI! T6pical! upDrades! are! motions! or! detector! upDradesI! Failures! can! happen! too! and! are!
una5oidable7! especiall6! considerinD! the! huDe! amount! of! components! and! subs6stems! installed! at! the! telescopeI! For!
example! shutters! are! sensiti5e! units! <ith! a! limited! lifetime! and! can! fail! after! 6ears! of! useI! These! staDes! are! aDain!
orDani=ed!and!performed!in!close!collaboration!<ith!ESO!Chile!staffI!

3.  ADAPTIVE OPTIC SYSTEM ALIGNMENT 
Classical!AO!assisted!instruments!are!made!of!three!main!optical!paths!<hich!are!split!<ith!a!dichroic!mirror!and!need!to!
fulfill!the!rePuired!aliDnment!accurac6Y!!

! The!common!path7!<hich!includes!the!telescope!itself!and!one!or!se5eral!correcti5e!optics!Ntipbtilt!mirrors!and!
deformable! mirrorsO! to! compensate! for! the! atmospheric! turbulenceI! In! some! cases! the! correcti5e! optics! is!
directl6!inteDrated!to!the!telescope!or!in!the!instrumentI!In!this!last!case!rela6!optics!are!rePuired!to!re:imaDe!the!
pupil!on!the!correcti5e!opticsI!!

! The! <a5efront! sensor! NWFSO! path7! <hich! role! is! to! detect! the! optical! disturbance! and! hosts! one! or! se5eral!
<a5efront!sensors!and!associated!rela6!opticsI!

! The!science!path!that!contains!the!science!instrumentI!For!correction!performance!reasons!most!of!the!existinD!
AO!s6stems!ha5e!infrared!instruments!and!5isible!<a5efront!sensorsI!

!
!
FiDure!]Y!Top!5ie<!of!the!MAD!multi:con\uDate!adapti5e!optics!s6stemI!It!represents!a!t6pical!exemple!of!AO!instrument!
made! of! ]!main! interdependent! optical! paths! split! throuDh! the! dichroic!mirrorI! The! IR! camera! is! actuall6! not! seen! here!
because!it!is!located!belo<!the!optical!breadbordI!MAD!hosts!t<o!deformable!mirrors!<hich!must!be!aliDned!<ith!]!ShacJ:!
Hartmann!sensors!and!a!la6er!oriented!<a5efront!sensorI!

!
In!this!section!<e!<ill!discuss!the!specificities!of!AO!s6stem!aliDnments!Di5inD!some!practical!examples!and!Puantitati5e!
informationI!A! 5er6! common! and! simple!<a6!of! aliDninD! an! instrument! is! to! install! a! siDhtinD! telescope!on! the!main!
optical!axis!and!to!aliDn!indi5idual!subs6stems!one!b6!one!alonD!the!line!of!siDht!usinD!mechanical!and!optical!references!
liJe! tarDets7! masJs7! auto:collimation! mirrorsI! Such! references! must! precisel6! represent! the! optical! axis! of! their!
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subs6stemI!For!instance!a!simple!masJ!placed!closed!to!a!deformable!NDMO!mirror!surface!and!used!to!identif6!its!center7!
must!be!pre5iousl6!positioned!to!the!mirror!center!taJinD!into!account!its!distance!to!the!mirror!surface!and!the!incident!
anDle!of!the!optical!axisI!Note!that!the!use!of!laser!beam!is!often!not!accurate!enouDh!to!properl6!place!the!components!
on!the!optical!axisI!
!
3.1  Alignment of the instrument versus telescope 
At!ESO!most!of!the!instruments!are!first!inteDrated!in!an!assembl6!hall!and!then!attached!and!merDed!<ith!the!telescopeI!
When! this!merDinD! happens! one!must! a5oid!maJinD!ma\or! corrections! to! the! internal! aliDnment! of! the! instrument! to!
match!its!optical!axis!<ith!the!one!of!the!telescopeI!That!means7!<hen!the!instrument!is!pluDDed!to!the!telescope!there!
should!be!a! simple!<a6!of!ha5inD!both!optical!axes!merDed!<ithout!usinD! the! instrument! internal!ad\ustmentsY! this! is!
achie5ed!usinD!precise!mechanical!referencesI!!
!
For!a!s6stem!<hose!flanDe!is!attached!directl6!to!the!adaptor!rotator7!CasseDrain!or!Nasm6th7!the!flanDe!surface!<ill!be!a!
Dood!reference!for!the!anDular!position!of!the!optical!axis!and!its!three!flanDe!pins!<ill!be!the!reference!for!the!optical!
axis!lateral!positionI!This!method!has!limitations!due!to!the!flanDe!flatness!and!pinhole!positioninD!accuraciesI!Moreo5er!
it!<ill!be!also!limited!b6!the!adaptor!rotator!aliDnment!precision!<ith!the!telescope7!its!<obblinD!and!run:out!errorsI!cut!
this!approach!represents!a!5er6!Dood!start!and!usinD!these!references!one!can!hope!pluDDinD!AO!bonnets!to!the!telescope!
<ithout!ha5inD! to!perform!ma\or!aliDnment!correctionsI!T6pical!accuracies!that!can!be!achie5ed!at! the!VLT!are!of!the!
order!of!Bd:ed!arcseconds!NanDularO!and!_dd:>dd!microns!NlateralOI!
!
For!a!Nasm6th!or!Coude!focus!s6stem!<hich!is!built!on!a!breadboard!and!not!attached!to!the!telescope!adaptor!liJe!for!
instance!MAD7! SPHERE7! CRIRES! or! APE7! the! merDinD! of! optical! axes! is! performed! usinD! the! lateral! and! anDular!
ad\ustments!of! the!breadboardI!The!references!<ill! then!be!directl6! the! telescope!pupil! NM>!in! the!VLT!caseO!and! the!
adaptor!rotator!pinsI!
!
In!the!case!of!an!adapti5e!optics!instrument!the!pupil!positioninD!accurac6!is!of!prime!importanceI!An6!pupil!5iDnettinD!
can!affect!the!sensor!calibrations!and!decrease!the!performancesI!For!an!adapti5e!telescope!<here!the!deformable!mirror!
is!included!in!the!telescope!optical!train7!the!actuator!reDistration!<ith!the!sensor!sub:apertures!can!become!critical!for!
the!same!calibration!reasonsI!The!aliDnment!rePuirements!<ill!5ar6!from!one!s6stem!to!another!mostl6!dependinD!on!the!
amount!of!sensor!sub:aperturesI!A!Deneral!rouDh!rule!<ill!be!to!ha5e!pupil!lateral!positioninD!and!reDistration!of!_df!of!
a!sub:apertureI!Appl6inD!this! rule!at! the!VLT7!a!s6stem!liJe!MAD!<ould!rePuire!an!anDular!positioninD!accurac6!of!]!
arcminutes! <hile! AOF! NGRAAL! or! GALACSIO! or! SPHERE! adapti5e! optics! <ould! rePuire! the! same! positioninD!
accurac6!to!be!Bd!arcsecondsI!cut!of!course!these!5alues!Di5e!onl6!an!order!of!maDnitude`!the!rePuired!accurac6!must!be!
assessed!throuDh!simulation!or!computation!and!taJen!into!account!in!a!Dlobal!error!budDetI!
!

!
FiDure!BY!An!example!of!aliDnment!set!up!on!HAW8:II!It!consists!in!a!siDhtinD!telescope!mounted!on!a!fi5e!axes!ad\ustment!
mount!<hich! leDs!are! interfaced!on! the! instrument!flanDeI!The! flanDe!beinD! the!reference! to!define! the! instrument!optical!
axis7!<e!must! aliDn! first! the! siDhtinD! telescope! perpendicular! to! itI! This! is! achie5ed! b6! usinD! an! auto:collimation!mirror!
installed!on!the!flanDe!and!rotatinD!the!telescope!mount!b6!steps!of!gd!deDrees!<ith!respect!to!the!flanDeI!
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3.2  Optical aberration issues 
We!ha5e!discussed!about!the!importance!of!pupil!and!focal!plane!re:imaDinD!for!adapti5e!optics!s6stemsI!Re:imaDinD!is!
done! <ith! rela6! optics! <hich! can! be! of! an6! t6pe! dependinD! on! the! instrument! needs! in! terms! of! transmission7!
performance7! field!of!5ie<!and!<a5elenDthI!It!can!be!collimator!lenses7!ob\ecti5es7!parabolic!or!spherical!mirrorsI!The!
optical!aliDnment!of!a!rela6!optic!is!of!prime!importance!for!se5eral!reasonsI!Ob5iousl6!optical!aberrations!can!deDrade!
the!s6stem!performances. The “non:common path aberrations” introduced by relay optics in the science path!are!not!seen!
b6! the!WFS!and! therefore!not!correctedI!On!the!WFS!path7!optical!aberrations!are!measured!and!added! to! the!science!
pathI!Of!course!both! sources! can!be! calibrated!and! taJen! into!account!usinD! the! so!called! reference!slopesI!Reference!
slopes! are! basicall6!offsets! applied! to! the!WFS!measurements! to! compensate! for! se5eral! sources!of!<a5efront! errors7!
amonD!them7!the!non:common!path!aberrationsI!UsinD!these!offset!measurements7!the!correction!commands!sent!to!the!
deformable!mirrorNsO!<ill!allo<!optimi=inD!Strehl!performances!for!the!science!instrumentI!cut!this!method!has!se5eral!
Jinds!of!limitations!dependinD!on!the!t6pes!and!characteristics!of!the!sensorNsO!usedI!For!instance!lo<!order!s6stems!<ill!
of!course!not!compensate!hiDh!order!aberrations7!and!e5en!multi:con\uDated!AO!s6stems!cannot!full6!correct!differential!
aberrations!in!the!field!of!5ie<I!!
!
From the quantitative point of view most of “non low order!AO systems” must achieve reasonable point spread function, 
therefore! aberrations! introduced! b6! aliDnment! errors! should! remain! of! the! order! of! the! theoretical! ones! NDi5en! b6! the!
optical!desiDnOI!This! is!ne5er!eas6!to!achie5e!and!one!should!Jno<!<hat!Jind!of!desiDn!and!manufacturinD!<a5efront!
errors!are!expected!in!the!s6stem!to!ha5e!a!Dood!reference!of!<hat!can!actuall6!be!achie5ed!after!aliDnmentI!T6picall6!
for! a! ed! actuators! cur5ature! AO! s6stem! liJe! SINFONI! <e! achie5ed! from! Bd:@dnm! rms!WFE! at! the! field! center! to!
maximum!_>dnm!rms!at!_!arcminutes!field!distanceI!In!this!case!of!sinDle!con\uDated!adapti5e!optics7!<a5efront!errors!in!
the! field!of!5ie<!are!an6<a6!dominated!b6!anisoplanetism! so! that! their!presence! is! less!criticalI! In! the!case!of!MAD7!
multi:con\uDate!AO7!it!<as!more!important!to!flatten!field!aberrationsY!<a5efront!errors!<ere!ranDinD!from!about!>@nm!
rms!at!the!field!center!to!about!ednm!rms!at!the!field!edDes!N_!arcminute!as!<ellOI!!
!
We!ha5e!seen!that!measurinD!them!in!the!field!of!5ie<!is!5aluable!and!it!is!therefore!recommended!to!foresee!the!proper!
liDht!sources7!translation!mounts!and!interfaces!to!perform!these!measurementsI!PerforminD!measurements!o5er!the!field!
of!5ie<!has!another!ad5antaDeY!<ith!the!anal6sis!of!the!ierniJe!coefficient!diss6mmetr6!liJe!focus7!coma!or!astiDmatism!
one!can!actuall6!find!out!and!diaDnose!aliDnment!mistaJes!and!e5entuall6!correct!themI!The!results!should!tend!to!be!a!
flat!or!s6mmetric!<a5efront!error!mapI!!

!"!#

!"!$

!"!%

!"!&

!"!'

!"!(

!")

!"))

!")2

ar-s/- 12 s34

56/ rms 861-9s r/m1:/d<

ar
-s

/-
 1

2 
s=

4

>$! >#! >?! >2! >)! ! )! 2! ?! #! $!

>2!

>)!

!

)!

2!

?!

!
FiDure!@Y!Wa5efront!error!mappinD!obtained!o5er!SINFONI!field!of!5ie<I!There!is!a!clear!deDradation!alonD!]!directionsI!
This!is!mainl6!astiDmatism!Nthe!plot!of!the!field!astiDmatism!is!almost!identical!to!this!oneOI!It!could!be!caused!b6!constraints!
on!one!of!the!main!optics!mirrorI!This!deDradation!is!to!be!compared!to!the!effect!of!the!anisoplanetismI!In!t6pical!Paranal!
conditions7! the! anisoplanetic! anDle! is! >d! arcsec! in! 8I! At! this! distance7! the! rms! <a5efront! deDradation! expected! from!
anisoplanetism!is!_!rad7!iIeI!]ednm7!<hich!]!times!more!than!the!<orst!case!field!aberration!of!the!instrument!N_>dnmOIWe!
therefore!decided!to!consider!these!field!aberrations!is!acceptable!e5en!thouDh!the!situation!here!could!ha5e!been!impro5edI!

!
Note!that!scanninD!the!field!of!5ie<!<ith!a!<a5efront!measurinD!de5ice!is!also!a!Dood!opportunit6!to!checJ!5iDnettinD!
problems!<hich!sometimes!occurs!at!the!field!edDesI!Another!interestinD!matter!is!the!comparison!of!aberrations!for!the!
three!different!paths!NfiDure!]OI!It!can!help!findinD!aliDnment!errors!and!can!be!used!also!to!assess!the!non:common!path!
aberration!and!therefore!the!intrinsic!performances!of!the!adapti5e!optics!close!loopI!!
!



 
 

!
 

DiaDnostic! of! optical! aberrations! are! done! usinD! interferometer! or! ShacJ:Hartmann! <a5efront! sensorsI! For! infrared!
imaDer7! PSF! measurements! or! e5en! phase! di5ersit6! measurements! <ill! be! preferredI!When! possible7! <e! also! prefer!
replacinD!deformable!mirrors!<ith! Dood!optical! Pualit6! flat!mirrorI!The! flatteninD!of!deformable!mirrors! is! computed!
after! the!measurement!of! influence! functions! that! are! not! al<a6s!perfectl6!determined! and! can!drift!<ith! temperature!
chanDesI!It!is!difficult! to!full6!Duarant6!a!stable!flat!shape!of!the!mirror!o5er!time!before!the!s6stem!is!full6!inteDrated!
and! characteri=edI! Dumm6! deformable! mirrors! Nplane! mirrorsO! <ill! pre5ent! this! issue! and! allo<! startinD! the! optical!
aliDnment!at!an!earl6!staDe!<hen!the!dri5inD!electronics!and!soft<are!are!not!6et!installedI!
!
Fine! tuninD!of! the!aliDnment! to!correct!for!optical!aberrations!can!help!impro5inD! the!s6stem!performances!but!on!the!
other!hand!this!tasJ!can!be!5er6! time!consuminDI!A!careful!s6stem!budDet!error!and!s6stem!performance!anal6sis!<ill!
produce!optimal!rePuirements!and!optimi=e!the!effort!put!on!this!aliDnment!aspectI!
!
3.3  Optical properties issues 
Not!onl6!optical!aberrations!can!reduce!instrument!performances7!optical!properties!specifications!not!fulfilled!can!also!
affect!the!instrumentI!Some!beam!characteristics!are!set!durinD!aliDnment!or!5erified!durinD!the!inteDrationI!In!adapti5e!
optics!instrument7!<e!<ill!for!instance!carefull6!checJ!the!F:number!or!plate!scale!propertiesI!coth!can!ha5e!an!impact!
on!Strehl!computation!and!s6stem!calibrationI!Usuall6!these!t<o!parameters!can!be!specified!and!tuned!do<n!to!_:>f!
accurac6I!To!achie5e!these!5alues!it!is!crucial!that!the!optical!components!fulfill!the!optical!prescriptions!and!that!should!
be!checJed!at!manufacturinD! le5elI!DurinD!aliDnment! it! is! important! to!<ell!place! the!optics!at! their!nominal!position!
alonD!the!optical!axisI!De5ice!liJe!shear!plate7!collimator7!interferometer!and!tarDet!at!focal!plane!<ill!help!in!settinD!the!
optimal!beam!collimation!and!focal!plane!positionI!ThrouDh!focus!cur5es!of!PSF!full!<idth!at!half!maximum!NFWHMO!
<ill!allo<!measurinD!the!optimal!focal!plane!position!as!<ellI!Plate!scale!ratio!bet<een!input!and!output!focal!plane7!re:
imaDed!pupil!si=e!and!re:imaDed!imaDe!position!can!be!Dood!criteria!to!checJ!these!specific!propertiesI!
!
Focal!plane!cur5ature!and!perpendicularit6!matter!tooI!A!<ronD!imaDe!plane!cur5ature!<ill!introduce!pure!defocus!in!the!
field!of!5ie<!of!an!imaDinD!de5ice!or!at!the!le5el!of!<a5efront!sensors!mo5ed!in!the!field!of!5ie<I!In!the!case!the!focal!
plane!is!not!perpendicular!to!these!sub:s6stems7! the!instrument!<ill!suffer!a!Dlobal!linear!5ariation!of!defocus!o5er!the!
fieldI!While!it!is!hard!to!correct!for!imaDe!plane!cur5ature!errors7!it!is!possible!to!optimi=e!focal!plane!tiltI!In!an6!case!it!
is!<orth!measurinD!both!in!WFS!path!and!in!science!path!that!sub:s6stems!are!<ell!perpendicular!to!the!optical!axisI!This!
applies!as!<ell! to!an6!mo5eable!calibration!source!used!at! the!instrument!entrance!focal!planeI!Usuall6!usinD!an!auto:
collimation! mirror! placed! on! accurate! mechanical! references! is! a! Dood!method! to! aliDn! de5ices! perpendicular! to! the!
optical!axis!do<n!to!fe<!arcminutes!accurac6I!
!

!! !
FiDure!eY!On!the!left!an!example!of!linearit6!measurement!on!the!IR!detectorI!On!the!riDht!an!example!of!field!cur5ature!

obtained!durinD!inteDrationI!The!measurinD!is!obtained!slidinD!the!calibration!unit!fiber!in!the!field!of!5ie<!and!mappinD!the!defocus!
term!Nin!millimetersO!on!the!WFS!pathI!The!result!obtained!is!the!field!cur5ature!map!of!the!instrumentI!After!aliDnment!optimi=ation7!
residual!focus!errors!can!be!corrected!usinD!phase!di5ersit6!and!reference!slopes!Nfor!ShacJ:Hartmann!s6stemsOI!
!
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Optical!la6out!of!adapti5e!optics!s6stems!<ill!often!be!desiDned!such!that!beams!at!the!WFS!or!science!focal!planes!are!
telecentricI!Non:telecentricit6!often!come!toDether!<ith! field!cur5atureI!One!<a6! to!checJ! this!propert6!<ithout!usinD!
sensinD!de5ices!Nand!therefore!before!the!instrument!is!full6!inteDratedO!is!to!use!the!siDhtinD!telescope!placed!on:axis!
and!aliDned!to!siDht!at!the!pupil!centreI!UsinD!a!mirror!tuned!in!autocollimation!at!the!exit!focal!plane7!one!can!slide!the!
telescope!in!the!field!of!5ie<!and!checJ!that!the!autocollimation!is!Jept!<hile!siDhtinD!at!the!pupil!for!an6!position!in!the!
fieldI!
!
In!order!to!e5aluate!correctl6!the!Strehl!Ratio7!it!is!mandator6!to!ha5e!a!measurement!of!the!pixel!scale!of!the!detectorI!
The!FiDure!e!measurements!<ere!done!for!se5eral!points!across!the!FoV!of!the!camera7!and!alonD!>!axes!to!measure!a!
siDnificant!anamorphismI!We!see!that!on!the!j!axis!the!pixel!scale!is!5ar6inD!bet<een!_AIA!and!_AIg!masbpx7!but! it! is!
Puite! constant! o5er! the! FoV! Nsee! the! trend! cur5eOI!On! the! contrar67! on! the!k! axis! the! pixel! scale! seems! to! follo<! a!
decreasinD!trend!from!_AIB!to!_AI>!masbpxI!Thus!the!anamorphism7!Puite!stronD7!can!5ar6!in!the!FoV!bet<een!_Id]B!and!
_Id>]I!
!
Other!inteDration!issues!can!reduce!the!instrument!performancesI!AmonD!them!5iDnettinD!is!eas6!to!diaDnose!and!correct!
<hile! the! optical! transmission! is! harder! to! control! and! diaDnoseI! The! baseline! is! to! ha5e! Dood! transmission! cur5es!
measured!b6!the!manufacturerI!The!use!of!narro<!band!filter!is!frePuent!in!adapti5e!opticsI!A!<ronD!Jno<ledDe!of!the!
central!<a5elenDth!or!band<idth!<ill!introduce!bias!to!the!Strehl!performance!computationI!Compact!spectrometers!or!
photodetectors! can! be! used! to! measure! throuDhput! and! spectral! properties! <hen! necessar6I! With! respect! to! optical!
transmission!the!instrument!cleanliness!is!importantI!Therefore!the!inteDration!en5ironment!mattersI!Laborator6!reDular!
cleaninD7! instrument! protection! co5ers7! optical! component! co5ers! <ill! ob5iousl6! contribute! to! cleanlinessI! For! AO!
s6stems!built!for!planet!finder!liJe!instrument!usinD!coronaDraphs7!this!parameter!becomes!crucialI!A!Dood!hint!<ould!be!
to!taJe!reference!frames!<ith!all!sensinD!de5ices!at!an!earl6!staDe!and!monitor!reDularl6!an6!dust!particles!or!deDradation!
of!the!de5ice!cosmeticsI!
!
3.4  Pupil registrations issues 
Adapti5e!optics!sensors!liJe!cur5ature7!p6ramid!or!ShacJ:Hartmann!s6stems!rePuire!the!instrument!pupil!and!deformable!
mirror!actuators!to!be!re:imaDed!precisel6!in!the!sensorI!MisaliDnments!or!instabilities!<ould!introduce!calibration!errors!
and! reduce! performancesI!The! reDistration! bet<een! sensor! apertures! and!DM!actuators! is! the!most! critical! issueI! For!
instance! an6! lateral! pupil! shift! or! rotation! on! a! ShacJ!Hartmann! lenslet! arra6! <ill! maJe! the! interaction! matrix! NIMO!
obsoleteI! Sources! of! reDistration! errors! are!multipleI! It! can! occur! because! of!misaliDnment! of!mo5inD! functions! NliJe!
focusinD!ob\ecti5es7!derotatorsO!in!the!optical!path!bet<een!the!deformable!mirrors!and!the!sensorI!Sensors!mo5ed!in!the!
field! of! 5ie<! to! picJ! up! Duide! stars! or! usinD! field! selectors! can! suffer! misreDistration! because! of! pitch! and! 6a<! of!
translation!staDes!or!beam!non:telecentricit6I!In!the!case!of!adapti5e!telescopes!<here!the!deformable!mirror!is!one!of!the!
telescope!mirrors7!the!Dlobal!flexures!and!the!<obble!of!adaptor!rotator!can!be!sources!of!errors!as!<ellI!
!
The! instrument!aliDnment!must! taJe! into!account!all! these!potential!sources!of!misreDistrationI!DurinD! inteDration! it! is!
possible!to!measure!them!<ith!the!aliDnment!telescope!siDhtinD!at!the!pupilI!In!that!case!proper!aliDnment!masJs!should!
be!installedI!It!is!also!possible!to!use!at!a!later!staDe!pupil!flux!measurements!to!assess!potential!shifts!or!rotationsI!For!
sensors!usinD!lenslet!arra6s!the!differential!flux!measurement!of!edDe!subapertures!<ould!be!usedI!This!method!of!course!
assumes! an! adePuate! pupil! masJ! dimensioninDI! Another! <a6! of! misreDistration! assessment! is! to! push! actuators! and!
record!the!correspondinD!<a5efront!distortion!<ith!the!<a5efront!sensorsI!In!other!<ords!the!interaction!matrix!can!be!
used!to!measure!these!errors7!pro5ided!that!one!finds!the!proper!criteria!and!computationI!Note!that!monitorinD!reDularl6!
interaction! matrices! is! a! rather! common! <a6! of! follo<inD! the! beha5ior! of! these! s6stems! Nsensors! and! DMsO! and!
comparisons!of!these!matrices!helps!maJinD!diaDnostics!<hen!problems!occurI!
!
All!these!techniPues!can!pro5ide!measurements!do<n!to!a!fraction!of!a!percent!of!pupil!accurac6I!As!said!pre5iousl6!in!
this!article! the! rePuirements!depend!on! the! instrument!performance!specificationsI!For!hiDh!order! s6stems! liJe! for! the!
SPHERE!instrument!or!the!Adapti5e!Optics!Facilit6!pro\ect!NAOFO!at!the!VLT7!an!acti5e!control!of!the!reDistration!drifts!
is! rePuiredI! The! difficult6! consists! in! performinD! these! measurements! and! corrections! on! sJ6! durinD! the! niDht!
obser5ationsI! Such! acti5e! controls! maJe! the! instrument! more! complex7! thus! increasinD! the! importance! of! reducinD!
misreDistrations!at!aliDnment!and!inteDration!le5elI!
!



 
 

!
 

3.5  Other wavefront sensor alignment issues 

Pupil!reDistration!is!not!the!onl6!issue!<hen!it!comes!to!<a5efront!sensor!path!aliDnmentI!Sensors!liJe!ShacJ:Hartmann!
use! field!stops! to!pre5ent! the! liDht!of!a! star!or!extended!ob\ect! from! fallinD!on!an!ad\acent!subaperture!<hich! induces!
cross!talJ!and!measurement!errorsI!Therefore!a!field!stop!is!dimensioned!such!that!it!is!sliDhtl6!undersi=ed!compared!to!
the!field!of!5ie<!of!sensor!aperturesI!A!t6pical!reduction!factor!<ould!be!>:Bf!less!<hich!corresponds!to!the!marDin!left!
for!aliDnmentI!It!is!important!to!a5oid!that!the!field!stop!5iDnettes!the!aperture!and!truncates!the!measurementI!MasJs!can!
be! round!or! sPuareI!SPuare!masJs!are!optimi=ed! for! sPuare!apertures!but! rePuire!an!additional! rotation!ad\ustmentI! In!
case!of! laser! Duide! star!<here! the!ShacJ:Hartmann!spots! are!actuall6!elonDated7! the! sPuare! field! stops!present!a!clear!
ad5antaDeI!The!fe<!percent!aliDnment!specifications!correspond!to!fe<!tenth!of!microns!<hich!is!rather!tiDht!and!rePuire!
the!use!of!micrometric!translation!and!rotation!staDeI!One!aliDnment!method!is!to!use!a!pinhole!<ith!the!same!mechanical!
interface! as! the! field! stop! to!maJe! sure! it! can! be! positioned! at! its! center! N<ithin! _d:>d!micrometersOI! ImaDinD! of! the!
pinhole!on!the!WFS!allo<s!measurinD!its!position!<ith!respect!to!the!aperture!field!of!5ie<I!Another!method!consists!in!
the!full!illumination!of!the!field!stopI!In!that!case!the!imaDe!of!the!full!illuminated!field!is!measured!on!the!sensorI!The!
little! number! of! pixel! per! subaperture! maJes! the! center! estimation! difficult! to! assessI! Ne5ertheless! cross! correlation!
methods!can!help!to!compute!accuratel6!the!pattern!centerinD!<ithin!the!rePuired!>:BfI!
Slope! non:linearit6! and! anamorphism! can! affect! ShacJ:Hartmann! performance! tooI! It! is! important! to! measure! these!
parameters!once7!to!5alidate!the!aliDnmentI!!
!
3.6  LGS related issues 
When! usinD! sodium! laser! Duide! star! on! <a5efront! sensors7! the! altitude! 5ariation! of! the! sodium! la6er! ha5e! to! be!
compensated!at!the!instrument!le5el!to!a5oid!retrie5inD!the!focus!component! in!the!science!pathI!This!compensation!is!
done!usinD! trombone!or! focusinD!unitsI!Trombones! are!made!of! reflectinD!prisms! that!mo5e!on! translation! staDe! thus!
allo<inD!ad\ustment!of!the!optical!path!lenDthI!!
!

!
FiDure!AY!Vie<!of!the!opto:mechanical!la6out!in!GALACSII!The!Laser!Duide!star!path!is!made!of!a!focusinD!unit!to!correct!
for!5ariation!of!sodium!la6er!altitudeI!The!four!laser!stars!are!re:imaDed!on!a!p6ramid!that!split!the!beam!in!four!different!
WFS!channelsI!The!<a5efront! sensors7! based!on!ShacJ:Hartmann! technoloD67! recei5e! the! laser! beam! throuDh!a! set! a! re:
imaDinD! ob\ecti5es7! field! stops! and! \itter!mirrorI! The! focusinD! unit! is!made! of! a! set! of! lenses! NsPuare! shaded! box! at! the!
picture!centerOI!Lenses!and!translation!staDe!must!be!perfectl6!aliDned!on!the!optical!axis!to!a5oid!pupil!reDistration!errors!on!
the!four!channelsI!

!
FocusinD!units!are!made!of!lenses!mounted!on!translation!staDe!<hich!allo<!for!refocusinD!in!the!<a5efront!sensor!laser!
pathI!In!both!cases!the!straiDhtness!of!tra5el!and!the!coaxialit6!of!the!incident!optical!axis7!the!mo5inD!lens!optical!axis!
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and! the! translation! axis! are! crucial! to!maintain! the!pupil! reDistration! and! lateral! optical! axis! positionI!The! tuninD! and!
5erification!of! these!parameters!can!be!done! at! the! inteDration!and!aliDnment! staDesI!One!can!use!a!siDhtinD! telescope!
<ith!proper!focal!plane!and!pupil!plane!aliDnment!tarDet7!or!one!can!diaDnose!the!optical!axis!drift!directl6!<ith!the!WFSI!
In!an6!case!the!tuninD!must!be!done!at!an!earl6!staDeI!While!lenses!or!prisms!should!ha5e!manual!actuators7!the!linear!
staDe! ad\ustment! is! often! done! b6! shimminD! do<n! to! fe<! arcminutesI! The! use! of! shims! is! time! consuminD7! rePuires!
se5eral!iterations!and!can!affect!sliDhtl6!the!WFS!path!aliDnmentI!
!
3.7  Flexure measurements 
SpectroDraph!or!imaDinD!instrument!attached!to!an!adaptor!rotator!can!suffer!from!flexuresI!Flexures!in!Adapti5e!optics!
modules!can!mainl6!impact!the!pupil!reDistration!and!the!point!spread!function!stabilit6I!From!a!practical!point!of!5ie<7!
flexure!issues!are!difficult!to!sol5e!at!inteDration!le5elI!The!measurements!are!time!consuminD!and!rePuire!the!instrument!
to!be!full6!inteDrated!and!installed!on!a!rotatinD!adaptor!simulatorI!In!the!adapti5e!optics!field7!flexures!are!measured!in!
the!laborator6!b6!rotatinD!the!instrument!and!measurinD!point!spread!function!5ariations! in!the!science!path!at!different!
anDlesI! Comparison! bet<een! open! and! close! loop! imaDes! <ill! help! understandinD! the! part! of! flexures! induce! b6! the!
adapti5e! opticsI! The! contribution! of! the! correcti5e! optics! can! be! deduced! <ith! the! comparison! bet<een! deformable!
mirror!flat!5ectors!Nor!IMO!for!different!instrument!anDlesI!Comparison!of!measurements!for!different!instrument!modes!
Nfor!instance!bet<een!WFS!channels!or!bet<een!LGS!5ersus!NGSO!<ill!ser5e!the!same!DoalI!!
!

!
FiDure!?Y!LeftY!SINFON!installed!on!a!casseDrain!simulator!to!measure!flexuresI!RiDhtY!flexures!obtained!in!close!loopI!

!
These! methods! usinD! measurements! at! s6stem! le5el! do! not! allo<! necessaril6! understandinD! the! exact! oriDin! of! the!
flexuresI! It! is!stronDl6!recommended! to!maJe!measurements!at!sub:s6stem!and!de5ice! le5elsI! In! that!case!flexures!are!
obtained!b6!maJinD!differential!displacement!measurements!bet<een!the!instrument!structure!and!the!units7!the!chosen!
structure! area! beinD! the! reference! considered! as! flexures! freeI! Measurements! at! sub:s6stem! le5el! are! performed!<ith!
capaciti5e! or! inducti5e! displacement! sensors! or! usinD! autocollimatorsI! Once! the! oriDins! ha5e! been! identified7! the!
solutions!found!to!sol5e!flexures!rePuire!often!the!implementation!of!opto:mechanical!modifications!<hich!<ould!stiffen!
the!<eaJ! elementsI!A! huDe! effort! can! be! spent! as!<ell! at! this! le5el7!<hich! can! lead! to! se5eral!months! of! dela6! in! a!
pro\ectI!Therefore!it!is!of!prime!importance!to!tacJle!the!flexure!issues!at!the!instrument!mechanical!and!s6stem!desiDn!
le5el!anal6=inD!them!for!instance!<ith!a!finite!element!method!NFEMO!anal6sisI!
!
3.8  Reliability and Line Replaceable Unit (LRU) discussion 
Maintenance! of! instruments! on! site! rePuires! lots! of! effort! from! the! Obser5ator6! staffI! At! the! VLT! the! number! of!
instruments! and! s6stem! at! the!Obser5ator6! is! enormousI!When! a! unit! or! sub:s6stem! is! fault6! its! replacement! should!
rePuire! a! minimum! of! effort! and! recalibration! for! the! enDineer! or! technicianI! This! is! <hat! <e! call! at! ESO! a! line!
replaceable!unit!NLRUOI!At!desiDn!le5el!the!s6stem!must!be!desiDned!such!as!most!of!the!sub:unit!should!ha5e!adePuate!
reliabilit67!access!and!references!in!order!to!minimi=e!the!maintenance!effortI!The!exchanDeabilit6!of!each!unit!has!to!be!
tested!at! inteDration! le5elI!Some!sub:s6stems!liJe!shutters!or!a5alanche!photo!diodes!rePuire!burn:in!test! to!assess!and!
optimi=e! their! life! timeI! curn:in! tests! consist! basicall6! in! usinD! a! unit! extensi5el6! Nfor! instance! po<er! onboffO! or! in!
extreme!conditions! to!accelerate! its!aDinDI! Indeed! this! is!another! time!consuminD! inteDration! issueI!Other!sub:s6stems!



 
 

!
 

liJe!<a5efront!sensor!cameras!or!deformable!mirrors!are!aliDnment!sensiti5e`!the6!must!ha5e!5er6!accurate!mechanical!
references!to!allo<!an!exchanDe!<ithout!need!of!realiDnmentI!The!desiDn!and!inteDration!efforts!are!the!price!to!pa6!for!
this! strateD67! ne5ertheless! the! Dain! is! real! and! allo<! sa5inD! maintenance! time! <hich! translates! also! into! telescope!
obser5inD! timeI!At!ESO!<e!perform!for!each! instrument!a!dail6!health!checJI!The! instrument!soft<are!automates! this!
health! checJ! <hich! consists! in! a! set! of! functional! checJs! and! calibrations! NliJe! IMO! for! the! main! instrument! modesI!
PerforminD! these! operations! allo<! monitorinD! the! s6stem! beha5ior! and! pre5entinD! problems! liJe! aDinD! issuesI!
Information! related! to! problems! is! loDDed! and! emailed! automaticall6! throuDh! the! Paranal! Problem!ReportinD! S6stem!
NPPRSOI! PPRS! allo<s! a! fast! and! direct! communication! and! Jno<ledDe! transfer! of! an6! problem! bet<een! instrument!
operators!and!enDineers!<hich!increases!the!responsi5eness!of!the!staff!to!tacJle!replacement!and!maintenance!issuesI!

! ! !
FiDure!gY!Three!examples!of!line!replaceable!unitI!From!left!to!riDhtY!the!MACAO!a5alanche!photodiode!NAPDO!cabinet7!the!
MACAO!lenslet!arra67!and!the!Adapti5e!Optics!Facilit6!NAOFO!<a5efront!sensorI!The!APDs!are!Dood!examples!of!a!units!
<ith! a! short! lifetimeI!With!more! than!]@d!units! at! the!obser5ator67! the! exchanDe! frePuenc6! is! almost! on! a!<eeJl6!basisI!
Therefore! the!APDs7! fibers7!po<er!pluDs!accessibilities!and! the!exchanDe!procedure!ha5e!been!optimi=ed! to! facilitate! the!
maintenance!effortI!The!lenslet!arra6!!and!WFS!pro5ide!another!aspect!of!the!LRU!conceptY!the!mountinD!reproducibilit6!to!
a5oid!realiDnment!and!re:calibration!of!the!adapti5e!optics!s6stemI! 

!
3.9   Integration tools and turbulence generator 
Preparation!of!inteDration!tools!represents!half!<a6!throuDh!a!<ell!done!instrument!inteDrationI!The!5ariet6!of!tools!used!
is!larDe!and!co5er!se5eral!fieldsY!mechanics7!optics7!cr6oDenics7!5acuum7!electrics7!coolinD7!and!handlinDI!The!amount!of!
time!spent!in!purchasinD7!rene<inD7!desiDninD!of!these!tools!is!siDnificant!and!therefore!rePuire!an!intensi5e!preparation!
<orJ!at!the!earl6!staDes!of!a!pro\ectI!This!aspect!is!o5erridinDI!

!! !
FiDure!_dY!MAPS!installed!at!the!entrance!focus!of!MADI!The!phase!screens!ha5e!different!turbulence!po<er!accordinD!to!
the!expected!5ertical!distributionI!The!e5ol5inD!atmosphere!is!emulated!b6!rotatinD!the!PSs!at!different!speeds!accordinD!to!
the!<ind!speed!profileI!The!PS!separations!and!positions!can!be!5aried!in!order!to!modif6!the!atmospheric!anisoplanatism!
and!5ertical!distributionI!The!speeds!can!be!ad\usted!to!reproduce!a!<ide!ranDe!of!atmospheric!correlation!timesI!

In!the!adapti5e!optics!domain7!the!main!specificit6!is!the!need!of!a!turbulence!DeneratorI!cuildinD!a!turbulence!Denerator!
often!represents!a!small!pro\ect!on!its!o<n!that!must!be!started!<ell!in!ad5anceI!This!de5ice!is!the!tool!that!defines!the!



 
 

!
 

atmospheric! parameters! <hich! <ill! be! used! to! test! the! instrumentI! The! characteri=ation! of! the! turbulence! is! of! Dreat!
importance!and!must!match!the!main!properties!of!real!atmospheric!turbulenceI!The!production!of!turbulence!is!usuall6!
done!<ith!phase!screens!althouDh!hot!air!s6stems!can!also!be!usedI!Phase!screens!can!be!transmissi5e!or!reflexi5e!and!
simulate!se5eral!la6ers!of!the!atmosphere!<hich!is!mandator6!<hen!testinD!multiple!con\uDate!or!Dround!la6er!adapti5e!
optic!s6stemsI!The!aliDnment!of!the!screens!in!the!pupil!plane!or!at!a!Di5en!distance!from!the!pupil!to!simulate!the!riDht!
altitude!is!toDether!<ith!the!turbulence!characteri=ation!and!the!phase!screens!<obblinD!reduction7!the!challenDinD!part!of!
the!inteDrationI!
!

4.  CONCLUSION 
ESO!has!de5eloped!a!larDe!expertise!in!term!of!instrument!inteDration!and!in!particular!adapti5e!optics!s6stemI!We!ha5e!
tried! in! this!article! to!point!out! the!specificities!of!such!de5ices! from!the! inteDration!point!of!5ie<I!Unfortunatel6! it! is!
difficult!to!enter!here!into!the!detail!of!each!discussed!issuesI!There!<ould!be!much!more!to!tellI!The!complexit6!of!AO!
s6stems!has!increased!<ith!time!especiall6!<ith!the!de5elopment!of!multiple!Duide!star!AO!and!laser!s6stems!in!the!last!
decadeI!Therefore!their!inteDration!becomes!more!complex!too7!therefore!<e!ha5e!emphasi=ed!the!importance!of!an!earl6!
orDani=ation!and!preparation!<orJ!to!facilitate!the!inteDration!time!and!Pualit6I!
!

! ! ! !
!

! !
!

FiDure!__Y!SINFONI7!MACAO:VLTI7!MAD7!NACO7!CRIRESI!The!adapti5e!optics!s6stems!that!ha5e!been!installed!at!the!
VLT!durinD!the!last!decade!co5er!the!three!main!techniPuesY!Cur5ature7!ShacJ!Hartmann!and!P6ramid!<a5efront!sensorI!In!
the!cominD!decade!ne<!instruments!liJe!SPHERE7!GALACSI7!GRAAL!and!NAOMI!<ill!be!installed!as!<ellI!
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