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ABSTRACT 

In a little under a decade, the James Webb Space Telescope (JWST) program has designed, manufactured, 
assembled and tested 21 flight beryllium mirrors for the James Webb Space Telescope Optical Telescope 
Element. This paper will summarize the mirror development history starting with the selection of 
beryllium as the mirror material and ending with the final test results. It will provide an overview of the 
technological roadrnap and schedules and the key challenges that were overcome. It will also provide a 
summary orthe key tests that were performed and the results of these tests. 
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1. INTRODUCTION 

The James Webb Space Telescope (IWST) Optical Telescope Element includes 21 light-weighted, 
cryogenic beryllium primary mirror segments. 1 The full set includes eighteen 1.52m point to point 
hexagonal primary mirror segments along with a Secondary Mirror (SM), Tertiary Mirror (TM) and Fine 
Steering Mirror (FSM). The mirrors for JWST require.d a technology development program, a 
competitive mirror selection process, a facilitization effort, an aggressive risk management program, a full 
scale production effort, and a thorough test program.' As this effort is now complete. all of the JWST 
mirrors are finished and available to the program. 

2. TECHNOLOGY DEVELOPMENT 

The technology development process for JWST started with the recognition that the cryogenic mirror 
technology used on the Spitzer Space Telescope was not sufficient for JWST. In fact, as shown in Figure 
I , the JWST program identified the need for and began development of lower areal density mirrors soon 
after the 1996 inception of the program. While several mirror technology development paths were 
followed during those very early days, the most important ones were the Subscale Beryllium Mirror . 
Demonstrator (SBMD). the Advanced Mirror Systems Demonstrator (AMSD) and the NGST Mirror 
System Demonstrator (NMSD).2 The SBMD and AMSD' programs ultimately provided the key 
technology pathway for JWST while NMSD helped educate the program on options that were not 
pursued. The various mirror architectures and specifications developed in the three programs are shown 
on the top of Figure 2. The SBMD was a Ball Aerospace Internal Research And Development (lRAD) 
effort to make a.5 meter highly lightweighted berryliwn mirror (sphere) using the new isotropic 0-30 
Berylliwn powder developed by Brush Wellman. Soon thereafter, a multi-agency collaboration between 
NASA, DoD and NRO was formed to develop 15 kglm2lightweight mirrors. In its initial phase. the 



program selected the 8 architectures shown on the left of Figure 2 for study. TIrree of the mrrror 
architectures were down-selected for Phase 2 AMSD efforts to actually fabricate the 1.2m flat to flat 
15KWm2 mirrors studied in Phase I. Of the three architectures, a Ball Berylliwn mirror, a Hughes 
Danbury High Authority Mirror, and a Kodak (now lIT Exelis) ULE mirror, the Ball and Kodak mirrors 
were continued and finished after the JWST prime contractor was selected. 
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Figure 1. Roadmap 
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While the SBMD and AMSD programs were very instructive and achieved much of the technology demonstration 
needed, achieving full Technology Readiness Level-6 (TRL-6/ was a requirement by the program Technology Non
Advocate Review and AMSD and SBMD did not sufficiently demonstrate both flight survivability (acoustics and 
vibe) and stress issues of fabrication. Therefore, as shown in the lower right of Figure 2, the stress demonstration 
and flight survivability efforts were added to the program to achieve TRL-6. This included adding an AMSD Phase 
3 which involved demonstrating the control of beryllium fabrication stresses via stress coupons. [n addition, the 
demonstration of mirror acoustics and vibration survival was done with a partially finished flight mirror (using an 
electronic speckle pattern interferometer for pre and post optical measurements) and the demonstration of the 
act1.:ation was done using the Engineering Design Unit. As will be shown later, many of the technology items were 
funded through the JWST risk management and mitigation process. 
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Figure 2: Mirror Te<hnologies Summary 

3. MIRROR SELECTION 

Once the prime contractor was brought on board, a Mirror Recommendation Board consisting of experts from both 
the prime contractor tearn and the government worked eollaboratively to select the mirror architecture. Many of 
these experts catTied over from the technology phase. The tearn evaluated the two mirror options that the prime 
contractor proposed, one that used Beryllium and one that used ULE. The key data used to assess the cryogenic 
performance was the cryogenic test results of the AMSD-2 data. The decision process and dates and the team 
involved in this activity are shown in Figure 4.5 
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The results ofthe AMSD-2 cryogenic testing results for the ULE and Beryllium mirror are shown in Figure 5. The 
results substantiated the key technical advantage of Beryllium: its thermal conductivity and CfE at cryogenic 
temperatures. In the end, Beryllium was selected on this technical basis which was perceived to hold system 
advantages (for example, active thermal control was not needed). Beryllium also had another system advantage in 
that it could be lighter weight for the architectures proposed. The AMSD-2 data was the primary factor in the mirror 
selection and the main data used to plan the fabrication efforts. 
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4. RISK MANAGEMENT 
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Even before the mirror was selected, JWST initiated risk management processes to mitigate risks associated with its 
development.' In many ways the early adoption of risk management and the early prioritization of mirror risk 
management funding helped lead to the success of the mirror program. As can be seen in Figure 6, many risks were 
identified, entered and mitigated through the life of the mirror development program. The risks themselves 
chronologically track the phase of the program in which they were entered. For example, early in the program the 
key risks were early fabrication (especially beryllium stress issues) and design issues (for example, large vibro
acoustics loads). As the mirror development progressed, the risks transitioned to specific fabrication issues (eg, 
edges), testing and spares. As a result oftbe risk process, an engineering design unit was added for both the primary 
mirror segment and the secondary and both were extremely valuable and later converted to spares. 



'"1='>110 
Ol'E t ·/.m 
TK!>nol .. ~, 

OTtl.lilr .. 
T;"r..obt" 

l......,;oItVoI ' ;I. 

... 
on 

... 

f~ .. ;o;. • 

OTE'·IR·~~ 

0TEr.tR.J3 

011:-: 6 

LV·. ~ 

on"" 

OTE":S 

,", L"'_. 
,~ 

!!: ........ ,, ""'" f ":em. 
Op . c.ol~~ 

II ",, ", ,n " ,I,n. V" i Lt , 
; , .. --.,g· IOIi&"', ~ _. 
tNt • • " .. ·;"" 

~;:;:r~,:' ~ 
ru" , jO'_':' 

I.~II V.,.,lJ·, 
:1COI>bI I :' <0( 

CI .O' ''';'' 

C.glllu.m lood 

.... 1roIino< ;;;;.;; .. ,., 
OIi llnl ",k'rIr 

flbt '".al"'" 
,ef1o:~ub 

~~led 

I.e'., 

/'oderol . 

OTEM!R-~ '7 f l, St~'" ':e!l"jL .. 
r; .. "~. ~"" 
o.t'IrJ.I : PIIK 

...... ' 
~ ... 
, , 

'J.de~1td 

--
Io'lO~"'" 

....... 

"-' 
; CdrJle 

...... :!lI..... co::"./' 'W 

: ~'! :I-

, ."" 
!.kId · ..... i H • ., ...... tiill gr.~:. .~ "'J 

' ''·~ .d~,., 
511~ 

""""'" dnb''lI.L .. 

~ ~_~. l .. 

j'~" • • .·~bt.:~ , I.M 

@.;:~111.13 
~. 

• .....;pc;' 
1- :'( '.3 

~.:.'t-oJ 
:.IlIg"t4 

(' '' ... ·l T 03 
l·Vllet •• ed· 

,iilsc)11 

0,-.. 1 .... )) -. '\J;;_. 
>'C ,' 

.... _. 
• ... "11 

'~" · •• J/'II/tIir.· ... do n'. mMI'",-.: · ~ "':''''~;_;:~imrll', ·t.,.~ ......... 
... ' 1I 1~ '.,"\'Ient , ...... , THEN OTE _.1' z-. .... c.r.~,""'<IU I.M I ~lI'Ilod ~,Bv ·~' ~., 
nlll"," II •. .tJ2maglltq.m"'OI lr, f ".'J ' , 00 :i s.: J': ... 1t1d!!0I. 

ru;:t~~ ~;. ~~ . .;. ~":::,.o 
.. I," '~ ~·OC:~~'_ ''''. : \o ,,,.b.J 

jell'''' lhaI c: ... , ~ .• • ! ;.,1Cl tho m'~'''''ud' 
. nd :'11,"::"" d.II.~i .. ,.".r·~' lo~ : .. 

THE< ' III. "'iImr~«IIr L~. h .. n, 
~1 ""1Id 1l" .• m 'ltl'lll 1>1RL h tlFlHd«l " 

",3T 

C>I!' ' If' .a;., ! , •• ~ C: ~ .. ~ • • " ECU ardA1 C ... .. h ft .. 
' . ' .. '. , ~ c. 1> :.,' CI;· •.• • n~ :'11 C.,' : ~ -,r>lli!t:: . ..-c . ... t·· ~ 

F ..::..~;:,: ~:~.:.~~~. ,'~,~~:!:1t .. /'t."...~:::~ ~-:-~ iI 
_ ..a::· ........... : ... SU_' .• _ iNll ... ' ..-:-... · •. · ..... .,.g . ...ubi.. s."" .'_ 
~ ...... ltuMd u """d ........ - '~ .' . ..... "'. " •• ,-.. ft!o. •• t 
1'I'IOIk' ... :::t.leonopan « l·,I .. , ... " t)' 
c>u .. ~n.I .. ,-,cmo. i ....... THEN. 

:: ~.':n~:~~~~~~~·l~~. 
.o~~."'U~~~~": ;"~ ::1:,IJ.~·~ . . 'r.;.-/;,' ·~~.~~:~";':'::~ ... .;~:~. ~ ~~; .:~~' 

dCti:n I.,. Pili '" ,,," I(II"'.- ~' I. til< . • ~ ..- t~ xc,.., , ,, •• "._ lor. . . ... • 'T. ~",".·. 1 . 
hi ~_~, ... 111,,_ wt .. '·.&iog ........ ,... "" hIM"" " " II'" • • V'" 

._.-..:.: .... 'IOoas;, ... ~ rt; . 1"" .~. 

F-e.· .. . ;,~t!ot\Oll -31 ""91'10:: 'I!'t\: ' W;" " llI' "'9'.w. .... ,..9I).J r.oI< . .... m : 
114'1 OlE. \ .. .... m,."'. k .... ~ ..... . ;~~ '" ..... " dtmo. .. ' •• ! ... L'eo"'PIolinlll-! l'O . , '2l . .,, ~ 

':'''tlo' """,. Gonr.·: m .... IICIv ~ .. r.. 
"IHEI! ... :~. o-:-e -.a tie .':."' 

F • .r:,':;r mimi! "]II'~" 
. ., .. I • ...,......... igi ... ~ ~ ", •• e: '.I:1 .. , 

I.:: 3 ,.r ,'id .tot ... ~ 1.,1 10 r ;". ",: '1 1~ r".·' ·~~ .. . 1 "" '1 
Icid,,4"~ .. ; ~. 
oIoU' ">3 Itr1 •• :.s:". 
F .. """"E~'" .,· .. ~:'>""_ c::._ ion 
r.;" :.I. 

or~ ..... ! J a-,.;"ure.i · .• • · ... l~ .. n SAT . ,"" •• >«:11: ..... c· ' .d ..... ' :_ . 
.. _c; .Joo ' 1'I£NtlIlk •. .: t,~~"'EO·Jc', .j · .... i&I: .. :3 
tt',;uirl;TIl "ts ",Iy nOi tie ,," •• '1 . ",:. , t ;'.'1I)1 •• E::') .. ·on. I' 
r!J"' ~'nl roh~ " ". 0fil: .~lI ."1 ~ .! 

1h" U;~ ~ .::t," ;.'~ >'%IM · ..... ' • . '100· '. 1','_ ," , :t..10.<:/.-.. • • 1s. 
. .. f't( ~t:' "OIi\" .~arj1h • • :Isi" 1 · 1 ".,~ ~" ., .t; ...... £8 .• tS.-., .g~u..:: .• ).", .... 
p!OC" JtI-:~ I<t , · ...... 1hJ III . , ..... . : • .n.t . I #Oge ...-. I ptt. 
II t -.c..,ublo. ~;rli: ;1I .• I~.a! . ~1O r~,,)."' l 
__ ~'''' n_.''''''' t ....,- r': ' . 

:;:=·~~.~=~.ar~l 

~;~.- bo~~~~::i-:::;"~~' ,. ""'I'Rt ii> "" ". 9.CI'.toe> r, ·1otI. 
~ , c , .• p,,;', ' .f •• • MCI • 

inII.~"I"" , ,' .:< 'TrlEH IIgnii . ~ 
Kiv .. kll. , lippogu ond c .. l " ~ .. ",. 
"' ... o~cU'"'" ... u.. '-0<:.11.." 
"': ~MIIIIU" I'IOIti m. '.. 

Figure 6: Mirror Risk History 
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S. MIRROR FABRICATION 

The mirror fabrication involved a large effort that was managed by Ball Aerospace and which included several 
contractors and facilities around the county. The basic flow and typical durations of the fabrication effort is shown 
below in Figure 7. 
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Figure 7: Mirror Fabrication Flow 

The actual as-run schedule for the entire mirror fabrication effort can be seen below in Figure 8. The end to end 
effort lasted approximately 8.5 years. . 

Figure 8: Mirror As-run Schedule 

6. RESULTS 

The fabrication of all flight mirrors including coating and testing completed in December, 20 II . The mirror 
themselves can be seen in Figure 9. The top level RMS results for each of the mirrors can be seen in Figure 10. All 
mirrors' meet their RMS specification which is the critical driver for telescope perfonnance. More detailed results 
for the primary mirror segments can be seen after ambient testing in Figure II . More detailed final cryogenic 



testing results can be seen in Figures 12 and 13. Although there were a few segment level allocations not met, the 
primary mirror requirements overall were met with margin. 

" 
.. ~ OJ '"-

" I " ~u OJ I co .. 
co .. \ " 

" " .. . .. .. " 
" D 

" " 
" 

" " CJ 

Figure 9: Flight Mirrors 

'In Tor \ft'.Il.~IIr\"tJ I nrrrl ,lIlIH 11l1:lI K~;I \'i:lltlll 
""1111)11,1.1 IIIIIII " 'II! 1"1'''' ..... ., . lfllllnll. :o.fTI UI 'III1I11·~" 11 

Prinwy Mim>r 
23.6 8.1 ZS.O 25.8 '6.4 

(18 mirror composite) 

Secondary Mirror- 14.7 \3 .2 19.8 23.5 i 2.7 

Thrtiary Mirror 18.1 9.5 20,5 23.2 10.9 

Fine Steering Mirror \3.9 4.9 14,7 18.7 11.6 

~ 

!? ... ~ 

0 '- :i ... ... '" '" ~ :: c 
~ :g 0:: 

~ . \ .. 
? r- .. 

'" 
~ ;;; ,-; 

E is ~ I .. 
.t,: " C .., -- '" ii: 0- il;, ;.-. 

Figure 10: Flight Mirror Top-level Performance 



Figure 11: Primary Mirror Segment Performance after Polishing 
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Figure 12: Primary Mirror Segment Performance after Polishing 
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Figure 13: Primary Mirror Segment Cryogenic Performance 

8. SUMMARY 

The development of the mirrors for JWST was a major undertaking. The team involved included 
engineers, managers and technicians from several companies and organizations, many of whom are 
shown on Figure 14. In under a decade, 21 flight mirrors including the >25 square meters of 
lightweighted, cryogenic beryllium mirrors were designed and fabricated. Wbile the original technology 



effort beoefitted from a collaboration between NASA and other government agencies, the development 
effort was primarily a collaboration between NASA, industry and academia. The mirrors meet their top 
level specification and many technical challenges were overcome. The focus now is on finishing the rest 
of the telescope and performing system level testing 

Figure 14: Mirror Teams 
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Flight Segment 
Actuation C{T~' b~.ity ... -
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Technology Validity to JWST 

Cryogenic C,J£1ting 
SB~,m d'Sveioped a low st'I3~S gold co})ting 
upplicaUon til ,:;t cun bl3 appiIed to ilny b&rymum 
rninuL Coating of l"rg8 mirrors .: Ii 1('9 -N{ST) i:;. n(!t 

Cryo-Nu!l Figuring moteri<li spflGifi(; fm(]. hos been deve!q::·ed (In other 
flignt ~.fOgrams_ 

Figuring AI! diffflrenc"ls bl3t1II1'&';!/1 tne JINST pr..,lSA an,j H-Je 

Cryogfl:'liG performance 
M,,'IS0 mirror improves m<int.:facrumbil'ity c:r:,uJenic 
parfl)mlanC£;, and proVj~&5 rr":,[8 actuation dS';Jf'2<BS 

Actuation c;e;pabilit-J ot fre,=<dom 

Lon!;:! term materiEl I 
JIJVST PMSA s are manUfilGtUl80' using tr,e ellC:ict 

stability 
pf')CeSStni] devt'~~1ped (In .Ai;jISCf IU to as:3ure fo' .. v 
!'85fCluiJ! 5UrfiJOO 3tr'Oo5:,,85 and Ir}'fi material creep_ 

Launch .ji·;torlion 
.JVVST flight segment llSr:-(! to 2.ilo'N tedmo~og'J 

r8e.dinrd~ 
J\ctu<ltf(ln Capabjllty . 
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• NASA, DOD, NRO $50M partnership funded 3 
lightweight mirror technologies shown on the 
right 

• Ball beryllium mirror technology completed 
and baselined for JWST in 2003 

- Ball beryllium mirror demonstrated all key aspects of 
JWST technology except for demonstration of vibro
acoustics survival which will be demonstrated this 
June on the Engineering Design Unit mirror 

• Mirror manufacturing of flight mirrors started 
in September 2003 
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• Beryllium was rated as the highest performing, lowest technical risk solution 
Material has superior cryo eTE and conductivity, only technical issue was managing surface 
stresses to achieve final convergences 
Provided best potential science performance, had significant margins on thermal performance and 
stiffness/mass 
Key concerns were schedule and staffing at Tinsley 
Material and manufacturing cost deltas between ULE and Beryllium were small when compared to 
the potential schedule deltas 
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Configuration 2 

II ' ~ r ",. 

Mirror Substrate with 
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Configuration 3 

Fully Assembled PSMA 
with Hexapod Assembly 

and ROC Actuator 
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Summarv 
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• In under a decade, 21 flight mirrors including the >25 square 
meters of lightweighted, cryogenic beryllium mirrors were . 
developed 

• The original technology effort benefitted from a collaboration 
between NASA and other government agencies 

• The development effort was primarily a collaboration between 
NASA, Industry and Academia 

• The mirrors meet their top level specifications 
• We overcame many technical challenges 
• Our focus now is on finishing the rest of the telescope and 

performing system level testing 




