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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 roadmap and schedules and the key challenges that were overcome. It will also provide a
summary of the key tests that were performed and the results of these tests.
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1. INTRODUCTION

The James Webb Space Telescope (JTWST) Optical Telescope Element includes 21 light-weighted,
cryogenic beryllium primary mirror segments.' 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 required 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
1, the IWST 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).> 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 (IRAD)
effort to make a .5 meter highly lightweighted berrylium mirror (sphere) using the new isotropic O-30
Beryllium powder developed by Brush Wellman. Soon thereafter, a multi-agency collaboration between
NASA, DoD and NRO was formed to develop 15 kg/m2 lightweight mirrors. In its initial phase, the



program selected the 8 architectures shown on the left of Figure 2 for study. Three of the mirror
architectures were down-selected for Phase 2 AMSD efforts to actually fabricate the 1.2m flat to flat
15K g/m2 mirrors studied in Phase 1. Of the three architectures, a Ball Beryllium mirror, a Hughes
Danbury High Authority Mirror, and a Kodak (now ITT 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

While the SBMD and AMSD programs were very instructive and achieved much of the technology demonstration
needed, achieving full Technology Readiness Level-6 (TRL-G) 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. In 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
actuation 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 Technologies Summary

3. MIRROR SELECTION

Once the prime contractor was brought on board, a Mirror Recommendation Board consisting of experts from both
the prime contractor team and the government worked collaboratively to select the mirror architecture. Many of
these experts carried over from the technology phase. The team evaluated the two mirror options that the prime
contractor proposed, onc 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.°
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Figure 4: Mirror Selection



The results of the 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 CTE 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

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 of the 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.
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Figure 6: Mirror Risk History

5. 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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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, 2011, 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 performance. More detailed results
for the primary mirror segments can be seen after ambient testing in Figure 11. 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.
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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. While 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 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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Advanced Mirror System Demonstrator (AMSD)

= NASA, DOD, NRO $50M partnership funded 3
Iiglatweight 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 CTE 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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Mirror Assembly Configurations @ /’
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Configuration 1 Configuration 2 Configuration 3

e

Mirror Substrate Only Mirror Substrate with Fully Assembled PSMA
Flexures, Whiffles and with Hexapod Assembly
Surrogate Delta Frame and ROC Actuator

All JWST mirrors utilize similar support and actuation subsystems (PMSA, SMA, TM, FSM)
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PMSA Processing Flow & .
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- . — Assemble config 2 m@
'..: | ¥ ; . Grind & Polish to “1! Assemble COI‘Ifig 3 !zz"

HIP Beryllium , "
Blank e 150nm rms ) Workmanship vibe
42 weeks 55 weeks 100 weeks 7 weeks
config 1 config 1 config 1 config 1 -> config 3

Disassemble Polish to 20nm rms Clean

Cryo-Target Map
to config 2

| Determination

8 weeks
config 3

ARCE / BATC e TR e

2 weeks 18 weeks 2 weeks
config 2

config 3 -> config 2 config 2

. - .| Assemble config 3 | N Cryogenic

= Coat Mirror Acceptance Vibe ™ Acceptance Test Deliverte SSOIF
2 weeks 2 weeks 8 weeks
config 2 config 2 -> config 3 config 3

Mirror production and testing involves a series of handofifs between several suppliers
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Environmental Testing /j’
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Mirror Fabrication and Test Now Complete o~
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Fine Steering
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JWST Mirrors Completed in 2011

Mirror Measured Uncertainty Total Rey Margin
ILLELOX {nm rms SFE) (nm rms SFE) (nm rms SFE) {nm rms SFE) (nm rms SFE)
Prmaty st 23.6 8.1 25.0 25.8 6.4
(18 mirror composite)
Secondary Mirror - 14.7 132 19.8 235 12.7
Tertiary Mirror _ 18.1 9.5 20.5 23.2 10.9
Fine Steering Mirror 13.9 49 14.7 18.7 11.6
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Tinsley Results Summary (p.1)

ambient (Tinsley EICP ship data’
Surface map | SFE P-V | SFEms | mid frag hifreq |[sufrufrms| surf nd sd conic decenter | clocking area SFE steb | RoC stab | OAD stab | Ship date
\nm; (nm} (nm; {nin} inm} inrn? constant fmm} imrad) (m2, {nm; {mm} (mm)  [from Tinsley
allocztion — 231 — 9.5 4 - "+L0.001" 0.35 0.35 - - - -
max 857 g.00 16.63 3.37 5 9.87 0.23¢ 0.713 14775 49 0554 §2E5 382040
min 18 a.é5 .44 8 233 Nz RGD -0.532 |- 1484 1.3 0631 2027 X3 205
rms £34 13,83 1233 £.43 325 .35 O Iryct 0710 14713 5 r.048 Pl et
Te 335 12,585 .84 .35 .5 .33 0,187 2.003 14733 ¥z G920 A i
#E_ T,
{'@t L}

Al Sande ] B26.1 15.58 11.62 538 3.39 ¢29 0027 0.00022 0.152 0.232 14747 2.80 0.02 0.163 352010
A2 956.7 16.68 15.80 5.37 318 0.67 0.016 0.00022 0.043 0.042 1.4747 354 0.05 0.151 12.1/2008
A3 349.5 10 65 8.35 6.61 327 0.31 0.008 0 00022 0210 0.021 14775 354 -0.081 0.142 1720210 |
Ad 605.7 9.45 B.20 4.69 3.16 0.30 0.0038 0.50022 0.164 0.075 14747 1,16 0.039 0.163 5/€.2009
AS o .- 185.8 15.89 14.6 £.07 3.60 0.42 0.002 0.00022 0.780 0.040 14754 4.82 0.032 0.146 47:2009
AS ‘ 770 18.00 1€.53 713 2.96 0.19 0.GI3 0.90022 0.21C 0.210 14745 288 0.080 0.122 8:17,2009
B2 | 540 14.08 10.50 837 s 0.28 -0.015 C£.00022 0.210 0.046 14747 312 0.022 0.133 1/3:2010
B3 321 B.65 E.4% 3.72 3.33 0.43 0.003 0.00022 0.228 -0.017 14774 1.£6 0.008 0.160 6/24-200%
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Tinsley Results Summary (p.2) —

L ATK
LEES A’ )
- v ITT &=
ambient (Tinsley EIDP ship data) S
Surface map SFEms | mid Teq tifreq | sudf ruf s | surf ruf sd RoC conic decenter | clocking 2rea SFE stab | RoC stab | OAD stab | Ship date
{nm, 1} {nm) mm; {nm; fmmy) constznt (mm’ imrad} 2y (nm}) {fmm® {mm}  [from Tinsley
allgcation 231 — 95 4 - +-0028% | =-0.001" 0.38 0.35 - - - -
max 1€42 ifia2 5.8 247 .43 (bt 0275 e213 14765 %32 003 15 17242063
min R LE 5 3E0 2328 () -1 08 L0r 15 143 1.4% e 7§ 02t 1REES
ms 13.27 1277 Raf WL 3.2 005 TA&N i [ LaER aw 0.5 2104
__ae_ | 5 1363 in.5s 337 3.5 231 0.us 1133 [ 13565 3.75 1.037 0Ll
BS s 292 9.34 7.90 4.99 .25 0.31 -0.0C3 0.00922 0.092 0.017 1.4748 3.88 0.084 0.143 12°2°2009
B6 413 15.97 14.90 576 3.4 0.46 0.005 0.60022 0.087 -0.043 14754 4720 0.020 0.132 77102008
B7 337 12.81 11.2 6.28 33 0.32 0.006 0.00022 0.045 0.038 14766 336 0.006 0.030 | 10212009
3

B8 864 13.80 12.30 6.25 3.24 0.33 0.001 0.00022 0.190 -0.037 14748 343 0.004 0.093 9/30/2008
c1 870 11.08 868 6.87 333 0I5 -0.004 0.00022 0105 | -0.03 11646 1.99 0.054 0.069 818 2009
c2 821 16.15 15.12 6.50 3.18 0.75 0.00€ 0.00u22 0.215 0215 1.4B46 2.84 0.07% D121 1242008
[ =748 14.55 13.80 4.60 347 0.356 0.006 0.00022 0.18E 0.156 1.4652 1.82 0.023 0.107 | 1023, 2008
c4 535 16.26 13.70 B.75 2.89 0.2 40.003 0.00022 0147 -0.134 1.4644 +.61 0.011 0.130 | 10;30.:2009
cs 579 14.92 - 1370 587 3.3% 0.38 0.002 0.C7022 0.087 0.058 14644 <04 0.004 0.078 £ 25,2009

y

4
C6 L 740 1161 843 7.82 2.93 02 0.00¢ 0.00022 0213 40.163 14644 +.35 0.033 0.027 10/2 2003
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KRCF Testing Resuits -n/;
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Tris'ay sub SFE RoC match to {Ro” match Lo RoC RoC ac; range(RoC adj range
enerture ey | SFE metru og; | metrolegy 05mm mean RaC metroony  |fig distort from & & RoC adj Ro2 coluatyr [RoC adj single|fig distort from| asi'y ¢'stort |Ship da 2 from
hi meascred | unceainty tot { uncentsinty hi nominal deita] nc-minal uncertainty roc adj  |testad range | test adjrange | resciwion | length ;- -sag |step arcorac, b adj from rh adj Tinsley
i ma;
{nm rms) ms, {nm rns) | um - sag) | (omp sag |{urilless rat'a}] (nmg:sag) | (vmrms
aincation >=)168&4 <=1 na <= 128
mas Jk 3 o) & o s 14 123
' min e 8 23 ki v e 1 93
s 45 #h Za 7 o B3 's i o3
mean ' i1 2z 4.6 3 &) 113 2%
gd 23 21 e [ b it 11 1.5 $3
cum )
Al 17.9 95 137 5.0 29 B 23 £0.49¢ 0.0 £047 r.085 193 0.£62 4444 037 20 el L35 209 3e20m0
AT 22 1.2 219 3T 34 8 23 05 -0.004 -4.003 C.035 19.3 .49 4.355 0z 2.2 0.6¢ 10.2 19.6 1212008
A3 218 123 218 10.8 58 8.0 23 -0.507 0,007 0.040 00863 184 281 4875 038 07 oz w04 263 1/20 2010
A4 17 82 | 168 75 32 B7 23 0526 0.020 0.013 0.855 181 -1557 3908 15 2% €13 108 %" 562009
A5 165 - 101 157 6.8 5.0 ar 23 0539 -0.039 0.032 reas 19.2 1455 4229 038 211 0.08 106 kel 4712008
5 42 125 M40 1.7 45 B.. 23 04823 0.017 -0.024 0.025 193 1240 +4.085 0.35 25 C.08 10.0 308 B17.2008
B2 187 92 18 72 83 B2 23 0.502 0.002 -0.075 0.084 211 -1.288 5170 0.40 241 022 17 %6 18,2010
B3 18.7 9.1 17.2 81 42 82 23 0.8%, 0.024 a.017 0.334 226 A 4954 241 19.6 0.14 122 259 24 2009
18. L] 18.0 R1 33 a2 22 0433 0.9¢" €04 agrs 18 1414 4.525 041 198 ces 19 220 12312009
175 10.2 170 €4 40 82 23 -0.496 0.004 £011 03t 218 A%r 4319 041 9. c13 1.3 7102002
B? 26 89 222 =8 43 B2 23 0527 0027 0,020 0,084 21.8 DR 5.469 041 3.9 (17 129 361 10212008
B4 27 95 23 a4 46 852 23 0824 0024 0017 0o 220 1637 4238 043 ‘3.2 .13 133 T4 /30 2003
ci 221 9 2.5 74 51 82 23 £52¢ 4120 0.013 0.032 218 -1.2(3 4.8%% 03 19.6 033 1.2 302 - | 182009
c2 201 . a7 135 A 5.0 82 z3 0531 -0.031 0.024 " G2 216 1165 4557 00 9.6 N 121 334 4z 2608
c3 181 81 178 T4 32 ;¥4 23 L4118 0.081 Lt L@72 15 1873 ENSY 039 204 L0z "g k] 10252008
C 398 123 3:2 1.2 50 82 23 £.481 0.703 003 r.og2 203 -1.197 4503 (=31 231 22 13 w7 030,209
Ch 205 i1z 21 83 42 8.2 23 -0 532 0,032 2025 r.o82 208 -1,465 4.541 1 2-0] a1 L 19 11.0 291 C.IE7200%
C6 219 12 233 LY 54 8.2 23 0532 -C.032 0.0% €082 214 -107 5.088 041 ar t21 1286 325 1022060
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= |n 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

= QOur focus now is on finishing the rest of the telescope and
performing system level testing





