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Mirror History 

2000 1998 1996 2006 2004 2002 2010 2008 2012 2014 

Onset of  
James Webb 

Space Telescope 

Low Areal Density Mirrors 
Identified as Key Enabling 

Technology for  
25 Square Meter Space Telescope 

Subscale  
Beryllium  
Mirror Demonstrator  
(SBMD): 
.5 meter diameter,  

Advanced Mirror System Demonstrator (AMSD) 
Collaboration among 3 government agencies 

15Kg/m2, 1.2M diameter segments 
 

AMSD Phase 1: 
8 Mirror Designs 

AMSD Phase 2: 
3 mirrors developed 

Medium 
Authority 

Glass 
(ULE) 

Low  
Authority  
Beryllium 

AMSD Phase 3/Six Sigma Study 
Be manuf. and process improvements 

OTE Optics  
Review  
(OOR): 

Beryllium  
Selected 

Technology  
Readiness  
Level-6 Demonstrated: 
All key requirements and 
environments demonstrated 

  
Axsys 

Machining  
Facility  

Complete 

Engineering Design Unit. 

PM Manufacturing of 18 segments 

Cryo Testing 

Tinsley 
Polishing 
Facility  

Complete 

Mirrors Complete 

Next Gen. Space Telescope 
(NGST) Mirror System 
Demonstrator 
(NMSD): Other architectures 
that were not pursued 

MIRRORS COMPLETE 



Mirror System Design Parameters Studied 

Wide Variety of Mirror System Design Parameters Studied 
Item SBMD  (Ball) NMSD AMSD 
Substrate Material Be Glass/Composite Hybrid 

(COI) 
Glass (UA) 

Be (Ball) 
ULE (Kodak) 
SiO2 (Goodrich) 

Reaction Structure Be Composite (both) Composite (all) 

Control Authority Low  (Focus Only) Low (COI) 
High (UA) 

Low (Ball) 
Medium (Kodak) 
High (Goodrich) 

Mounting Linear Flexure Bipods (COI) 
166 Hard (UA) 

9 Bi-Flex (Ball) 
16 Force (Kodak) 
67 Bi/Ax-Flex 
(Goodrich) 

Diameter 0.53 m 2 m (COI) 
1.6 m (UA) 

1.38 m (Ball) 
1.4 m (Kodak) 
1.3 m (Goodrich) 

Areal Density 9.8 kg/m2 (mirror only) 13 kg/m2 15 kg/m2 



Technology Development Specs 

Mirror Technology Development Specifications 
Item SBMD NMSD AMSD Units 
Form Circle with 

Flat 
Hex Hex 

Prescription Sphere Sphere Off-Axis 
Parabola 

Diameter > 0.5 1.5 to 2.0 1.2 to 1.5 meter 
Areal Density <12 < 15 < 15 kg/m2 

Radius 20 15 10 meter 
PV Figure 160 160 250 nm 
RMS Figure --- --- 50 nm 

PV Mid (1-10 
cm-1) 

63 63 --- nm 

RMS Finish 3 2 4 nm 
Stiffness (1st 
Mode) 

--- --- 150 HZ 



Incremental TRL-6 



Advanced Mirror System Demonstrator 
 (AMSD) 

 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 
 

Ball Be Mirror 

Kodak Mirror 
Goodrich Mirror 

Ball Beryllium  
AMSD Mirror 



~30 K minus Ambient 

Be 
 
 
 

ULE 
 
 

15.0 mm15.0 mm

Gravity 

Vertex 

X 

Y 

15.0 m
m

15.0 m
m

Gravity 

X 

Y 

Vertex 

Full 15mm 
=155572  

Full 15mm 
=152064  

Mirror Technology Choices 

Beryllium Mirror Had Superior Cryogenic Properties 



Mirror Selection Process and Results 

 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 



Mirror Assembly Configurations 

Mirror Substrate Only Mirror Substrate with 
Flexures, Whiffles and 
Surrogate Delta Frame 

Fully Assembled PSMA 
with Hexapod Assembly 

and ROC Actuator 

Configuration 1 Configuration 2 Configuration 3 

All JWST mirrors utilize similar support and actuation subsystems (PMSA, SMA, TM, FSM)  



PMSA Processing Flow 

Brush Wellman 

HIP Beryllium 
Blank 

42 weeks 

config 1 

Axsys 

Machine Substrate 

55 weeks 

config 1 

L3-SSG-Tinsley 

Grind & Polish to 
150nm rms 

100 weeks 

config 1 

BATC 

Assemble config 2 
Assemble config 3 
Workmanship vibe 

7 weeks 

config 1 -> config 3 

XRCF / BATC 

Cryo-Target Map 
Determination 

8 weeks 

config 3 

BATC 

Disassemble 
to config 2 

2 weeks 

config 3 -> config 2 

L3-SSG-Tinsley 

Polish to 20nm rms 

18 weeks 

config 2 

BATC 

Clean 

2 weeks 

config 2 

QCI-Denton 

Coat Mirror 

2 weeks 

config 2 

BATC 

Assemble config 3 
Acceptance Vibe 

2 weeks 

config 2 -> config 3 

XRCF/ BATC 

Cryogenic  
Acceptance Test 

8 weeks 

config 3 

Deliver to SSDIF 

Mirror production and testing involves a series of handoffs between several suppliers 



Mirror Fabrication and Test Now Complete 
(As Run Schedule) 



Sample of Mirror Risk Management History 



Environmental Testing 

Acoustics 

Vibe Cryo 



Mirror Results 



JWST Mirrors Completed in 2011 
 

JWST Full scale 
model Pr

im
ar

y 
 M

irr
or

 

Fi
ne

 S
te

er
in

g 
M

irr
or

 

Se
co

nd
ar

y 
M

irr
or

 

Te
rt

ia
ry

 M
irr

or
 

Mirror Measured 
(nm rms SFE) 

Uncertainty 
(nm rms SFE) 

Total 
(nm rms SFE) 

Req 
(nm rms SFE) 

Margin 
(nm rms SFE) 

Primary Mirror  
(18 mirror composite) 23.6 8.1 25.0 25.8 6.4 

Secondary Mirror 14.7 13.2 19.8 23.5 12.7 

Tertiary Mirror 18.1 9.5 20.5 23.2 10.9 

Fine Steering Mirror 13.9 4.9 14.7 18.7 11.6 



Mirror Results 

See paper by 
Paul  Lightsey for 

More details  

  
SFE total 
measured 

hi freq 
measured 

XRCF tot 
measured 

XRCF hi 
measured 

Tinsley sub 
aperture 
very hi 

measured 

SFE 
metrology 
uncertainty 

tot 

SFE 
metrology 
uncertainty 

hi 

  (nm rms) (nm rms) (nm rms) (nm rms) (nm rms) (nm rms) (nm rms) 
allocation 23.6 12.2           

max 44.2 12.5 44.0 11.7 5.8 8.2 2.3 
min 16.5 8.1 15.7 7.1 2.9 8.0 2.3 
rms 23.6 10.0 23.1 8.9 4.5 8.1 2.3 

mean 22.4 9.9 21.9 8.8 4.4 8.1 2.3 
std 7.5 1.4 7.6 1.4 0.9 0.1 0.0 
cum               

A1 17.9 9.5 17.7 9.0 2.9 8.0 2.3 

A2 22.2 11.2 21.9 10.7 3.4 8.0 2.3 

A3 21.8 12.3 21.0 10.8 5.8 8.0 2.3 

A4 17.1 8.2 16.8 7.5 3.2 8.0 2.3 

A5 16.5 10.1 15.7 8.8 5.0 8.0 2.3 

A6 44.2 12.5 44.0 11.7 4.5 8.0 2.3 

B2 18.7 9.2 17.8 7.2 5.7 8.2 2.3 

B3 18.7 9.1 18.2 8.1 4.2 8.2 2.3 

Surface Area Requirement:  >1.4746 m2 per segment 
Surface Area:  1.47533 m2 mean 
Total PM Surface Area =26.55m2 

B5 18.4 9 18.0 8.1 3.9 8.2 2.3 

B6 17.5 10.2 17.0 9.4 4.0 8.2 2.3 

B7 22.6 8.9 22.2 7.8 4.3 8.2 2.3 

B8 23.7 9.6 23.3 8.4 4.6 8.2 2.3 

C1 22.1 9 21.5 7.4 5.1 8.2 2.3 

C2 20.1 8.7 19.5 7.1 5.0 8.2 2.3 

C3 18.1 8.1 17.8 7.4 3.2 8.2 2.3 

C4 39.5 12.3 39.2 11.2 5.0 8.2 2.3 

C5 20.5 10.2 20.1 9.3 4.2 8.2 2.3 

C6 23.9 10 23.3 8.4 5.4 8.2 2.3 

SFE total 
measure

d 

hi freq 
measure

d 

XRCF tot 
measure

d 

XRCF hi 
measure

d 

Tinsley 
sub 

aperture 
very hi 

measure
d 

SFE 
metrology 
uncertaint

y tot 

SFE 
metrolog

y 
uncertain

ty hi 

(nm rms) (nm rms) (nm rms) (nm rms) (nm rms) (nm rms) (nm rms) 



The Team 

Axsys Technologies 

Brush 
Wellman 

Tinsley 

Ball 

QCI 

XRCF 

OTE  

Metrology 



Summary 

 In 8.5 years, 21 flight lightweighted, cryogenic beryllium mirrors 
were developed 
 The original technology effort benefitted from a collaboration 

between NASA and other government agencies 
 The development effort was led by Ball Aerospace with 

collaboration and input by NGAS, NASA and Academia 
 The mirrors meet their top level specifications 
 We overcame many technical challenges through aggressive risk 

management 
 Our focus now is on finishing the rest of the telescope and 

performing system level testing 
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