
Hubble's 
Corrective Mirrors: 

Pushing the Optics Envelope 

The Hubble Repair Mission 

provides important lessons in 

engineering management and 

project oversight. The following 

article describes how one NASA 

subcontractor succeeds. 

B Y R O B E R T J . A R O N N O 

A N D D A N I E L J . B A J U K 

Editor's note: This article replaces the "Engi­
neering" and "How To" columns which ap­
pear in OPN. 

By def in i t ion, there cou ld be 
no ready made precedent for 
correct ing the f lawed v i s ion 
of the H u b b l e Space Tele­

scope. To ensure Hubble wou ld per­
form as original ly intended required 
advances in metrology and fabrication. 

T ins ley Laborator ies p roduced 
two sets of corrective optics for the 
December 1993 repair miss ion. One 
set, p roduced under contract w i t h the 
Jet P r o p u l s i o n L a b o r a t o r y , w a s 
Hubb le 's new Wide F ie ld /P lane ta ry 
Camera II ( W F P C II). The second set, 
compr ised of 10 mirrors, was instal led 
i n the Correct ive Opt ics Space Tele­
scope A x i a l Replacement ( C O S T A R ) , 
the innovat ive instrument developed 
by Ba l l Aerospace of Boulder , Co lo . 

Work began on C O S T A R after the 
complet ion and del ivery of the W F P C 
II optics. The C O S T A R concept posed 
special considerat ions: the very smal l 
size of the mir rors , the h igh prec is ion 
of the specif icat ions, and a nar row 
time for complet ing the project. 

T ins ley received the C O S T A R or­
der in June 1991. Ou r immediate p r i ­
orit ies were to lay out the phases of 
the work and to select the teams, made 
up of people ins ide and outside the 
company, who w o u l d carry out on a 
strict t imetable the var ious tasks as­
signed them. Tinsley 's Robert Kestner 
was named program manager because 
of his extensive experience on prev i ­

ous programs invo l v ing the design, 
manufacture, and testing of h igh pre­
c is ion components and sub-systems. 
Jack P i n k h a m was named lead opt i ­
cal special ist because of his extensive 
experience in the fabr icat ion of optics 
h igh ly di f f icul t to make. 

The C O S T A R program was d i ­
v ided into three pr imary assignments: 
opt ica l metro logy des ign, fabricat ion 
of metro logy, and fabricat ion of the 
mirrors. 

The first team concentrated on 
nu l l lens design, tolerance, analysis, 
and qua l i t y ve r i f i ca t i on . He re we 
drew on the talents of two support 
groups: Opt ica l Research Associates 
(ORA) of Pasadena, Ca l i f . and Phase 
Shift Technology of Tucson, A r i z . W e 
cal led on O R A many t imes in the past 
for p r o g r a m suppor t . Phase Shif t 
w o r k e d w i t h us on inter ferometry 
hardware and custom software, an 
area i n w h i c h we had cal led on them 
before. 

The C O S T A R optics consist of 
f ive pa i r s of m i r ro r s des igned to 
"p ick-o f f " l ight f rom Hubb le ' s p r i ­
mary mi r ror and relay the l ight into 
one of three op t i ca l i ns t ruments . 
These are the Faint Object Camera and 
the Faint Object Spectrograph, and the 
G o d d a r d H i g h Resolut ion Spectrom­
eter. F igure 1 shows the C O S T A R cor­
rective pr inc ip le . 

The i n i t i a l p r o g r a m phase i n ­
vo lved designing the optical tests that 
were to be used for the aspher ic 
C O S T A R Correct ive Opt ics Fabr ica­
t ion. We wo rked closely w i t h O R A 
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on this phase. Two independent ap­
proaches were developed for testing 
the aspheric mirrors: 1) a computer 
generated ho logram ( C G H ) nu l l test, 
and 2) a combinat ion of refract ive 
optics w i th software nu l l res idual er­
ror compensat ion. The C G H nu l l test 
became the pr inc ipa l test instrument. 
The second test was used ma in ly as 
an independent backup test after the 
aspheric mirrors had been completed. 

The C G H test was chosen as the 
pr inc ipa l fabricat ion test because it 
cou ld be more accurately cal ibrated 
than the refractive nu l l test ( layout 

the astigmatic nature of the aspheric 
mirrors. The res idual test error b u d ­
get for the refractive nu l l test was 
0.007λ rms, leav ing a surface fabrica­
t ion al lowance of 0.0071λ rms. A test 
se tup c o n s t r u c t e d to m a p the 
wave f ron t error of the cy l i nd r i ca l 
lenses used a t i l ted spher ical mi r ror 
to cancel the ast igmat ism caused by 
the cy l inders. 

M E T R O L O G Y F A B R I C A T I O N 

P H A S E 

O R A began a detai led design and sen­
si t iv i ty analysis of the C G H nu l l test 

cat ion team to examine every aspect 
of the opt ica l test design and imple­
mentat ion. 
O N - T I M E D E L I V E R Y 

The schedule for the fabr icat ion of 
the C O S T A R optics was cr i t ical , as 
the optics had to be completed, inte­
grated by Bal l Aerospace into the i n ­
strument package, and del ivered to 
G o d d a r d to meet a p lanned launch 
w i n d o w . T ins ley received a contract 
i n late June 1991. The required del iv­
ery of the mirrors was M a r c h 1992. 
This a l lowed nine months to imple­
ment state-of-the-art metrology and 

shown in F ig . 2). The test consists of a 
custom unequal path phase measur­
ing interferometer, designed to m i n i ­
mize sources of coherent noise that 
cou ld downgrade testing accuracy. 
The C G H was p laced in the imag ing 
arm. The distance measur ing inter­
ferometer (DMI) p rov ided accurate 
radius control and near absolute axia l 
pos i t ion ing of the mi r ror i n the test. 
The allowable error of the C O S T A R as­
pheric mirrors, including test errors, 
was 0.01λ. rms (λ=632.8 run). The error 
budget allocation for the C G H test was 
established at 0.005λ rms. This a l lowed 
0.0087λ rms error to be allocated to the 
mirror surface fabrication (based on the 
root sum of squares error budget ap­
proach). The test proved to be highly 
repeatable, a l lowing the C O S T A R mir­
rors to be pol ished to a 0.0025λ rms 
match to the test nu l l . 

O u r refract ive backup test i n ­
cluded cyl inder lenses required to test 

design. C O D E V mode l of the C G H 
opt ical test was used to define the 
C G H prescr ipt ion. 

We had prev ious ly used the C G H 
test on a technology deve lopment 
program for the A i r Force Rome Labo­
ratory. Steve A r n o l d of A P A Opt ics, 
who worked w i t h us on the Rome 
program, was cal led on to fabricate 
the C G H elements for C O S T A R . The 
C G H s were designed to m in im ize the 
test effects of errors in their fabrica­
t ion and incorpora ted opt ica l test 
a l ignment patterns requi red to ver i fy 
the placement of f iduc ia l reticles on 
the back of the C O S T A R mirrors. 

N u m e r o u s test des ign d i scus ­
sions were he ld between Tins ley and 
O R A , and between Tins ley and Ba l l 
Aerospace. Bal l Aerospace's C O S T A R 
Team also made mon th ly v is i ts to 
mon i to r and rev iew our progress. 
N A S A ' s G o d d a r d Space Fl ight C e n ­
ter assigned their independent ver i f i -

to fabricate the spherical and anamor­
ph ic aspheric surfaces to demand ing 
tolerances. 

The first tasks inc luded in our 
detai led p rogram p lan centered on 
metro logy des ign and implementa­
t ion. The metro logy opt ica l des ign 
s tudy began i n July 1991 and was 
largely complete in October. In A u ­
gust, mechanical design and fabrica­
t ion of var ious pieces of metro logy 
hardware began. A s the opt ical de­
s ign progressed, fabr icat ion of nu l l 
test elements and hardware was be­
gun . The basic interferometer was 
completed in October and the C G H 
elements by m id -November . 

Construct ion of the backup test 
began in September and was complete 
i n December. This test was used after 
the first of the aspheric mirrors had 
been completed in early January of 
1992. 

Due to the smal l size and h igh 

Figure 1. 
C O S T A R 
C o r r e c t o r 
P r inc ip le 
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qual i ty of the C O S T A R aspheres, fur­
ther improvements were needed in 
our technology for on-t ime del ivery 
of the optics. In part icu lar , adjust­
ments were requ i red to accurately 
map the surface error measured by 
the C G H test onto the phys ica l sur­
face of the mir ror on the computer­
ized po l ish ing machine. 

We took several steps to reduce 
the r isk of late del ivery. Diagnost ic 
C G H elements were designed and fab­
r icated so that potent ia l p rob lems 
w i t h the C G H test cou ld be deter­
mined. Several spare C O S T A R mir ­

ror elements were also fabr icated. 
R i sk reduc t i on geomet ry samp les 
were prepared before geometry on the 
actual parts was performed. Vacuum 
deposited f iducial marks were required 
on the back side of the mirrors. 

The surface f igures of the spher i ­
cal mir rors were evaluated us ing a 
Z y g o M a r k II interferometer f i t ted 
w i th a PST phase modula t ing adapter. 
The Z y g o interferometer system er­
rors were mapped and removed dur­
ing the analysis of the phase data. 
The required spherical mi r ror toler­
ance was 0.01λ rms. The error of the 
fab r i ca ted m i r r o r s w a s t y p i c a l l y 
0.005λ rms. 

The surface roughness of a l l mi r ­
rors, spherical or aspheric, was speci­
f ied as 10Å rms at spatial wavelengths 
less than 1 m m . The surface rough­
ness of the spherical mi r ror was mea­
s u r e d o n a C h a p m a n M P 2 0 0 0 

prof i lometer . The actual measured 
surface roughness was less than 5Å 
rms i n a l l cases. 

The fabrication of the anamorphic 
aspheric mir rors began i n late Augus t 
1991. The mir rors were in i t ia l ly p ro­
cessed spher ical , then po l ished to a 
rough aspheric accuracy ( λ /2 ) us ing 
a prec is ion surface prof i lometer to 
measure the surface and prov ide feed­
back to the C C O S po l ish ing machines. 
Opt ica l testing of the mir rors began 
in November 1991. The first set of f ive 
m i r ro r s was comp le ted by M a r c h 
1992, the second set by M a y . 

The Hubb le Program taught us 
an important management lesson— 
the overwhe lming advantages of an 
extended organizat ion. We drew on 
our o w n people, special ists outside 
the company we had come to know 
w e l l , and the resources of our o w n 
customers. The indispensable va lue 
of open, frank, and frequent c o m m u ­
nications across the board was proven 
t ime and again i n the speedy solut ion 
of outstanding problems. O u r tech­
no logy developed incremental ly over 
t ime. It was our guide to unt r ied ar­
eas of testing and fabr icat ion essen­
t ial to success. 

W e also benefi ted f rom a s ign i f i ­
cant intangible: the strong sense of 
miss ion that permeated the extended 
organizat ion. Everyone i nvo l ved was 
determined that the Hubb le objectives 
w o u l d be accompl ished. 

A C K N O W L E D G M E N T S 

The mak ing of the C O S T A R optics is 
a tr ibute to the people of our com­
pany and to several other organiza­
tions w h o suppor ted us throughout 
the who le p rogram inc lud ing O R A , 
Phase Shift Technology, and A P A . We 
consider Ba l l Aerospace 's C O S T A R a 
masterpiece of innovat ive technology. 
JPL had the pr imary responsibi l i ty for 
W F / P C II, a major innovat ion of its 
own . W e are grateful to Ba l l Ae ro ­
space, J P L , and N A S A for their con­
stant support and encouragement. 

R O B E R T J. ARONNO, president & chief 
executive officer and D A N I E L J . B A J U K , 

vice president/operations, Tinsley Labo­
ratories Inc., Richmond, Calif. R O B E R T 

K E S T N E R , program manager and 
L O W E L L C L U C A S , consultant, also con­
tributed to this article. 

Figure 2. 
C G H Test 
Layout 
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