
Engineering the COSTAR 

At N A S A ' s request, Riccardo Giac­
con i , Di rector of the Space Tele­

scope Science Inst i tute, convened a 
panel of experts in the summer of 1990 
to ident i fy and assess strategies for 
r e c o v e r i n g the H S T ' s capab i l i t i e s 
degraded by spherical aberration. This 
panel i nc luded astronomers, opt ica l 
scientists, astronauts, and engineers 
from industry, academia, and govern­
ment. The E u r o p e a n Space A g e n c y 
(ESA)—a partner w i t h N A S A in the 
HST program—contributed significant 
expertise in optics and space astrono­
my. The Strategy Pane l s tud ied the 
problem and developed and evaluated 
solutions dur ing the late summer and 
fall of 1990 during a series of meetings 
in the U.S. and Europe. The panel con­
c luded the opt ical p rob lem was we l l 
enough understood to design h igh ly 
effective optical correctors. After inves­
t igat ing numerous so lu t ions, it was 
decided that corrective mirrors w i t h 
precisely the same amount of spherical 
aberration as the HST 's pr imary mir­
ror, but w i th the opposite mathemati­
ca l s i g n , w o u l d pose the best 
approach. 1 - 3 A key element of the feasi­
bil ity of this approach rests on packag­
ing these corrector mirrors in a stan­
dard HST science instrument enclosure 
for the ascent to orbit and subsequent 
deployment and alignment. This pack­
age with the corrective optics is called 
the Corrective Optics Space Telescope 
Ax ia l Replacement (COSTAR). 

Figure 1 shows the location of the 
axial science instruments in a cut-away 
view of the telescope. Packing the cor­
rective system in one of these standard 
enclosures a l lows the opt ical correc­
tion to be accomplished in an identical 
manner to the planned servicing sce­
nar ios . C O S T A R replaces the H i g h 
Speed Photometer ( H S P ) , the least 
used of the sc ience i n s t r u m e n t s . 
C O S T A R corrects the wave front pre­
sented to the European Faint Object 
Camera (FOC), the Goddard H i g h Res­
olution Spectrograph (GHRS), and the 
Faint Object Spect rograph (FOS) by 
placing a pair of reflective correctors in 
f ron t of each i n s t r u m e n t c h a n n e l . 
Because the W i d e F i e l d P l a n e t a r y 
Camera (WFPC) is located in a differ­

ent area of the HST , it cannot be ser­
viced by C O S T A R . Fortunately, N A S A 
was a l ready bu i l d i ng a replacement 
for the W F P C to fly on the first servic­
ing mission. Plans were quickly put in 
place to install a corrector system simi­
lar to C O S T A R ' s internal to this new 
camera. W i t h both the C O S T A R and 
W F P C II installed on the first servicing 
m i s s i o n , the sc ient i f ic func t iona l i t y 
expected at launch can be restored. 

In add i t i on to p r o v i d i n g better 
detai l wi thout resort ing to computer 
enhancements, the F O C , G H R S , and 
the FOS w i l l be able to detect and ana­
lyze l ight f rom faint objects at m u c h 
greater d is tances. The two spectro­
graphs w i l l be able to better isolate 
objects i n c r o w d e d f ie lds s ince the 
l i gh t f r o m near b y objects w i l l no 
longer contaminate the object under 
investigation. Because the amount of 
l ight en ter ing the s m a l l s l i ts of the 
spectrographs w i l l be increased, the 
exposure times for observation w i l l be 
signif icantly reduced. Bal l Aerospace 
and Communicat ions Group in Bou l ­
der, Co lo . , was selected as the pr ime 
contractor for C O S T A R ' s construction. 

How COSTAR Restores HST 
C O S T A R is des igned to place smal l 

pairs of mirrors in front of each chan­
ne l of the three axial science inst ru­
ments (ASI). A s il lustrated in Figure 2, 
the M 2 mirror is first placed in front of 
the instrument aperture to block the 
aberrated light currently entering the 
ins t rument . The M l m i r ro r of each 
mi r ror pai r , a s imple sphere, directs 
l ight f rom a new location i n the tele­
scope's field of v iew onto the M 2 mir­
ror. The M 2 mirror prescr ipt ion con­
tains the same magnitude as the error 
i n the H S T p r imary mi r ro r but w i th 
the opposite mathematical s ign, thus 
canceling the spherical aberration. The 
great cha l lenge of C O S T A R was i n 
these mirrors—first fabricating them 
to the requirements and then placing 
them in front of each instrument chan­
n e l . F i g u r e 3 shows the major e le­
ments of C O S T A R . The enclosure is a 
standard HST instrument design. The 
optics are mounted on the Deployable 
Op t i ca l Bench: Seven of the mi r rors 
are mounted on arms that dep loy in 
front of the science instruments whi le 
three mi r rors are located w i t h i n the 
deployable bench. Du r ing the ascent 
to o rb i t , th is d e p l o y a b l e b e n c h is 
s t o w e d i n s i d e of C O S T A R . O n c e 
ins ta l led into the H S T , the bench is 
raised by g round command into the 
focal plane area just behind HST 's pr i ­
mary mirror. The arms containing the 
optics are dep loyed into the correct 
posit ions in front of each instrument 
aperture. In Figure 3, the deployable 
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Figure 1. Cut-away view of HST showing axial science instruments. COSTAR replaces one 
of the axial science instrument modules to provide optical correction to the remaining three. 
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optics bench is shown raised into the 
area behind the pr imary mirror and in 
front of the science instruments. The 
rays shown in Figure 4 i l lustrate the 
light path for the G H R S . For this chan­
nel, the M1 mirror is located inside of 
the C O S T A R bench. Light is reflected 
from the M1 located in the deployable 
bench through an opening to the M 2 , 
where it is corrected and directed into 
the G H R S aperture. Sma l l actuators 
are located behind the M1 mirrors to 
a l low for fine al ignment of the pup i l 
formed by M1 onto the M 2 corrector. 
Ad jus tment of this art iculatable M1 
contro ls f i e ld -dependent coma and 
astigmatism. 

below 1 mm. Whi le the M l mirrors are 
s imple spheres, the M 2 are complex 
fourth-order aspheres. This means that 
the surface of the M 2 is shaped like a 
Schmidt corrector wi th different curva­
tures in two directions. Fabrication was 
further compl icated due to the smal l 
size of the optics, which range from 17 
m m to 25 m m — a b o u t the s ize of a 
d i m e a n d a quar te r , r espec t i ve l y . 
Because the m i r r o r spec i f i ca t i ons 
required state-of-the-art pol ishing tech­
niques, there was considerable uncer­
tainty regarding their t imely procure­
ment, so three vendors were selected to 
fabricate these challenging optics. 

On ly one of the three vendors was 
able to produce the optics in a timely 

Figure 2. COSTAR corrector principle. The field mirror M1 images the telescope primary mir­
ror at M2. The surface of M2 is figured to compensate for the spherical aberration in the pri­
mary. 

COSTAR Optics 
Fabrication of the small , h igh quality, 
complex C O S T A R optics required to 
correct the aberrated HST images was 
a signif icant challenge. Phys ica l con­
straints on the mirror locations, l imited 
deployment options, and the demand­
i n g image q u a l i t y spec i f i ca t i ons 
imposed by a defraction l imited 2.4-m 
telescope resu l ted i n a des ign that 
requires fourth-order aspheric surfaces 
superimposed wi th a toroidal, astigma­
tism-compensating figure. To achieve 
the encircled energy and Strehl ratio 
r equ i remen ts , each of the op t i cs 
requ i red a surface f igure of λ / 1 0 0 
wave rms (at 633 nm). Fur thermore, 
the requ i rement to ma in ta i n image 
quality and optimal throughput in the 
far ultraviolet drove the requirement 
on the surface quality specification to 
10 Å rms r ipple at spatial scales at or 

fashion. To their credit, Tinsley Labo­
ratories (Richmond, Cali f .) p roduced 
a l l of the C O S T A R f l igh t opt ics on 
time, wi th in budget, and exceeding al l 
of the requirements. The quality of the 
Tinsley mirrors was so good that a sin­
gle prescr ipt ion for the red and blue 
channel for the FOS (originally a com­
p romise s ince the d i f ference i n the 
opt imal prescriptions was thought to 
be b e y o n d cu r ren t m a n u f a c t u r i n g 
capability) was modif ied to separately 
opt imize the two channels. The flight 
optics were del ivered on schedule i n 
M a y 1992, along wi th a complete set of 
spares. 

The second cha l lenge w i t h the 
opt ics was to coat them to p r o v i d e 
h i g h re f lec tance i n the u l t r a v i o l e t 
(down to 1216 Å). Because the ultravi­
olet is critical to the science performed 
w i th the corrected H S T and because 

C O S T A R placed two addit ional reflec­
t ions i n the l ight path of the inst ru­
men ts , i t was i m p e r a t i v e that the 
reflectance be kept as h igh as possible. 
The optics were a luminum overcoated 
w i th 20 Å of magnesium fluoride in a 
special coating facility at N A S A ' s G o d ­
dard Space Fl ight Center. The results 
were excellent, wi th a throughput per 
surface of 85% at 1216 Å, very near the 
theoretical max imum for this coating 
and significantly greater than expecta­
t ions. The smoothness of the opt ics 
was maintained in the coating process 
wi th a f inal surface quality between 2 
and 4 Å rms. Stringent environmental 
cont ro ls were used th roughou t the 
C O S T A R manu fac tu r i ng process to 
ensure high reflectivity. 

Packaging 
The packaging challenge for C O S T A R 
was d r i ven by the sma l l area i n the 
focal plane through wh ich the optical 
bench must be deployed. This area is 
roughly one fourth of a 15 cm (6 in.) 
radius circle. Wh i le the standard sci­
ence instrument enclosure is about the 
s ize of a te lephone booth , a l l of the 
opt ics and most of the motors and 
alignment mechanisms must be pack­
aged i n to the s m a l l e r d e p l o y a b l e 
bench. The deployable bench contains 
the 10 opt ics, 4 be ry l l i um arms that 
place the optics in front of the respec­
tive science instrument, 12 motors to 
deploy the arm and al ign the mirrors, 
and a myr iad of sensors and wires to 
provide telemetry on the placement of 
the optics and bench as we l l as tem­
peratures, voltages, and currents. 

Another chal lenge was enabl ing 
each channel to operate independent­
ly. Because of the plans to install new 
science ins t ruments on fu ture m is ­
s i o n s , each of the channe l s on 
C O S T A R were designed to be ind iv id­
ual ly retractable so that future instru­
men ts c o u l d be i n s t a l l e d w i t h o u t 
affecting the remain ing instruments. 
Current plans call for replacing two of 
the science ins t ruments later i n the 
decade w i th a new spectrograph and 
in f ra red camera. A new U V - v i s i b l e 
camera is anticipated shortly after the 
year 2000. These new instruments w i l l 
have the aberrat ion correct ion bu i l t 
into their internal optics and w i l l not 
requ i re C O S T A R . W h e n these new 
inst ruments are ins ta l led, the corre­
s p o n d i n g C O S T A R a r m a n d its 
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Figure 3. COSTAR is shown with the optical bench deployed. For assent and insertion into 
HST, this bench is retracted into the COSTAR enclosure with the arm that carry the optics 
folded up. 

attached optics w i l l be stowed to pro­
v ide a clear l ine of sight for the new 
instruments. 

C O S T A R was designed wi th a "do 
no harm" philosophy. Unl ike many of 
the proposals that were rejected by the 
Strategy Panel, C O S T A R was designed 
wi th reversibility in mind. Even in the 
unlikely event of a total system failure, 
C O S T A R can be readily removed from 
the H S T a l l ow ing the insta l la t ion of 
future instruments wi th COSTAR- type 
corrections built in. In addit ion to typi­
cal d u a l redundancy on e lectronics 
and motor windings, C O S T A R uses a 
unique manual retraction mechanism. 
Should al l of the C O S T A R motors and 
electrical systems fai l , a manual retrac­
t i on dev i ce enab les as t ronau ts to 
retract the C O S T A R deployable bench 
f rom the hub area. A specia l f i t t ing 
l oca ted on the connec to r p a n e l of 
C O S T A R is p r o v i d e d to imp lemen t 
manua l retract ion. The same power 
ratchet tool used to latch C O S T A R into 
HST fits this special f i t t ing. Rotat ing 
this fitting stows the deployable opti­
cal bench. Special guides built into the 
C O S T A R f o l d u p the a rms as the 
bench retracts into the enclosure. 

Stability 
C O S T A R ' s o p t i c a l p e r f o r m a n c e 
depends on the stability of the correc­
tor opt ics, on both short t ime scales 
( l ine-of-sight jitter) and over longer 
periods (alignment drift). A l i gnment 
drift can affect both image quality and 
image location. Whi le the motors and 
mechanisms provide optical alignment 
wi th precision required to achieve the 

restored optical performance of HST , 
the mechanica l structure guarantees 
that the optics do not move and thus 
degrade the optical performance once 
this alignment is achieved. L ike al l of 
the science inst ruments, C O S T A R is 
attached to H S T us ing a three-point 
kinematics mount ing system to auto­
matical ly register the instrument and 
to permit stability over the H S T tem­
pe ra tu re e n v i r o n m e n t . W i t h i n 
C O S T A R a combinat ion of materials 
and thermal controls assure this stabil­
ity is maintained. Both the main struc­
ture and the deployable bench are fab­
r i ca ted f r o m 
g r a p h i t e e p o x y . 
G r a p h i t e e p o x y 
was selected due to 
i ts ex t remely l o w 
coefficient of ther­
mal expansion and 
high stiffness. Each 
of the C O S T A R 
d e p l o y a b l e a rms 
are manu fac tu red 
f r o m b e r y l l i u m 
and mainta ined at 
a precise tempera­
ture by a the rma l 
c o n t r o l s y s t e m . 
Th is therma l con­
t ro l sys tem keeps 
the arms tempera­
ture to w i t h i n 1° 
C . In a d d i t i o n to 
wi thstanding ther­
m a l d is turbances, 
C O S T A R m u s t 
ho ld its a l ignment 
p r e c i s e l y i n the 

presence of mechanical disturbances 
f r o m sys tems o n the H S T . These 
include mechanical motion of the reac­
t i o n w h e e l s , tape r e c o r d e r s , so la r 
arrays, and communicat ion antennas. 
The s t i f fness a n d l o w mass of the 
graphite epoxy and bery l l ium ensure 
these mechanical disturbances can be 
tolerated. The optics must resist both 
thermal and mechanical disturbances 
to about 1 μ m rms. Th is stabi l i ty is 
required due to the smal l size of the 
corrector optics. The image of the HST 
pr imary mirror pup i l is formed by the 
C O S T A R M l mirror on the M 2 mirror 
where the correction is performed. The 
image formed at M 2 is about 200 times 
smaller than the pr imary mirror pupi l . 
To correct the spherical aberration, this 
smal l image of the p r imary must be 
placed precisely and then held to the 1 
μ m tolerance to p roper ly cancel out 
the error in the primary. Testing at Bal l 
Aerospace has demonstrated that the 
C O S T A R exceeds its requirement for 
thermal and mechanical stability. 

Optical Testing 
A key element of the C O S T A R pro­
gram has been redundant optical test­
ing scheduled throughout the develop­
men t p e r i o d to ensu re the i m ­
provement to Hubble's optical perfor­
mance w i l l be achieved on orbit. A t the 
component level, two independent f ig-

Figure 4. The optical bench is shown deployed into the area in 
front of the science instrument apertures. The light path for the 
Goddard High Resolution Spectrograph is shown. 
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Figure 5. Point spread function taken with and without COSTAR. The engineering model of 
the Faint Object Camera was used to compare the aberrated and COSTAR corrected image. 

ure charac ter iza t ion measurements 
were u s e d . A c o m p u t e r - g e n e r a t e d 
hologram technique was used for the 
i n -p rocess m e a s u r e m e n t s of the 
aspheres, and a nul l lens test was used 
for the f inal acceptance. Results f rom 
the two tests correlated wel l , typically 
wi th in λ/100 at 633 nm. Surface quali­
ty was also independent ly measured 
at G o d d a r d Space Fl ight Center and 
shows g o o d agreement w i t h those 
measured at Tinsley, 2-5 Å rms. A t the 
system level , a fu l l f ie ld opt ical and 
mechanical simulator of the aberrated 
HST was fabricated to provide a final 
end-to-end demonstration of C O S T A R 
p e r f o r m a n c e . T h i s s i m u l a t o r w a s 
d e v e l o p e d f r o m the H S T o p t i c a l 
model, assuming an aberrated pr imary 
m i r r o r w i t h a con i c cons tan t of 
-1.0139, as adopted by the HST Inde­
pendent Opt ica l Rev iew Pane l . 4 This 
simulator, wh i ch was independent ly 
verified by Bal l and the Goddard Inde­
pendent Ve r i f i ca t i on T e a m , c lose ly 
approximates the HST , w i th residual 
rms wavefront error of less than λ /40 
at 633 n m . Th is is cons iderably less 
than the uncertainty in the actual HST 
wavefront. The mechanical port ion of 
the simulator contains the fl ight type 
latches to properly align the C O S T A R 
w i th the optical axis. Interferometric 
tes t ing y i e l d e d va lues w e l l w i t h i n 
specification. 

Expected Performance 
Testing indicates that the optical per­
formance of the C O S T A R corrected 
inst rument w i l l be outs tand ing and 
shou ld exceed spec i f icat ion. A l l six 
channels exceed the specif icat ion for 
encircled energy. Current ly the aber­
rated H S T de l ivers on ly about 15% 
e n c i r c l e d energy in to a 0.1 arcsec 

radius. The COSTAR-corrected images 
should exceed the 60% in a 0.1 arcsec 
radius requirement. The or iginal tele­
scope specification was 70% encircled 
energy in a 0.1 arcsec radius. Figure 5 
illustrates the magnitude of the expect­
ed improvement. O n the left of the f ig­
ure is the current per fo rmance, the 
point spread function, of one channel 
of the F O C . O n the r ight is an actual 
image of the same aberrated source 
taken through the C O S T A R w i th the 
engineering model F O C . This perfor­
mance is essent ia l ly ident ica l to the 
per fo rmance that w o u l d have been 
achieved had spherical aberration not 
occurred. Performance on orbit similar 
to those demonstrated i n testing w i l l 
result in the HST 's fu l l science capabil­
ity being restored. 

Installation 
C O S T A R w i l l be instal led dur ing the 
first HST servicing mission scheduled 
for December 1993. Carr ied to orbit in 
a p ro tec t i ve e n c l o s u r e , i t w i l l be 
instal led into H S T by one of the two 
Extra Vehicular Act iv i ty (EVA) teams. 
D u r i n g the 11-day m i s s i o n , one of 
these teams of two as t ronauts w i l l 
remove the H i g h Speed Photometer 
and install the C O S T A R into the axial 
science ins t rument bay of the H S T . 
A f t e r o p e n i n g the access doo r , the 
H S P ' s electrical connectors—specially 
designed to be easily removed by suit­
ed astronauts—wil l be disconnected. 
Next, the mechanical latches that hold 
the H S P i n the te lescope w i l l be 
released. A t this point the H S P is free 
to slide out. The H S P w i l l be placed on 
a temporary fixture whi le the C O S T A R 
is removed f rom its protective enclo­
sure. After insertion into the bay vacat­
ed by the H S P , the ast ronauts w i l l 

engage the latches and attach the elec­
trical connections. They w i l l then close 
the access doors and place the H S P in 
the C O S T A R protective enclosure for 
the return to Earth. Engineers on the 
ground w i l l begin a check-out process 
to ensure that a l l of the connect ions 
were proper ly made. Deployment of 
the C O S T A R opt ics and the subse­
quent alignment and recalibration w i l l 
occur i n an e ight -week pe r iod after 
Endeavour has landed. 

Conclusion 
The efforts by the scientists, engineers, 
a n d techn ic ians at B a l l A e r o s p a c e , 
N A S A , E S A , and the Space Telescope 
Science Institute to conceive, design, 
bu i ld , and test the C O S T A R in the 28 
months required to support the launch 
of the first servicing mission is an out­
s t a n d i n g a c h i e v e m e n t . T y p i c a l l y , 
instruments of this nature have usual­
ly taken four or more years to com­
plete. The r e d u n d a n t tes t ing of a l l 
aspects of the opt ical system shou ld 
ensure the expected on-orbit perfor­
mance. Wi th the restoration of the HST 
by C O S T A R and the W F P C II, we can 
expect the r ich promise of H S T to be 
fulf i l led. Far f rom an example of fai l­
ure, the HST w i l l become an example 
of wha t can be accomp l i shed w h e n 
fai lure is deemed unacceptable. The 
motivation and successes of the people 
i nvo l ved i n restor ing H S T w i l l l ong 
remain a tribute to their perseverance 
and creativity. 

JAMES H. CROCKER is Head, Advanced 
Programs Office and COSTAR team 
leader, with the Space Telescope Science 
Institute, Baltimore, Md. 
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