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Why Put a Telescope In Space?

• Access to light that does not penetrate the 
atmosphere 
• No seeing. A telescope can reach the diffraction 

limit: 1.22 l/D radians
• 0.06 arcsec at 5400Å for a 2.4m diameter mirror  



History
• 9/1/1946: Lyman Spitzer 

proposed a Space Telescope in 
a Report to project Rand
• 1966: Spitzer  (Princeton) 

chairs NASA Ad Hoc 
Committee on the "Scientific 
Uses of the Large Space 
Telescope”
• 1972: OAO-3 (Copernicus) 

launched. 0.8m mirror. 
Obtained spectra (900-3150Å) 
of 551 objects
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ASTRONOMICAL ADVANTAGES 

OFAN 

EXTRA-TERRESTRIAL OBSERVATORY 

LYMAN SPITZER, Jr. ’ 

This study points out, in a very preliminary way, the results that 
might be expected from astronomical measurements made with a satellite 
vehicle. The discussion is divided into three parts, corresponding to three 
different assumptions concerning the amount of instrumentation provided. 
In the first section it is assumed that no telescope is provided; in the second 
a 10-&h reflector is assumed; in the third section some of the results 
obtainable with a large reflecting telescope, many feet in diameter, and 
revolving about the earth above the terrestrial atmosphere, are briefly 
sketched. 

It should be emphasized that this is only a preliminary survey of 
the scientific advantages that astronomy might gain from such a 
development. The many practical problems, which of course require a 
detailed solution before such a satellite might become possible, are not 
considered, although some partial mention is made of certain problems of 
purely astronomical instrumentation. The discussion of the astronomical 
results is not intended to be complete, and covers only certain salient 
features. While a more exhaustive analysis would alter some of the details 
of the present study, it would probably not change the chief conclusion -- 
that such a scientific tool, if practically feasible, could revolutionize 

’ The report re-printed here appeared as Appendix V of a larger 
document prepared for the Project RAND of the Douglas Aircraft Co., on 
1 September 1946. At that time, Prof. Spitzer was on the astronomy 
faculty of Yale University; he has been affiliated with the Princeton 
University Observatory since 1947. 
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The Space Telescope
• 1971: NASA Large Space Telescope Steering Group
• Proposes 3m mirror
• Estimated cost $300-500M

• 1975: Congress rejects LST
• Descoped to 2.4m Space Telescope

• Estimated cost $200M
• Bahcall and Spitzer lobby Congress

• 1975: NASA Issues Call for Proposals for the Space 
Telescope



The Space Telescope Concept
A large diffraction-limited UV/optical telescope above the 
atmosphere
• 2.4m Ritchey-Chretien; f/24
• Wavelength range: 1100Å to 3 µm
• Plate scale: 3.58 arcsec/mm
• FWHM at 5000Å: 0.043 arcsec
• Encircled Energy at 5000Å: 87% within 0.1 arcsec

Serviceable by astronauts
• Instruments can be replaced and upgraded
• Gyros, batteries, computer, memory all replaceable (and 

upgradable)
• Minimize moving parts and expendables



Why a 2.4m Mirror?
• 2.4m blanks were available
• It was the biggest that would fit in the STS bay



The Space Telescope
1977: Congress authorizes ST for 1983 launch
• 1981: Mirror completed
• 1984: Optical Telescope Assembly  completed
• 1985: Spacecraft assembled, integrated testing
• 1986: STS Challenger explodes



STS 31
4/24/90

Orbit:
P=95.4 min
alt: 539 km
inc: 28.5o



Space Telescope 
named for 
Edwin Hubble



HST OTA Overview
Ritchey-Chretien Cassegrain design
2.4m aspheric primary mirror
0.3m aspheric secondary mirror
One radial instrument; 4 axial instruments



HST Computer

DF-224
• 1.25 MHz
• 80386 processor + 80387 math co-processor

• Upgraded to 25 MHz 80486 processor in 1999



Original Instruments

• FOC – Faint Object Camera (UV + optical)
• GHRS – Goddard High Resolution Spectrograph 

(UV)
• HSP – High Speed Photometer (UV and optical)
• FOS – Faint Objects Spectrograph (UV and optical)
• WFPC – Wide Field and Planetary Camera (UV + 

optical)
• FGS – Fine Guidance Sensors. Primarily to hold S/C 

steady, but could also do precision astrometry



First Light Images



Spherical Aberration





What Went Wrong?

Mirror polishing
Perkin-Elmer Corp.
Danbury CT



The Allen 
Commission

1990

TheHubbleSpaceTelescope
OpticalSystemsFailureReport
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What Went Wrong. I.
It is easy to test a mirror for deviations from 
sphericity
• Perkin-Elmer designed a Reflective Null 

Corrector (RNC) to “correct” the mirror 
shape to appear spherical
• The position of the field lens was set by a 

rod positioned by laser interferometry 
• The end of the rod was polished, and held 

in place by an anodized (black) flange
• A simpler inverse null corrector (INC) was 

used to test the RNC

• The INC showed the RNC had spherical 
aberration



What Went Wrong. II.
The INC result was dismissed because it was 
less accurate than the RNC
The mirror was polished to 8 nm RMS 
(0.014 waves at 632.8 nm)  - better than 
specifications
Nobody noticed that: 
• The black anodized coating had been 

scratched – the laser was reflecting off the 
flange rather than the end of the rod. The 
field lens was 1.3mm off.

Also… 
• It too longer than expected to grind the 

mirror
• More glass was removed than expected



RNC was designed and built by the Perkin-Elmer Corporation for the HST Project.
This unit had been preserved by the manufacturer exactly as it was during the
manufacture of the mirror. When the Board measured the RNC, the lens was
incorrectly spaced from the mirrors. Calculations of the effect of such
displacement on the primary mirror show that the measured amount, 1.3 mm,
accounts in detail for the amount and character of the observed image blurring.

No verification of the reflective null corrector's dimensions was carried out by
Perkin-Elmer after the original assembly. There were, however, clear indications
of the problem from auxiliary optical tests made at the time, the results of which
have been studied by the Board. A special optical unit called an inverse null

corrector, designed to mimic the reflection from a perfect primary mirror, was built
and used to align the apparatus; when so used, it clearly showed the error in the
reflective null corrector. A second null corrector, made only with lenses, was used
to measure the vertex radius of the finished primary mirror. It, too, clearly showed
the error in the primary mirror. Both indicators of error were discounted at the
time as being themselves flawed.

The Perkin-Elmer plan for fabricating the primary mirror placed complete
reliance on the reflective null corrector as the only test to be used in both
manufacturing and verifying the mirror's surface with the required precision.
NASA understood and accepted this plan. This methodology should have alerted
NASA management to the fragility of the process and the possibility of gross error,
that is, a mistake in the process, and the need for continued care and
consideration of independent measurements.

The design of the telescope and the measuring instruments was performed well
by skilled optical scientists. However, the fabrication was the responsibility of the
Optical Operations Division at the Perkin-Elmer Corporation (P-E), which was
insulated from review or technical supervision. The P-E design scientists,
management, and Technical Advisory Group, as well as NASA management and
NASA review activities, all failed to follow the fabrication process with reasonable
diligence and, according to testimony, were unaware that discrepant data existed,
although the data were of concern to some members of P-E's Optical Operations
Division. Reliance on a single test method was a process which was clearly
vulnerable to simple error. Such errors had been seen in other telescope

programs, yet no independent tests were planned, although some simple tests to
protect against major error were considered and rejected. During the critical time
period, there was great concern about cost and schedule, which further inhibited
consideration of independent tests.

The most unfortunate aspect of this HST optical system failure, however, is that
the data revealing these errors were available from time to time in the fabrication
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The Hubble SpaceTelescope (HST)was launched aboard the SpaceShuttle
Discovery on April 24, 1990. During checkout on orbit, it was discovered that the
telescopecould not be properly focusedbecauseof a flaw in the optics. The HST
ProjectManagerannounced this failure on June 21, 1990. Both of the high-
resolution imaging cameras(the Wide Field/PlanetaryCameraand the Faint Object
Camera)showed the samecharacteristicdistortion, called spherical aberration, that
must have originated in the primary mirror, the secondarymirror, or both.

The National Aeronauticsand SpaceAdministration (NASA)Associate
Administrator for the Office of SpaceScienceand Applications then formed the
Hubble SpaceTelescopeOptical SystemsBoard of Investigation on July 2, 1990,to
determine the causeof the flaw in the telescope,how it occurred, and why it was
not detected before launch. The Board conducted its investigation to include
interviews with personnel involved in the fabrication and test of the telescope,
review of documentation, and analysis and test of the equipment used in the

fabrication of the telescope's mirrors. The information in this report is based
exclusively on the analyses and tests requested by the Board, the testimony given
to the Board, and the documentation found during this investigation.

Continued analysis of images transmitted from the telescope indicated that
most, ff not all, of the problem lies in the primary mirror. The Board's
investigation of the manufacture of the mirror proved that the mirror was made in
the wrong shape, being too much flattened away from the mirror's center (a
0.4-wave rms wavefront error at 632.8 rim). The error is ten times larger than the
specified tolerance.

The primary mirror is a disc of glass 2.4 m in diameter, whose polished from
surface is coated with a very thin layer of aluminum. When glass is polished,
small amounts of material are worn away, so by selectively polishing different
parts of a mirror, the shape is altered. During the manufacture of all telescope
mirrors there are many repetitive cycles in which the surface is tested by reflecting
light from it; the surface is then selectively polished to correct any errors in its
shape. The error in the HST's mirror occurred because the optical test used in this
process was not set up correcdy; thus the surface was polished into the wrong
shape.

The primary mirror was manufactured by the Perkin-Elmer Corporation, now
Hughes Danbury Optical Systems, Inc., which was the contractor for the Optical
Telescope Assembly. The critical optics used as a template in shaping the mirror,
the reflective null corrector (RNC), consisted of two small mirrors and a lens. The
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process, but were not recognized and fully investigated at the time. Reviews were

inadequate, both internally and externally, and the engineers and scientists who
were qualified to analyze the test data did not do so in sufficient detail.

Competitive, organizational, cost, and schedule pressures were all factors in

limiting full exposure of all the test information to qualified reviewers.
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Lessons

There were plenty of warning signs
• The engineers instinctively trusted the more 

complex (and expensive) instrument
• Time and cost pressures prevented extensive 

checking
• The existence of discrepant data was not passed to 

NASA.
• NASA oversight was deficient



There is a Difference Between 
Accuracy and Precision 

• HST has most precisely ground and polished mirror 
ever made for Astronomy
• It is the wrong shape.
• Fortunately, spherical aberration is easily 

correctible – in this case, at a cost of $40-$50M



Servicing Mission 1
SM 1 December 1993
• Replaced HSP with CoSTAR
• Correctibe Space Telescope Axial Replacement
• Pairs of corrective optics for GHRS, FOS, FOC

• Replaced WFPC with WFPC2
• Internal optics correct for primary mirror

• Replaced Gyros, Solar Panels



Post Co-STAR Imaging



Post Co-STAR Imaging





Servicing Missions

SM 2 February 1997
• Replaced GHRS with STIS (UV/optical spectrograph)
• Replaced FOC with NICMOS (Near IR imager)
• Installed solid-state memory
• Refurbished FGS
• Replaced Gyros, Solar Panels



Servicing Missions

SM 3a February 1997
• Installed new computer (486 chip)
• Refurbished FGS
Replaced Gyros, Solar Panels
SM 3b March 2002
• Replaced CoSTAR with ACS – Advanced Camera for 

Surveys
• Installed cryocooler for NICMOS
• Replaced Gyros, Solar Panels, batteries



Servicing Missions

SM 4 May 2009
• Replaced WFPC2 with WFC3
• Replaced FOS with COS – Cosmic Origins 

Spectrograph
• Repaired STIS, ACS
• Replaced FGS
Replaced Gyros, Solar Panels, Batteries
Added new thermal blankets
Added soft capture mechanism for de-orbit



Hubble Today  (SM4: 2009)



Hubble Today



The HST Focal Plane



HST Capabilities
Spectroscopic

• STIS:
• MAMA: 1140 - 3180Å;       R = 500  - 114,000
• CCD:      1640 - 10400Å;     R = 530 – 10,300

• COS:
• FUV:    900 - 2150Å;  R = 1500 – 20,000
• NUV: 1700 - 3200Å;  R = 2100 – 24,000

Imaging
• ACS: 

• SBC:  0.03” pixels;   30x34” field;    1150-1700Å
• WFC: 0.05” pixels; 202x202” field; 3500-11,000Å

• WFC3:
• UVIS: 0.04” pixels;      162x162” field;            2000-10,000Å
• IR:      0.13”pixels (HgCsTe); 136x123” field; 8000-17,000Å

• STIS:
• MAMA: 0.025” pixels; 25x25” field; 1150-2000Å
• CCD:      0.05”pixels;    52x52” field;  2000-10,300Å



Future of HST

• No more servicing missions planned
• Still functioning well
• Planned to operate at least through commissioning 

of JWST

• Orbit stable through 2030
• Soft-capture mechanism installed SM4
• De-orbit or move to higher orbit?



Sample Science

Carina Nebula



NGC 2014 - Cosmic Reef 



Mystic 
Mountain;
Carina
Nebula



Monkey Head 
Nebula;
In NGC 2174



Horsehead Nebula
Barnard 33



Herbig-Haro Object
HH-24



Globular Cluster
NGC 1805



Westerlund 2



Massive Stars:
Tarantula Nebula
30 Doradus Cluster



NGC 7635
Bubble Nebula



Stellar Remnants

Southern Crab Crab Nebula





Europa

Saturn



Jupiter and Io



ExoPlanetary Atmospheres



NGC 1365
SBb





Arp 273



Hubble 
Extreme 
Deep Field


