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ABSTRACT

Cost data for ground-based telescopes of the last century are analyzed for trends in the
relationship between aperture size and cost. We find that for apertures built prior to 1980, costs
scaled as aperture size to the 2.8 power, which is consistent with the previous finding of Meinel
(1978). After 1980, ‘traditional’ monolithic mirror telescope costs have scaled as aperture to the
2.5 power. The large multiple mirror telescopes built or in construction during this time period
(Keck, LBT, GTC) appear to deviate from this relationship with significant cost savings as a
result, although it is unclear what power law such structures follow. We discuss the implications
of the current cost-aperture size data on the proposed large telescope projects of the next ten
to twenty years. Structures that naturally tend towards the 2.0 power in the cost-aperture
relationship will be the favorable choice for future extremely large apertures; our expectation is
that space-based structures will ultimately gain economic advantage over ground-based ones.

1. Introduction

The most basic parameter that can be used to describe a telescope is its primary aperture size. In many
cases, that parameter is such an inseparable part of a telescope’s identity, it is in fact part of the name, or
at least cited in the same breath as its proper name - the 5-m Hale, the 3.5-m WIYN, etc. As first explored
by Meinel (1978, 1979a,b), this parameter can be linked to another fundamental parameter - that of cost.
Many additional parameterizations can be utilized to specific the capabilities and performance of a given
telescope, such as moving mass, instrument suite, and site, but aperture size is matched only by choice of
operational wavelength as a fundamental cost driver. As described in Meinel (1978), a proportionality of
cost to aperture size that scales as the 2.8 power (cost ∝ D2.8) was found to be true to first order. In this
manuscript, we will explore the impact that an entire generation of telescopes since then has had upon the
aperture-cost power law.

1For reprints, please contact: gerard@ipac.caltech.edu.

2OSA Fellow
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2. Ground-Based Telescopes

Data used in this analysis can be found in Table 1, and their online cost references & other backing
information; we have made every effort to obtain the publicly published cost data that most accurately
reflect the telescope construction cost. For each telescope, the cost data point was intended to be inclusive of
telescope mirror, structure, enclosure, and other essential site work based on these references, and exclusive of
instrumentation and operations cost. Cost data were normalized to year 2000 US dollars using the standard
federal tables for inflation adjustment for the past century. There are unfortunately as many acronyms as
there are telescopes, and rather than expand them all here, the reader is encouraged to reference those links
he or she has an interest in.

We should note that the costs cited herein are potentially a bit ‘soft’, in that in many cases, a telescope’s
initial construction is followed by a period (sometimes years) in which the operation of the aperture is
optimized. In many cases this optimization is improving the performance of the telescope beyond its initial
specifications, but in a few cases this commissioning phase is needed just to meet the original design goals.
For that latter case, the operation costs of that extended commissioning phase should be included in the
true aperture cost, but we are unable to precisely do such accounting here.

2.1. Pre-1980

Large telescopes built prior to 1980 had certain basic characteristics typically in common. These char-
acteristics include:

• Equatorial mounts - Even the massive 5-m Hale has a equatorial mount, with an axis parallel to the
Earth’s rotational axis. The period 1970-1980 saw the first breaks with tradition on this point, with
the 6-m Soviet (now Russian) SAO telescope.

• Slow optical systems - F/ratios were typically greater than 3, and never less than 2.5.

• Thick mirrors - Some lightweighting was incorporated into these mirrors, but thermal inertia and the
resultant mirror seeing remains a substantial problem for these apertures.

As a result of the first two points above, such designs had substantial impact upon tube length, and as a
result, enclosure size and attendant expense.

2.2. Post-1980

Large telescopes built after 1980 had the following basic characteristics in common:

• Alt-az mounts - Advances in computer control and optomechanical devices now allow for the more
compact mounting allowed by the alt-ax mounts

• Fast optical systems - Of the major (>2.5m) apertures built since 1980, not a single one had a f/ratio
greater than 2.5, and none since 1989 have been greater than 1.8.

• Thin mirrors - Often these primaries are coupled with active control systems to dynamically compensate
for changes in the angle between the pointing vector and the gravity vector.
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A special class of telescopes in the post-1980 era are the giant segmented mirror (GSM) telescopes.
Beginning with the Keck I telescope, optical systems in excess of 8.4-m have begun to be available to the
astronomical community. Currently operational GSM telescopes are Keck I, Keck II, and the Hobby-Eberly
telescope, with the GTC, SALT, and LBT apertures all under construction. These telescopes all have
effective areas in excess of 9-m.

A second special class appearing in the post-1980 era were large telescopes that made special efforts
in trading operation capability for increased aperture size. Both the Hobby-Eberly and SALT telescopes
have eliminated structural elevation pointing for simplified design and reduced cost, and the liquid mercury
telescope of Univ. British Columbia is restricted to zenith pointing for even greater cost savings, much like
the Arecibo 305 meter radio telescope.
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2.3. Discussion on Ground-Based Apertures

As seen in Figure 1, there appears to be a clear progression of cost with telescope size. An examination
of the aperture built prior to 1980 shows cost ∝ D2.77, which as would be expected is consistent with Meinel
(1978). For those monolithic apertures built since 1980, the cost-aperture power law is slightly shallower,
with cost ∝ D2.46, but still significantly greater than merely scaling with telescope area, D2. The GSM
telescopes that have been built appear to drop below the post-1980 line, just as the post-1980 line drops
below the pre-1980 line.

Our interpretation of this offset in the power law intercept is the cost reducing impact of fundamentally
new technologies. At the ∼1980 turning point, the improvement was a combination of telescope mounting
and faster optical systems, reducing the overall size of the telescopes. For the advance associated with GSMs,
the improvement is the cost reduction associated with fabrication of segmented versus monolithic primary
mirrors. There are unfortunately not enough data points to determine if the GSMs will also follow a cost
∝ D2.46 power law; however, we naively expect for the cost-aperture relationship to generally adhere to this
slope.

As such, we may easily predict general costs for future apertures built using technology associated with
the current family of GSMs. We expect a 30-m telescope to cost roughly $1.4 billion, and a 100-m telescope
is expected to be roughly $26 billion, using current GSM technology. If, as can be reasonably postulated,
advances in telescope construction technology can be applied to the next generation of large apertures,
reductions of 2-3× can be expected with each new family of technology, as seen in the progression from
pre-1980 to post-1980 to GSMs. A $600M, 30-m telescope can be reasonably argued to be only a single
technology generation away. However, following this same reasoning, a $2B, 100-m telescope is probably a
full three technology generations away from being realized.

3. Space-Based Telescopes

Unfortunately, there are only a few operational examples of space-based telescopes. The obvious can-
didate is the Hubble Space Telescope (HST). Of NASA’s other three ‘Great Observatories’, only the Space
Infrared Telescope Facility (SIRTF) has a mirror design that lends itself to comparison within this context.
A full accounting of flight designs is appropriate within the context of categorizing the approaches to space
telescopes:

• Delivery to orbit - Both HST and SIRTF are examples of this category of space-based mission.

• Assembly in orbit - Given the payload shroud constraints of a ∼5m diameter on even the largest of
launch vehicles, a number of spacecraft that have flown or are in the planning stages take advantage
of a ground-based construction, with a space-based assembly stage. This can be as simple as an
autonomous unfurling, or a more complicated and drawn out assembly phase prior to operations. It
is worth noting that there are two obvious classes of telescope in this category - those that benefit
from robotic assembly, and (particularly within the context of the space station) those that would be
the product of human assembly. Of surprise to many, there are three clear examples of at least the
robotic assembly approach to date: the 8-m VSOP and 12-m commercial MBSat radio antennas, both
of which have flown, and the 6.5-m near-infrared JWST, which has not flown but is clearly committed
to this approach and will be orbited within the next ten years.
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Fig. 1.— Cost versus aperture diameter for optical telescopes built before and after 1980. For the pre-1980
fit, cost ∝ D2.77, and for the post-1980 fit (exclusive of the giant segmented mirrors), cost ∝ D2.45. The two
limited operations telescopes plotted are the UBC 6-m liquid mecury telescope and the 9-m (effective) HET.
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• Fabrication in orbit - This approach is, at present, somewhat more fanciful than the previous two,
potentially making using of some sort of in situ resource utilization (and as a result, bypassing the
limitations of launch vehicle lift restrictions). Although the most promising in terms of ultimate
aperture size, we will only mention this approach here in passing, for the sake of completeness, due to
its gross technical immaturity.

A further complication worth considering is the prospect of on-orbit servicing, which can be applied equally
to all three categories above.

Given the small number of examples to date for space-based telescopes, no general inference can be
drawn from the relationship between telescope cost and aperture size for these apertures. Indeed, the
similar relative cost between Hubble and JWST - on the order of $1 to $2 billion dollars for each - would
indicate within the simple confines of the rough analysis presented herein for ground-based apertures that
telescope size is independent of cost. Instead, our assessment is that the predominant phenomenon at play
is rapid technological development as it impacts aperture size, rather than simple scaling of a single family
of technology.

4. General Discussion

Ground-based Telescopes. There are two key factors that affect the aperture-cost scaling law for ground-
based telescopes:

• Environment - Environment manifests itself in two significant ways for ground-based telescopes. In-
clement weather is the first of these two ways - the telescope must be protected from precipitation and
other hazards associated with being open to the air. For all major optical telescopes to date, this is
accomplished by construction of a telescope enclosure, typically a dome. The second weather factor
is wind - acceptably low wind velocities do not preclude operation under transparent conditions, but
wind shake can significantly degrade telescope performance. For most optical telescopes, an enclosure
can also mitigate the effect of wind upon the telescope structure, typically a co-rotating dome.

For optical telescopes, as the aperture grows, the dome grows as∼ (f/ratio×D)3. Reduction of telescope
f/ratios over time have improved the situation over the past twenty years, but this factor ultimately
can be no smaller than ∼ D3. A common mistake at many observatories is the assumption that the
dome is a simple element of the overall observatory, not worth a great deal of thought or investment;
the result is often years of expensive maintenance headaches and/or operational limitations.

Recent illustrations accompanying proposals for a 30m-class telescope compare the aperture size to
that of a baseball diamond; this is a particularly illustrative example, noting that recent retractable
roof baseball stadiums have been built and are worthwhile enclosures to consider when trying to
approximate price. While larger than the enclosure for a 30m telescope (in that they have to enclose
an outfield and grandstands), they are also significantly simpler in that they only retract, and do not
have to rotate. A recent example of this sort of venue in Seattle was built for $600M (telescope not
included).

• Gravity - Observational pointing access to the sky is typically achieved through orienting the telescope
structure in two axes, frequently elevation & azimuth or right ascension & declination. (The Hobey-
Eberly and Liquid Mercury Telescope are notable exceptions to this observation, and have traded
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significant operational flexibility for economic advantage, as seen in Figure 1.) Changing a telescope’s
elevation or declination alters the angle between the telescope’s pointing vector and the local gravity
vector. Since the telescope must maintain its alignments throughout all pointings, the structure must
be tolerant of this variable angle. As such, the telescope structure often grows as a hemisphere behind
the aperture it supports - the growth, and cost, of this structure will scale as ∼ D3. Clever design of
this structure can reduce the power law to something closer to the square of the aperture diameter,
but consistency of the D2.7 aperture-cost scaling law indicates there are perhaps limits to cleverness
dictated by modern construction materials and techniques.

Both of these factors affect the relevant power law for ground-based telescopes. Elimination of the
telescope dome for the largest of the new telescopes is certainly an option (and actively under consideration
for some of the larger apertures proposed), although it will clearly multiply the deleterious effect of wind
shake on the telescope backing structure and push the cost of the backing structure back towards ∼ D3.
These two ever present ground-based factors will push the aperture-cost scaling law away from ∼ D2 and
towards ∼ D3.

Space-based Telescopes. As with ground-based apertures, there are two key factors that affect the
aperture-cost scaling law for space-based telescopes:

• Structural stability - As with ground-based telescopes, a space-based telescope’s backing structure
will be responsible for maintaining the unique shape of the primary mirror, regardless of pointing.
However, given the absence of a significant gravitational field, the structure may be designed primarily
for aperture alignment rather than support against an external field. There will be no changing external
force to cope with as the aperture points to different portions of the sky. As such, it is our expectation
that the structure will be primarily 2-dimensional assembly and that the aperture-cost law associated
with maintaining optical figure will scale as ∼ D2.

• Environment - For structures of significant size in space, an important consideration that begins to
impact operational considerations is the space ‘weather’, primarily due to the sun. Particulate solar
wind, radiation pressure, and heating effects of the solar environment will all have to be accounted for.
It is likely that large telescopes in space will need a shield between the primary aperture and the sun.
This shield, while notionally as large or even larger than the aperture itself, will also manifest itself
as a primarily 2-dimensional structure. Also, given the substantially relaxed requirements for such a
shield to maintain a given shape, it can be a fairly gossamer structure. Such a shield provides the
additional benefit of cooling of the telescope; this type of structure is already a part of the baseline
JWST design and is not considered to be a significant cost driver. The cost of this structure should
also scale as ∼ D2.

It is also worth noting that certain expensive design drivers for ground-based telescopes are not neces-
sarily present in punitive space-based designs. For example, since a dome is no longer enclosing the telescope
structure, a driver for relatively fast focal ratios (and difficult to fabricate parabolas) is removed.

Overall, our expectation is that ground-based telescope costs will continue to scale as ∼ D2.5. Improve-
ments in technology will provide one-time shifts in the zero-point of the aperture-cost relationship, with
no impact upon slope. In contrast to the ground-based case, we expect space-based apertures to have a
much slower aperture-cost relationship, growing as slowly as ∼ D2.0. The difference in slopes has a striking
consequence: At some given aperture size, it will be just as expensive to deliver an operational



– 10 –

space-based or ground-based telescope. This equality is independent of the obvious advantages a
space-based aperture has over its ground-based counterpart. Isolating the cross-over point of the two power
laws will be of particular interest, in that it points to the size domain that will be exclusively inhabited by
space-based apertures.

At the present, using these putative values for the power law slopes, and starting from the points
established by the current generation of GSMs for the ground-based case, and JWST for the space-based
case, the cross-over point appears to appear at the 300m filled aperture size, at a cost of $100 billion dollars.
This is a completely unrealistic sum for any telescope. However, if we advance from this starting point
and move forward two technology generations for both space-based and ground-based telescopes - with the
attendant shift in power law intercepts - our cross-over location shifts to a 120m filled aperture at a cost
of $10 billion dollars. This is still quite a speculative sum, but getting to be significantly more realistic. If
there is a more rapid advance in space technology than in ground-based telescope technology (which these
authors do not think untenable given the relative levels of investment), and two generations of space-based
observatory technology evolve for every one of on the ground, our cross-over shifts to 70-m, $3 billion dollars.
Given these sorts of possible scenarios, it is our expectation that the largest aperture built upon the ground
will be in the region of 100-m.

Above and beyond the initial cost of an observational facility, there are two additional aspects of telescope
finances that are not being examined in great detail in this simple analysis, but they bear mentioning here:

• Instrumentation - A substantial portion of the cost of any operational observatory is its instrumenta-
tion. For ground-based apertures, this can be an evolving suite of instruments with various specialized
specifications and design goals. For these facilities, and for those space-based observatories with on-
orbit servicing, ongoing instrumentation upgrades represent an ongoing cost of the facility.

• Operational Costs - For ground-based observatories, this number can run annually from 5% to 30% of
the overall initial construction cost. There are two aspects of this cost that can be specifically identified
here: first, that of ongoing maintenance, and second, that of the actual observing done with the facility.

For those space-based observatories that do not benefit from on-orbit servicing, some of these costs simply
do not appear - new instrumentation does not need to be developed, nor does daily maintenance need to be
physically performed upon the spacecraft(s). However, this potentially translates into limitations in terms of
instrument capability and mission lifetime, particularly in relation to ground-based facilities, so the actual
benefit or penalty of these considerations is not entirely clear.

5. Conclusions

We have shown the telescope cost growth scaling law of ∼ D2.77 that was first noted in Meinel (1978) for
ground-based telescopes is slightly shallower for the apertures that have been built since 1980, at ∼ D2.46,
but remains generally true. We have also presented arguments in support of a similar, but notably shallower,
scaling law for space-based telescopes, closer to ∼ D2.0. An important implication of these two power laws
is their intersection - this point defines a telescope that will be equally expensive to build on the ground or
in space. This point is independent of the advantages to be gained in siting the aperture in space versus on
the ground.

This is particularly interesting as the astronomical community contemplates construction of ground-
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based apertures that are up to 100m in size. Given the limits of public and private support for construction
of new telescopes, it would be prudent for the community to carefully consider the directions they take their
more ambitious technology development efforts. These investments should be directed with consideration
regarding if those efforts eventually will dead end, as in the ground-based case, or have substantial growth
options. Current thinking in terms of ‘overwhelmingly’ large apertures will of course eventually give way
to thoughts about even larger instruments capable of achieving science goals with fundamental implications
for astrophysical discovery. These goals include continental mapping of nearby exosolar terrestrial planets, a
complete sub-pc catalog of star formation within the local group, and surveys of the early universe at z > 10.

We acknowledge fruitful discussions with a large number of individuals in the field, most of whom
expressed varying degrees of healthy skepticism at our premise. Portions of this work were performed at the
California Institute of Technology under contract with the National Aeronautics and Space Administration.
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