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EXECUTIVE SUMMARY

The next generation Canada-France-Hawaii Telescope (ngCFHT) is a proposed
redevelopment of the existing 3.6m telescope to upgrade to a 10m-class facility with a
mandate for dedicated spectroscopic observations. The science cases for such a facility
are described in an accompanying document, Feasibility Study Report for the Next
Generation CFHT: 1. Science, and are used to set top level technical requirements. The
science requires that ngCFHT have a 10-m aperture primary with a field of view of order
1.5 square degrees and good image quality. In a single set-up, it obtains spectra for up to
3200 objects simultaneously with complete coverage from 370-1300nm at a spectral
resolution of R=2000. It also operates at higher spectral resolutions of R=6500 and
R=20000, with up to 800 objects obtained simultaneously in two selectable grating
dependent optical wavelength windows at the highest resolution setting.

We further ensure that the redevelopment process will not disturb the ground beyond
what has already been done (this includes minimizing work at the summit by reusing the
telescope and enclosure piers), and the new facility will stay within the current space
envelope defined by CFHT. Technical and programmatic studies were initiated to explore
the feasibility of constructing such a facility on the current CFHT site, and this report
provides a summary of these studies and their main conclusions. The full reports are
included as Appendices.

Studies were contracted to Dynamic Structures Limited, who constructed the CFHT
telescope and enclosure, to investigate the load capacities of the existing telescope and
enclosure piers and determine if they could support the new ngCFHT facility while
meeting relevant design codes, and determine whether the new structure could be fully
contained within the existing space envelope. The enclosure configuration is based on the
Calotte design, selected due to its structural and operational efficiency, and its
compactness. Results from DSL demonstrate that the ngCFHT facility will be able to
successfully re-use the existing piers and meet design codes. In the case of telescope pier,
no deficiency has been identified; in the case of the enclosure pier, new bracings should
be added (a process that does not involve disturbing the exterior cladding). The entire
ngCFHT enclosure will be able to match the existing CFHT envelope dimensions.

The optical designs for the major optical subsystems — telescope, feed optics and
spectrograph(s) — have been investigated to ensure that they are fully demonstrated with
existing technologies, are practical, and are affordable. For the telescope optical design, a
wide field corrector and atmospheric dispersion corrector are additionally incorporated
into the designs. A single mirror design is preferred both for its low risk and high
throughput relative to two and three mirror options. All lenses are less than 1.2m
diameter to ensure availability, and vignetting is shown to be zero on axis and be a
maximum of 13% at the edge of the field. Options exist to reduce this value further.
Numerous options exist for the feed optics, and high efficiency is achievable for the
fiber-feed across the wavelength range, particularly if efforts are made to minimise the
required length of the fiber. Note that the fiber-positioning technology has not been
examined as part of these studies; the feasibility of this important subcomponent is
currently being demonstrated in developments for other spectroscopic projects (e.g., the
Subaru Prime Focus Spectrograph; PFS).
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Several highly-multiplexed spectrograph designs are currently in development,
particularly for operation at lower spectral resolutions. In order to provide the most
stringent tests on the feasibility of the combination of spectral resolutions, wavelength
windows and multiplexing required for ngCFHT, we develop a concept for a single
instrument capable of all the observing modes. Particular focus is placed on high
resolutions since here the technical challenges are greatest. The design that is presented is
for a triple-resolution spectrograph that operates on the principal of pupil-slicing. This
technique offers the flexibility to switch between different observing modes efficiently
and which provides good performance in terms of image quality and throughput. In this
design, two identical spectrographs are required to obtain the required multiplexing, and
the throughput of the instrument is estimated to be 50% at peak (including optics and
detectors). Alternative designs include the use of multiple spectrographs that operate at
separate spectral resolutions, and we additionally consider the specific case of a PFS-
style design for the low resolution mode.

A programmatic study was conducted by DSL to determine the cost and schedule for the
CFHT deconstruction, structural retro-fit and ngCFHT construction. Work completed to
date shows that the cost and telescope construction downtime, with a general contingency
of 20%, are estimated to be USD68.2M and 33 months, respectively. Furthermore a study
is ongoing by the WIindEEE Research Institute to examine the aero-thermal
characteristics of the ngCFHT dome in order to ensure dome-effects do not degrade the
exquisite image quality that the Mauna Kea site provides. Results from the full report will
be made publicly available soon after the completion of the preliminary study in
November 2012,

Cost estimates are continually revised based on information available to date. The full
cost of the design and construction of ngCFHT is currently estimated to be USD206.3M.

The feasibility studies summarized in this document and presented in the Appendices
show that ngCFHT is technically viable and can be designed and constructed based on
existing technologies. These findings should be used as a basis to advance the ngCFHT
project to a full Conceptual Design Phase that involves all stakeholders.
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1 THE NGCFHT CONCEPT

The Next Generation Canada-France-Hawaii Telescope is a concept to replace the
existing 3.6m telescope with a 10m-class telescope on the same pier and within the same
three-dimensional envelope. It will be equipped with a dedicated wide-field multi-object
spectrograph capable of obtaining thousands of spectra simultaneously over a large field
of view, at a range of spectral resolutions and operating over a very broad optical-near
infrared wavelength range. This new and unique spectroscopic facility will fill the gap in
optical-infrared capabilities that has emerged as a result of many new and proposed
ambitious photometric and astrometric surveys for which there is currently no means of
obtaining equivalently ambitious spectroscopic follow-up. ngCFHT will be the natural
complement to these studies in the next decade. It will further enable independent
transformational scientific programs that require large amounts of telescope time, in
fields as diverse as the mapping of the interstellar medium, stellar astrophysics, near field
cosmology and Gaia follow-up, extragalactic astronomy, and the nature of dark matter
and dark energy.

An accompanying science report document Feasibility Study Report for the Next
Generation CFHT: 1. Science details the results from the science impact study of the
proposed facility, and includes examples of the transformational science programs that
ngCFHT will perform. This includes a discussion of top level science requirements and
possible survey strategies. We refer the reader to this document for more details of all
aspects of the scientific development of this concept.

In parallel with the scientific development, a feasibility study was initiated to address the
key technical aspects and programmatic challenges of the ngCFHT concept, and to
determine the achievability of the science requirements. Results from this study are
detailed in this document.

1.1 Top level Requirements and Scope of the Feasibility Study

A summary of the science requirements that were developed is reproduced in Table 1
based on the science considerations detailed in the aforementioned science report.
Importantly, additional requirements emerge as a result of the fact that ngCFHT will
represent a “reusing” of a pre-existing facility. Thus, in order to facilitate the technical
feasibility studies, the baseline ngCFHT configuration was considered within the context
provided by the Office of Mauna Kea Management Mauna Kea Science Reserve Master
Plan. Here, the redevelopment of CFHT is classified as a Type | facility development. In
order to best adhere to the guidelines in this document and the principles that it
encapsulates, additional constraints on the new ngCFHT facility are adopted:

e It will not disturb the ground beyond what has already been done
e It will stay within the current CFHT space envelope

e Work at the summit will be minimized by reusing the telescope and enclosure
piers
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Table 1. ngCFHT science requirements
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* rare objects (e g., white dwarfs) will be a small fraction of the number of stars targetted in a single field {e.z., expect ~8 white dwarfs per NFCFHT field of view)

3 measured at the North Galactic Cap for g = 21

Combining these principles with the high level science requirements that have emerged
from the science report leads to the top level baseline technical requirements for ngCFHT
detailed in

Table 2. These requirements form the basis for the scope and trade studies described in
this report.

Table 2. Top level baseline requirements
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Aperture 10 m (segmented)

Field of View (FOV) 1.5 deg” (hexagonal)

Wavelength Range 370 to 1300 nm

Telescope Image Quality (1) EE8OD < 0.45” (FWHM ~ 0.3”)

Total System Throughput (*) >25% over 90% of the wavelength range
>30% peak (goal)

Number of Fibers 3,200 (low + medium resolution)
800 (high resolution)

Spectral Resolution R2,000 (370-1300 nm)
R6,500 (370-510 nm & 770—910 nm)
R20,000 (420-620 nm)

(T)refers to the telescope optical quality without atmospheric or dome/mirror seeing, as seen at fiber entrance, but
including nominal image quality, residual atmospheric dispersion, manufacturing, alignment and control errors. This
value will be convolved with the observed seeing profile to give the total object PSF. A conversion factor from EES80D
and FWHM assume a Gaussian profile.

(*)includes telescope optics, wide field corrector optics, ADC optics, geometrical vignetting, fiber train, spectrograph
optics, and detectors. No entrance losses (strongly seeing dependent) or atmospheric extinction (zenith dependent) are
taken into account. When multiplied by these two last factors, the observed flux can be computed.

Examination of the above requirements and constraints resulted in the identification of
six technical study areas and two programmatic areas that together set the scope of the
feasibility study. Specifically, these are:

I. Determination of load capacity of telescope pier
i. Determination of load capacity of enclosure pier
iii. Definition of telescope and enclosure configuration

Iv. Development of telescope and “feed” optics

V. Development of spectrograph feasibility design
Vi. Prediction of aero-thermal performance

Vii. Facility redevelopment study (programmatic)
viii.  Cost estimate summary (programmatic)

The following baseline ngCFHT facility configuration is utilized to facilitate the
technical studies:
o “Keck-like” 10m segmented mirror telescope structure
e Subaru “PFS-like” fiber-fed system with multi-object pickoffs at telescope prime
focus and spectrograph(s) located within the telescope pier
e Calotte style enclosure matching the exterior dimensions of the current CFHT dome

In this report, information of the technical studies is organized into three parts capturing
the key findings and highlights. Each of the detailed feasibility reports is included in full
as appendices (Table 3):
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e Appendices A & B summarize the finding and recommendations of the load
capacity studies, and proposes the basic facility configuration for the telescope and
enclosure compatible with the redevelopment principles;

e Appendices C & D describe the optical design studies conducted for the facility, and
includes (i) the telescope system optical configuration (ii) fiber-feed and
spectrograph concepts along with the design space explored with alternate designs
considered (including redeployment of the Subaru Prime Focus Spectrograph, PFS)

e Appendix E describes the planned aero-thermal work using computational fluid
dynamic simulation to determine the feasibility of the proposed enclosure
configuration based on the velocity and temperature profiles within the dome under
median observing conditions.

The programmatic study to evaluate the cost and schedule of the redevelopment of the
CFHT facility is underway. The revitalization study is composed of three separate steps:
e Deconstruction of the CFHT facility
e Structural retrofit of the telescope and enclosure piers
e Construction of the ngCFHT facility

The detailed report of the programmatic study is attached in Appendix F (Table 3) and
the findings are summarized in this report and incorporated in the preliminary cost
estimate for the overall ngCFHT facility.

The final section of this report summarizes suggestions for future work that have been
identified as a result of this feasibility study.

Table 3. Guide to the Appendices

Study Area

Appendix

Determination of load capacity of telescope
pier

APPENDIX A. NEXT GENERATION
CANADA-FRANCE-HAWAII TELESCOPE
PIER BUILDING EVALUATION

Determination of load capacity of enclosure
pier

APPENDIX B. NGCFHT TELESCOPE AND
ENCLOSURE CONFIGURATION AND OUTER
PIER CAPACITY STUDY

Definition of telescope and enclosure
configuration

APPENDIX B. NGCFHT TELESCOPE AND
ENCLOSURE CONFIGURATION AND OUTER
PIER CAPACITY STUDY

Development of telescope and “feed” optics

APPENDIX C. NGCFHT TELESCOPE
OpPTICAL DESIGN

Development of spectrograph feasibility
design

APPENDIX D. NGCFHT SPECTROGRAPH
OPTICAL DESIGN

Prediction of aero-thermal performance

APPENDIX E. NGCFHT VENT SYSTEM
CFD STUDY STATEMENT OF WORK

Facility redevelopment study

APPENDIX F. PROGRAMMATIC STUDY FOR
UPGRADE OF TELESCOPE

Supplemental information

APPENDIX G. NGCFHT PRELIMINARY
OpPTICAL DESIGN CONCEPTS FOR THE
2010 CFHT USERS MEETING IN TAIPEI
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2 FEASIBILITY OF REUSING THE TELESCOPE AND ENCLOSURE PIERS

APPENDIX A. NEXT GENERATION CANADA-FRANCE-HAWAII-TELESCOPE PIER BUILDING
EVALUATION

APPENDIX B. NGCFHT TELESCOPE AND ENCLOSURE CONFIGURATION AND OUTER PIER
CAPACITY STUDY

To adhere to the principles of the Office of Mauna Kea Management Mauna Kea Science
Reserve Master Plan, it is important that any redevelopment of CFHT does not disturb
the ground any more than has already been done, and that ngCFHT remains within the
same three dimensional envelope as CFHT. Thus it is key to ensure that ngCFHT is able
to utilise the same telescope and enclosure piers as CFHT. Given the proposed baseline
configuration, the objective of the load capacity studies is to determine the feasibility to
reuse the piers to support the new facility by evaluating the load bearing capacity of the
existing CFHT telescope and enclosure piers based on modern design codes.

Specifically, the following design codes were utilized to determine the design loads and
engineering requirements for the existing concrete telescope pier and steel enclosure pier
(Figure 1):
e ASCE-7, Minimum Design Loads of Buildings and Other Structures, American
Society of Civil Engineers, Reston, (2010)
e ACI 318-08, Building Code Requirements for Structural Concrete and Commentary,
American Concrete Institute, Farmington Hills (2008)
e AISC 360-05, Specification for Structural Steel Buildings, American Institute of
Steel Construction, Chicago (2005)

Figure 1. Canada France Hawaii Telescope pier under construction — the inner
cylindrical concrete building is the telescope pier and the outer ring steel structure is
the enclosure pier.

For the purpose of the load capacity studies, the basic telescope configuration assumed is
a 10 m diameter f/2 segmented primary mirror. The height of the telescope from the M1
vertex to the top is 19.4m, including the length of the wide field corrector and prime
focus components of the spectrograph (Figure 2). In the baseline design it is assumed the
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telescope design is similar to the 10 m Keck telescope minus the tertiary mirror and
Nasmyth platforms.

10 m dia.

—
~—

Figure 2. Telescope configuration assumed for the load capacity studies — optical design
without spectrograph (left) and primary mirror layout with 60 hexagonal segments of
1.44 m in size (right).

The enclosure configuration is based on the Calotte design. The Calotte design is selected
due to its structural and operational efficiency® and its compactness provides the best
possible match to the existing enclosure size and mass than a conventional dome with the
same 10 m aperture opening. The proposed enclosure configuration also incorporates
realistic space allowances for interior insulation and the mechanical systems required for
dome rotation and servicing of the M1 segments and spectrograph components at prime
focus (Figure 3).

' The Thirty Meter Telescope Project has conducted extensive comparative studies among
alternate enclosure designs: Calotte, dome-shutter (CFHT and Keck), and carousel (Subaru),
and selected the Calotte design based on its structural efficiency, construction considerations
and operating costs.
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Figure 3. Enclosure configuration shown at zenith pointing — mechanical bogie and
drive systems facilitate base and cap rotations allowing the enclosure to point from 0° to
65° zenith (left) and cross section view of the enclosure showing a 1 m wall thickness,
including interior insulation, and the enclosure mounted crane system for servicing of
telescope subsystems during operation (right).

2.1  Load analyses

For the load analysis, the structural components and mass of the existing piers were
derived from the original CFHT construction drawings. The new telescope mass is
estimated to be 270 tons (the same as the Keck telescope), and this is a 6% increase from
the current mass. The combined telescope and pier system mass is 1,613 tons. The
estimated enclosure mass is 510 tons, a 32% increase from the current mass. The
combined enclosure and pier system mass is 1,403 tons.

Each combined structural system was modeled separately in the SAP2000 finite element
analysis (FEA) software. Spring elements were incorporated to represent the soil stiffness
and the mechanical connections between the supported (telescope or enclosure) mass and
the pier (Figure 4). The spring element stiffnesses were selected to account for the
dynamic interactions in the model analysis for the seismic load assessments.
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Figure 4. Finite element models — telescope pier system with the telescope represented
as a lumped mass at the correct centre-of-gravity (CG) position located by a beam
element frame and connected to the inner pier through spring elements (left); similarly
the enclosure is also represented as a lumped mass at the correct CG position located by

a pyramidal frame and connected to the outer pier through spring elements (right).

Generally, the load capacities of the piers were determined based on load cases with
dead, live, seismic and environmental loads and their combinations specified according to
the design codes. However, environmental loads (snow, ice and wind) were applied to the
enclosure pier analysis only.

2.2  Results

Based on the load conditions, the capacity of each structural element was verified. Table
4 summarizes the findings of the load capacity studies. For the telescope pier, all
elements including the soil®* meet the load requirements of the new telescope. For the
enclosure pier, all elements except the bracing meet the load requirements.

Table 4. Summary findings of the pier capacity studies

Telescope Pier Enclosure Pier Comment

Wall \ | Beam \ | Meet all load combinations

Slab vV | Column \' | Meet all load combinations

Footing \ | Footing V' | Meet all load combinations

Soil N Although the soil bearing capacity under

earthquake loads is exceeded by 33%, the
dynamic nature of these loadings allows an
increase of capacity by one-third?

Soil \' | Meet all load combinations

Bracing X | Seismic capacity is 24% of requirement

The enclosure pier bracing does not meet the increased seismic requirements in the newer
design codes. However, cost effective options are available to reinforce the pier without

Z See Appendix F for detail
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altering the exterior appearance. The reinforcement option is outlined in the facility
redevelopment process discussed in Section 5.1.

2.3 Geometry of the proposed facility configuration

Figure 5 shows the cross section views, based on actual CAD models of the ngCFHT and
CFHT facilities and confirms that a Keck-size telescope and Calotte enclosure will fit on
both of the the existing piers respectively. Figure 5 also compares the external
dimensions of the new enclosure against the current enclosure. Presently, the proposed
enclosure is about 7% taller and 3% larger in diameter. With further optimization of the
telescope and enclosure geometries, we are confident that the new enclosure can be
reduced to match the current enclosure dimensions, if necessary. For example, an f/1.83
segmented primary mirror is proposed in the telescope system optical design section (in
contrast to the /2 design assumed for this study) that will shorten the length of the
telescope structure and the height of the enclosure.

T, T T A pr o

14000 - 13433

Figure 5. Cross section views and exterior dimensions of the proposed ngCFHT facility
(left) and current CFHT facility (right).

24  Summary

The load capacity studies did not identify major deficiencies that require significant
structural modifications or dimensional mismatch indicating that the proposed ngCFHT
facility is geometrically incompatible with the current piers. From the feasibility
standpoint, we conclude that the current telescope and enclosure piers are able to
accommaodate the new ngCFHT facility, structurally and geometrically. In further
development of the ngCFHT project, the reinforcement options for the piers should be
examined further, in addition to optimising the enclosure dimensions for the finalised
telescope design.
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3 DEVELOPMENT OF FEASIBLE OPTICAL DESIGNS

The objectives of the optical design studies are to assess the feasibility of optical designs
that meet the performance requirements for the telescope, fiber-feed and spectrograph. In
particular, we want to determine the current level of technologies involved, including
programmatic considerations such as availability of potential vendors and cost/schedule
risks associated with supply and fabrication.

This section summarises feasibility design considerations for the three main optical
subsystems:

e Telescope optical configuration (Section 3.1)
e Fibre feed (Section 3.2)
e Spectrograph optical design (Section 3.3)

3.1 Telescope optical configuration

APPENDIX C. NGCFHT TEeLEScoPE OPTICAL DESIGN

The goal of this study is to determine the optimal telescope configuration that best meets
requirements and is able to fit within the enclosure with minimal programmatic risks. We
adopt a comparative approach and consider a single-mirror configuration (Figure 6), a
two-mirror design (Figure 7) and a three-mirror design (Figure 8). This approach allows
us to explore the design space and understand the strength and limitations of each
configuration, and to eliminate design solutions that are unworkable. We incorporate
additional optics into each design to produce a telescope system that efficiently feeds
fibers across the telescope focal plane. Specifically, we consider
e A wide field corrector (WFC) to maintain image quality and telecentricity and to
reimage the input beam to the required fiber-feed input focal ratio
e An atmospheric dispersion corrector (ADC) to maintain the requisite image size
given the wide wavelength bandwidth

The feasibility studies intentionally leveraged and adopted existing optical design work
of similar astronomical systems for the ngCFHT facility. The optical design requirements
and considerations adopted to direct the telescope design are:

e Average image quality <0.45 arcsec EE80 diameter at all zenith angles
Maximum zenith angle: 60°
Residual dispersion after ADC correction <0.2 arcsec
Telecentric fiber feed
Small field curvature allowed as a design parameter to facilitate optical system
optimization

3.1.1 Single-mirror configuration

The focal ratio of the telescope primary mirror design is f/1.83 in order to comply with
the enclosure height limits which restricts the f-ratio to <f/2. Both WFC and ADC optics
are incorporated in the telescope system optical design to maximize performance. The
configuration is a “4+2” lens design (Figure 6), which is a simplified design over the
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Subaru Hyper-Suprime Cam corrector, with four powered elements for field correction
and two elements for atmospheric correction. The optic performance of field correctors
with four, five and six powered elements was analyzed and compared in the design study;
the four-element design was found to be optimal in terms of image quality, cost and
complexity. The ADC lens pair provides correction with a lateral shift of <30 mm at the
maximum zenith angle of 60°.

In order to ensure the availability of quality lens blanks, a conservative maximum lens
diameter of 1.2 m was considered. Asphericity, if required, was allowed on one side of
the lenses only, with maximum aspherical departure up to few mm, as successfully
proven on Subaru’s Hyper Suprime-Cam wide field corrector lenses.

A
v

N HL.2em

Lateral shift ADC

Figure 6. Single-mirror design with f/1.83 10 m diameter M1, WFC and ADC.

Fused silica is the preferred lens material for most of the lenses as large blanks with good
homogeneity are available. Moreover, this material provides high transmission over the
whole wavelength range. In order to reduce cost but maintain UV transmittance, i-line
glasses are assumed. However, their performance in the NIR needs to be ratified based on
the overall science requirements before the WFC glass choice can be finalised.

With the conservative 1.2 m diameter constraint, vignetting increases linearly from zero
on-axis to 13% at the edge of the field. By increasing the maximum diameter to 1.35 m
for the first lens element the vignetting can be reduced to 0% at the edge of the field.

3.1.2 Two-mirror configuration

The motivations for considering the two-mirror design are the advantages of compact
telescope height, simplified field corrector optics and shorter fiber-feed length for the
spectrograph as the focal plane is located closer to the primary mirror (Figure 7).

The two-mirror design uses a 10 m diameter segmented primary mirror and a convex
hyperbolic secondary mirror with a circular clear aperture of 2.4 m. The lens design is a
“3+2” configuration with a three-element field corrector and a two-element counter-
rotating ADC incorporated between the 2nd and 3rd corrector lens elements. All
refractive elements are less than 1.2 m in diameter.
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The spectrograph fiber-feed can be routed through either the hole of the primary mirror to
the bench mounted spectrograph location or along the elevation axis to two “Nasmyth-
like platforms” on the side of the telescope, where the spectrographs could be installed.
This alternative location would enable a short fiber length that would maximize UV
throughput. A considerable drawback with this two mirror configuration, however, is the
obscuration generated by the secondary mirror and the associated support structure,
which is expected to be 13% over the telescope aperture.

Figure 7. Two-mirror design with 10 m diameter M1, 2.4 m diameter M2, WFC and
ADC - a very compact telescope length of 10 m is attained.

3.1.3 Three-mirror configuration®

The motivation for the investigation of the three-mirror design is to examine an
alternative optical design where the field of view is not governed by the size of refractive
corrective optics but only by the optical aberrations. A three mirror anastigmat (Figure 8)
design was explored with the LSST design as the starting point, but without incorporating
an ADC design at the focal plane behind the secondary mirror. To maintain practicality
for mirror fabrication, this concept assumed the same LSST mirror polishing process by
which two curvatures are generated on the same 8.36 m diameter mirror substrate. The
central obstruction of this configuration is 4m so the effective unobstructed aperture is
only 7.34 m. The small aperture imposes major limitations on system throughout and
scientific efficiency.

Due the latter, the three-mirror configuration is not considered a contender for the
ngCFHT. However, it does have a respectable A-Omega value of 207 m*deg? and could
be scientifically compelling for others astronomy programs, but not for ngCFHT.

*The three-mirror design is described in Appendix G. ngCFHT Preliminary Optical Design Concepts
for the 2010 CFHT users meeting in Taipei.
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Figure 8. Three-mirror design with 8.36 m diameter M1 but this design is not
considered a contender.

3.1.4 Additional optical items considered

The feasibility of additional optical items was examined, namely the primary mirror
segment size, reflective mirror coating and anti-reflection coating.

3.1.4.1 Primary mirror segment

A hexagonal 1.45 m (corner to corner) size segment is adopted for the 10 m segmented
M1. Technical feasibility of produced M1 segment economically and efficiently has been

demonstrated by the current ELT projects such that we can leverage on their segment
development work.

3.1.4.2 Available Coatings
For optimal UV throughput, aluminum coating is preferred for the mirror even though

the

average reflectivity over the wavelength range is lower than the Gemini’s protected silver
coating. A Solgel/MgF2 anti-reflection coating with reflectivity <1% is available for the

refractive optical elements.

Further trade study is required to finalize the specifics on mirror coating which will be
based on scientific and operational considerations. Regardless of the final selection,
technologies for deposition of both reflective coatings and anti-reflection coating are
feasible and well established.

3.1.5 Summary of telescope optical design

The primary design parameters and performance characteristics of the two feasible
telescope optical designs (the one and two mirror systems) are summarized in Table 5.

22/45



Feasibility Study report for the Next Generation CFHT: II. Technical

Table 5. Properties of the two telescope optical designs.

Design | Aperture | Overall | Plate Scale, FoV, Vignetting, | EE80 diam. Comment
Size, m F-Ratio | arcsec/mm deg"2 | % (*), arcsec
One- M1: 10 f/2.1 102 1.5 0% on-axis | <0.35 @ 0° Average over the
Mirror zenith FoV
13% max
off-axis <0.45 @ 60°
zenith
Two- | M1:10 f/3.6 175 1.4 13% <0.22 @0° % vignetting
Mirror constant zenith based on a
M2:2.4 across the central
telescope <0.39 @ 60° obscuration of 3.6
aperture zenith m dia.

*Image quality includes telescope optics, WFC and ADC residual.

The equivalent effective telescope collecting area accounting for transmission losses due
to mirror reflections, lens and prism internal absorption, air-glass reflections, and
telescope vignetting are compared in Figure 9 for the first two telescope configurations
examined. Based on the effective collecting area achieved, the baseline one-mirror design
is preferred by virtue of its higher overall efficiency. Moreover because of the additional
large secondary mirror system, the two-mirror design is considered undesirable due to the
added cost and the associated fabrication risks when compared with the single-mirror
design.
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Figure 9. Comparison of equivalent telescope collection area delivered for the two
telescope configurations discounted for all losses in the telescope optical system.

3.2  Fiber-feed system

3.2.1 Fiber diameter

The diameter of the fiber projected on the sky should be well matched to the typical
astronomical source diameter in arcseconds. While larger fibers sample a larger fraction
of light from the source, they also sample a larger amount of flux from the sky. The
increasing sky flux is particularly problematic for faint targets. Figure 10 demonstrates
this by showing the relative Signal-to-Noise Ratio (SNR) obtained as a function of
projected fiber diameter for two different IQ conditions, for point-source targets of
different luminosities relative to the sky. Here, the only contributions to the S/N are from
the target and the sky. Fiber diameters of less than 1 arcsecond are ideal for observing
faint targets while taking advantage of the excellent seeing conditions possible on Mauna
Kea. Larger fibers are better suited for bright targets and/or poorer seeing conditions and
for extended sources. Note that Figure 10 does not incorporate losses due to possible
positioning errors.
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Figure 10. Relative signal to noise ratio vs. fiber diameter.

In Section 3.3, we investigate a spectrograph design concept to examine the overall
feasibility of the combination of multiplexing, wavelength range and spectral resolution
required by the ngCFHT science considerations. One of the most demanding aspects of
this design is obtaining the high resolution observing mode. With this consideration in
mind, we proceed with the rest of this feasibility study with 0.9arcsec fibers; this is a
reasonable choice based on the considerations described above, and it facilitates
obtaining the highest resolution modes. The final value of the fiber diameter that is
adopted may be larger, to make it better suited to median seeing conditions and/or
extended (extragalactic) sources. We anticipate that the spectrograph design presented
could be modified to operate with a large fiber diameter, and that other concepts could be
developed as appropriate. As a baseline to demonstrate general feasibility, the current
choice of fiber diameter is reasonable.

3.2.2 Fiber transmission

The primary design consideration for the fiber-feed to the spectrograph is to maximize
throughput over the wavelength range required. The major contributors specific to fiber
throughput losses are focal ratio degradation (FRD) and internal absorption.
Consultations with one of the leading fiber vendors, Polymicro Technologies,
recommended maintaining an input beam f-ratio of slower than /2.3 for conventional
fiber in order to minimize FRD loss. However, custom fibers are available from
Polymicro Technologies to accommodate input f-ratio as fast as /1.85 without significant
FRD effect.

In addition, good UV throughput is feasible using the Polymicro FBP fiber which offers
excellent throughput over a broad wavelength band. Figure 11 shows the Polymicro FBP
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fiber transmission for different fiber lengths over the wavelength range required. In order
to minimize overall transmission loss, it is desirable to keep the fiber-feed length to <50
m (with a goal of <35 m). We conclude that there will be several feasible options for the
ngCFHT fiber feed that ensure good or excellent throughput across the desired
wavelength range.

Fiber transmission
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Figure 11. Polymicro FBP fiber transmission for different fiber-feed lengths across the
ngCFHT wavelength range.

3.3  Fiber-fed spectrograph

The objective of the fiber-fed spectrograph study is to demonstrate the design and
feasibility of the bench mounted spectrograph. Several highly multiplexed spectrograph
designs have been or are being developed (e.g. Subaru/PFS, AAT/HERMES, 4MOST).
The combination of the multiplexing, wavelength coverage and spectral resolutions
required for ngCFHT are a particular challenge. Several design solutions exist; for
example three independent spectrographs, each designed to work at a specific resolution;
two spectrographs, where one works at double-resolution; or a single spectrograph that
operates at all three resolution settings. We note that several double-resolution
spectrograph designs have been developed and can likely be adapted for use on ngCFHT.
In this respect, we consider in Section 3.4 the feasibility of redeploying the complete PFS
system, including the Prime Focus Unit, for ngCFHT. We also consider redeploying only
the PFS spectrograph (if the PFS is adopted for the R2,000 mode then a separate double-
resolution spectrograph will be required for the R6,500 and R20,000 modes).

Given the range of spectrograph designs that have been and are being considered for
other projects, and to robustly demonstrate the feasibility of the spectroscopic
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requirements, we consider the design solution that offers the most stringent and unique
technical challenges, namely a spectrograph that can operate in all three observing
modes. In order to facilitate development of the highest resolution mode, we adopt 0.9
arcsec fibres at this stage of development, as described in Section 3.2.

We have not considered the prime focus components in our feasibility study. These are
key components, but other spectrographic projects, such as PFS and LAMOST, have
designed comparable fiber-feed positioner systems that demonstrate their feasibility.

3.3.1 Bench Mounted spectrograph

APPENDIX D. NGCFHT SPECTROGRAPH OPTICAL DESIGN

The goal of the triple-resolution spectrograph concept is to achieve three switchable
resolution modes for Nx4 objects as dictated by the top level requirement, where N= 800.
In fact, our triple-resolution design enables four switchable modes:

e Low Resolution (LR) Mode with maximum multiplexing of Nx4 objects at
~R2,000 resolution with full wavelength coverage between 370 to 1,300 nm

e High resolution (HR) Mode at maximum ~R20,000 resolution for N objects with
two selectable /7 wavelengths regions in the visible only (370 — 1,000 nm)

e “Bonus” Medium Resolution full-Coverage (MR-FC) Mode for N objects at
~R6,500 resolution with full wavelength coverage in the visible only (370 — 1,000
nm)

e Medium Resolution High-Multiplexing (MR-HM) Mode for Nx4 objects at
~R6,500 resolution with two windows of A/7 over two central wavelengths in the
visible (with NIR spectra at low resolution available)

The pupil slicing technique is selected for the triple-resolution spectrograph design as it
offers the flexibility to switch between the requisite observing modes efficiently and
provides good performances in terms of image quality (1Q), spectral resolution and
throughput. The spectrograph design that uses four sliced sub-pupils is illustrated
schematically in Figure 12. The choice of wavelength regions that are to be available
depends on the grating selection, and so should be investigated during subsequent design
phases.

The four resolution modes are generated by switching mechanisms that deploy in
combinations either a prism-plate or an anamorphoser and the low resolution or high
resolution gratings (Table 6). The fiber-feed unit delivers either N or Nx4 objects
(illuminated fibers) by adjusting the locations of fiber positioners at the telescope focal
plane or at the entrance to the spectrograph.

As shown in Figure 13 and Figure 14, light exits the fiber-feed through relay optics which
projects an intermediate focal plane on the first switchable element (the prism-plate or
anamorphoser) and then through the collimator onto the pupil slicer. Then light from each
“slice” is directed into one of the four identical channels and further separated into three
optical arms by beam splitters into three wavelength ranges: blue, red and NIR.
Depending on the resolution mode desired, the spectra are dispersed using either the low
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or high resolution gratings deployed by the second switching mechanisms. The optics and
detector in each arm are optimized according to wavelength range to maximize
efficiency.

Fibers > Relay =] Prsm-plate > Collimator > Pupil slicer
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Figure 12. Schematic diagram of the spectrograph showing light entering the relay
optics at the top-left.

Collimator mirror
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Figure 13. Top view of the spectrograph optical elements.
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Figure 14. Top view the spectrograph optics showing light exiting the relay optics at the
lower-right.

The characteristics of each resolution mode and combinations of optical elements used
are tabulated in Table 6.

Table 6. Characteristics of the four resolution modes

Mode Resolution Resolution | Simultaneous # of Deployable Optical
in visible in NIR arm | Coverage Objects | Elements Combination
(Blue + Red
arms)
LR 2,000 2,000 Full Nx4 Prism-plate with Low-
Res grating
HR 20,000 NA Two windows of | N Anamorphoser with
A/7 in visible* High-Res grating
MR-FC | 6,500 NA Full (visible only) | N Anamorphoser with
Low-Res grating
MR-HM | 6,500 2,000 Two windows of | Nx4 Prism-plate with High-
A7 in visible4 Res grating

The anamorphoser is used with N-object fiber inputs and it elongates the pupil by a factor
of four in the spectral direction and effectively reduces the spectral width of the image by
the same effect (Figure 15). By pupil slicing, each fiber will produce 4 identical images,
each one corresponding to a different sub-pupil. Therefore light collected in each fiber

* Defined by grating selection
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produces four sets of identical spectra in the spectrograph, one per each channel, and the
spectra are “recombined and readout” by customized data reduction software.®

165 mm 0.25"x1" 660x165 mm

00 - |ammp

IMAGE PUPIL

FIBER EXIT ANAMORPHOSER

0.25"x1"

165x165 mm

AFTER PUPIL SLICER

Figure 15. The anamorphoser elongates the pupil and it is sliced four times by the pupil
slicer thus the same fiber “slit” is transmitted into all four channels.

The four-time anamorphic magnification is introduced by a cylindrical microlens with a
cylindrical aspheric entrance surface and a toroidal exit surface. The anamorphoser is
manufactured by standard technologies used in the semiconductor industry such as
photolithography, resist processing and reactive ion etching. These technologies allow a
very accurate shaping of the lens profile and a precise positioning of the lenses. The
physical layout of the anamorphoser is shown in Figure 16.

Figure 16. Physical layout of the anamorphoser (left) with light paths through the
anamorphoser, shown as blue rays (middle and right).

A total internal reflection prism-plate is used with Nx4-object fiber inputs to direct light
from each fiber to a single channel only, i.e. each fiber produces a unique set of spectra in
the spectrograph (Figure 17). The effective slit width is wider than in the “pupil-slicing”
mode providing a lower resolution, but the number of observed fibers provides a four-
time gain in multiplexing.

The physical layout of the prism-plate is shown in Figure 18. The prism-plate tilts the
chief ray of each fiber into the appropriate sub-pupil positions when exiting the prism-
plate.

*This approach will result in a higher read-noise contribution for the high resolution mode. Science targets for
the high resolution mode, however, are sufficiently bright that this is not expected to impact science
performance.
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Figure 17. The prism-plate projects four circular pupils of adjacent fibers and they are

not affected by the pupil slicer thus each fiber “slit” is transmitted into a single channel

only. A comparison projection of the anamorphoser “elongated” pupil (dashed line) is
also shown.

Figure 18. Physical layout of prism-plate (left) and it tilts the chief ray of four adjacent
fibers, shown as different colours, into the proper pupil positions corresponding to the
four-channel layout in the spectrograph (right).

3.3.2 Spectrograph Optical Design Trade Study

Given the top level parameters such as the telescope aperture, wavelength coverage,
spectrograph resolutions and their corresponding wavelength ranges, a trade study was
conducted to determine the optimal (yet interrelated) values for the number of objects,
detector sizes and simultaneous wavelength coverage for all resolution modes. For the
parametric trade study, practical considerations were applied to ensure that the overall
design is balanced and achieves consistency at the sub-system level in terms of technical
challenges, feasibility and attainability, including camera size and f-ratio, detectors, VPH
gratings, dichroic beam splitters, etc.

For the HR mode, additional trades were examined for different combinations of slices
and anamorphic factors before selecting the “4x4” configuration, i.e. four-times
anamorphism by four-slice, as the spectrograph baseline.

The main characteristics of the baseline triple-resolution spectrograph are listed in Table
7 and the detailed characteristics of the different resolution modes achieved can be found
in Appendix D. ngCFHT Spectrograph Optical Design.
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Two spectrographs are needed in order to meet the number of objects in the top level
requirements (~3,600 objects in LR and ~900 objects in MR and HR modes will likely be

attained in this design).

Table 7. Main triple-resolution spectrograph characteristics.

Parameter Value Note

Fiber diameter 0.9” (150 um at F/3.5)

Resolving power 2000 LR mode
6500 MR-FC & MR-HM modes
20000 HR mode

Spectral bandwidth 370 — 1300 nm

Simultaneous Full (370-1300 nm) LR mode

coverage Full (370-850 nm) MR-FC mode

2 selectable regions A/7°
Spectral Sampling 10 pixel

4kx4k, 15um FPA (4X)

4.5 pixel
2.5 pixel
Interspectra 7 pixel
separation 3 pixel
Number of objects 1800 = 10%
450 £ 10%
Detectors 9kx9k, 10um CCD (8X)
Efficiency 50% = 5% (at peak)

HR & MR-HM modes

Visible arms, LR & MR-HM modes
NIR arm, LR & MR-HM modes
Visible arms, HR & MR-FC modes

Visible arms
NIR arms

LR & MR-HM modes
HR & MR-FC modes

Visible arms
NIR arm

Spectrograph optics + detectors

3.3.3 Performance

The fundamental performance of the triple-resolution spectrograph design in meeting the
top level requirements is demonstrated by its image quality as expressed in EE80
encircled energy and overall system throughput according to the selectable wavelength
windows in the HR mode and the total wavelength coverage in the LR mode.

3.3.3.1 Selectable wavelength windows in HR mode

In the HR mode, there are selectable wavelength regions in the blue and red arms. The

central wavelengths and the corresponding bandwidth values within each arm should be
investigated based on science requirements during subsequent design phases. For this
phase, we demonstrated feasibility by adopting uniformly spaced wavelength regions that

are set by available gratings.

® Defined by grating selection
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3.3.3.2 Wavelength windows in LR mode

The wavelength coverage for the three arms: blue, red and NIR, expressed in terms of
central wavelengths and bandwidths are listed in Table 8.

Table 8. Wavelength windows in LR mode.

Wavelength Central Bandwidth
region wavelength (nm)
(nm)
LR BLUE 465 370-560
LR RED 696 552-844
LR NIR 1048 836-1260

3.3.3.3 Image quality

A provisional 1Q budget was developed to guide the design process of the different

optical subsystems based on the EE80 diameter projected on the detector focal selected.
The spectrograph design is optimized for the highest resolving power needed in the HR

mode. The total 1Q budget is 0.23” in the HR mode and 0.3” in the LR mode.

Representative plots of the HR and LR mode EE80 diameter maps for the red arm of the
four spectrograph channels are plotted in Figure 19. The results show feasibility in the

design to meet the top level 1Q requirement while having leaving sufficient margin to
accommodate for real-world considerations such as manufacturing and alignment
tolerances. Future design refinement and optimization shall ensure that the final 1Q

requirements are met.
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Ch. 1 2 3 4 EES0 diam.

HR
RED 1

550-634
nm

HR
RED 2

630-725
nm
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RED 3

720-828
nm
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RED 4

823-947
nm

LR
RED

552-844
nm

Figure 19. Spectrograph red arm EE80 diameter map.

3.3.3.4 Overall system throughput

The predicted system throughput including allowances for telescope optics, WFC, ADC,

fiber-feed, spectrograph optics and detector efficiency is plotted in Figure 20 over the

operating wavelength range. The system throughput is within the top level requirements.
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Figure 20. Overall system throughput curve with allowances for telescope optics, WFC,
ADC, fiber-feed, spectrographic optics and detector efficiency.
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3.4  Feasibility of the Subaru PFS design for ngCFHT

In addition to considering the triple resolution spectrograph design solution, it is sensible
to consider alternative concepts, e.g. multiple spectrographs that operate at single
resolution settings. In this context, there is an exciting synergy with the Subaru PFS
facility. The PFS design is being developed based on many of the same science
considerations that motivate the low-resolution mode of ngCFHT, and it is scheduled to
be in operation on Mauna Kea towards the end of this decade. It is desirable, therefore, to
consider whether it is feasible to deploy this instrument on the ngCFHT, since this would
represent an exciting opportunity for highly multiplexed spectroscopy.

The PFS consists of three main subsystems: a prime focus fiber positioner unit, fiber-feed
system with 1.1” diameter fibers and four R2,000 spectrograph units at 600 objects
capacity each, 2,400 objects in total. Two feasible scenarios are considered, therefore,
that represent different deployment option:

e Full employment of the PFS design with all three subsystems
e Partial employment with the spectrograph design only

The first case utilizes all three subsystems of the PFS, by adapting the ngCFHT telescope
structure design to match the current PFS interfaces. The second case incorporates the
spectrographs into a new fiber positioner unit and fiber-feed system. This provides
flexibility to optimize science performance by cloning one more spectrographs (to meet
the multiplexing requirement for ngCFHT) and adjusting the fiber diameters of the fiber-
feed system to match the spectrograph resolutions. In both cases, additional
spectrograph(s) would be required for the MR/HR modes.

Table 9 summarizes the characteristics of LR spectrographic capabilities according to the
two scenarios. Due to the difference on telescope diameter, the Subaru PFS fiber
diameter corresponds to 0.9” in terms of sky aperture which is the same value adopted for
the triple-resolution spectrograph design. For the second case, options exist to have two
sets of fiber diameters to optimize fiber input efficiency between the LR and MR/HR
modes, i.e. a new 1.1” fiber diameter fiber-feed for the LR mode and redeploying the PFS
at 0.9” fiber diameter for the MR/HR modes. Of course, this would require additional
study to determine how best to deal with multiple sets of fibres.

As summarized in, the full deployment of PFS will result in a smaller FOV and lower
number of objects than the top level requirements. These considerations and their impact
upon the science capabilities must be traded against potentially exciting gains in
programmatic and collaborative areas, as well as in terms of developing a coherent
observatory system for Mauna Kea. Additional study and development is required to
determine the full cost and benefits between the options of deploying the PFS (or certain
subsystems) against other design solutions such as the triple-resolution spectrograph.
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Table 9. Characteristics of the low resolution spectrograph with redeployment of PFS

3.5

only with new
fiber positioner
unit and fiber-
feed system

Deployment FOV | Fiber Resolution | # of Comment

Scenario Diameter Objects

Full PFS 1° 0.9” 2,000 2,400 Direct adoption
Spectrographs 150 [1.17¢ ~1,500% | 3,000%° | C1. New fiber-feed

C2. 20-25% reduction in

resolution due to increase in
telescope aperture from 8m to

10m

C3. By adding 600 extra
fibers and one cloned
spectrograph

Summary

Based on the feasibility studies, we conclude that there are viable options to develop a

LR/MR/HR spectrographic system. The prime focus components are fully demonstrated
by existing designs and the new triple-resolution spectrograph design illustrates one
feasible option for the fiber-fed spectrograph, with other options including a low
resolution spectrograph such as PFS working with a MR/HR double-resolution

spectrograph design.
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4

AERO-THERMAL PERFORMANCE

APPENDIX E. NGCFHT VENT SYSTEM CFD STUDY STATEMENT OF WORK

The objective of the aero-thermal study is to determine if the proposed enclosure
configuration has sufficient ventilation to mitigate local seeing effect to ensure excellent
image quality. Unlike the TMT Calotte enclosure design, which uses passive ventilation
for dome flushing and aperture flaps to minimize telescope wind shake (Figure 21), the
baseline ngCFHT design uses active ventilation produced by fan-driven floor vent and
does not incorporate aperture flaps. This is a result of the desire to simplify the ngCFHT
design to minimize the size and life-cycle cost of the enclosure and to maximize
reliability by not having mechanically deployable vent doors and aperture flaps which
require regular maintenance, additional equipment, and walkways for access and
handling.

A computational fluid dynamics (CFD) study is underway to evaluate aero-thermal
performance of the baseline enclosure design. The CFD study compares the relative
performance of the ngCFHT enclosure with passive (Figure 22) and active ventilation.
The comparison of performance is evaluated by ways of flow profiles, temperature
variations and distributions inside the enclosure, specifically along the optical path and
near the top-end, under different operating conditions. Moreover, the actual aero-thermal
performance will be assessed qualitatively by using the knowledge base established by
the TMT project which has conducted extensive CFD studies along with field validations.

The CFD study is conducted by the WindEEE Research Institute at the University of
Western Ontario. The scope of work of the aero-thermal study is attached in Appendix E.
ngCFHT Vent System CFD Study Statement of Work.

Preliminary findings of the CFD study are expected by the end 2012 and will be made
immediately available.

Aperture flaps in
deployed
Shutter position

Cap

Vent doorsin
opened position

Base

Fixed
Base

Figure 21. TMT Calotte enclosure with vent doors and aperture flaps. The vent doors
provide passive ventilation for dome flushing to minimize seeing effect and the aperture
flaps minimize turbulence and flow entrainment at the telescope top-end by deflect the

high velocity flow away from the aperture.
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Figure 22. ngCFHT CFD model with telescope at 30° zenith — side view showing passive
vent doors (left); top view showing the rectangular floor vent opening at the nine
o’clock position on the floor (right).

38/45



Feasibility Study report for the Next Generation CFHT: II. Technical

5 FACILITY REDEVELOPMENT STUDY

APPENDIX F. PROGRAMMATIC STUDY FOR UPGRADE OF TELESCOPE STRUCTURE AND
ENCLOSURE

5.1  Scope and construction sequence

The facility redevelopment study is a programmatic study to determine the time and cost
required for the deconstruction of the existing CFHT facility and the construction of the
new ngCFHT facility. Three separate steps are required in order to complete the facility
redevelopment process and to determine the relevant cost and schedule estimates:

e Deconstruction of the CFHT facility

e Structural retrofit of the enclosure pier to support the ngCFHT facility

e Construction of the ngCFHT facility

Dynamic Structures Ltd. (DSL) led this study and has produced cost and schedule
estimates for each stage. The DSL study includes the cost and schedule of the
redevelopment tasks of the enclosure and telescope structural and mechanical systems.
However, the study does not include activities associated with the telescope optics,
instruments and general purpose facility equipment for air handling, coolant and
electrical distribution etc. It is assumed that these will be performed independently by the
ngCFHT project.

DSL is well qualified for this work as they have extensive experience in the design and
construction of existing telescope structures and enclosures on the Mauna Kea summit
including the CFHT, Gemini, Keck and Subaru observatories. More recently, DSL led the
TMT telescope structure system design up to the post-conceptual stage. Currently, DSL is
the prime vendor responsible for the TMT enclosure system which has passed final
design review and in the pre-construction stage. As part of the TMT work, DSL prepared
detailed cost and schedule estimates and on-site construction plan for both telescope and
enclosure systems for major project reviews. The findings of these reviews have been
positive such that panels of international experts acknowledged the accuracy and quality
of DSL’s cost and schedule estimates in all areas of design, fabrication, and on-site
construction, with insight into the local conditions such as equipment availability,
warehousing, overtime and insurance’ according to the Hawaiian labour rules and
regulations.

Using the CFHT site topology (Figure 23), existing CFHT drawings (Figure 24),
construction plans developed for the TMT enclosure and telescope systems, and
consultation with personnel involved in previous construction projects on Mauna Kea,
including the original CFHT, DSL developed task-based bottom-up cost and schedule
estimates for the redevelopment process. The cost estimate includes the design and
manufacturing costs, imported and local labour costs, and equipment costs including
cranes and lifts, temporary falsework support, transportation, safety equipment,
consumables, staging and shipping logistics etc.

" Typical worker’s compensation insurance rate for high altitude iron worker is 30% of the hourly labour cost.
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The deconstruction sequence is in reverse order of the original construction sequence.
The schedule is based on using a temporary crane attached to the enclosure to facilitate
dismantling of the telescope structural components. Removal of the enclosure structural
components is done by the 250 ton hydraulic mobile crane (Figure 23) afterward. The
size and weight of every crane lift is determined from the original construction drawings
to ensure safety.

The structural retrofit work is conducted concurrently with the deconstruction work by
sharing lifting equipment. Access to the braces of the enclosure pier is from the outside
by cutting through the exterior siding. Temporary weather protection and structural
support will be provided in order to replace existing bracing with stronger bracings. Fire
retardant and insulation matching the existing installation will be applied to all new
structural elements.

The construction sequences including manufacturing are similar to those developed for
the TMT project; however, factory trial assembly of main structural components is
planned for the telescope system only. Construction of the ngCFHT is separated into two
phases. In the first phase, the enclosure construction starts immediately after
deconstruction of the existing enclosure and telescope. The second phase of telescope
construction begins once the enclosure is secured when telescope parts can be lifted
safely into the interior through the enclosure aperture using the mobile crane. The
telescope erection is accomplished by using a combination of falsework, mobile gantry
crane and the enclosure crane.

- 1747 t

4000

ooy . oaaz [ veso.l. aow | weep. |, oes0 | w0l 210 |

L 14072 -

- 17050

Figure 23. Plan view of the mobile construction crane location set-up next to CFHT pier
(left) and 250 ton hydraulic mobile crane dimensions (right).
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Figure 24. Excerpt of the original CFHT telescope structure erection drawing.

5.2  Estimated cost and schedule for redevelopment

The estimated redevelopment cost breakdown is shown in Table 10 along with the
schedule summary. The labour component includes cost increases associated with
working at high altitude including an inefficiency factor of 62.5%, i.e. the same work will
take 1.6 times longer at the summit than sea level, and a worker’s compensation
insurance premium of 30% of the hourly rate. However, the costs associated with the
redevelopment of the facility equipment within the CFHT piers, disposal of existing

CFHT facility, site preparation for crane access and provision of site facilities such as
toilets and first-aid at the summit are not part of the DSL redevelopment cost estimate: it
is assumed that these will be carried out by the ngCFHT project.

The total redevelopment cost in US dollars is $68,191,381 with 15% DSL profit and 20%
contingency and the total redevelopment schedule is five and a half years including
design and manufacturing, and the actual “telescope downtime” is less than three years.

Table 10. Redevelopment cost estimate including contingency.

Construction - Telescope

Total

$ 68,191,381

PHASE Cost Year 1 Year 2 Year 3 Year 4 Year 5
[2012USD] |Q1[Q2|Q3|Q4]Q1|Q2|Q3|Q4|Ql[Q2[Q3|Q4|Q1|Q2|Q3|Q4]Ql|Q2(Q3[Q4

Design - Enclosure $ 11,979,880

Manufacture - Enclosure

Design - Telescope $ 14,719,699

Manufacture - Telescope

Deconstruct!on - Telescope $ 6,602,690

Deconstruction - Enclosure

Outer Pier Upgrade S 2,688,556

Construction - Enclosure $ 32,200,556

41/45



Feasibility Study report for the Next Generation CFHT: II. Technical

6 COST ESTIMATE SUMMARIES TO DATE

In parallel, working with CFHT, we plan to identify additional tasks associated with the
tasks excluded in the DSL study and produce cost and schedule estimates of the same.
Currently, this cost is represented in the row Facility Redevelopment & Commissioning
in Table 11. Once this is complete then the total cost will be revised and consolidated in
Table 11 prior to the March 2013 ngCFHT workshop.

The basis of estimate in Table 11 documents the different methodologies used to derive
the costs. They vary from order-of-magnitude (ROM), parametric, extrapolation, DSL
study and engineer’s estimate. The parametric cost is derived by scaling the existing cost
estimate of similar projects. The extrapolation cost is a weighted cost of two or more
sources. In general, the DSL costs used are either bottom-up estimate performed
specifically for ngCFHT or parametric cost based on DSL’s past project experience. The
engineer’s estimate is bottom-up cost estimate using a top level work breakdown
structure.

Table 11. Cost Summary of the ngCFHT facility

Item Cost Estimate ($M) Basis of Estimate

Design and management $10M ROM estimate with using
personnel from current
CFHT and partner
countries

M1 optics $10M Parametric cost based on
ELT estimate

M1 support system $5M Parametric cost based on
ELT estimate

Wide field corrector $5M Engineer’s estimate

Software and control $10M Extrapolation from ELT
estimate and CFHT
historical cost

30% Contingency $12M

Sub-total $52M
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Removal of 3.6m telescope
and dome

$6.6M

DSL study with 15% profit
and 20% contingency but
excluding additional
facility decommissioning
and disposal costs

Enclosure pier structural
upgrade

$2.7M

DSL study with 15% profit
and 30% contingency

Telescope structure

$30.8M

Enclosure

$28.1Mm8

Parametric costs from DSL
study using TMT cost
estimates

With the $32M
construction cost divided
equally

Include 15% DSL profit
and 20% contingency

Facility redevelopment &
commissioning

$10M

ROM budgetary estimate

Spectrograph system

$76.1M

Includes 20% contingency

$50.1M for two triple-
resolution spectrographs
based on Engineer’s
estimate including detector
systems, control and data
reduction software

$26M parametric cost
based on WMFOS estimate
for the prime focus unit and
fiber-feed system

Total

$206.3M

& Cost includes CFHT style mechanical vent doors
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7

CONCLUSIONS OF FEASIBILITY STUDY

The findings from the technical studies show that it is feasible to develop a ngCFHT
facility with telescope and enclosure compatible with the geometry and load capacities of
the current piers. Optical designs for the telescope and spectrograph that will meet the top
level science requirements are also feasible. More specifically, at the subsystem-level:

A single-mirror 10 m segmented mirror telescope can be accommodated on the
current pier with minimal modification to the foundation soil

A Calotte enclosure can be accommodated on the current pier with minimal
modification to the structure and with considerations for the Office of Mauna Kea
Management Comprehensive Management Plan

Technologies for the mirror segment fabrication and segment support system are
now mature, based on the development work for the ELT projects

High efficiency fiber and optical systems are now practical

Several options exist for the spectrograph, including a versatile innovative triple-
resolution design

Based upon these findings, a formal Conceptual Design Study for ngCFHT should be
initiated. This will include:

Integrating systems engineering practices to refine and delineate the science
requirements into system and subsystem design requirements to guide the
conceptual engineering and design activities, and to derive performance budgets
(based on the overall system performance requirements) to evaluate and validate
design objectives;

Developing selection criteria and conducting down-select studies to finalize the
ngCFHT facility configuration among alternate design solutions. The facility
configuration includes the telescope and enclosure configuration, layout for fiber
routes and spectrograph locations, and general arrangement for the optical,
mechanical and electrical facilities required for efficient operation, safe service
and maintenance of the Observatory;

Identifying and assessing major technical and programmatic risk areas to facilitate
the design trade process;

Incorporating value engineering techniques to enable objective assessment of
design trades that balances performance against programmatic risks in the areas of
technology, cost and schedule;

Defining the modifications required to utilize the CFHT telescope and enclosure
piers;

Completing conceptual design for all major systems and subsystems, including:
0 Telescope structure system
o0 Enclosure structure system
0 Segmented primary mirror, WFC and ADC
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o Prime focus system including the fiber positioner, fiber handling unit,
acquisition and guide system, calibration unit and de-rotator

Fiber-feed management system

Spectrograph system with design solutions among the various options
(e.g., single, dual or triple-resolution spectrograph solutions)

e Refining the facility redevelopment study to capture all the associated cost
components in order to refine the overall project cost and schedule estimates

In summary, the feasibility study for ngCFHT has demonstrated that the scientific vision
and requirements developed in the Feasibility Study Report for the Next Generation
CFHT: I. Science is technically viable and can be designed and constructed based on
existing technologies. The formalized Conceptual Design study should involve all
potential partners in the production of an end-to-end design for the spectrographic facility
that meets the technical requirements and represents the optimal combination of
performance, cost and risk. It will be the fundamental step in realizing the scientific
potential of ngCFHT.

45/45



APPENDIX A. NEXT GENERATION CANADA-FRANCE-HAWAII
TELESCOPE PIER BUILDING EVALUATION




Next Generation Canada-France-Hawalilli

Telescope Pier Building Evaluation

@ b CANADA-FRANCE-HAWAII TELESCOPE
GFHT

CFH www.cfht.hawaii.edu .

Report Prepared by Mathieu Angers

University of British Columbia

&

Empire Dynamic Structure

15 August 2011

Project Name CFHT Pier Building Evaluation Page 1 of 22

Document Title Next Generation Canada-France-Hawaii Telescope Pier Building Evaluation 1.0

File Name | CFHT Pier Evaluation Report — Mathieu Angers et alii DATE 8/23/2011




Executive summary
Canada-France-Hawaii Telescope (CFHT) mandated a research group from University of British

Columbia (UBC) and engineers from Empire Dynamic Structures (EDS) to evaluate the possibility
to have the current pier building supporting a new telescope design, mass and geometry. The pier
having been designed in 1974, it is necessary to verify if the structure meets the new Codes
requirements, mostly regarding the seismic design and analysis of structures. The CFHT is located
on Mauna Kea volcano in Hawaii. The current 3.6 m telescope is wished to be replaced by possibly
a 10 or 12 m segmented mirror instrument. From the plans and information furnished by the CFHT,
the pier walls, slabs, footings and soil capacities are evaluated according to the American Concrete
Institute code and compared to the forces induced by the loads defined in the International Building
Code. In order to have a realistic evaluation of the forces in the pier building, a telescope frame
idealization is used following EDS recommendations. A static equivalent method is employed for
the seismic analysis and the IBC furnishes the design spectrum for Mauna Kea.

e The bending moment and shear capacities are high enough to resist the forces. The
required steel reinforcement in the walls and slabs of the pier building are comparable to
the one found in the current structure and are judged to be sufficient.

e The foundation structural resistance is also evaluated and is satisfactory. The differential
settlements have to be kept less than 10 mm. It is evaluated they are of approximately 3.8
mm.

e The soil allowable bearing capacity of 191 kPa under dead and live load is satisfactory; the
pressure induced by the footing is equal to the capacity. The bearing pressure for
earthquake load combinations is 254 kPa. Because of the transient nature of this type of
loading an increase in the bearing capacity can be assumed. The capacity is considered to
be high enough.

e The soil parameters having been evaluated in 1973 and pressures surpassing the capacity in
some cases, we recommend for further design to have a geotechnical consultant

completing a soil and foundation evaluation.
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1. Scope
The purpose of this document is to present the methodology, results and recommendations of the

CFHT pier building structural and geotechnical evaluation. The CFHT observatory is located on
Mauna Kea, in Hawaii. A new generation telescope replacing the current one is wished to be
installed on the existing pier building. The structure having been designed in 1974, it is wanted to
know if the current structure, foundations and soil meet the requirements of current building codes
and if it can support the new telescope geometry and mass. The study is based on the information,
plans and reports from the original design furnished by the CFHT. This study is the first of a series
that will define the baseline configuration of the telescope structure and enclosure system for the

Next Generation CFHT instrument.
o __‘_.”

Figure 1: Current CFHT on Mauna Kea Volcano, Hawaii (CFHT).

2. Background
The CFHT observatory has been in function since 1979 and is located in Hawaii on the dormant

volcano, Mauna Kea, at an altitude of 4200 meter. The telescope hosted by the CFHT observatory is
a world-class 3.6 m optical/infrared telescope. The CFHT wants to replace the current instrument
and according to Grundmann (1997), “It is the opinion of this committee that recent advances in
optical and infrared astronomy have been primarily the consequence of improved capabilities in
angular resolution, light-gathering power and the ability to conduct observations in non-traditional
wavelength regimes. While the CFHT has served its users well by setting the technical standard in

these areas, we believe that the "long term™ facility needs of the three communities would be best
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served by replacing the existing 3.6 m telescope with a segmented mirror instrument of 12-16 m
aperture on the same site (possibly using the same pier)”. To replace the current telescope, it is

wished to evaluate if the existing pier can be safely reused.

In order to assess the current building, a preliminary draft design for the possible telescope frame
was done by Dr. Michael Gedig from EDS. This draft was used to represent the telescope, its
supporting frame, bearings and ring girder on the pier structure. His work was based on Grundmann
report (1997) that “identifies the largest telescope which could reasonably be installed making use of
the existing pier”. A 12 to 15 m segmented mirror telescope was studied and Grundmann (1997)
came to the conclusion that a 12 m telescope would be the maximum size the current structure could
hold because of the current pier and dome track dimension and design. In addition, he states that a

10 m segmented mirror telescope would be best for the current installations.

3. Structure description

3.1 Geometry

The pier building is a 3 storey reinforced concrete cylindrical pier structure. It has a 16.3 m diameter
and is 14.4 m high. The walls are 304.8 mm thick over its whole height. The slabs of the first and
second storey are hollow slab and 711 mm thick. The voids in the slabs are rectangular and have 914
X 914 x 356 mm dimensions. The top slab is a 304.8 mm thick slab. The first storey is 6.3 m high
with an opening of 5.8 m wide and 3.2 mm high. The second and third storeys are 4.0 m high and
have 3 openings of 1020 x 2080 mm and one opening of 1800 x 2080 mm each. The foundation is a

ring footing of 610 mm thickness and 2240 mm width. Please refer to the plans for more details.

Figure 2: CFHT Pier building during the dome support construction (CFHT).
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Materials

Concrete compressive strength is 20.7 MPa and the elasticity modulus is evaluated to be 21 525
MPa according to the ACI. The reinforcing bars have a yielding strength of 413 MPa and an
elasticity modulus of 200 000 MPa.

Soil

Soil data is taken from the Foundation Investigation Report prepared by Dames & Moore, (1973).
The maximum soil pressure is 191 kPa. Design Criteria & Basis of Calculations for Concrete
Telescope Support states “Dames & Moores believes the maximum safe bearing pressure under the
central pier slab on unfortified soil to be 4000 psf, from the standpoint of bearing capacity and
differential settlement of less than 100 mm”. The footing top is located 2.5 m below the soil surface.
The soil under the foundation consists of “sand and gravel size volcanic ash and cinders with
occasional clinkers up to 152 mm. The ash is similar to furnace slag”, (Dames & Moore, 1973). The
density of such soil varies from 700 kg/m® to 2300 kg/m® (Dames & Moore, 1973). In the
calculation, an average of 1800 kg/m? is assumed for simplicity.

Telescope frame

The telescope steel frame was modeled following the recommendation of Dr. Michael Gedig from
EDS. The location of the telescope center of gravity is 7.0 meter over the top slab of the pier
structure. Its mass is attached to the pier via truss frame elements forming a pyramidal structure.
This pyramidal frame is connected to the pier with 4 linear spring elements that represent the
stiffness of the hydraulic bearings sitting on the azimuth track and ring girder. The sections of the
frame members were determined by keeping the dead load deflection of the pyramidal frame under
5 mm. The bearing stiffnesses were evaluated in function of the periods of vibration of the frame.
The first mode of the frame has to have a period equal to 0.25 second and the higher modes have to
have periods over 0.25 second, but not so high the pier stiffness increases too much. Each spring has
a radial (K), tangential (K;) and vertical (K,) stiffness. The height of the telescope over the pier top
surface (H) is 7.0 m. The azimuth track radius (R) is the one of the pier building, 8.15 m. The four
bearings are spaced equally of a distance (B) and placed over the azimuth track. The mass (M) of the

telescope is approximated to 270 000 kg compared to 255 000 kg for the old telescope.
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Figure 3: Idealization of the telescope frame, bearings and ring girder (Michael Gedig, EDS).
The ring girder and azimuth track were modeled as rigid beam elements connected to the pier wall.
These are modeled to not overly stiffen the structure and, to distribute the forces more uniformly to
the pier in order to avoid stress concentration. Figure 4 presents a possible design for the azimuth

track and ring girder.

bearina
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Figure 4: Connection of the telescope frame to the pier building detail (Michael Gedig, EDS).

The telescope model which will be connected to the pier structure is plotted in figure 5 with its

frame, springs and rigid ring girder elements.
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Figure 5: SAP2000 telescope frame, bearings and supports model.

4. Methodology and assumptions

4.1 Building codes and design philosophy

The structure forces, reactions and displacements induced in the different members due to the load
cases and combinations first need to be computed. The loads and design requirements are defined by
the International Building Code (IBC) and American Society of Civil Engineers 7 - Minimum
Design Loads of Buildings and Other Structures (ASCE 7), the regulation in force in Hawaii. These
forces are then compared to the capacities of the different components that are evaluated according
to the American Concrete Institute code (ACI). Two design philosophies are used for design. The
structural and footing design is done using limit state design (LSD) and the soil foundation is
designed using allowable stress design (ASD). LSD insures that the different limit states are
respected, for example the bending capacity of a beam, assuming a certain probability of rupture.
The security associated with the limit state is dependent on the variability of the resistance and of
the loads. Factors are applied to the loads and capacities to achieve that goal. ASD philosophy is to
make sure the service loads are under the elastic limit, limit that is reduced by a factor of safety. The

safety factor for foundation design is usually 3.

4.2 Load cases
The loads to which the structure is submitted are the dead, live and seismic loads. Wind loads were

ignored because the enclosure covering the pier is isolated from the pier. The dead load includes the

self weight of the structure, and telescope mass. The live loads are the equipment and people loads.
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The live load values were taken from the “Design Criteria & Basis of calculations for Concrete

Telescope Support”.

4.3 Seismic analysis
The IBC and ASCE-7 define different procedures to do a seismic analysis of a structure. They

depend on the level of precision required and on the structure particularities. The structure being a
regular and low height building, the static equivalent method is used because of its simplicity and
understanding of the behavior induced by this type of loading. The static equivalent method
represents an earthquake loading by a pattern of forces pushing laterally on the vertical axis of the
structure. The first lateral period of the structure gives the spectral acceleration of the structure from
the design spectrum. The design spectrum is dependent on the location of the structure and defined
by the IBC. It is also function of the soil class on which the structure is sitting. The soil is evaluated
to be a soil class C. It was determined with the shear wave velocities for the different layers of soil
given in the Foundation Investigation Report, (Dames & Moore, 1973). The design spectrum is for a
2% occurrence in 50 years earthquake (2500 years return period). The response spectrum is
interpolated from the spectral acceleration at 0.2 seconds and at 1 second. The damping is assumed
to be 5%. The design spectrum accounting for a soil class C and 5 % damping is shown in figure 6.
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Figure 6: Design response spectrum for Mauna Kea, Hawaii, soil class C and damping ratio of 5%.
The elastic base shear is then evaluated in function of the total weight of the structure. This shear is
distributed at each degree of freedom of the model in function of the mass at each of these DOFs.

Then the elastic forces are reduced because of the ductility and overstrength of the structural system.
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The circular concrete pier structure is assumed to act as a normal concrete shear walls. The force

reduction factor for this type of structural system is 4.0 as stated in the IBC.

4.4 Load combinations
For the design of the pier walls, slabs and footings limit state design is used. The dead load (D), live

load (L) and earthquake load (E) are factored and then combined according to the IBC requirements.
1.4D
1.2D+1.6L
(0.9-0.2)D+1E
(1.2+0.2)D+1E+0.5L
The combinations that include earthquake loads have a portion of their dead load added or removed
to account for vertical vibration. The seismic loads are applied with different orientations on the
structure. The forces, reactions and displacements are evaluated assuming the structure to remain in

its elastic range. The forces induced by these factored loads are compared to the factored capacities.

The design of the foundation is done using allowable stress design. Different load combinations are

used and vertical vibration can be neglected as stated in the ASCE-7:
1D
1D+1L
1D+0.7E
1D+0.525E+0.75L
0.6D+0.7E

The pressure induced by these loads under the footing is compared to the bearing capacity on which

a safety factor was applied.

4.5 Structure modeling
The structure is modeled in the structural analysis software SAP2000. The ACI and IBC codes are

implemented in the program. The concrete walls and slabs are modeled as shell elements and the
supports take into account the soil and foundation stiffness and are modeled as spring elements.

Figure 7 present the SAP2000 finite element model of the pier and telescope structures.

Project Name | CFHT Pier Building Evaluation Page 10 of 22

Document Title Next Generation Canada-France-Hawaii Telescope Pier Building Evaluation 1.0

File Name | CFHT Pier Evaluation Report — Mathieu Angers et alii DATE 8/23/2011




Figure 7: SAP2000 pier and telescope frame finite element model.

It is also important to make sure the SAP2000 finite element modeling is done properly. It needs to

behave as the real structure and the displacement and forces have to be well approximated. To do so,

a simpler model of the structure is used representing the structure as single frame elements to model

the pier. Weights of the walls are incorporated in the self-weight of the walls and the slab weight

and telescope mass are lumped at each storey. The telescope frame is modeled as one frame element

that provides the same displacement under a horizontal load as the complete telescope frame. The

displacements at each floor, the mode shapes and modal periods, as well as the base reactions give

really close results to for the more complex model under the same load combinations. These results

provide the confidence that the modeling has been done correctly.

Figure 8: SAP2000 pier and telescope frame simplified model.
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5. Analysis

5.1 Bending capacity

The structure has to be able to resist the maximum bending moment induced by the earthquake
loads. The bending capacity can be assumed as the ultimate bending capacity (M,) (when bars start
breaking), or the bending cracking point (M), (point where concrete cracks in tension). For the
current problem, it is wished to have the pier behaving elastically, so the cracking point will be
assumed as the capacity. The factored maximum bending moment (M,) was determined from the 4
DOFs model. The capacity was evaluated with Response 2000, software developed at University of
Toronto by Dr. Bentz and Collins (2000). With this software, it is possible to evaluate the moment-
curvature curve of a reinforced concrete section. The walls of the structure with the vertical
reinforcement were modeled and the curve plotted in figure 9. The capacity is function of the
tension cracking strength, the inertia of the section, radius, the area and the axial load. The first
portion is a straight line until the cracking of the concrete occurs. The tensile strength of the concrete
is taken as a conservative value of 1.49 MPa. After cracking, it is the steel that resists the tension
forces in the section. The capacity keeps increasing until the steel starts to yield. Finally, the
capacity increases because of steel strain hardening. To obtain conservative results, the axial load is
assumed as the dead load.

The bending moment is 54 110 kN.m and is smaller than the evaluated cracking bending moment of
142 843 KN.m and the ultimate bending moment of 240 114 kN.m. The yielding moment is 193 259
kKN.m.
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Figure 9: Moment-curvature function for the pier structure section.
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The induced moment is 38% of the bending moment cracking point. It is concluded that the
structure remains elastic at its base when subjected to earthquake loads, which is the wished

behavior.

5.2 Shear capacity
5.2.1 Method 1
The horizontal forces in the pier building walls also have to be checked. These horizontal forces are
called shear forces. Shear forces (V) in reinforced concrete structure is resisted by the shear
capacity (V,) that is constituted of a steel portion (V) and a concrete portion (V). The steel
contribution is given by the horizontal steel in the walls. The first method used is derived from the
ACI 371R “Guide for the analysis, design, and construction of concrete-pedestal water towers”. It
assumes that the shear is resisted on two straight parallel walls at different sections height. For
sections without openings, the shear force at that height is equally distributed in each wall. At
sections where openings are present, the shear force is distributed in function of the center of
rigidity. Figure 10 presents the procedure.
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Figure 10: Shear forces distribution diagram in the walls of the pier structure (ACI 371R).

The capacity at the base of the pier and at the openings is evaluated and compared to the shear
forces induced by the earthquake loads. The concrete contribution of the capacity is determined with
a conservative equation from the ACI 318. In order to obtain a conservative evaluation of the
capacity, it is assumed that the axial force would not contribute in an increase of the capacity. The
shear forces for each section are obtained from the 4 DOFs model. Capacities are checked at the

base because it is where the shear force is the highest and at the opening because of the different
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distribution of forces. According to the ACI 318, the shear capacity needs to be decrease

factor of 0.75.

Table 1: Shear capacity and forces check.

B DYNAMIC

STRUCTURES
d

by a

Shear force Shear capacity Factored shear capacity Ratio
kN kN kN
Pier base 3856
Wall 1 1928 5280 3960 0.48
Wall 2 1928 5280 3960 0.48
Main opening center 3763
Wall 1 1364 5280 3960 0.34
Wall 2 (opening) 2398 3004 2253 1.06

It is observed that the shear capacity at the base is sufficient and that at the openings height, the ratio

of capacity over force is slightly over 1.0. Because of the conservative assumption of the concrete

contribution and of the low 0.75 capacity reduction factor, it is assumed that the shear capacity is

sufficient.

5.2.2 Method 2
The shear capacity is also checked using a different approach to confirm the results of the first

method. The SAP2000 finite element model is used and the tangential horizontal forces at each node

of the structure’s walls are compared to the capacity of the section each of the node covers. The

shear forces envelope is plotted on the structure model in figure 11.

Figure 11: Shear forces envelope in the pier structure under earthquake loading.
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Nodes are placed every 304.8 mm and the capacity is the summation of the concrete and steel
contribution over that length. The concrete contribution is in this case amplified by the axial force
present at each node. The axial force is here taken into account because this axial force can be
evaluated precisely with the FEM model. The capacity at each node is compared with the forces for
the different load combinations and earthquake orientations. The capacity is again reduced by a
factor of 0.75 as recommended by the ACI 318. Each load combination for each section is checked.
The forces are lower than the factored capacities in almost every case. Only a few nodes are slightly
over the capacity, ratios between 1.0 and 1.3. This is observed at the openings corner. Because of the

stress redistribution after cracking, it is assumed the shear capacity is sufficient for the pier walls.

5.3 Steel reinforcement design check
Ratios of steel reinforcement for the walls and the slabs also have to be verified. The method used is

the one implemented in SAP2000 and is based on Brondum-Nielsen, (1974) and Marti, (1990). The
structure was modeled with shell elements. When applying loads, these shell elements develop
membrane forces (fi1, f22 and fy), flexural moments (my1, My, and myy), and shear forces (Vi3 and
V,3) components. This design method assumes the shell to be constituted of three layers. Two steel
reinforcement outer layers and one concrete core layer. This is often called a “sandwich model”. The

outer layers take the moments and membrane forces and the core takes the out of plane shear forces.
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Figure 12: Shell forces and layers for steel design (CSI Berkley, 2006).
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The six resultant forces cited earlier are transformed in pure membrane forces (Ni1, N2z and Njy).
These forces are then transformed in design forces (Nges) in 1 and 2 directions for the top and bottom
layers. They are obtained from Brondum-Nielsen, (1974), equations. The design forces can then be
transformed in steel area ratios, principal compressive forces and principal compressive stresses. For
more detail on the procedure, please refer to “Concrete Shell Reinforcement Design Technical Note
and Design Information”, (2006). The steel ratios are computed using a reduction factor of 0.9.
Using this method, the steel ratios in the one and two directions and for the top and bottom layers

are evaluated for the slabs and walls for the different load combinations.

The steel present in the top slab and in the first and second storey slabs are sufficient. The required
steel ratio over the present steel ratio is under 1.0 for each slab section, for 1 and 2 directions and top

and bottom.

The walls were more complex to analysis because of stress concentration due to the slab connections
and openings. The structure is first checked without any openings and the required ratios were lower
or slightly over the steel ratios present in the structure. The structure is also analyzed with the
openings. Stress concentration around the openings and the different forces distributions are
observed. The ratios of required steel are a bit higher than the present steel, but not excessively. It is
assumed the steel ratios are acceptable because of stress redistribution when cracking occurs and

because of the strain hardening after yielding of the bars.

The minimum reinforcements are also checked. ACI 371R gives recommendation on the amount of
horizontal and vertical steel there should at least be in the pier walls. In high seismic zones, the ratio
of steel should be higher than 0.0025 in both directions, there should be two layers of steel in both
directions and the ratio of vertical steel should be higher than the horizontal one. The vertical steel
ratio is 0.0033 and the horizontal ratio is 0.0023. For flexural members, the ratio of vertical steel
should be equal or higher than 0.0033. The required horizontal steel ratio of steel is just slightly over
the one found in the structure and the vertical steel requirement is met. The steel ratios are assumed

to be sufficient.

5.4 Openings
The small openings were assumed to be sufficiently reinforced and to not redistribute the stresses in

the structure significantly. The main first floor opening capacity is checked in the next sections.
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Figure 13: Reinforcement detail of the first storey opening (Plan 3516-0000-4200-4).

5.4.1 Top and bottom of the opening
It is wished to know if the main opening top has enough horizontal steel to resist the maximum

bending moment. The required amount of steel is evaluated with ACI 371R requirements. The area
of steel should be 808 mm? over a height of 914 mm according to the calculations. The amount of
steel present on top over a height of 711 mm is 2272 mm?. The load is assumed for this method to
be equally distributed. It is not the case for the telescope load but, because of the important distance
between the opening and the bearings of the telescope, the load is assumed to be equally distributed.
This was confirmed by checking the forces distribution of the Finite element model. The required
amount of steel for the bottom of the opening is the same as for the top and the area of steel present
is 1420 mm?,

5.4.2 Sides of the opening
The sides of the main opening capacities also needed to be checked. They are assumed to perform as

columns and ACI 318 is used for this case. Recommendations of the ACI 371R are also followed for
the loads to apply and the width of the column. The design of the column was made with SAP2000
which has a design function implemented. The capacity ratio is 0.367. It is concluded that there is

capacity left in the columns besides the main opening.

5.5 Footing structural capacity
The structural capacity of the footings also needs to be checked. The shear capacity and flexural

capacities have to exceed the forces at the supports due to the different load combinations. The

foundation cross section evaluated is shown in the next figure.
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Figure 14: Foundation cross section and reinforcement detail.

First, the vertical shear capacity of the footing was checked. The results indicate that the shear

capacity is high enough and resists the forces induced by all load combinations.

It is also required to evaluate the bending capacity of the footing. It is done checking if there is
enough flexural reinforcement in it. The required ratios of reinforcement are evaluated for each load
combination at each section. These ratios are all smaller than the steel ratios present in the structure.

The footing is considered to have enough shear and flexural capacity.

5.6 Settlements
The “Final Investigation Report” by Dames & Moore (1974) states that the differential settlement

should be kept less than 10 mm. The settlements are evaluated using the plate bearing deflection
curves. Because precipitations are really low as well as the water level, the deformations are
assumed to be elastic only. The pressures from the finite element model for the load case D + L are
used. The maximum pressure found around the ring footing is 194 kPa and the minimum pressure is
153 kPa. To obtain conservative results the maximum deflection is evaluated with Test #2 and the
minimum deflection is calculated with Test #1. The maximum deflection is approximately 4.1 mm
and the minimum 0.5 mm. This gives a differential settlement of 3.6 mm. To achieve a 10 mm

settlement, a pressure of 343 MPa is required.
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Figure 15: Plate bearing deflection curves (Dames & Moore, 1974)

It is concluded that the differential settlements are not an issue here even if it can be observed on
figure 15 that there is important variability in the results of the two tests. More tests could be done to
determine if the present results are reliable and representative of the soil in place. More refined
methods exist to evaluate the differential settlements, but more detailed data of the soil in place is

required.

5.7 Soil capacity
The allowable stress design load combinations applied to the pier building induce forces at the base

of the structure. These forces are resisted by the footings that distribute them to the soil. A bigger
area of foundation results in a lower pressure applied to the soil. The pressure distributed by the
footing at each node of the modeled structure is compared to the capacity of the soil of 191 kPa. The
vertical force and the moment induce pressure. The moment is transformed in a force being applied
with an eccentricity (e) and an equivalent pressure is calculated and compared to the bearing
capacity. For the load combinations D and D + L, the maximum ratios of pressure over capacity are
0.91 and 1.02.
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For the load combinations including earthquake loads, the maximum pressure found has a ratio of
1.33. Coduto, (2001) states that geotechnical engineers usually increase the bearing capacity of soils
by 33% for load combinations with earthquake loads. This is permitted for 4 reasons. The shear
strength of soils under high rate loading is higher than during sustained loading resulting in a greater
bearing capacity. Also, lower factor of safety can be tolerated because of the rare nature of
earthquake events. Under transitory loading, settlements are generally smaller. Larger settlements
can be tolerated under rare events because people are going to accept some cracking or minor
distress. Because of the variability of the soils, it is not every soil type that will present that type of
behavior. Increasing the bearing capacity by 33% is not recommended anymore in the recent codes.
The soil under dead and live load can bear the pressure distributed by the footings. Considering
there is a certain safety factor for the bearing capacity, it is acceptable. For the earthquake
combinations, if a 33% increase in the bearing capacity is taken, the design could be considered as
safe. But to do so, advice from geotechnical experts having studied the site conditions is required.

If the capacity is judged to be insufficient, some solutions can be envisaged to solve the problem. An
easy way to decrease the pressure induced by the footing is to increase its width. In the case of the
pier building, because of the presence of the dome structure around the pier, it is only possible to
increase the footing width inside the pier. Also, because of the restrained space and equipment in
place, it may be complicated to execute.

An laternate solution would be to reinforce the soil bearing capacity with post-grouting piles through
drilled holes. It consists of drilling a 200 mm hole in the foundation and soil and inserting a 50 mm
diameter steel pipe that reaches the bearing stratum. The space between the hole and the pipe is
filled with sand and grouting is inserted in the pipe and around the footing and pipe. The problem
with this option is again the restrained space to drill and the fact that the bearing stratum may be far
away from the surface. Other avenues can be studied to reinforce the soil.

It should be noted that Dames & Moore (1973) recommended that the footing should at least be 3.0
m wide and that the soil should have been strengthen with cement grouting under the foundation in
drilled holes. The current footing is 2.24 m and the soil has not been reinforced to our knowledge.

This may explain why the capacity is a bit too low under earthquake load combinations.
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6. Conclusion
The upgrade of the current Canada-France-Hawaii telescope from a 3.6 m to a possibly 10-12 m

telescope raised various questions. The first step was to assure that the current concrete pier
structure can support the geometry and mass of the new telescope. Also, the pier having been
designed in 1974, the Codes have evolved since then, mostly regarding the seismic design and
analysis of structures. The pier building of the CFHT was analyzed for the next generation telescope
according to the current requirements for structural design. A description of the structure, foundation
and soil was first done. Then a methodology was developed to evaluate the capacity of the different
members and loads applied on them. The International Building Code and the American Concrete
Institute code were used for that purpose. Seismic analysis was performed using the equivalent static
method and the design spectrum specific to Mauna Kea. A draft version of a frame was designed
and placed on top of the pier that represents the telescope static and dynamic behavior. The shear
capacity, bending capacity, steel reinforcement, foundation capacity and soil capacity were

evaluated. They were then compared to the forces and steel in place.
e The walls, slabs and footings are judged to have a sufficient structural capacity.

e The differential settlements are evaluated to be less than 10 mm. The soil allowable bearing
capacity under dead and live load is sufficient; the pressure induced by the footing is equal to

the capacity.

e Although the required bearing capacity is 254 kPa for earthquake load combinations, the
nominal bearing capacity under seismic loading can be increased to account for the transient

nature of the loading, permitting to assess the bearing capacity as sufficient.

e If the new generation CFHT is planned to be built, a geotechnical investigation should be
done to revaluate the soil parameters and foundations capacity.
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Introduction

This report summarizes the results of a study on the Next Generation Canada-France-Hawaii Telescope
(ngCFHT). The work was conducted from October to December 2011. This is the third phase of
development work carried out by DSL and UBC on the ngCFHT project. The first was the telescope pier
capacity study done by UBC. The second was DSL’s work on defining the telescope mass properties and
modeling of the azimuth track interface for the first study.

There are two primary objectives of the present work phase:

The first objective is to develop an ngCFHT system with the telescope and calotte enclosure
configuration meeting the dimensional constraints of the current CFHT inner and outer piers and site
considerations. The goal is to develop a new telescope and enclosure system with the calotte
enclosure matching the three dimensional volume of the current CFHT enclosure while
accommodating a new and fully functional 10 m class segmented mirror telescope within the interior
space. The telescope and enclosure configuration should include realistic space allocations for the
telescope azimuth journal and its structural interface with the inner pier, enclosure wall thickness
with realistic structural member dimensions, and enclosure bogies and their structural interfaces with
the outer pier. Additional outcomes are the mass, centre of gravity (CG), mass moment of inertia
estimates of the telescope and enclosure. The new ngCFHT system should have sufficient details to
allow for a ROM cost estimate.

The second objective of this study is to determine the load capacity, statically and dynamically, of the
current enclosure foundation and pier based on the latest structural design codes and including all
environmental loads. The outcome is to determine if the current CFHT outer pier has sufficient load
capacity for the calotte enclosure configuration.

Statement of Work: Based on the site and as-built information, and design and functional parameters:

1.

w

Develop a conceptual ngCFHT telescope and enclosure system compatible to the current CFHT
geometry

Determine the load carrying capacity of the current enclosure foundation and pier

Provide recommendations to retrofit the enclosure pier should its capacity deemed to insufficient

Provide assessments of the suitability of the current telescope foundation/pier and enclosure
foundation/pier for future upgrade and potential dynamic interactions
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1. Concept Design

The goal of the concept design is to develop a new enclosure and telescope system. This should match the
space envelope of the current observatory as closely as possible, including realistic space allocations for
structural and mechanical subsystems

1.1 Requirements

The following summarizes the requirements on the concept design of the enclosure and telescope system.

= General

0 The goal of ngCFHT is to preserve existing aspects of the CFHT observatory as much as
Preserving the overall observatory space envelope will facilitate the permitting
process. Reusing the inner and outer piers is beneficial for cost and schedule considerations.

= Optical configuration:

possible.

0 The primary mirror is an /2 segmented 10 m diameter mirror
0 The distance from primary mirror to image plane is 17.9m (see Figure 1).

The space

envelope for the fibre position system and telescope guide camera is an additional 1.5m for a

total distance of 19.4m from the primary mirror vertex to the top of the telescope

0 The enclosure will provide a clear zenith angle observing range from 0 degrees to 65 degrees.

The telescope will be able to point to 90 degrees to facilitate maintenance of the top end
components.

= Handling requirements: A dome-mounted crane (or cranes) will handle the M1 segments and the
prime focus components. The top end components can be modular such that they stack together. A

piece size of 1 mdia. X 0.5 m thick and 500 kg is assumed.

TIPOSEXT | 11-453 ngCFHT Concept Study Page 6 of 39
TITAE | ngCFHT Telescope, Enclosure & Outer Pier Study REV 3.0
®IAENAME | ngCFHT_Phase3 DSL_Report_R3 DATE 1/31/2012




A

17.9m

3D Layout

5/31/2011

ngCFHT field corrector £/2 Sel

ngCFHT WFEMOS £2 Sel vl.zmx
Configuration 1 of 1

Figure 1: Optical configuration of ngCFHT

1.2 Enclosure Concept

A calotte configuration for the enclosure was selected due to its compact design and structural efficiency.
These features give it the best possibility of matching the existing enclosure size and mass, which would
allow the existing enclosure pier to be utilized. Figure 2 below shows a CAD model of the existing CFHT

enclosure and telescope. Figure 3 shows the proposed ngCFHT calotte enclosure.
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Figure 2: Existing CFHT Enclosure and Telescope

Figure 3: Proposed ngCFHT calotte enclosure
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1.2.1 Geometry

The dimensions of the proposed ngCFHT enclosure are shown in Figure 4 below. A telescope sweep radius
of 14.0m is assumed. The inside radius of the dome is set at 16.0m (inside of the dome insulation) and the
outside radius is set at 17.0m. A goal of the design is to reuse the existing rotating ring girder and azimuth
bogie system if possible. Since the sphere of the dome must therefore intersect the existing ring girder, this
determines the approximate height of the elevation axis, which is presently set to 24.0m above grade. There
is some opportunity to reduce this if necessary by using a variable radius on the dome so that the elevation

axis can be lowered, and the dome sphere will still intersect azimuth ring girder.  Figure 5

shows a

comparison of the proposed ngCFHT enclosure dimensions to the existing CFHT enclosure dimensions.

11500 CLEAR APERTURE
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19400
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Figure 4: Dimensions of proposed ngCFHT enclosure
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Figure 5: Comparison of ngCFHT enclosure dimensions (left) to existing CFHT enclosure dimensions (right)
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1.2.2 Shutter
The shutter concept for the ngCFHT is shown in Figure 6 below. The geometry of the enclosure permits a
fixed shutter concept to be used, where the shutter (shown in blue in Figure 6) is a cantilevered extension of
the base structure. The aperture is closed by rotating the aperture over top of the shutter. This approach

eliminates the need for additional major mechanisms to open and close the shutter.

In the closed position, a locking mechanism is likely required to secure the aperture to the shutter at points
around its perimeter. A sealing mechanism would also be required to seal the interface. An inflatable seal is

a possible solution here and has been proposed and prototyped for TMT.

Aperture in
closed position

Shutter

Shutter support
structure
(connects to
base structure)

Aperture at
zenith = 0°

Aperture
observing
range

Aperture at
zenith = 65°

Figure 6: Shutter concept (cap is removed to show shutter, aperture indicated by dotted lines)
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Since the shutter is located on the inside of the dome when open, the shutter would need to be clear of large
accumulations of snow and ice prior to opening. The center of the shutter is sloped at 45deg relative to
horizontal, so much of the snow should shed naturally. Ice and snow accumulation could be mitigated by
pointing the shutter downwind during storms. Ice and snow shedding could be enhanced by adding a heating
system if necessary. Once the enclosure is opened, any run-off from residual snow or ice on the shutter could
be controlled by a gutter system around the shutter perimeter.

Access to the perimeter of the shutter is likely required to inspect the locking mechanisms and seals. If
possible, it is desirable that the access would all be located inside the dome such that the exterior of the dome
is kept free of walkways, ladders, and other protrusions that would accumulate snow and ice.

1.2.3 Structure

The basic structural elements include ring girders at the circular mechanical interfaces, and a rib structure for
the spherical portions of the structure. Cladding is provided by a welded steel plate skin. The basic structural
approach is similar to that used on the existing CFHT dome, and other domes such as Keck and Gemini.

1.2.4 Mechanisms

The major mechanisms are the azimuth bogie and drive system, and the cap bogie and drive system. It is
intended that the existing azimuth bogie and drive system can be reused, but this will need to be verified in
further design studies. Designs for the cap bogie and drive system have been well developed for TMT. The
cap bogies are distributed around the perimeter of the inclined cap plane. The cap drives consist of a rack and
roller pinion drive system located at the lowest point of the inclined cap plane. The drive system is similar to
that used on the existing CFHT shutter.

1.2.5 Environmental Control

1.25.1 Insulation

It is assumed the dome will be insulated. Sandwich panels with aluminum skins and expanded polystyrene
core are commercially available with thicknesses from 4” to 10”. These provide a cost effective solution, and
can provide good insulation to a spherical dome if proper connection details are specified.

1.25.2 Vents

No ventilation specifications have been developed at this point. Options exist to ventilate the interstitial
space of the enclosure (as on the existing CFHT dome) and also to passively ventilate the entire dome interior
via large ventilation openings (as on Gemini). For the TMT calotte design, commercially available roll-up
doors with high wind load ratings were proposed for the ventilation doors. A secondary set of insulated doors
provides the thermal break when the doors are closed. This approach could be used on the ngCFHT calotte
also. For practicality reasons, it is preferred to only locate the ventilation openings on the base portion of the
enclosure (below the inclined bearing).

1.253 Flaps

Aperture flaps are wind-deflecting features around the perimeter of the aperture, which are used to reduce
wind speeds around the telescope top end during observing. Aperture flaps were deemed to be necessary for
the TMT calotte to reduce wind speeds. On a site such as Mauna Kea that is subject to snow and ice storms,
the flaps must be retractable such that they do not accumulate an excessive amount of snow and ice during
storms. This requires additional mechanical and access complexity. For the ngCFHT dome it is assumed that
aperture flaps will not be required.
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1.2.6 Handling

A dome-mounted handling crane may be used to handle the primary mirror segments and also components at
the telescope top-end. A crane similar to the Keck segment handling crane is proposed. The handling of the
primary mirror segments generally requires large crane reach and low capacity, whereas the handling of the
top end components may require higher capacity but shorter reach. Thus it may be beneficial to provide two
separate cranes to serve these two basic functions.
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1.3 Enclosure Loads
Assumed environmental survival loads are tabulated below.

Table 1: Environmental loads for survivability requirements

Description Value Notes/assumptions

Wind - shutter closed 78 m/s 3sec gust @ 10m, 50 year return
Wind — shutter open 35m/s 3sec gust @ 10m

Snow 150 kg/m?

Ice 68 kg/m?

Seismic — lateral spectral 0.5¢ See section 2.2.2.6 below for details
acceleration

Temperature -16°C / +30°C

1.4 Telescope Concept

The telescope structure and mechanical concept can largely be derived from the Keck telescopes, which are
also 10m diameter segmented alt-az telescopes. The primary baseline for the optical design for the telescope
has been outlined above and as these are nearly identical to the twin Kecks the structure and mechanical
systems will be of similar capacity.

There are a few major differences between the Keck telescopes and the ngCFHT proposal due to the nature of
the instrumentation and data focal plane proposed. These differences significantly reduce the side and rear
space requirements for the support structure on the telescope azimuth however as they are not driving factors
in the telescope envelope no savings is realized in the telescope rotational sweep. The telescope sweep
envelope is governed by the elevation sweep of the telescope optical assembly itself. This sweep is identified
in Figure 4 above. The space savings between the Keck design and the ngcCFHT arise from the removal of
the two Nasmyth Platforms and the rear Cassegrain Platform which are not required for the proposed optical
design. The removal of these three structures will allow a significant reduction in the rotating mass of the
Azimuth structure and related reduction in the size of the drives required.

Mechanically the telescope structure has two rotational axis; the Elevation axis which is located at what
would be the Nasmyth level and the Azimuth axis which is at the bottom of the telescope support structure.
The rotational elements of the Elevation axis are a pair of conventional bearings that, although custom
ordered, are available from several suppliers. The Azimuth Bearing is a custom designed oil bearing. The
sizing of this bearing could be slightly smaller than the current Keck design due to the savings in mass noted
above. The two drive systems are designed to be friction systems and these are stable designs with identified
deficiencies. A future option could be to look at alternate drive methods such as integral direct drive or Linear
Induction Motors. Advances in encoder technology since the production of the Keck telescopes have allowed
for higher resolution for positioning and control.

The last area of consideration is the Secondary cage and its related mechanical systems. These are largely a
fall-out of the operational requirements of the instrumentation and must be designed in concert with those
constraints. At the very minimum, methods for focusing and instrumentation need to be included.
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2. Existing Enclosure Pier Evaluation

The goal of the existing enclosure pier evaluation is to provide an evaluation of the possible reusing of the
current enclosure pier and foundation for future upgrade and potential dynamic interactions. This section
presents in details the procedure used to perform the assessment of the outer pier as well as the analysis
results and conclusions.

The structure is first described in detail. Following that, the methodology and modeling assumptions are
presented. Finally, the analysis results and design checks that were performed to assess the structure are
reviewed.

2.1 Structure description

This section of the report presents a detailed review of the structure and foundation components. It
characterizes the geometry and structural configuration of the outer steel frame pier, footings and dome
idealization. The material properties and soil information of the site are also described.

2.1.1.1 Geometry and structural configuration

The outer pier covers the inner concrete pier building supporting the telescope as shown in Figure 7. The
outer pier building is a 5 storey steel structure of an overall height of 14.9 m and of an outer diameter of 28.8
m. The 1% level is referred as the ground level and the 5" level as the observation level. The inner diameter is
of 16.8 m and there is a spacing of 76 mm between the inner concrete pier and the outer steel pier.

Figure 7: Outer pier framing during its construction

The structure is divided in 12 bays along its perimeter. Each column is numbered from 1 to 12. For each level
and each bay, the typical bay framing is drawn. Figure 8 to Figure 12 show the plan view of the different
levels. The main opening of the outer pier is located at the ground level between columns 1 and 12.
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The x-axis is perpendicular to the opening and the y-axis parallel to the opening. The z-axis is in the vertical
direction.

The third level has horizontal bracings joining the tangential beams together. The observation floor has a
framing at its center. The beams in the x-direction on the center of the observation level are composite beams,
this means that they act in a composite way with the concrete slab on top of it.

Concrete slabs cover the floor framings, the ground, second, third and fourth slabs are 64 mm thick and the

observation level slab is 250 mm thick. The slab is continuous around the perimeter of the ground floor and
no slab is present between columns 1 and 12 for the higher levels.

4 3
5
2
6 1
7 12
8
11
9 10
Figure 8: Ground level plan
Project Name | CFHT Pier Building Evaluation Page 16 of 39
Document Title | Next Generation Canada-France-Hawaii Telescope Pier Building Evaluation 1.0

File Name | CFHT Pier Evaluation Report DATE 1/31/2012




4 3
5
2
6 1
7 12
8 11
9 10

Figure 9: Second level plan
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Figure 10: Third level plan
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Figure 11: Fourth level plan
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Figure 12: Fifth level plan with wide welded flange section

The height from the footing top to the ground level is 0.77 m and the interstorey height for the second and
third levels is 3.91 m and 4.01 m, respectively. For both the fourth and observation levels, the interstorey
height is 3.09 m. The fifth lev