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Preface for CDR Document Suite

Preface for CDR Document Suite

The complete suite of documents submitted to the CTA Critical Design Review is illustrated in the figure
below. There are eleven' main documents and a number of supporting documents and files. Each TDR
corresponds one-to-one with a work-package of the CTA Construction Project. The context of this will
become clear from the main body of the current document; a glossary of acronyms may be found at the
end.
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The top level ‘CTA Construction Proposal’ (this document) contains a summary and the overall plan for
CTA. It summarizes the eventual observatory, its organization and the benefits of the observatory to
the science that CTA will carry out; the long term strategy and plan for the CTA Construction Project is
also presented. This document also contains summaries of all the technical work-packages which are
extracted from the lower level Technical Design Reports but with some editing to make them uniform
in presentation. For the Project Management and Systems Engineering work-packages (which apply
across the whole project) some of the policies and procedures that are, or are being put, in place to
control and drive the project are outlined.

The second level consists of fundamental concepts which drive the reasoning behind the project and the
final observatory. They are the ‘CTA Science Case’ and the ‘Observatory Model'. The former describes

"The SCT document is shown in this diagram but is only submitted as a preliminary document for background information, not
review, since it is a future extension to the baseline project. This is explained further in the SCT document itself. The document is
noted in this diagram since the SCT work-package already has a very close relationship with CTA and the diagram explains where
it fits into the overall structure. The overall plan (and costs) for CTA do not include this work-package.
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Preface for CDR Document Suite

the science which CTA will be capable of undertaking and in particular the Key Science Projects to be
carried out by the CTA Consortium. The ‘Observatory Model’ document describes how CTA will operate
as an organization and observatory; this includes site operations as well as central management and
governance structures and policies. It also includes the plan as to how the observatory organization will
be established. Both of these second level documents are under the responsibility of the ‘Observatory’
project work-package.

The third level ‘Cross Project TDRs'’ is the first level of ‘technical’ design reports. These each describe
a project work-package which has a greater ‘cross-project’ reach than the individual telescopes. The
fourth level contains the telescope technical design reports. For the MST and SST telescopes there are
multiple options available which have been developed by different teams. In order to keep interfaces as
clean as possible these are presented as individual documents with an overview.

Considerable effort has been put in to ensuring that the technical TDRs do not solely concentrate on
technical designs, but also describe plans for project execution. There is a large set of supporting
information, in the form of documents, files and a database:

CTA Cost Book (Estimates) This will eventually become the CTA Cost Book to be used as a ‘menu’
from which potential contributing parties to CTA may determine the cost of their contribution as well
as its value to the observatory — the document is also required for preparations towards the CTA
International Founding Agreement. However until the costs are fully refined and reviewed, during
the remainder of the project pre-construction phase, the CTA Resource Board has suggested that
this simply be referred to as ‘Cost Estimates’. This document presents and analyses the full cost
of the CTA Construction Project, it also presents the project work-breakdown structure in full.

CTA Requirements This is a documented snapshot of all the current CTA Requirements; the require-
ments themselves are managed using an on-line database system. The requirements change
process was frozen and these requirements published in mid 2014 to give the teams some stabil-
ity in generating their designs and documentation in the lead-up to the Critical Design Review. The
process will re-open after the CDR.

Interface Database An on-line database is now used to manage all CTA ‘external’ interfaces (those
between work-packages) replacing the previous ‘Interface Control Documents’. A snapshot of part
of the list of database entries is provided in this overview document and access to the database it-
self can currently be gained at https://portal.cta-observatory.org/WG/Central’,20Systems,
20Engineering/Lists/Interface),20Database (depending on access rights).

Review Reports In the process leading up to to the Critical Design Review (and part of the usual
process of quality management) three reviews were carried out of most of the documents currently
being submitted to the CDR at various stages of their development. The reports from the last
of these sets of reviews (by reviewers entirely external to CTA) are compiled here into a single
document. The stages of development of the documents reviewed is explained in Section 4.5.

RAMS Data* This is raw data prepared by each work-package team to document their Reliability, Avail-
ability, Maintainability and Safety analyses. The state of development of each of these for each
work-package are described in the relevant TDRs.

Work & Product Breakdowns, Cost Spreadsheets, Schedules, Risk Registers* These are the raw
files prepared by each work-package. Summaries are presented of all this information in the
relevant TDRs. The overall strategy is explained in this document.

V&V Documents* These show the present state of Verification & Validation activities against CTA re-
quirements for each work-package. Summaries are presented of this information in the relevant
TDRs.

Those three items marked * above consist of a file (or multiple files) for each work-package. As explained
in Section 4.5 (‘Pre-Construction Phase’) some inconsistencies between documents and work-packages
may still exist. It is the task of the remainder of the Pre-Construction Phase to fully unify them. Note
also that the documentation in this suite supersedes and renders obsolete all previous CTA documents
unless specifically referenced as valid.
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Executive Summary

Executive Summary

The Cherenkov Telescope Array will be the next-generation observatory for very high energy gamma-
ray astronomy. With one array of imaging atmospheric Cherenkov telescopes each in the northern
and southern hemispheres, CTA will provide full-sky coverage, enhance flux sensitivity by one order of
magnitude, cover gamma-ray energies from 20 GeV to 300 GeV, and provide a wide field of view with
angular resolution of a few arc-minutes.

Key science themes to be addressed by the CTA Observatory include (i) understanding the origin of
relativistic cosmic particles, and roles these play in the evolution of star forming systems and galaxies,
(i) probing extreme environments such as neutron stars and black holes, but also the cosmic voids,
and (iii) exploring frontiers in physics such as the nature of dark matter. With its superior performance,
the prospects for CTA combine guaranteed science — the in-depth understanding of known objects and
mechanisms — with anticipated detection of new classes of gamma-ray emitters and new phenomena,
and a very significant potential for fundamentally new discoveries.

The CTA instrument design builds upon the experience gained in the highly successful current instru-
ments H.E.S.S., MAGIC and VERITAS; the technique is well-understood and simulations can predict
performance with high reliability. The CTA arrays combine imaging atmospheric Cherenkov telescopes
of three different sizes to cost-effectively cover the full energy range, with each telescope type optimized
for its energy domain. The southern CTA array baseline configuration consists of 99 telescopes, the
smaller northern array 19 telescopes, omitting the coverage of the highest energies that is most relevant
for Galactic sources that are preferentially viewed from the south.

Unlike current instruments, CTA will be operated as a proposal-driven open observatory. Observations
are carried out by observatory operators in queue mode, data are calibrated, reduced and, together with
analysis tools, made available to the principle investigator in FITS data format. After a proprietary period,
data are made openly available through the CTA data archive. Beyond astronomy and astrophysics,
anticipated user communities include cosmology, particle physics, and plasma physics. During the first
phase of operation, observation time will be split between guest observer time and Key Science Projects
such as large-scale surveys, aimed at providing legacy data sets. KSPs are carried out by the CTA
Consortium.

CTA Observatory operations will require a staff of about 40 persons for the southern site, about 25 for
the northern site, and about 40-50 persons at headquarters and data centre(s). Current operating cost
estimates total approximately €16m per year but are in the process of being refined.

The CTA Construction Project is the project to build the CTA Observatory. It consists of three remaining
phases: the Pre-Construction Phase which is to develop the baseline designs and plans, establish
project governance, set up legal agreements, select host sites and to secure funding; the Pre-Production
Phase which is to assess the practicalities of large-scale telescope deployment on remote sites and use
this information to refine the production plan; and the Production Phase which is the mass deployment
of all telescopes together with the installation of the remaining scope of the project such as array control
and data management.

The project is based on mainly in-kind contributions from partner institutions and agencies and relies on
the expertise of the CTA Consortium for its execution. It is managed centrally by the CTA Project Office
which is also responsible for some central deliverables such as site infrastructure as well as ensuring a
coherent systems engineering approach.
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Executive Summary

The project is currently nearing the end of the Pre-Construction phase scheduled to be complete towards
the end of 2015. Major work remaining for this phase is to refine the cost estimates and produce the
CTA Cost Book which will be distributed to potential contributing partners. The site selection process
is nearing completion which also dictates many final designs and plans. Coherent project management
processes are already in place and will be augmented throughout the rest of this phase as project office
recruitment continues to ramp up.

The majority of construction is scheduled to be complete in 2021 subject to funding availability, with
some components continuing to arrive for some time after this. Partial operations may begin earlier.
The critical path for the project in the short term is funding availability closely followed by decisions on
the array locations. After this the construction of sufficient on-site infrastructure will determine the level
of infrastructure support provided to pre-production telescope installers, but is unlikely to influence the
very long-term schedule. The long-term schedule will be dictated by the quality and rate (also partly
dependent on funding profiles) of components received on site.

The CTA Construction Project is currently estimated to cost €297m with an additional 1,479 FTE in-
stitutional effort. Current uncertainty on these figures are of the order +25%/-15% which will steadily
reduce over the coming year as full contingency costs are estimated; the site locations decided and the
deployment plan becomes clearer with the firm commitment of contributions from partners.

There are no major technical risks to successful completion of the project which cannot be mitigated.
Other major risks concern: uncertainties over funding which will strongly impact deployment planning
and the project schedule; the extremely aggressive short-term schedule to align with current known
funding aspirations; and the ability to derive realistic cost estimates given these uncertainties. The latter
two can be mitigated to a large extent with a strong and functional central project office which is now
ramping up after a difficult year with few staff.
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1. The CTA Observatory

1 The CTA Observatory

1.1 Scope and Concept

Figure 1.1 — Artist impression of the southern CTA site, showing the array combining three different sizes of Cherenkov
telescopes, covering a multi-km? area.

Astronomy — the detection and imaging of messengers from the Cosmos — is mankind’s primary means
of learning about the Cosmos and our role in it. Astronomy has evolved from the observation of stars
with the unaided eye, to the development of sophisticated optical telescopes with million-fold light col-
lection power, to multi-wavelength astronomy covering about twenty decades of the electromagnetic
spectrum, and, most recently, to multi-messenger astronomy, imaging the Cosmos using neutrinos,
ultrahigh-energy cosmic rays and hopefully soon gravitational waves. In virtually all areas of astron-
omy, instruments evolve from small-scale efforts to larger, but still proprietary instruments, and finally
to observatories making state-of-the-art astronomical observatories available to a large community of
astronomers and astrophysicists.

Ground-based gamma-ray astronomy — imaging the Universe at very high energies (VHE) above tens of
GeV and covering several decades of the electromagnetic spectrum — is a young branch of astronomy
that has taken a similar path. Following the first modest-scale discovery instruments, the current imag-
ing atmospheric Cherenkov telescopes (IACTs) such as H.E.S.S., MAGIC and VERITAS have driven
a breakthrough in VHE gamma-ray astronomy, together with air shower arrays such as MILAGRO, Ti-
bet, ARGO-YBJ and HAWC. Mature and powerful detection systems, these instruments have opened
this new window for exploration of the Universe. Close to two hundred cosmic sources of VHE gamma
rays have been discovered, representing a variety of object classes, and ranging from nearby Galactic
objects to sources at cosmological distances. Galactic sources include supernova remnants (SNR), pul-
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1. The CTA Observatory 1.1 Scope and Concept

sars and pulsar wind nebulae, binary stellar systems, interacting stellar winds and unidentified sources
without any obvious counterparts in other wavelength ranges. Extragalactic sources are mostly — but
not exclusively — associated with active galactic nuclei (AGN) — supermassive black holes that convert
infalling matter into light-speed jets emerging from the immediate vicinity of the black holes, and serving
as cosmic particle accelerators. For many of these objects, energy output in VHE gamma rays is on the
same scale as, or even exceeds, the energy output at lower energies, in the radio, optical, UV and X-ray
domains.

Particle acceleration is now recognised as a standard feature occurring at several stages in the evolution
of massive stars, and is, moreover, not an exotic phenomenon in the Cosmos, but is instead rather
ubiquitous in our Galaxy and beyond. The energy density in populations of high-energy particles is of
the same scale as that in the kinetic energy of gas or in magnetic fields; this relation holds over a variety
of scales, from energetic supernova shocks and pulsar wind nebulae to the interstellar environment of
our Galaxy and to intergalactic space. This balance of energies implies that particle acceleration — on
the one hand extracting energy from bulk matter flows and, on the other hand, building up pressure
and magnetic fields affecting these flows and re-distributing the energy — has significant impact on the
evolution of the Universe on all scales.

VHE gamma rays are furthermore used to search for annihilation signatures of TeV-scale dark matter
particles, and offer a unique means of identifying the nature of dark matter in the Universe. In their
billion-year journey to Earth, gamma rays from extragalactic objects are also used to probe the structure
of space-time, to measure the amount of light emitted by stars since the birth of the Universe, and to
constrain the poorly understood intergalactic magnetic fields.

These results have driven a rapid growth of the community interested in VHE gamma-ray science. Cur-
rent instruments are, however, not powerful enough to decisively address and resolve many of the key
issues of the field. As an example, typical Galactic sources are only detected up to kpc distances,
implying that interesting but rare objects such as young supernova remnants are difficult to study. An-
other example are gamma rays tracing the annihilation of potential TeV-scale dark matter particles at the
Galactic centre; predicted gamma-ray fluxes are one order of magnitude below the sensitivity of current
instruments.

These developments resulted in the demand for a powerful next-generation facility, providing a boost
in sensitivity by an order of magnitude, and, at the same time, improving energy coverage and angular
resolution and providing full-sky coverage. The proposed CTA Observatory addresses this demand,
building upon the extensive experience with, and expanding the capabilities of, the IACT technique,
the only technique judged capable of providing the desired combination of high sensitivity, wide energy
coverage and high angular resolution.

The Cherenkov Telescope Array (CTA) is a unique observatory for very high-energy gamma-ray astron-
omy that will benefit science in the fields of astronomy and astrophysics, particle physics and astropar-
ticle physics, cosmology, plasma physics and fundamental physics, by providing observers worldwide
with unprecedented data on astrophysical objects over an extensive range of gamma-ray energies. CTA
is proposed, and supported, by more than 1000 scientists from over 190 institutions in 31 countries,
forming the CTA Consortium. The CTA Construction Proposal represents the culmination of a decade-
long effort dedicated to designing and prototyping CTA and planning its implementation. CTA is listed
in the ESFRI Roadmap of European Research Infrastructures, and is recommended and supported by
the European roadmaps for Astronomy and Astrophysics (ASTRONET) and for Astroparticle Physics
(ASPERA) as well as by numerous national roadmaps.
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1. The CTA Observatory 1.1 Scope and Concept

1.1.1 Science Drivers and Performance Goals

To quantify the science and technical requirements for CTA as a next-generation facility for VHE gamma-
ray astronomy, the major questions in and beyond astrophysics are grouped into three broad themes:

Theme 1: Understanding the Origin and Role of Relativistic Cosmic Particles :

+ What are the sites of high-energy particle acceleration in the Universe?
» What are the mechanisms for cosmic particle acceleration?
» What role do accelerated particles play in feedback on star formation and galaxy evolution?

Theme 2: Probing Extreme Environments :

« What physical processes are at work close to neutron stars and black holes?
« What are the characteristics of relativistic jets, winds and explosions?

» How intense are radiation fields and magnetic fields in cosmic voids, and how do these evolve
over cosmic time?

Theme 3: Exploring Frontiers in Physics :

» What is the nature of Dark Matter? How is it distributed?
+ Are there quantum gravitational effects on photon propagation?
+ Do axion-like particles exist?

The CTA physics requirements have evolved over many steps, converging to the definition of specific
science cases from each of these topics, used to qualitatively and quantitatively define the requirements,
and to study the response of different possible implementations using detailed instrument response
functions based on simulations. Details are provided in Section 3 and in the Science Case document.
The main performance goals and the associated science drivers are illustrated in Figure 1.2.

Sensitivity &
Collection Area

Energy %10 — all topics . .
Resolution Field of View

=8° — surveys,
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Figure 1.2 — lllustration of performance goals and associated science drivers.

In particular, CTA aims at providing:

Flux sensitivity for point-source detection around 10~'3 erg/s/cm? at TeV energies, an order of mag-
nitude better than current instruments. This high sensitivity is essential for virtually all science
aspects.
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1.1 Scope and Concept

Usable energy coverage from 20 GeV to 300 TeV. The wide energy range is crucial for gamma-ray

astronomy, since gamma-ray production mechanisms are characterised by, and identified through,
variations across a decade or two in energy of the local spectral index of the otherwise smooth
non-thermal spectra. High-energy coverage serves to identify Pevatron accelerators, given that
primary particles typically have an order of magnitude higher energy than the secondary gamma
rays produced in their interactions. The low end of the energy range allows access to sources
at cosmological distances, where pair production on starlight limits the range of higher-energy

gamma rays.

High collection area of at least 10* m? at 30 GeV and of at least 7 x 10¢ m? at 100 TeV, ensuring a high

gamma-ray detection rate, used at low energies in particular for the detailed study of the temporal
structure of transient sources and required at high energies to provide sufficient photon statistics

in this rate-limited domain.

Wide field of view for gamma-ray detection, of at least 3° (half-angle) at energies from 0.1 TeV to 300

TeV. Field of view is crucial for efficient surveys and for the study of extended sources and diffuse
emission. For Galactic fields, usually multiple sources can be covered by a single pointing, which
more efficiently uses the observation time. Wide field of view will allow reliable background deter-
mination and reduce systematics associated with the subtraction of non-gamma-ray background.

complex sources.

High angular resolution of a few arc-minutes at TeV energies, allowing CTA to resolve structure in

Good energy resolution of better than 10% (above 1 TeV), required to accurately reconstruct cutoffs

in spectra and to resolve potential narrow structures such as the line-like emission predicted for
certain dark matter annihilation channels.

Rapid slewing to any point in the sky within 50 s (requirement) / 20 s (goal) for the telescopes respon-

sible for the low end of the energy range, to follow up on alerts of transient sources such as gamma
ray bursts (GRBs), where emission lasts at most few tens of seconds.

Full-sky coverage by deploying one array each in the northern and southern hemispheres. Full-sky

coverage is desirable since Galactic and extragalactic key objects are in both hemispheres (Inner
Galaxy and Galactic Centre in the South, Cygnus region, Coma and Perseus galaxy clusters in the
North) and since the rate of detection of rare transient phenomena such as GRBs is increased.

at 20 GeV
at 30 GeV
at 100 GeV
at1TeV
at 10 TeV
at 100 TeV
at 300 TeV
at 30 GeV
at 100 TeV
at 1 TeV
at 10 TeV

Differential sensitivity E2 dF/dE (erg/cm’s)
for 50 hours of observation time

Effective gamma-ray detection area (m’)

Angular resolution (degr.)

Energy resolution

E210TeV

Gamma ray field of view (half angle in degr.) [SE3i{se X[
E 2100 GeV

Source localisation (arc-seconds) E > 100 GeV

Repointing time (s) E <100 GeV
E 2100 GeV

Table 1.1 summarises the main performance requirements, representing the minimal performance the
arrays should provide, as well as the performance goals that are desirable to achieve.

North Array

< 6.6e-11 (goal), < 1.25e-11 (required)
< 1.0e-11 (goal), < 2.5e-11 (required)
< 8.1e-13 (goal), < 2.3e-12 (required)
< 8.6e-14 (goal), < 1.9e-13 (required)
< 8.2e-14 (goal), < 1.5e-13 (required)
< 4.0e-13 (goal), < 6.2e-13 (required)
<1.1e-12 (goal), < 1.6e-12 (required)
10*
6x10*
10°
4x10°
7x10°
<0.21 (goal), < 0.30 (required)
<0.08 (goal), < 0.13 (required)
< 0.033 (goal), < 0.062 (required)
< 0.019 (goal), < 0.037 (required)
<0.012 (goal), < 0.025 (required)
< 26% (goal), < 50% (required)
< 14% (goal), < 25% (required)
< 6% (goal), < 10% (required)
< 5% (goal), < 10% (required)
1
3
< 5 per axis
20 (goal), 50 (required)
60 (goal), 90 (required)

Table 1.1 — Requirements and goals regarding CTA performance.

< 6.6e-11 (goal), < 1.25e-11 (required)
< 1.0e-11 (goal), < 2.5e-11 (required)
< 8.4e-13 (goal), < 2.3e-12 (required)
< 1.1e-13 (goal), < 2.0e-13 (required)
< 2.4e-13 (goal), < 3.8e-13 (required)

10*
6x10*
5x 10°

10°
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1. The CTA Observatory 1.1 Scope and Concept

1.1.2 Technique

Imaging atmospheric Cherenkov telescopes (IACTs) are large (> a few metre diameter) telescopes with
UV-optical reflecting mirrors focusing flashes of Cherenkov light produced by gamma-ray initiated atmo-
spheric particle cascades (air showers) onto nanosecond-timescale cameras (Figure 1.3). Compared to
space-based detectors that are limited to m? detection areas, Cherenkov telescopes (as well as ground-
based air shower arrays) use the Earth’s atmosphere as a detection medium and provide detection areas
in excess of 10> m?, capable of coping with the very low flux of VHE gamma rays. Modern instruments
use arrays of IACTs to image the cascade from different viewing angles, improving angular resolution
and energy resolution for gamma rays, as well as increasing the rejection of similar cascades initiated
by cosmic-ray particles.

Very high
energy
gamma ray

Particle

L

®
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Figure 1.3 — lllustration of the imaging atmospheric Cherenkov technique. A very high-energy gamma ray interacts in the
upper levels of the atmosphere and creates a cascade of secondary particles which propagate over many kilometres at
nearly the speed of light through the atmosphere. The particles emit the blue Cherenkov light, forward-beamed with an
opening angle of about one degree, illuminating a light pool on the ground of about 120 m radius. Cherenkov telescopes
collect the Cherenkov light and image the particle cascade. The basic principle is the same as photographing from several
directions the track of a meteor falling down on Earth and determining its direction from the images.

The IACT technique is well understood and mature; today’s instruments provide:

High sensitivity: three orders of magnitude dynamic range in flux, down to 1% of the flux of the Crab
nebula, the first VHE gamma-ray source, discovered in 1989;

Wide spectral range: coverage of three orders of magnitude in energy, from tens of GeV to tens of
TeV, able to resolve spectral features with 10-15% energy resolution;

Ability of resolving source morphology: with angular resolution of a few arc-minutes and of localising
sources to a fraction of an arc-minute;

Survey capability: as evidenced by the H.E.S.S. Galactic plane survey, with better than 2% Crab flux
sensitivity across the central 160 degrees of the Milky Way;

Well-resolved light curves: revealing minute-scale variability of AGN.
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1. The CTA Observatory 1.1 Scope and Concept

CTA will take the IACT technique to its next level, by deploying extended arrays of Cherenkov telescopes.
In current arrays with at most five telescopes spaced by about 100 m — a distance small compared to
the diameter of the Cherenkov light pool — the bulk of the recorded showers have impact points outside
the footprint of the array, implying that: (i) usually only two telescopes record the shower, (ii) the angle
between stereoscopic views of the shower is modest, impacting the spatial reconstruction, and (iii) the
effective energy threshold is increased. Characteristics can be improved by selecting air showers with
impact points within a limited radius from the array centre, at the expense of a dramatic loss in event
statistics.

CTA will — for the first time — deploy a large number of telescopes across areas that are larger than the
size of the Cherenkov light pool, resulting in:

a dramatically increased rate of air showers contained within the footprint of the telescope array,

an increased number of views from different viewing angles, improving both the reconstruction of air
shower parameters, and the rejection of cosmic-ray induced air showers as the major source of
sensitivity-limiting background, and

a lower effective energy threshold since, for contained showers, there are always telescopes in the
region of highest density of Cherenkov light.

For wide useable energy coverage, it is desirable for the effective gamma-ray detection area to increase
with gamma-ray energy, compensating for the rapid drop of gamma-ray flux with increasing energy (for
typical sources, the gamma-ray flux drops like dN,/dE ~ E~2 or faster). Rather than deploying one
type of Cherenkov telescope on a regular grid, the CTA arrays use a graded approach:

the lowest energies are covered by an arrangement of four large size telescopes (LSTs), capable of
detecting gamma rays down to 20 GeV,;

the 0.1 to 10 TeV range is covered by a larger array of 25 (South) or 15 (North) medium-sized tele-
scopes (MSTs), and

the highest energy gamma rays are detected by a multi-km? array of 70 small telescopes (SSTs) in
the South.

The small telescopes are only foreseen for the southern array, since the highest energies are most
relevant for the study of Galactic sources. The use of three different sizes of telescopes proved to be
the most cost-effective solution, and it allows each telescope type to be optimised for a specific energy
range. Details of the array configurations and telescope parameters are presented in Section 1.2.

CTA telescopes feature a number of technological and design improvements compared to current tele-
scopes, including:

significantly improved quantum efficiency of the photo multipliers used in the medium-sized and
large telescopes,

use of silicon sensors in the small telescopes, for reduced cost and improved reliability and ability to
observe under moonlight,

use of dual-mirror optics in two of the designs for small telescopes and in the design of a variant of
a medium-sized telescope (SCT), resulting in improved imaging across a wide field of view and a
short focal length, allowing compact cameras using silicon sensors, and

increased emphasis in reliability and improved maintainability to both improve availability of tele-
scope and arrays and to limit the maintenance effort.
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1. The CTA Observatory 1.1 Scope and Concept

1.1.3 The CTA Observatory and its Science Programme

Unlike current ground-based instruments in very high energy gamma-ray astronomy, CTA will be oper-
ated as an observatory, open to proposals from a wide community of users from astronomy and astro-
physics, astroparticle physics, particle physics, cosmology and plasma physics. CTA observation time,
at least during the first decade of operation, will be split primarily among two programmes (illustrated in
Figure 1.4):

The Core Programme of Key Science Projects planned and carried out by the CTA Consortium (see
Section 3 and the CTA Science Case document); and

The Guest Observer Programme carried out on the basis of peer-reviewed observation proposals re-
sponding to Announcements of Opportunity (AOs).

CTA Archive Users

Definition of science case

Definition of Key Science Projects
Design of instrument

IKC to construction by CTAC institutes

IKC to operation by CTAC institutes - £
Ob: ti |
Data Analysis for \ sen\la 0/@ el

Key Science Projects e | L
CTA Consortium |

T T

Data from Key Science Projects

ata to Archive
after proprietary
period

CTA Guest Observers

Figure 1.4 — The CTA Observatory and its users and contributors. Roughly half of the available observation time during the
first decade of operations should be dedicated to Key Science Projects such as surveys, carried out by the CTA Consortium
and providing legacy data sets. The other half of the time should be used for a Guest Observer programme based on an
annual cycle of Announcements of Opportunity. After a proprietary period, data will be made public though the CTA data
archive.

Within both programmes, allocation of observation time will be driven by the scientific excellence of the
proposals. After a proprietary period, during which users granted observation time will have exclusive
access to data, the CTA Data Archive makes data publicly and openly available.

The Key Science Projects serve to address key science themes of CTA in a coherent fashion, especially
for those themes that require large amounts of observation time, or where the data analysis is technically
challenging and requires specific expertise. Key Science Projects in particular include large surveys, and
provide legacy data sets for use by the entire community.

The Guest Observer Programme — likely to represent the dominant use of observation time after the
initial years of operation — will allocate observation time on the basis of recommendations of a Time
Allocation Committee.

The CTA Observatory will schedule and carry out observations at the two array sites, process data and
monitor data quality, and make available to the users the data and appropriate tools for data analysis.
Section 2 and the Observatory Model document provide further information.
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1.1.4 CTA Array Sites

CTA requires two array sites to provide full-sky coverage. Figure 1.5 illustrates how with two sites (here
arbitrarily assumed to be ESO/Chile and San Pedro Martir/Mexico) virtually the entire sky can be covered
at zenith angles below 60°, the small exception corresponding to sources near the terrestrial south pole.

® Pulsars
Extragalactic targets:
@ Blazars

Figure 1.5 — Sky coverage obtained with the two CTA array sites, compared to the Southern (bottom left) or Northern (bottom
right) observatory alone. The sky is shown in Galactic coordinates, with the Galactic plane along the equator. Indicated are
very high-energy gamma-ray sources, and blazars, supernova remnants and pulsars as key target classes. The colour scale
indicates the minimum zenith angle under which a target is visible, from 0° — 30° (white) to 30° — 45°, 45° — 60° and > 60°
(black). The Cherenkov technique works best at small zenith angles(< 30°); 60° is the practical limit.

At the present time, sites for the CTA arrays are not decided. By decision of the CTA Resource Board
(RB) in April 2014, site negotiations for the southern CTA array were initiated with Namibia (Aar) and
ESO/Chile (site near Armazones). By decision of the RB in March 2015, negotiations for the northern
CTA site were initiated with Mexico (San Pedro Martir) and Spain (La Palma, Canary Islands).

To aid in the site decision, the CTA Consortium and the CTA Project Office have evaluated sites in Ar-
gentina (Leoncito and San Antonio), in Namibia (Aar and HESS), in Chile (ESO/Armazones), in Mexico
(San Pedro Martir), in Spain (Teide, Canary Islands) and in the US (Meteor Crater and Yavapai Ranch).
In September 2014, the CTA Consortium Board and in October 2014 the RB approved adding the Ob-
servatorio del Roque de los Muchachos (ORM), La Palma, as a site candidate. La Palma was initially
excluded since the available flat area does not meet the 1 km? requirement of CTA. However, the planned
northern CTA array can still be accommodated at ORM, after adjustments in the array geometry.

Beginning in 2011, custom-developed monitoring stations measuring temperature, humidity, wind speed,
cloud coverage and night sky brightness where deployed and operated at the candidate sites. In addition
to typically one year of monitoring data, remote-sensing cloud coverage data for approximately ten years
and adapted global atmospheric models and local data from nearby observatories were used to evaluate
the Average Annual Observation Time (AAQT). Sensitivity differences resulting from the differences in
site elevation and in geomagnetic field were parametrised by a spectrum-averaged Performance per
Unit Time (PPUT). Both quantities are combined to form a Figure of Merit (FOM). In terms of the AAOT
and in the overall FOM, the leading sites in the south are those currently included in the negotiations:
Aar and ESO/Armazones. The FOMs of the northern sites are identical within uncertainties.

The site evaluation furthermore considered site-specific hazards and risks. Economic and socio-political
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risks vary considerably between sites. Among the final four candidates, the lowest risks are assigned to
the Canary Islands in the North and ESO/Armazones in the South. Environmental risks were considered
acceptable for all sites, with lowest environmental risks assigned to Aar.

Information on site evaluation is collected in the extensive Site Evaluation Summary (SES) report dated
October 2013. The SES was provided as input to the RB-appointed external Site Selection Committee
(SSC). In March 2014, the SSC provided a confidential site ranking to the RB, based on Consortium
input, on own information sources, and on impressions obtained from site visits. The CTA Consortium
Board derived, in September 2013, its own ranking, which was also provided to the RB.

1.1.5 CTA History and Background

CTA was initiated and developed by a group of institutes known as the CTA Consortium. The CTA Con-
sortium was formed in 2008, formally initiating the CTA Design Phase. The CTA Consortium is organised
by a Memorandum of Understanding (MoU) that was initially signed for the CTA Design Study. As of May
2015, the CTA Consortium is comprised of 194 institutes in 31 countries (Figure 1.6). The CTA Consor-
tium is governed by the CTA Consortium Board (CB) of institute representatives. Institutes of the CTA
Consortium are responsible for design and prototyping of the CTA telescopes and telescope arrays and
of the systems for array control, data acquisition and data management. R&D and prototyping is largely
supported by national or institute funding. Institutes or countries are expected to provide major compo-
nents of CTA as in-kind contributions. The CTA Consortium has furthermore carried out the extensive
characterisation of potential array sites in both hemispheres, including development, deployment and
long-term operation of specific monitoring instruments.

Figure 1.6 — World map indicating the 31 countries with 194 institutes participating in the CTA Consortium.

CTA was listed in the 2006 European Roadmap for Research Infrastructures (ESFRI) as an emerging
proposal and, from 2008 on, as a project. The FP7-funded CTA Preparatory Phase (CTA-PP) started
in 2010 and lasted until August 2014. Funding provided through CTA-PP has been used to strengthen
CTA management, and, in particular, to set up and operate the CTA Project Office (PO) in Heidelberg,
Germany.

Representatives of ministries and funding agencies of a number of countries involved in CTA form the
CTA Resource Board (RB). In July 2012, 13 countries (Argentina, Austria, Brazil, France, Germany, Italy,
Japan, Namibia, Poland, South Africa, Spain, Switzerland, and the UK) — at the time accounting for 84%
of the members of the CTA Consortium — signed a Declaration of Intent (Dol), expressing their common
interest in participating in the construction and operation of CTA.

In late July 2014, the CTA Observatory gGmbH — a non-profit limited liability company located at Heidel-
berg — was founded to operate the CTA Project Office beyond the Preparatory Phase, and to represent
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CTA in legal agreements regarding sites and in-kind contributions to CTA construction. At this time (May
2015), shareholders of the CTA Observatory gGmbH represent the Czech Republic, Germany, Italy,
Spain, Switzerland, and the United Kingdom; more countries including Austria, France and Japan plan
to join.

As a result of the work during the Design Phase and Preparatory Phase, CTA is included in a large num-
ber of infrastructure roadmaps. Examples include the Austrian Action Plan for Research Infrastructures
issued in 2014; Finland’s Strategy and Roadmap for Research Infrastructures 2014-2020; the French
Research Infrastructures Roadmap 2012-2020; the German Roadmap for Research Infrastructures is-
sued in 2013; the ltalian Roadmap of Research Infrastructures of Pan-European Interest; the Polish
Roadmap for Research Infrastructures as updated in August 2014; the Spanish roadmap “Building the
Science of the XXlst Century” issued in 2010; the UK Programmatic Review Report in 2013; the US
2010 Decadal Survey in Astronomy and Astrophysics “New Worlds, New Horizons”; the 2013/2014 Re-
port of the Astronomy and Astrophysics Advisory Committee of NSF/DOE/NASA, and the “Building for
Discovery: Strategic Plan for U.S. Particle Physics in the Global Context” P5 Report issued in 2014;
“Astroparticle Physics: the European Roadmap” issued in 2011 and the “ASTRONET Infrastructure
Roadmap” in its 2014 update.

In the April 2014 Prioritisation of Support to ESFRI Projects for Implementation by the European Strategy
Forum on Research Infrastructures, ESFRI identified CTA as one of nine projects that would benefit from
additional funding from suitable Horizon 2020 instruments, to reach maturity in the near future. The CTA
Observatory gGmbH submitted a corresponding Horizon 2020 funding application aimed primarily at
design and development of site infrastructure. The application was favourably reviewed and a grant
agreement is under preparation.

Also successful was the application under Horizon 2020 for an Astronomy ESFRI & Research Infras-
tructure Cluster (ASTERICS) aimed at addressing common challenges of data management and data
dissemination among astro-related infrastructures, including CTA, SKA, Km3Net, gravitational wave ex-
periments and ESO.

According to the CTA Declaration of Intent, three major reviews are foreseen as a basis for approval of
CTA construction: (i) The Science Performance and Preliminary Requirement Review (SPPRR), (ii) The
Preliminary Design Review (PDR) and (iii) The Critical Design Review (CDR). The reviews are conducted
by the RB-appointed Scientific and Technical Advisory Committee (STAC), which monitors and evaluates
the scientific goals and assesses the overall model for CTA including its technical design. The SPPRR
was successfully completed in February 2013 and the PDR was concluded in November 2013, on the
basis of the Preliminary Technical Design Report (PTDR). This document set is the submission for the
Critical Design Review.

cta CTA Construction Project Page 18 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
~——" CTA Construction Proposal Overview




1. The CTA Observatory 1.2 CTA Telescope Arrays

1.2 CTA Telescope Arrays

1.2.1 Array Layout Considerations

The CTA array layouts represent the result of a long, multi-step optimisation. An array layout is charac-
terised by:

The types of telescopes used: A telescope is mainly characterised by its light collection power, dom-
inated by mirror area and photo sensor efficiency, by its camera field of view and pixel size, with
optics chosen such that the mirror point spread function (PSF) matches the pixel size, and by its
electronics bandwidth appropriate to extract the ns-long Cherenkov signal from the uniform night
sky background.

The numbers of telescopes and their arrangement: Telescopes are assumed to be arranged in con-
centric arrays of different telescope sizes, i.e. light collection power, from a compact low-energy
array at the centre to an extended high-energy array, providing an effective area that increases
with energy.

Layout optimisation assumed a generic telescope cost model — with mirror area, field of view and pixel
size as primary parameters — and array layouts were cost-performance optimised. Relevant is that the
model only realistically predicts the relative cost of different telescope types, not their absolute costs.

Layout optimisation proceeded through a variety of steps and means:

Semi-analytical estimates using parameterisations of the telescope response, allowing for the quick
estimate of gamma-ray detection rates and cosmic-ray detection rates for a wide variety of array
configurations;

Simulations of regular grids of telescopes to quantity the impact of telescope spacing and of param-
eters such as mirror area, field of view, or pixel size;

Full-scale array simulations (‘prod-1’) of large arrays combining different telescope types, allowing to
select and compare subsets of telescopes corresponding to various (fixed-cost) configurations;

Full-scale array simulations with improved telescope models (‘prod-2’) implementing the lessons
learned regarding layout from prod-1, and simulating in improved detail the exact optics config-
urations, photo sensor characteristics and electronics of the telescopes.

Between prod-1 and prod-2, the main features of the telescope designs were frozen. Currently (May
2015), a final round of simulations is being set up (‘prod-3’), aimed at final fine-tuning of the arrangement
and exact spacing of the telescopes.

Main considerations in, and results of the optimisation are:

At the lowest energies, from 20 GeV to 100 GeV, angular resolution and in particular rejection of cosmic-
ray background is limited by large fluctuations in air shower development, associated with the
modest number of particles in the shower. Signal-to-background ratios are modest, while this is
compensated by large event statistics due to the higher flux at low energy. Background system-
atics limit the sensitivity achievable even with large arrays and long observations. Combined with
the fact that telescopes require large mirror areas (few 100 m?) to detect low-energy air showers
and that telescope costs grow faster than linear with mirror area, a modest number of telescopes
covering this energy range is sufficient. For steady sources below a few tens of GeV, it is fur-
thermore very difficult to compete with the Fermi-LAT space-based gamma-ray instrument, where
the modest m? detection area is compensated by the virtually complete absence of non-gamma-
ray background and exposures in the range of 10® s (compared to typical 10°> s per source for
Cherenkov telescopes). CTA science in this energy domain is aimed primarily at transient phe-
nomena on time scales of minutes to days, where Cherenkov telescopes benefit from their large
gamma-ray detection areas in excess of 10* m2.

CTA Construction Project Page 19 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
~" CTA Construction Proposal Overview




1. The CTA Observatory 1.2 CTA Telescope Arrays

In the TeV domain, from 100 GeV to a few TeV, statistical fluctuations of the cosmic-ray background
limit the achievable sensitivity, which for large arrays — much larger than the size of the Cherenkov
light pool — grows with the square root of number of events, as (A x t)!/2, with array area A and ob-
servation time ¢t. Background originating from nucleonic cosmic rays and the electron background
are comparable; electron-induced air showers resemble gamma-ray air showers and form a nearly
irreducible background. For arrays smaller than, and comparable to, the size of the Cherenkov light
pool, dependence on array size is more favourable since the fraction of reasonably well-contained
light pools grows quickly. Required individual telescope mirror areas are around 100 m?.

At the highest energies, beyond 10 TeV, backgrounds can be rejected almost completely and the achiev-
able sensitivity is photon-rate limited. Sensitivity improves linearly with the product of A x ¢ for array
area A and observation time ¢. The high-energy section of the array should hence cover the largest
possible area and operate over the largest possible time, including during moonlight. With the high
Cherenkov light yield and background rejection not a major issue, modest (few m?) mirror areas
and relatively coarse camera pixelisation suffice.

Cost-effective array implementations use three different telescope sizes, matched to the three en-
ergy domains addressed above, each telescope size covering about 1.5 decades in gamma-ray
energy, for which range the design is optimised. Mirror areas for the three types are specified as
> 330 m? (Large Size Telescope, LST), > 88 m? (Medium Size Telescope, MST) and > 3.5 m?
(Small Size Telescope, SST).

Spacing of telescopes in the arrays: in the sub-TeV and TeV domains, spacing of 100 m to 150 m op-
timises sensitivity; smaller spacing provides more images per air shower but — for a given number
of telescopes — quickly reduces the array area; significantly larger spacing deteriorates air shower
reconstruction and energy threshold, due to the reduced light yield and smaller number of images.
In the domain of the highest energies, these latter issues are not a concern; larger spacing is
chosen to maximise the array area.

Arrangement of telescopes: the simulations use concentric arrangements of the LST, MST and SST
arrays; in the cross-over energy regions between telescope types, sensitivity is boosted by com-
bining images provided by different-sized telescopes. The exact arrangement of telescope is rel-
atively uncritical. For example, square and hexagonal grids of telescopes provide very similar
performance, for a given number of telescopes per area. Individual telescopes can be moved by
tens of meters from their nominal positions without impacting performance, e.g. to match terrain
features.

Field of view: increased field of view drives telescope costs, both due to the growing number of cam-
era pixels (at fixed pixel size) and the more difficult optics required to achieve sufficiently good
point spread function (PSF) across the camera field of view (for single-mirror telescopes this trans-
lates into a rapidly growing focal length). Desired field of view relates on the one hand to survey
capability, and on the other hand to the telescope spacing since showers with larger impact dis-
tance generate images that extend to larger angular distances relative to the gamma-ray direction.
Fields of view of the focal plane instrumentation (related to, but not identical to the gamma-ray
field of view) are specified as > 4.5° (LST), > 7° (MST) and > 8° (SST), the larger value of the
last one compared to the MST reflecting the larger spacing of SST telescopes. The smaller field
of view of the LST reflects the fact that the LST is optimised for the observation of highly variable
sources, that are by definition compact and appear point-like on the arc-minute scale of the angular
resolution of Cherenkov telescopes.

Pixel size and point spread function (PSF) of the optical system should be matched to the charac-
teristic transverse size of air shower images, to enable sufficiently precise reconstruction and
image-shape based rejection of cosmic-ray induced showers. With increasing gamma-ray energy,
showers penetrate deeper and appear larger when viewed with a Cherenkov telescope. Pixel sizes
and PSF are correspondingly specified as < 0.11° for the LST, < 0.18° for the MST and < 0.25°
for the SST.

Repositioning speed of the mount is critical in particular for the LST, to follow up on alerts of low-
energy transient sources. The LST is hence required to reach any point on the sky within 50 s
(with a goal of 20 s). For the MST and SST, repointing time is relaxed to 90 s (goal 50 s), driven
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primarily by the desire to keep repointing time losses small compared to typical exposure times
per source of around 30 minutes.

1.2.2 Array Layout and Telescopes

The resulting baseline reference array layouts are based on the three telescope types LST, MST, SST
and are shown in Figure 1.7. The northern array contains only LST and MST telescopes, reflecting
the smaller number of Galactic source visible in the north. The MST and SST subsystems fill circular
areas, with one MST in between the LSTs, and SSTs between the MSTs, to allow independent use of
the subsystems without the detrimental effects of the central hole in the telescope arrangement. Also
indicated is the expansion of the MST array with dual-mirror medium size SCT telescopes, increasing the
gamma-ray collection area and improving angular resolution in the TeV domain. In the case of reduced
funding for the baseline arrays, the SCTs could substitute for MSTs rather than act as an expansion of
the MST array.

Depending on site characteristics and site topology, the reference layouts may need to be adapted
slightly for ease of deployment. Telescope deployment sequences will be optimised towards providing
near-optimal partial arrays at each phase of the deployment.
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Figure 1.7 — Reference layout of telescopes on the two sites in the southern hemisphere (left) and northern hemisphere
(right). The symbols indicate the locations of the telescopes as: large red dots for LST; medium blue dots for MST; medium
open purple dots for SCT and small green dots for SST. The southern site contains more telescopes and covers a larger
area. In the examples shown for the southern site there are: 4 LSTs, 25 MSTs, 28 SCTs and 70 SSTs in an area of radius
1.5 km while for the northern site there are: 4 LSTs and 15 MSTs within an area of radius 0.4 km.

Main parameters of the different CTA telescopes being prototyped are listed in Table 1.2. Details on the
individual telescope types and on the associated systems for array control, data acquisition and data
management are provided in the respective Technical Design Reports (TDRs) and summarised in this
document in Section 5. The prototype telescopes (which also constitute all the designs intended for final
deployment) are:

The Large-Size Telescope (LST): uses an alt-azimuth mount rotating on a 23.9 m diameter rail. Em-
phasis in the design is on low mass and low momentum of inertia to enable rapid repositioning
in response to transient events. The mount and 23 m diameter dish are space-frames combin-
ing steel tubes and carbon-fibre reinforced plastic (CFRP) tubes. The reflector has a parabolic
geometry — minimising time dispersion — and is subdivided into hexagonal mirror facets. Facets
are continuously actively aligned to maintain good imaging. The focal plane instrumentation is
supported by an almost parabolic CFRP arch, stabilised to the sides by tension cables. The LST
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MST / MST / Flashcam SST-1M ASTRISST-2M | GCT SST-2M
NectarCAM

Number North array TBD
Number South array TBD
Optics

Optics Parabolic mirror Davies-Cotton Davies-Cotton  Schwarzschild- Schwarzschild-  Schwarzschild-

Couder Couder Couder

Primary mirror diameter (m) 23 13.8 4 4.3 4 9.7

Secondary mirror diameter (m) - - - 1.8 2 5.4

Eff. mirror area after shadowing (m?) 368 88 7.4 6 6 40

Focal length (m) 28 16 5.6 2.15 2.28 5.6
Focal plane instrumentation

Pixel type PMT PMT PMT silicon silicon silicon silicon

Pixel size (degr.), shape 0.10, hex. 0.18, hex. 0.18, hex. 0.24, hex. 0.17,square  0.15-0.2, square 0.07, square

Field of view (degr.) 45 8.0 7.7 9.1 9.6 8.5-9.2 8.0

Number of pixels 1855 1855 1764 1296 1984 2048 11328
Structure

Mount alz-az, on alt-az positioner alt-az positioner alt-az positioner alt-az positioner alt-az positioner

circular rail

Structural material CFRP / steel steel steel steel steel steel

Weight (full telescope, tons) 100 85 9 15 8 ~85

Max. time for repositioning (s) 20 90 60 80 60 20

Table 1.2 — Parameters of the different CTA telescope types.

camera uses photomultiplier sensors and the signal capture based on the DRS-4 pipeline ASIC.
Electronics is integrated into the camera body, combining both water cooling and air cooling to
remove heat.

Medium-Size Telescope (MST): the single-mirror MST design uses an alt-azimuth positioner support-
ing a 13.8 m diameter steel dish structure. The reflector has a Davies-Cotton geometry with 16 m
focal length — optimising the point spread function across the field of view — and is subdivided into
hexagonal facets. Motorised actuators are used for initial facet alignment. The focal plane instru-
mentation is supported by a quadrapod. Two different options for the focal-plane instrumentation
are prototyped, both using identical photo multipliers:

NectarCAM uses the ‘Nectar’ analog pipeline ASIC for signal capture with GSample/s sampling
rate. The design shares many features/components with the LST camera.

FlashCam readout is based on signal sampling with a 250 MSample/s flash-ADC followed by
digital signal processing and triggering.

For both cameras the electronics is integrated in the camera body also combining water and air
cooling to remove heat.

Dual-Mirror Medium Size Schwarzschild Couder Telescope (SCT): is a dual mirror version of the
MST. Such telescopes are proposed to expand or to complement the MST array. The SCTs have
improved angular resolution as a result of a smaller PSF and the very large number of camera
pixels (~11000), based on Silicon-PMTs, covering 8° field of view. Both the 9.7 m diameter pri-
mary and 5.4 m secondary mirrors are segmented and use active alignment. The SCT uses the
same positioner as the MST and the camera technology developed for the SCT is also used in the
SST-2M GCT. SCT is not part of the baseline scope of CTA.

Small-Size Telescope (SST): three different implementations are being prototyped and tested, one
single-mirror design (SST-1M) and two dual-mirror designs (SST-2M ASTRI, SST-2M GCT). The
dual-mirror designs offer improved imaging across the wide field of view. Their short focal length
and resulting small plate scale allows the use of silicon photomultiplier arrays, assembled in very
compact cameras. SST-1M also uses silicon sensors, in the form of individual hexagonal pixels
equipped with Winston cone light concentrators.

SST-1M: The mount of the SST-1M is a down-scaled version of the MST mount. The 4 m diam-
eter, f=5.6 m reflector uses hexagonal mirror facets. The readout system of silicon pixels is
based on flash-ADC conversion followed by digital signal processing and triggering, as used
in FlashCam, but with a different electronics implementation and packaging to fit into the
smaller camera body.

cta CTA Construction Project Page 22 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
~ CTA Construction Proposal Overview




1. The CTA Observatory 1.2 CTA Telescope Arrays

SST-2M ASTRI: SST-2M ASTRI uses a very rigid alt-azimuth mount and primary dish. The 4.3 m
diameter primary mirror is segmented into hexagonal facets and the 1.8 m secondary mirror
is monolithic. The camera at a focal position of f=2.15 m uses custom peak-hold ASICs for
signal capture.

SST-2M GCT: The optics layout of the SST-2M GCT is very similar to SST-2M ASTRI, but the
alt-azimuth mount emphasises a low-mass design. The 4 m diameter primary and the 2 m
secondary are divided into 6 petal-shaped segments each. The camera uses the TARGET
analog pipeline ASIC for signal capture at 1 GSample/s sampling rate.

The final arrays are likely to combine medium size telescopes (MSTs and perhaps SCTs), two types
of MST cameras and two or three types of SSTs, reflecting the funding and resources available to the
different teams intending to provide telescopes or telescope components as in-kind contributions. The
interfaces required for ease of deployment, operation and maintenance of these are clearly defined and
the impact on operations and maintenance costs of multiple designs is considered to be not significant
as long as significant (approximately 20) copies of each type are deployed.

Beyond performance specifications such as light collection power, point spread function (PSF), pixel
size and field of view, emphasis was placed on improved reliability and good maintainability compared
to current telescopes; key requirements include the availability of individual telescopes and the number
of weekly person-hours required for preventive and corrective maintenance.
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1.3 CTA Performance

The predictions for the performance of the CTA arrays were derived through detailed simulations by
the Monte-Carlo (MC) method, followed by analysis procedures as currently used within the H.E.S.S.,
MAGIC, or VERITAS collaborations, or minor modifications of such procedures. The simulation is divided
into two main parts:

the simulation of the evolution of the particle cascade (‘air shower’) initiated by a gamma ray or
cosmic ray (CR), such as a proton, nucleus, or electron, as well as the emission of Cherenkov
light by the particles in this cascade and

the simulation of the response of the instrument to the Cherenkov light arriving on the ground, to
the level of data as it would be read out by a real instrument from real showers.

Because the flux of incident cosmic rays — background for the purpose of CTA — is so much higher
than the flux expected from gamma-ray sources and because of the excellent rejection of the CR back-
ground in CTA analysis procedures, these simulations were required to use a huge number of back-
ground events, in particular many billions of protons. Accurate simulation of the particle physics includes
interactions, decays, particle propagation in the presence of the geomagnetic field and energy loss
mechanisms, and also the emission of Cherenkov light and the propagation of this light down to the tele-
scopes. The telescope simulation includes detailed ray-tracing on the segmented reflectors, various loss
mechanisms for the incoming Cherenkov photons (atmospheric extinction, reflectivity, transmission and
efficiency of entrance window and light collectors in front of each pixel), the photo detection efficiency
of the photo-sensors, the fluctuation of the resulting signal and the inherent electronic noise. The final
steps in this detector simulation are the digitisation of the resulting signal and the trigger decisions for
recording the event, at the level of a single telescope as well as at the level of a coincidence (“stereo
trigger”) in the array.

The simulations were extensively tested by comparison with existing instruments, to describe their char-
acteristics and performance. This section summarises the predicted performance characteristics of the
CTA arrays. Details are given in the Observatory Model document.

1.3.1 Sensitivity and Effective Area

The most relevant performance parameter for CTA is the differential sensitivity for point sources, as
a function of gamma-ray energy and exposure time. The sensitivity depends on the accuracy of the
shower reconstruction (in particular the angular resolution) and the effective areas for identifying (or mis-
identifying) showers from gamma rays, electrons, protons, etc. as gamma rays within some maximum
angle from the source position (in the source region on the sky).

Figure 1.8 illustrates how the flux sensitivity of the southern CTA array compares with the sensitivity
requirements, for different exposure times. Also shown is the goal sensitivity for a 50 h exposure; the
simulated performance exceeds the minimal requirements and reaches the more ambitious goal sensi-
tivity. It should be noted, however, that average sensitivity under realistic conditions (not all telescopes
providing data, imperfect calibration, and degraded transmission of optical systems) is about 20% worse
than simulated here. Figure 1.9 shows the flux sensitivity of the northern CTA array. Despite the identical
configuration of LST telescopes, sensitivity is slightly worse than for the southern array even at lowest
energies, due to the larger geomagnetic field. Figure 1.10 (left) shows how gamma-ray sensitivity varies
across the field of view, for different energy ranges. Except at the lowest energies, the useful field of
view has 3° radius or more.

The energy-dependent effective detection area is another key characteristic of the instrument, and is
shown in Figure 1.10 (right), for the southern array. As a result of the graded array with three different
telescope sizes, after a relatively sharp threshold at the very lowest energy the effective area increases
gradually with energy, partly compensating for the decreasing gamma-ray flux. Effective area of the
northern array is similar at sub-TeV energies but levels off at about 106 m? at high energy.
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Figure 1.8 — Flux sensitivity vs energy for the southern array, under ideal conditions. Shown is the minimal flux detectable
per 0.2 decade in energy band 0.5/5 /50 h exposure at 20° zenith angle, compared to sensitivity requirements (red lines).

Also shown is the sensitivity goal specified for 50 h (green line).
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Figure 1.9 — Flux sensitivity vs energy for the northern array, with requirements (red lines) and goal (green line).
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Figure 1.10 — (left) Flux sensitivity as a function of angle of gamma rays with respect to the center of the field of view for the
southern array. Sensitivity is normalized to the value at the centre of field of view. (right) Effective gamma-ray detection area
for the southern array (20° zenith angle observations), for cuts optimised for different exposure times.

1.3.2 Angular Resolution and Energy Resolution

Good angular resolution is crucial for resolving complex gamma-ray sources. Angular resolution as a
function of energy is shown in Figure 1.11(left). At the very highest energies, current analysis procedures
— depending on the details of the event selection — either meet the sensitivity requirements, or the
angular resolution requirements, but not both simultaneously; further optimisation of event selection
remains to address this small problem. At TeV energies, an angular resolution of 3 arc-minutes or better
can be realised. Figure 1.11 (right) illustrates the gamma-ray energy resolution, relevant for accurately
reproducing cut-offs in source spectra or resolving dark matter lines.
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Figure 1.11 — Angular (left) and energy (right) resolution of the southern array for gamma rays. Red and green lines indicate
requirements and goals respectively. Plots for the northern array are very similar.

1.8.3 Partial Arrays

Depending on the specific science issues to be addressed in the observations, sub-arrays of LST, MST
and SST telescopes may be used separately, pointing at different targets. During construction, or be-
cause of a staged implementation, only a reduced number of telescopes may be available for obser-
vations. Figures 1.12 and 1.13 serve to illustrate (southern) array sensitivity under such conditions.
Figure 1.12 demonstrates that an LST sub-array alone meets sensitivity requirements up to energies
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around 200 GeV. An MST sub-array alone meets requirements between approximately 100 GeV and 10
TeV; the SST sub-array alone above approximately 2 TeV.
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Figure 1.12 — Sensitivity of the full southern array (20° zenith angle, 50 hours observation time) and its three telescope
sub-arrays. Also shown is the combination of all MSTs and SSTs (excluding only the LST sub-array). The shaded band
indicates the range of sensitivity requirements (upper edge) and goals (lower edge).

In case only a fraction 7 of the full number of telescopes is available, the (energy-averaged) flux sensi-
tivity degrades as 1%, for » > 0.5, indicating a graceful degradation. A loss of 1/3 of the telescopes
will increase detection thresholds by 27%. However, performance loss is not uniform across the CTA
energy range. Figure 1.13 compares, as a function of energy, the observation time required to reach
a certain spectral sensitivity, for 1/3 and 2/3-completed southern arrays as compared to the full array.
The dramatic deterioration of performance of the 1/3-completed array at low energy reflects the fact that
2 LSTs are marginal for good stereo shower imaging; the similarly rapid deterioration at high energy
is because in this rate-limited domain, sensitivity is essentially determined by number of telescopes x
time.
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Figure 1.13 — Comparison of energy-dependent sensitivity of full and partial arrays, showing the ratio of the observation
time required to achieve a given differential sensitivity, for ~1/3 and ~2/3 complete arrays, relative to the time required for
the full southern array. The ‘1/3’ complete array includes 2 LSTs, 6 MSTs and 24 SSTs; the "2/3’ complete array comprises
3 LSTs, 15 MSTs and 48 SSTs.
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2 The CTA Facility

CTA will be operated as an observatory, supporting a wide community of users and providing differ-
ent means of access to observation time and data. A summary of the operations model is presented
here; details are provided in the Observatory Model document. CTA Observatory operations include the
following functional units (User interaction and flow of information is shown in Figure 2.1):

Central Administrative Headquarters: overall administration of CTA Observatory operations.

Central Science Operations: responsible for the overall science operation. Includes proposal han-
dling, science planning and observations planning, including long-term observations scheduling.

Central Science Data Centre: responsible for data reduction, Monte Carlo simulation and data dis-
semination, making the science products available to the world-wide community. Large-scale
computing resources for data management may, but need not, be located at the Science Data
Centre. In general, computing resources are more efficiently and more flexibly provided by large
computing centre(s) and accessed via grid services.

Northern and Southern Array Sites: responsible for the operations of the arrays and for the quality of
the data being taken. Generates the short-term schedule of observations for each site based on
the input from the Science Operations Centre. Perform telescope operation, instrument calibration,
performance monitoring, instrument maintenance, data acquisition and on-site analysis. Recorded
data are forwarded, after preliminary calibration and validation, to the Science Data Centre for
further processing.

Observatory User

Administrative Headquarters

——————————— ] - -
: Proposals | : Data |
: : North Site 1 Producs |
| I Operations | |
1 1 1
1 Science I I
H .
1 Operations : T X Science Data :
I 1 Centre
! Centre \ | :
1
1
|  S—— South Site :
! > Operations Data |
1 Schedules p 1
| ' . 1
|
X | A Lo __. ' :
: Administration, reporting, monitoring :
f v v Vv v 1
1 |
1 I
1 |
1 |
|

Central Activities

Figure 2.1 — User interaction and flow of processes for the CTA Observatory.
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The overall goal for CTA Observatory operations is to maximise the scientific productivity of the CTA
observatory by:

» making the instrument available to a large community of scientists with user-level expertise, and
providing the appropriate tools to these users;
« allocating observation time primarily on the basis of the scientific excellence of proposals;

« providing high flexibility of scheduling and operation, allowing subdivision of the arrays into sub-
arrays optimally matched to a specific science issue;

 ensuring an optimal performance of the arrays by appropriate calibration and maintenance, and
providing high availability of individual large, medium and small-size telescopes and of the array
control systems;

* providing a near-real-time data analysis enabling immediate reaction to source detections and
time-variable phenomena;

« delivering fully calibrated scientific data of high and consistent quality together with all ancillary data
needed for data analysis, in formats compliant with standards of major astronomical observatories,
allowing for a wider and more complete scientific exploration of the data taken,

« providing efficient tools for data analysis, which allow reliable analysis of data by non-experts,
extracting sky maps, spectra and light curves;

» adapting and improving over time the operations procedures, calibration procedures and data
analysis algorithms, towards improving the performance and the understanding of the instrument,
and minimising systematic uncertainties in the data; and

+ promoting CTA and its science capabilities and results through communications and outreach ac-
tivities,

and at the same time:

* ensuring, with highest priority, the safety of those involved in the operation of CTA; and

* minimising operating costs through efficient operation, a high degree of reliability of components,
and a high degree of automatisation in array operation and data processing.

2.1 User Access and User Services

The modes of user access to CTA will be:

The Guest Observer (GO) Programme — by which users can obtain access to proprietary observation
time, submitting proposals in response to Announcements of Opportunity (AOs);

The Key Science Projects (KSPs) — are large programmes that ensure that some of the key science
issues for CTA are addressed in a coherent fashion, with a well-defined strategy. See Chapter 3;

Director’s Discretionary Time (DDT) — a small fraction of observation time may be reserved for, e.g.,
unanticipated targets of opportunity, or outstanding proposals from non-member countries;

Archive Access — under which all CTA gamma-ray data will be openly available, after a proprietary
period.

The total amount of annual on-target observation time for each of the two Observatory sites ranges
from about 1000 h/y (prime time, moon well below horizon) to about 1300 h/y (including moon time
with somewhat degraded performance), or 2000 h/y to 2600 h/y total. For part of the observation time,
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telescope arrays may be split up into sub-arrays, effectively increasing the available observation time
by another 20-30%. Typical Guest Observer proposals will require between a few hours and 100 h of
observation time.

The execution of observations will take place in service mode, in which observations fully pre-defined
by the users will be executed under suitable external conditions; the user can request specific telescope
configurations, and specify a minimal sky quality for observations to be carried out. A scheduling al-
gorithm will schedule observations with the criterion of best possible use of available observation time,
respecting priorities defined in the proposal evaluation process. Presence of users at the sites during
observations is not foreseen.

The observatory will calibrate the acquired data using standard pipelines, and reconstruct photon direc-
tions and energies, allowing for several levels of quality selection. By default, only event lists, relevant
instrument response functions (IRFs), and auxiliary data will be delivered to the user, in a format which
is compact and compatible with standard astronomical tools, together with dedicated software packages
for data analysis. Appropriate documentation, examples and a help desk will be provided and data
analysis workshops will be organised.

Science data, calibration data and auxiliary data will be permanently stored in the Data Archive, avail-
able to Archive Users after an applicable proprietary period. The Data Archive should remain available
beyond the operations period of the Observatory. High-level data such as sky maps, light curves, source
catalogs will be made available in a Virtual Observatory (VO) compliant format. Alerts from CTA on
noteworthy astronomical events (e.g. the flare of an AGN) will be sent to the wider community in the VO
Event format.

The Observatory will establish a Users Group for providing advice to the Observatory regarding its pro-
cedures and performance, on all areas of its operations that affect users of the facility. The Observatory
will use this information to improve the service it provides to users.

CTA Observatory will monitor the scientific and technical performance of the facility in a variety of ways
(such as the amount of observation time delivered to users, the volume of the archival data delivered to
archive users, bibliometric standards, the performance of each component of the facility and the fraction
of time during which the component is within specifications, and sources of operational overheads and
the different categories of losses of observation time). Performance indicators will be made available to
the supervising committees and to the Users Group.

2.2 Legal Structure, Governance, Organisation

The proposed legal structure of the CTA Observatory is illustrated in Figure 2.2. An international con-
vention (‘Founding Agreement’) defines the general framework for construction and operation of the
Observatory. Shareholders nominated by the participating countries form a parent company responsi-
ble for construction and operation of the facility; a national limited liability company is proposed as the
most suitable solution. Depending on the legal situation in the host countries, the parent company may
establish subsidiaries in the host countries, to limit its liability, or operate directly in the host countries.
Agreements on contributions to construction and operation are concluded with the parent company;
hosting agreements for the arrays are concluded either with the subsidiaries or with the parent company.
In the cases where countries or agencies cannot join a foreign legal entity, their contributions and usage
rights will be defined in separate third-party agreements. Regarding potential contributions from other
entities, such as private foundations, case-by-case arrangements will need to be found.

Concepts for CTA Observatory governance and management are illustrated in Figure 2.3. They follow
the schemes used in many similar facilities and will be implemented in a similar manner in the (current)
interim CTA Observatory gGmbH:

Council of representatives of stakeholders: the Council is the ultimate decision-making body of the
Observatory.

Administrative and Finance Committee: this committee is charged with the general responsibility of
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Figure 2.2 — Proposed legal structure of the CTA Observatory.

advising the Council on all matters of administrative and financial management and of exercising
on behalf of the Council powers delegated to it.

Scientific/Technical Committee(s): this committee is charged with the general responsibility of advis-
ing the Council on scientific/technical matters related to Observatory construction and operation.
Depending on the phase of CTA construction and operation, functions may be combined in a single
committee, or split into a scientific and a technical committee.

The Directorate: appointed by the Council, the Directorate may be composed of one or several per-
sons, who will individually or collectively be responsible for the operation of the Observatory.

2.3 Observatory Operation

Central operations activities encompass:

Management and administration: Overall management and administration of the CTA Observatory,
its personnel, and its sites and centres.

Governance and Policies: Observatory governance exercised by the Council of shareholders and stake-
holders, supported by appropriate administrative, scientific and technical committees as described
above.

Science Operations: Central science operations include proposal handling, planning and monitoring
of observations, data management, and user support activities.

Technical Operations, including:
 Central support, coordination and monitoring of array operations, e.g. regarding operations

procedures, maintenance, documentation and safety.

» Support Services: Various technical services required for operation of central CTA facilities,
including IT services.

* Instrument Development: Incremental improvements of the Observatory’s instruments, to-
wards improved efficiency of operation and maintenance, and towards improved performance.
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Figure 2.3 — Scheme for Observatory governance and organisation.

Central activities will be located at the CTA headquarters, with the possible exception of data manage-
ment which could optionally be located at a separate data management centre. The location of the CTA
headquarters has not been defined at this time; apart from sufficient office space, meeting rooms etc.
CTA will require significant data processing capabilities. Data processing resources will likely not be
based at the headquarters or at a data management centre, but will rather be located at large-scale
computing centres.

Current operating cost estimates assume that central activities including data management can be car-
ried out by a staff of 34 persons; this number is likely to increase by 10-15 persons once the staff
requirements listed in the latest version of the Data Management Technical Design Report are imple-
mented.

Site operations encompasses management, instrument operations, instrument maintenance, and sup-
port services. The Site Manager has overall responsibility for site operations, following the policies,
directives and guidelines established by the Headquarters.

Instrument operation: The CTA arrays will be operated by professional operators during night time,
with largely automated queue mode operation, on the basis of long-term observation schedules
prepared centrally and adapted in reaction to hardware availability, atmospheric conditions, and
environmental conditions.

Instrument maintenance and calibration: Preventive/predictive maintenance as well as corrective main-
tenance will be carried out during daytime by a team of Observatory engineers and technicians.
Corrective maintenance will mostly concern the exchange of Line Replaceable Units (LRUs); repair
of LRUs will usually be delegated to the supplier.

Support services: These include the various services required to operate the site, including (i) logis-
tics, (ii) facilities operations, and (iii) IT services.

Operations, maintenance, performance monitoring and calibration will be supported by instrument sci-
entists.

Current estimates are that arrays will be available for science data taking 91% of the dark time, with
at least 75-80% of the telescopes participating in data taking. Weather-related losses are expected to

cta CTA Construction Project Page 33 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
""""""""" CTA Construction Proposal Overview




2. The CTA Facility 2.4 Data Policy

amount to approximately 20% of the dark time for the southern site and slightly more for the northern
site, resulting in a net on-target prime science time of about 1080 h per year (south) under astronomical
darkness, with the moon well below the horizon, and 950 h per year (north). Observations during
moon time with somewhat degraded performance will increase the observation time by about 30%. The
gamma-ray detection-rate limited, moon-light insensitive SST arrays will be operated during all clear
nights, regardless of moon elevation.

Compared to nominal performance (all telescopes operational in pristine condition and perfect calibra-
tion), telescope availability, camera deadtime, calibration imperfections and degradation of the optical
systems are expected to reduce average sensitivity by up to 20%. The array design provides a suf-
ficient performance margin such that the performance requirements are met under average operating
conditions.

Site personnel will be under the supervision of a site manager, and — beyond operators and mainte-
nance personnel — will include administrative staff and personnel responsible for site support services.
Housekeeping, canteen services, general site maintenance, guard/reception services etc. are planned
to be outsourced. Part of the maintenance activities could be outsourced, depending on availability of
suitable contractors.

Current estimates of operating costs assume a staff of 39 persons at the southern site, including 10
persons associated with instrument operation and 23 persons associated with instrument maintenance.
Northern site operations assume a staff of 24 persons. An off-site administrative office desirable for
some sites will increase staff by a few.

2.4 Data Policy

All data obtained with the CTA Observatory instruments are Observatory property. The CTA Observatory
grants a 12-month proprietary period for science data to the Principal Investigator (PI) of the programme
under which those data were obtained. The proprietary period starts at the time when the data are made
available to the Pl of the programme in a usable form, i.e. suitable calibration and appropriate data
processing software being available. At the end of this period, the data are available to the community
through the public archive, along with the abstract of the original proposal that generated them.

Access to the archive is not restricted to scientists from CTA Observatory member states or member
organisations. The Principle Investigator (Pl) of a successful proposal and, after the proprietary time the
archive, is delivered Level-3 data and higher level data, i.e. event lists of gamma-ray candidate events,
with the option of different selection parameters, and including appropriate information on event quality.
Processing and calibration will be the best available to the CTA Observatory at the time of delivery to
the PI.

Access to lower-level data may be granted upon request, subject to availability of appropriate resources
by the CTA Observatory; the Observatory is not obliged to provide software or user support for analysis
of such data. For internal use and purpose of calibration and monitoring, the CTA Observatory can
access and analyse all data, regardless of proprietary periods.

With a > 5 degree gamma-ray field-of-view, the occurrence of multiple sources in the field-of-view of
CTA is highly probable, and multiple different observers may have their targets observed in the same
observation (in particular as the CTA observation will be optimised to maximise exposure to all accepted
targets). Pls will receive the data from the entire field-of-view. This procedure may be required to
deal with diffuse gamma-ray background or possibly overlapping sources. In the case when several
targets from different approved proposals are in the same field-of-view during one or several exposures,
exclusive rights are given to the different proposers to publish only the data related to the region of the
field of view requested and approved for that observation and to keep results from regions allocated to
other proposers confidential.

Serendipitous sources present in a specific observation, but not part of any approved proposal’s list of
targets, may be published by any of the scientists already granted rights on this specific observation for
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the proprietary default period.

The CTA Observatory will, as part of real-time data monitoring, monitor fields-of-view for transient
sources. In case a transient is detected, the Observatory will routinely issue an alert to the commu-
nity. Pls may in their proposal request that no alerts are issued for specified fields.

The CTA Consortium Key Science Projects (KSPs) will cover a time-dependent percentage of the total
observing time. Surveys, as well as pointed observations, are foreseen as part of the KSPs. The list of
fields and targets of those individual Key Science Projects will be published prior to each AQ.

2.5 Operating Cost Summary

The future operating cost is estimated on basis of an operations work-breakdown structure (WBS). A
summary is provided in Table 2.1, with a breakdown in Figure 2.4. Uncertainty in the operating costs is
estimated to be at least 25%. Cost estimates and uncertainties are subject to various caveats, including:

« Site selection: conditions and operating modes at the sites currently still under consideration differ
substantially. For example, for the southern site, in Namibia CTA would build up and operate the
arrays at a green-field site, whereas in Chile CTA operations would very likely be carried by ESO
and integrated into a well-developed technical and administrative infrastructure. Costs for power,
utilities, and commute differ significantly between sites. Operating costs presented here apply to a
generic site. Studies carried out in the context of site selection indicated operating cost differences
of +17%,-13% relative to generic sites.

« Data Management: assumptions of manpower required for data management and of cost of data
management resources used in the Observatory Operations Technical Design Report do not yet
fully reflect the larger numbers provided in the latest version of the Data Management TDR.

+ Administration: estimates in the Observatory Model document of the administrative personnel may
be rather too low, in particular if in addition to the personnel on array sites, an office in a major city
in the host country is required for liaison, hiring, and procurement.

Some routine operation could start once the pre-production telescopes are deployed: operating costs
will incur at a level of about €3m that year, and rise roughly linearly with time to the steady-state value.

CTA Observatory Operations Estlmateg yearly Planned staff FTE LU LG Pl
expenditures personnel

Central Activities 2924 130 € 40,5 5941630 €

Operations South 3410678 € 39,4 6 162 678 €

Operations North 2020 088 € 24,2 3726088 €

CTA Observatory Operations Total 8354896€| 1041 | 15 830 396 €

Table 2.1 — Annual CTA Observatory operations costs by functional unit.

Total =15 830 396 €

Personnel

\&

Board & Lodging
Services

Instrument
Development

Administration & Facility Operation
Consumables

Figure 2.4 — Breakdown of annual CTA Observatory operations costs by category.

cta CTA Construction Project Page 35 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
"""""""" CTA Construction Proposal Overview



2. The CTA Facility 2.5 Operating Cost Summary

CTA Construction Project Page 36 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
CTA Construction Proposal Overview




3. The CTA Science Core Programme

3 The CTA Science Core Programme

CTA is conceived as a general purpose observatory for astronomy at the highest photon energies, com-
bining: guaranteed science in the form of precise measurements of known sources and phenomena;
‘planned’ discoveries based on theoretical modelling and/or extrapolations; and potential for truly new
and by definition unexpected phenomena. The Key Science Projects (KSPs) described in the pro-
gramme target the first two categories, but are also designed to provide excellent datasets in which the
unexpected may be revealed. The accompanying ‘Science Case’ document (OBS-TDR/141106) pro-
vides an extended introduction to CTA science in general and provides the current status of plans for
the key science programme. This section briefly summarises these plans. For all references and details
please see the primary document.

3.1 KSP Concept

The CTA Key Science Projects have been defined through a multi-year process of discussion within the
CTA Consortium and in interaction with the wider interested community. They are ambitious projects
with very significant scientific promise that also require considerable observation time. As such they
are suitable for execution in the guaranteed time of the CTA consortium. Figure 3.1 provides a matrix
of the main science questions within the CTA themes versus Key Science Projects. The KSPs are
multi-purpose observations designed to efficiently address the broad ranging science questions of CTA.

The criteria used for selection of these baseline KSPs were:

1. Excellent scientific case and clear advance beyond the state of the art;
2. The production of legacy data-sets of high value to a wider community;
3. Clear added value of doing this as a KSP rather than as part of the Guest Observer Programme:
« the scale of the project in terms of observing hours - very large projects will be difficult to
accommodate in the open time early in the lifetime of the observatory;

« the need of a coherent approach across multiple targets or pointings;

« the technical difficulty of performing the required analysis and hence reliance on consortium
expertise.

The individual KSPs are summarised in turn below, starting with an overview of the Dark Matter Pro-
gramme (which crosses KSP boundaries). We note that the Core Programme is expected to evolve
significantly before it is implemented, due to evolving theoretical understanding and new observational
insights. It is envisaged that working groups within the CTA Consortium (CTAC) will continuously improve
and update the programme.

3.2 KSP Overview

Table 3.1 summarises the targets, observation time requirements and data products of the different
KSPs.
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3. The CTA Science Core Programme
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3. The CTA Science Core Programme 3.2 KSP Overview

Required Dark Time (hours)

Main data products

KSP/Programme

Data cubes and DM parameter

300 space interpretation

Dwarf Galaxy Satellites

525 Data cubes, maps, light curve
Data cubes, maps

SgrA
Extended halo

300 <1<60 780

240 <1< 300 180 Catalogue, Diffuse emission model,

210<1<240 60 PeVatron candidate list, variability

60 <1< 150 450 detections

150 <1< 210 150

LMC 340 Catalogue, Diffuse emission model

SN 1987A 150 Light curve and spectrum

-90<1<90,b>5 200 300 Catalogue

GRBs 500 500

Galactic transients 60 60

High-energy neutrino tansients 50 50 .

GW transients 50 50 Lightcurves and spectra

Optical and radio transients 100 100

Serendipitous VHE transients 250 250

5 candidates from GPS 250 Data cubes and maps, spectra for

RX J1713.7-3946 50 sources

Cygnus 130

Carina 100

Westerlund 1 40 5 N . ;

M 31 150 ata cubes and maps, spectra for
sources

NGC 253 100

M 82 100

Arp 220 50 50

AGN: pointed blazars 105 150 Catalogue

AGN: radio galaxies 150 110 Catalogue

AGN: monitoring 195 555 Long-term light curves, spectra

AGN: flare follow-up 310 475 Flare light curves, spectra

AGN: snapshots & verification 225 600 Flare alerts

Data cubes, light curves and
Perseus spectra for sources

I N T A

Table 3.1 — Summary of the targets, time requirements and data products of the KSPs.

3.2.1 Dark Matter Programme

The existence of dark matter is now well established but the nature of dark matter is at present still un-
known. Multiple hypotheses endure as to the character of dark matter and for the most popular models
discussed over the past decades CTA has a unique chance of discovery. In the form of Weakly Inter-
acting Massive Particles (WIMPs) dark matter particles can self-annihilate, converting their large rest
masses into other particles, including gamma rays. Indirect detection from such annihilations provides
a unique test of the particle nature of dark matter, in situ in the cosmos. In the standard thermal history
of the early Universe the annihilation cross-section has a natural value, the (velocity-weighted) “thermal
cross-section”, < ov >~ 3 x 10726 cm3s~!, which provides the scale for the sensitivity needed to dis-
cover dark matter in this way. Particular models for WIMPs such as supersymmetry (SUSY) and theories
with extra dimensions, give predictions for gamma-ray energy spectra from the annihilations which are
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3. The CTA Science Core Programme 3.2 KSP Overview

essential ingredients towards the predictions of the sensitivity of the indirect searches. Another vital
ingredient in the CTA sensitivity predictions is the distribution of dark matter in the targets observed for
the search.

The priority for the CTA Dark Matter Programme is to discover the nature of dark matter with a positive
observation. The publication of limits following non-observations would certainly happen but in planning
the observational strategy the priority of discovery drives the programme. The principal target for dark
matter observations in CTA is the Galactic halo. These observations will be taken within several degrees
of the Galactic Centre, but with the most complex central region removed from the analysis. With the
most-commonly assumed dark matter profiles, CTA observations of this region for 500 hours, provide
sensitivities below the thermal cross-section and hence a very significant chance of discovery. Since the
dark matter density in the local galaxy is far from certain, other targets are also proposed for observation.
Among these back-up targets, the most promising based on current knowledge are known ultra-faint
dwarf galaxies such as Segue 1. New star surveys will extend the knowledge of possible sites of large
dark matter concentrations and a detailed study of the latest data will be made to continuously select the
best targets for dark matter searches in CTA. Among these new possible targets are new candidate dwarf
galaxies and dark matter clumps which could be very promising sources if their location is identified a
priori. Beyond the targets proposed for observations in the present KSP, the Large Magellanic Cloud and
Galaxy Cluster KSPs provide further opportunities for the study of DM. The sensitivity predictions for the
Galactic Halo, the dwarf galaxy Sculptor and the Large Magellanic Cloud are summarized in Figure 3.2.

Further detailed work is needed to understand background systematics and to optimise the strategy for
the Galactic Halo observations, but CTA should be able to probe the parameter regions M,, ~ 0.5 to 20
TeV and (ow) in the range 5 x 10727 to 3 x 10726 cm®s~!, providing very significant discovery potential
and strong complementarity to other approaches, which are typically sensitive to lighter WIMPs.
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Figure 3.2 — Comparison of predicted sensitivities in (ov) for the targets of: the Milky Way Halo; the Large Magellanic Cloud
and the dwarf galaxy Sculptor. The CTA sensitivity curves use the same method and WW— annihilation modes for each
target and the NFW dark matter profile. The sensitivities for the three targets are all for 500 hours taking into account only
statistics errors. The left panel displays the zoomed sensitivities in the TeV mass range together with pMSSM models. The
right panel allows to appreciate the predicted sensitivities of the whole DM mass accessible to CTA.

3.2.2 The Galactic Centre

The Galactic Centre (GC) region hosts the peak dark matter density in our galaxy, the closest super-
massive black hole, a number of poorly understood non-thermal features such as the radio arcs, and
a rich population of high-energy accelerators and diffuse emission throughout the Central Molecular
Zone (CMZ). The region is also the base of the large-scale Galactic outflows or jets inflating the “Fermi
bubbles”. It is arguably one of the most studied regions of the sky in nearly every wavelength.
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3. The CTA Science Core Programme 3.2 KSP Overview

The deep observation of the GC is therefore motivated by a wide range of astrophysics questions well
beyond the DM case. Current very high energy (VHE) data indicate point-like emission coincident with
Sgr A* within ~6 arcseconds, and diffuse emission coincident with the CMZ. Progress with current
IACTs and Fermi is limited by the angular resolution and sensitivity of these instruments, the major im-
provements in these areas with CTA (combined with the wide field of view, greatly reduced backgrounds
and the deep exposure) is expected to have a transformational effect on the high energy astrophysics of
the GC region.

Specific CTA objectives are to identify the nature of the central source and establish its relationship
to the surrounding diffuse emission, for example by resolving emission from CMZ clouds/clumps down
to few parsec scales; to search for high-energy emission from large-scale outflows; to probe source
populations in the region, including stellar clusters such the Arches and Quintuplet, and separation of
them from the large-scale diffusive emission. CTA will be sensitive to 10% level variability of the central
source on the hour timescales on which the X-ray emission from Sgr A* varies by an order of magnitude.

3.2.3 Galactic Plane Survey

CTA’s very wide field of view (and two sites) make a complete survey of the Galactic Plane a realistic
prospect early in the lifetime of the observatory. Furthermore, the sensitivity reached by such a survey
(~ 1071 erg cm=2 s~! around 1 TeV ) will enable the detection of ~400 new Galactic TeV sources
from known object classes, allowing the first real population studies for high-energy emitters in our own
galaxy, and provide enormous discovery potential for new phenomena. A deeper inner galaxy survey
will be accompanied by a shallower all-plane survey, plus intermediate depth in key regions including
Carina, Vela and Cygnus.

Object classes comprehensively covered by the survey include supernova remnants, pulsar wind nebula,
accreting and wind-interaction binaries and super-bubbles. The dataset will enable diffuse emission
along the plane to be mapped, and allow the relationship of diffuse emission to sources to be probed.
Each sky position will be observed multiple times, to prove transient and variable phenomena.

The sensitivity achieved is such that objects with the typical luminosity of known Galactic TeV sources,
which lie typically at a few kpc distance, will be detectable throughout the Galactic volume. This KSP
therefore provides a census of particle acceleration in our own galaxy, with not just a large statistical
sample of objects, but in each case wide energy coverage and sufficient angular and energy resolution
to probe energy-dependent morphology due, for example, to cooling and/or transport effects. This KSP
will also identify sources with significant emission well beyond 10 TeV, for follow-up in the dedicated KSP
for cosmic ray PeVatrons (see below). Figure 3.3 shows a simulation of the results from this KSP for the
inner galaxy.

Latitude (deg)
'

Figure 3.3 — Top: simulated CTA image of the Galactic plane for the inner region, —80° < I < 80°, adopting the proposed
GPS observation strategy and a source model incorporating both SNR and PWN populations as well as diffuse emission.
Bottom: a zoom of an example 10° wide region.

Regular data releases from the survey, and high-level data products including a source catalogue and
flux maps, will inform and support the Galactic elements of the Guest Observer Programme, as well as
provide a significant part of the long term legacy for the community from CTA.
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3. The CTA Science Core Programme 3.2 KSP Overview

3.2.4 Large Magellanic Cloud Survey

The Large Magellanic Cloud (LMC) is a prominent very nearby galaxy hosting a number of extreme and
puzzling objects and systems: the star-forming region 30 Doradus (the most active star-forming region
in the local group of galaxies), R136 (an exceptional super star cluster with a huge concentration of
very massive O and Wolf-Rayet stars), supernova SN1987A (the closest supernova in modern times),
the puzzling 30 Dor C superbubble (a rare superbubble with non-thermal emission). As a satellite of
the Milky Way, it is one of the nearest star-forming galaxies, and a very active one: it has one tenth
of the star formation rate of the Milky Way, distributed in only about two percent of its volume. This
activity is attested by more than 60 supernova remnants, dozens of HIl regions, bubbles and shells
observed at various wavelengths, and all with potential gamma-ray counterparts. The LMC is seen
nearly face-on at high Galactic latitude, hence source confusion, line of sight crowding, and interstellar
absorption are significantly less problematic than for MWL comparisons in our own galaxy. The LMC is
therefore a unique target to obtain a significantly-resolved global view of a star-forming galaxy at TeV
energies. In addition, the distance to the LMC is known at the percent level, allowing precise luminosity
measurement, something which is often a problem for Galactic sources.

The proposed observational programme is an initial deep scan over a circular region of radius 3.5° with
340 hours of observations, with additional time foreseen for follow-up of SN 1987A if detected. The
current gamma-ray view of the LMC is provided by Fermi-LAT and H.E.S.S., revealing a small number
of very luminous objects. As Figure 3.4 shows, the view with CTA is dramatically different, allowing us to
probe much deeper in to source populations present and to map diffuse emission. The CTA data will be
compared to an existing very rich MWL dataset and will strongly complement the data available on our
own galaxy via the Galactic Plane Survey KSP.
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Figure 3.4 — Simulated CTA data from an LMC survey (right) compared to the expectation from the same simulation for the
current HESS dataset (left, mimicking the existing data). See for details.

3.2.5 Extragalactic Survey

Our current view of the extragalactic (EG) sky at TeV energies is extremely biased: the 55 known EG
TeV-emitters were typically targeted based on archival optical/X-ray or gamma-ray data, or triggered by
flaring activity in one of these bands. A large-scale blind survey of the extragalactic sky is therefore
strongly motivated to provide an unbiased view of EG source populations at the highest energies for the
first time.

The region of the planned 1000-hour extragalactic survey is sketched in Figure 3.5. The survey connects
with the Galactic Plane Survey (|b|] < 5°) and covers ~25% of the sky over the Galactic longitude
range —90° < [ < 90°. The proposed survey would be performed as a joint North-South CTA survey
with zenith angles of observations smaller than 45° to ensure uniformity in the energy threshold and
resulting sensitivity. Several highly interesting regions such as the Virgo cluster, Coma cluster, Fermi
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3. The CTA Science Core Programme 3.2 KSP Overview

bubble (Northern part), Cen A and many other known targets will be covered by the proposed survey.

The TeV EG sky is currently dominated by BL Lac type objects, with a small number of radio galaxies,
flat-spectrum radio quasars (FSRQs) and starburst galaxies. The EG survey will expand the statistics
of these known populations (~100 detections are expected) and also has very considerable potential
for the discovery of new phenomena. The EG KSP reaches sources a factor ~4 fainter than five years
of observations with the wide-field HAWC detector, in the energy range where the gamma-ray horizon
lies beyond z = 0.1. For the construction of logN/logS distributions of EG classes, the EG survey is
complemented by deep observations on the scale of the CTA field of view, for example that targeting the
Perseus cluster.

Fermi/LAT 1FHL catalog

Detectable sources within CTA surveys

. AGNSs detected by IACTs

/ AGNs in CTA ExGal Survey: 144
Sources CTA Gal Plane Survey: 486

+180°

galactic latitude (deg)

Sources in Fermi/LAT Catalog: 416
AGNs detected by IACTs: 52

-90°
galactic longitude (deg)

Figure 3.5 — Proposed region of the extragalactic survey in galactic coordinates: b > 5°; —90° < I < 90°, 25% of the sky,
marked in a light blue. The galactic plane survey is also indicated by a darker blue. Fermi hard spectrum sources (from the
1FHL catalogue) are displayed as black dots.

3.2.6 Transients

The Universe hosts a diverse population of astrophysical objects, within our Galaxy as well as beyond,
that explode, flare up, or intensify activity in a dramatic and unpredictable fashion across the entire elec-
tromagnetic spectrum, and over a broad range of timescales spanning milliseconds to years. Collectively
designated ‘transients’, many are known to be prominent emitters of high-energy gamma-rays, and are
also likely sources of non-photonic, multi-messenger signals such as cosmic rays, neutrinos and/or grav-
itational waves. They are of great scientific interest, being associated with catastrophic events involving
relativistic compact objects such as neutron stars and black holes that manifest the most extreme physi-
cal conditions in the Universe. However, their dynamic nature have often hindered detailed observational
characterisation and robust physical understanding. One of the great strengths of CTA is the unprece-
dented sensitivity in VHE gamma rays for transient phenomena and short-timescale variability: more
than three-orders of magnitude better than Fermi-LAT at tens of GeV on hour timescales.

The transients KSP involves rapid follow-up of gamma-ray bursts (GRBs), Galactic and extragalactic
transients detected in HE neutrinos, gravitational waves, X-rays, optical and radio, and also of VHE tran-
sients detected serendipitously in the wide CTA field-of-view (using the CTA real-time analysis pipeline
and with rapid alerts delivered to other facilities). Many of these phenomena are rare, so both CTA sites
will participate in the programme, and the KSP is anticipated to run throughout the first decade of CTA
operation. Light-curves and spectra for detected transients form the core data product of the KSP, with
early release of information via e.g. GCN and Astronomer’s Telegrams.

Detailed simulations demonstrate that CTA detections of bright GRBs allow measurements of their VHE
light curves (see Figure 3.6) and spectra in unprecedented detail, from which invaluable information
is expected concerning radiation mechanisms, the presence of CR hadrons, and constraints relevant to
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cosmology and fundamental physics (in particular the search for Lorenz Invariance Violation). Simulated
observations of PWN flares and X-ray binary jet outbursts exemplify the power of CTA for probing the
pertinent mechanisms of emission and particle acceleration.
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Figure 3.6 — Simulated light curve of GRB 080916C at = =4.3, for observed photon energy above 30 GeV with 0.1 second
time binning plotted from 30 seconds after burst onset, for four LSTs of CTA only. The assumed template is the measured
Fermi-LAT light curve above 0.1 GeV for this burst, extrapolating the intrinsic spectra to VHE with power-law indices as
determined using Fermi-LAT in selected time intervals and applying an EBL model.

3.2.7 Cosmic Ray PeVatrons

Cosmic rays are relativistic nuclei (plus a small fraction of electrons) which fill the Galaxy and carry on
average as much energy per unit volume as the energy density of starlight, interstellar magnetic fields, or
the kinetic energy density of interstellar gas. The spectrum of CRs observed at the Earth is dominated by
protons up to the so called knee, at an energy of a few PeV. Above that energy, the differential power-law
spectrum steepens from ~ E=27 to ~ E~3, where FE is the particle energy, and its chemical composition
becomes heavier.

Whilst there is now strong evidence that supernova remnants accelerate cosmic ray hadrons in ener-
getically significant quantities, there is no evidence for acceleration of protons and nuclei beyond ~100
TeV in these objects, or indeed for any other class of Galactic particle accelerator. As hadronic interac-
tions typically produce photons with one order of magnitude lower energies than the interacting particle,
gamma-rays in the 100s of TeV domain are required to identify cosmic PeVatrons. It is at energies of
10-300 TeV where CTA makes the biggest improvement over current IACTSs, allowing the sources of
PeV particles in our Galaxy to be established for the first time. It is important to note that at these en-
ergies there is no ambiguity between accelerated electrons and protons due to the strong Klein-Nishina
suppression of the inverse Compton cross-section.

This KSP has two targets: PeVatron candidates identified in the Galactic Plane Survey (GPS) KSP, and
the archetypal TeV supernova remnant RX J1713.7—3946. The GPS represents the best unbiased way
of establishing candidates for emission up to the highest energies. These objects will then be targeted
for deep follow-up observations to extend their measured gamma-ray in to the 100s of TeV domain.
Whilst RX J1713.7—3946 exhibits a steepening spectrum at 10s of TeV, it represents a very promising
target for PeV particle detection outside of the current remnant, where escaped highest energy particles
are expected to interact with molecular material. The deep CTA observation of this very well resolved
remnant is also expected to provide critical input to our understanding of the acceleration and transport
processes for cosmic rays.
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3.2.8 Star Forming Systems

Cosmic particle acceleration appears to be a feature of the life-cycle of massive stars, with acceleration
associated with stellar winds and with the end-products of stellar evolution (black holes, neutron stars,
and/or explosions). Particle acceleration inside a star-forming system may impact on its evolution in sev-
eral ways: via ionisation, magnetic field amplification, or by removing or redistributing energy. Despite
this we know very little: supernova remnants appear to play a major role but (for example) collective
effects involving stellar winds may also be important; the transport of cosmic rays out of star-forming
systems presumably has advective and diffusive components, but timescales are very uncertain; a cor-
relation of non-thermal radio emission, and more recently GeV emission, with star-formation rate is seen,
but again the underlying physics is uncertain.
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Figure 3.7 — Top: Representative MWL images of four objects addressed in this KSP and the expected CTA performance.
For Carina and Cygnus, the blue circles indicates the CTA resolution, for M31 the maximum extension CTA will be able to
detect and for NGC 253 the minimum extension CTA will be able to resolve. Image Credit: Cygnus - ESA/PACS/SPIRE,
Martin Hennemann & Frédérique Motte; Carina - ESO/IDA/Danish 1.5 m/R.Gendler, J-E. Ovaldsen, C. Théne, and C. Feron;
M31 - NASA/JPL-Caltech/K. Gordon (Univ. of Arizona) & GALEX Science Team; NGC 253 - 2MASS, WISE. Bottom:
The expected calorimetric gamma-ray luminosity (£ > 300 GeV) of star-forming regions and stellar clusters, star-forming
galaxies, starbursts, and ULIRGs shown in red. The size of the boxes represents uncertainties in the SFR and the estimated
calorimetric gamma-ray flux. Blue arrows indicate the expected CTA sensitivity for the anticipated observation time. Black
points indicate measurements in the TeV domain, or extrapolations from the GeV.

In this KSP, systems on a very wide range of scales are targeted (complemented by the Galactic Plane
and LMC observations already described), as shown in Figure 3.7. Observations of the Carina and
Cygnus regions, and the most massive stellar cluster Westerlund 1 will allow us to a) constrain the
fraction of mechanical stellar wind energy transferred into gamma rays down to a level of 10~8; b) study
particle acceleration in Galactic stellar clusters and superbubbles; and c) search for clear signs of CR
propagation and interaction with the ISM. Observations of Andromeda and the LMC (see above) will
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provide important estimates of CR properties and diffusion in the nearest galaxies.

Long observations of the two starburst galaxies NGC 253 and M 82 will provide the sensitivity to test how
CRs traverse the ISM, to distinguish between the truly diffuse emission and individual source populations
such as PWNe, and to possibly resolve the starburst nucleus in VHE gamma rays. Observations of the
only ultra-luminous infrared galaxy (ULIRG) within reach of CTA: Arp 220 will for the first time allow us to
test CR properties in a system where all accelerated particles are expected to interact — a calorimetric
system — are expected to establish ULIRGs as a new source class in VHE gamma rays.

The KSP hence promises to establish the relationship between star-formation rate and TeV-emission
over a very wide range of star-forming systems, complementing the information already available from
the GeV and radio, with the first arcminute gamma-ray imaging and very wide-band spectra.

3.2.9 Active Galactic Nuclei

VHE observations of Active Galaxies harbouring super-massive black holes and ejecting relativistic out-
flows represent a unique tool to probe the physics of extreme environments, including accretion physics,
jet formation, interaction of the black-hole magnetosphere with the accretion disk corona, relativistic in-
teraction processes and general relativity. The same observations also allow us to search for signatures
of ultra-high-energy cosmic rays, and to characterise the evolution and differentiation (diversity, environ-
mental impact, feedback within the host galaxy) of some of the brightest cosmic sources through space
and time. The use of Active Galactic Nuclei as beacons provides insights into the cosmological evolution
of star and galaxy formation through constraints on photon fields and magnetic fields along the line of
sight. In addition, VHE signals from AGN can be used for fundamental physics including the search for
axion-like particles and for Lorenz invariance violation.

The extragalactic TeV sky is dominated by AGN with jets aligned close to the line-of-sight (blazars),
but sub-classes (e.g. FSRQs) typically have very limited population statistics and limited time- and
energy- domain information for most objects. Current instruments reach a redshift of > 0.4 only for a
handful of exceptional objects. Extrapolations of time-averaged spectrum from Fermi-LAT indicate that
~200 blazars are detectable with CTA in their typical flux states. Much greater numbers are expected
including hard spectrum sources missed by Fermi and by targeting objects in high flux states, with a
distance reach of z ~ 2. CTA will have the sensitivity to study AGN variability in their low states for the
first time.
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Figure 3.8 — Simulated CTA constraints on the density of the (UV-IR) extragalactic background light versus redshift, resulting
from the AGN KSP.

The KSP combines triggered and monitoring observations of selected AGN to establish a sample with
a wide spread of redshifts and object classes, which can be used to probe the extragalactic background
light (see Figure 3.8) and magnetic fields in cosmic voids, and search for new physics such as axion
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conversion or speed-of-light variance from quantum gravity effects, as well as to further our understand-
ing of jet physics and active galaxies in general. Target sources are selected from both hemispheres
with the AGN project as the largest single KSP in terms of requested time (see Table 3.1). The time is
justified by the breadth and depth of physics possible with the dataset provided, which will certainly be
a key legacy of CTA.

3.2.10 Clusters of Galaxies

Galaxy clusters are expected to be reservoirs of cosmic rays accelerated by structure formation pro-
cesses, galaxies and active galactic nuclei: trapping TeV particles over a Hubble time. The detection in
several clusters of diffuse synchrotron radio emission confirms the presence of CR electrons and mag-
netic fields permeating the intra-cluster medium. While there is no direct proof for proton acceleration
yet, gamma-rays can prove it unambiguously. In fact, CR protons can yield a significant high energy
gamma-ray emission through pion decays. Clusters host hundreds of galaxies of which some could be
detected in gamma-rays individually, if harbouring AGN, or via their summed output, in case, e.g., of
star-forming galaxies.

Based on both theoretical studies and hydrodynamical simulations, Perseus emerges as the prime can-
didate for gamma-ray detection, via the decay of pions produced in proton-proton interactions. Perseus
contains two gamma-ray-bright AGN: NGC 1275, one of the few radio galaxies known to emit gamma-
rays, and IC 310, potentially the closest known blazar. These two objects prevent Fermi from studying
the inter-cluster medium itself as the instrument resolution is insufficient, while MAGIC was used to
perform a deep observation campaign and put constraints on the CR-to-thermal pressure in the clus-
ter. CTA simulations show that 300 hours of observations will allow a detection of the Perseus cluster
in gamma-rays or allow unprecedented limits to the CR proton content of clusters to be set, triggering
a substantial revision of the current paradigm of proton acceleration and confinement in galaxy clus-
ters. Additionally, due to the large mass of this cluster, CTA can significantly improve the constraints on
decaying DM models with respect to those of Fermi on the Galactic Halo.

3.2.11 Non-Gamma-ray Science

Although designed as a gamma-ray observatory, CTA is a powerful tool for a wide range of other as-
trophysics and astroparticle physics. In particular, CTA can make precision studies of charged cosmic
rays, and could be used for intensity interferometry, to provide unprecedented angular resolution in the
optical for bright sources. Below we briefly summarise these activities, which will, in the case of cosmic
ray studies, proceed in parallel with gamma-ray data taking and without interference. In general, optical
observations require specific pointings and some additional hardware, as such they are considered as
a possible (modest cost) extension to CTA, rather than as part of the baseline design.

Most of the data collected by CTA will consist of air-showers initiated by cosmic ray nuclei. This data can
be used to make measurements of the spectrum and mass composition of cosmic rays that complement
other instruments. In particular, the detection and discrimination of heavy nuclei via the Cherenkov
light emitted directly by the primary particle (a technique already demonstrated with current IACTs) can
be used to extend the spectra of heavy nuclei to higher energies then ever before, for example the
iron spectrum to beyond ~1 PeV and the oxygen spectrum to a few hundred TeV. These composition
measurements constrain scenarios for acceleration up to the CR knee, and complement the direct CTA
PeVatron search.

Electrons form only a small fraction (~1% at 1 GeV) of cosmic rays, but are of great interest for a number
of reasons. Due to severe synchrotron and inverse Compton losses the range of TeV electrons is limited
<1 kpc and hence such electrons probe local accelerators. CTA has the potential to probe the electron
spectrum up to ~100 TeV in the case of a significant contribution from a very local accelerator, and up
to 20 TeV even in the case of a continuation of the very steep spectrum measured with HESS at the
highest energies (see Figure 3.9). PWN are seen as very likely contributors to the electron spectrum at
these energies, and naturally provide a large fraction of positrons. Constraining such contributions with
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CTA is important for understanding the rise in the positron fraction seen by e.g. AMS and attributed by
many authors to dark matter annihilation.
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Figure 3.9 — Predictions for the measurement of the high energy electron spectrum with one year of data from the southern
array, without any local source (left) and with an injection of 5 x 10%8 ergs in cosmic ray electrons at 500 parsec distance
5000 years ago (right) plausibly comparable to the case of the Vela PWN) Note that the y-axis has been multiplied by a factor
of E3 to reveal fine-detail in the generally steep spectrum.

CTA will provide an unprecedented telescopic light-collecting area of order 10,000 m? distributed over
a few square km. Options for utilising this collection area beyond the detection of air-showers include
operating CTA as an optical intensity interferometer for imaging stellar surfaces, searching for very rapid
events from compact astrophysical sources and observing occultations of stars by distant Kuiper-belt
objects. Such operations could be carried out mostly during bright moonlight, and hence complete the
regular observational programme with some unique additional science. For example, if the full CTA
southern array is equipped for interferometry in the violet (A 350 nm), the spatial resolution of CTA
would approach ~ 30 pas. Such resolutions have hitherto been reached only in the radio and open up
significant discovery space in the most well-established waveband of astronomy. Target objects would
included single and binary O, B and WR stars with circumstellar emission structures and rapidly rotating
(oblate) hot stars.

3.3 CTA in Context

In this section we briefly summarise the scientific context of CTA, the Science Case document (OBS-
TDR/141106) covers this topic in detail.

3.3.1 Synergies and Multiwavelength/Multimessenger Context

CTA will have important synergies with many of the new generation of major astronomical and astropar-
ticle observatories. As the flagship VHE gamma-ray observatory for the coming decades, CTA plays a
similar role in the VHE waveband as SKA in radio or ALMA at millimeter wavebands, providing excellent
sensitivity and resolution compared to prior facilities. At the same time, the scientific output of CTA will
be enhanced by the additional capabilities provided by these, and other, instruments (and vice-versa).
Multi-wavelength and multi-messenger studies using CTA provide added value to the science cases
listed above in two principle scenarios:

Non-thermal emission To understand the origin of cosmic rays and the extreme physical environments
that produce them, it is necessary to study non-thermal signatures that can span many orders
of magnitude of frequency in the broad-band spectral energy distribution (SED). In the case of
variable objects, such studies require MWL simultaneous observations and/or external alerts and
triggers.
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Source properties Information on the nature of gamma-ray emitting sources can be provided by MWL
and MM observations, enabling, for example, the object class, environmental conditions or the
distance to be established. In this scenario, simultaneous observations are in general not required,
except for the need to observe transient properties such as the redshift measurements of gamma-
ray burst (GRB) afterglows.

The need for (simultaneous) MWL and MM observations has been considered as a factor in the site
selection process for CTA and in the preparations for CTA science. A summary timeline of major facilities
relevant to CTA is given in Figure 3.10. For all details of the synergies in each waveband see the Science
Case document.
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Figure 3.10 — Timeline of major multi-wavelength facilities over the next decade. Note that the lifetimes of many facilities is
uncertain, contingent on performance and funding. We indicate this uncertainty via the gradient, but have chosen timelines
based on the best information currently available. Instruments still in the proposal phase have been omitted, as have many
relevant survey instruments, for the sake of space.

3.3.2 World Context

Several ground-based VHE gamma-ray instruments may be operational at the same time as CTA. None
of these instruments are direct competitors, but rather provide complementary performance. In partic-
ular, the High Altitude Water Cherenkov (HAWC) detector is a 100% duty cycle, very wide field of view
(~ 1 sr), TeV range instrument. Seated at a high-altitude site in Mexico, HAWC is capable of detecting
the brightest known TeV sources in ~1 day and will be able to provide alerts to CTA for active/flaring
states of blazars and transients. HAWC’s modest (~ 0.5°) angular resolution and somewhat limited en-
ergy resolution (a factor ~2) gives it competitive sensitivity primarily for very extended emission, and by
the time of CTA, it will have mapped the Northern sky to intermediate depth, identifying many interesting
steady sources which may be characterised with CTA through short targeted observations, for example
through the Guest Observer programme.
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Figure 3.11 — Comparison of the performance of CTA with selected existing gamma-ray instruments. Top: differential flux
sensitivity for five independent five standard deviation detections per decade in energy, Bottom: angular resolution expressed
as the 80% containment radius of reconstructed gamma rays.

China is currently proposing LHAASO, a very ambitious multi-component cosmic ray project incorpo-
rating HAWC-like water Cherenkov detectors and a very large array of scintillators. If constructed,
LHAASO will complement CTA at higher energies in a similar way to HAWC, with modest resolution
and background rejection power offset by high duty cycle, wide field of view and large area.

One or more of the current generation of IACT arrays - HESS-2, MAGIC-2 and VERITAS - may continue
operations into the CTA era. Use of these telescopes for monitoring could be considered, under suitable
agreement between the telescope and CTA. In particular for cases when the CTA sites are at different
longitudes than current IACT, these can extend monitoring of bright flaring sources to periods before
and after the CTA observations. Figure 3.11 compares the performance of CTA to selected existing
instruments.
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4 The CTA Construction Project

The previous sections of this document have outlined what the CTA Observatory will be when it is
complete, how it will operate and what scientific benefits it is expected to produce. In contrast, this
section describes the CTA Construction Project which has been created to construct and prepare the
CTA Observatory.

4.1 Project Objectives and Scope

The objective of the CTA Construction Project (or CTA Project) is to prepare and construct, but not
operate, the Cherenkov Telescope Array Observatory. The detailed objectives are:

1. Define and procure all physical aspects of the Observatory including but not limited to telescopes,
sites, computing, software, buildings and all other support infrastructure;

2. Put in place all legal, governance, financial, commercial, logistical and management structures
necessary to build the Observatory and necessary to operate it as a professional open-access
Observatory;

3. Define a long-term Observatory operating model with costs and other constraints compatible with
stakeholder expectations, and put in place all aspects required to operate it (staff, procedures etc);

4. Initiate Observatory operation. Actual operation is outside the project scope*;

5. Define and satisfy a detailed set of requirements consistent with these objectives and stakeholder
expectations;

6. Complete the Project in the quickest, most cost-effective, safe and professional manner, consistent
with stakeholder expectations;

7. Secure funding for the Project and secure funding for Observatory operation for a period of time to
be defined.

The Project will be complete when these objectives have been met and additionally measured against
the developed detailed requirements (Objective 5). The Project is quality- and scope-led but must take
into account its context and in particular the funding and stakeholder landscape. Any competition be-
tween the variables of scope, quality, time and cost must not lead to irreversible reductions in the quality
of individual observatory components.

*Operating the observatory or any component part of it for the purposes of generating science is specif-
ically excluded from the project scope. However science operations may be carried out before project
completion (but outside of the purview and scope of the project) if it can be demonstrated that doing
so will not cause any adverse impact on the project as defined above and is acceptable to all direct-
stakeholders, also taking into account the desires of indirect-stakeholders.
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From the project objectives, and some historical developments, a work-breakdown structure has been
derived which fully describes the scope of the project. It is illustrated in Figure 4.1 although here only
a brief unstructured list of sub-activities is shown in order to describe the nature of each work-package.
This diagram covers all phases of the project but some activities (for example site negotiations) are only
relevant to particular project phases. Some more detailed work-breakdowns will be shown later in this
section after the project phases have been explained. Each of the project work-packages is described in
its corresponding Technical Design Report (except for Project Management and Systems Engineering)
and additionally summarized in Section 5 of this document.
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Figure 4.1 — The full scope (work breakdown) of the CTA Construction Project, presented informally for those items below the
top (work-package) level. Items are broken down into more detail where it is not immediately obvious what they may consist
of; and also in the case of the telescopes where there are multiple possible implementation options. Multiple implementation
options exist for the Small Size Telescopes, options being: SST-1M, ASTRI and GCT; and for the cameras of the Medium
Size Telescopes, options being: NectarCAM and FlashCAM. Work-packages outlined in red are the direct responsibility
of the project office, whilst work-package 10, being related to quality assurance is in the process of being more closely
integrated with the project office. The others are more widely distributed throughout the consortium, but still co-ordinated by
the project office. SCT is a project extension and not included in the baseline design for the observatory.

The current scope and baseline design is that there will be a central observatory headquarters located
somewhere in Europe; and both a northern and southern hemisphere array site, consisting of:

Northern Hemisphere: 4 LST telescopes; 15 MST telescopes;
Southern Hemisphere: 4 LST telescopes; 25 MST telescopes and 70 SST telescopes;

in addition there will be supporting infrastructure and various computing/data centres as necessary.

There are multiple implementation options for some items of the observatory. This is the case for the
cameras of the MST telescope (choice of ‘NectarCAM’ or ‘FlashCAM’), and for the SST telescopes
(choice of ‘SST-1M’, ‘ASTRI’ or ‘GCT’). The SCT telescope is a future project extension to be provided
by US partners and is not described in full detail. Note though that the SCT could be used to replace
missing scope of the MST if this becomes necessary. The proportion of contributions of these multiple
implementation options is not yet known, however the total number required is (as defined above). Any
scenarios for these presented in this document are speculative, depending on funding considerations
not yet known, and do not dictate an actual plan.
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4.2 Project Context and Basic Principles

The project is managed centrally by the CTA Project Manager who is responsible for the project achieving
all its objectives. He also leads and is supported by the CTA Project Office which is hosted by a legal
entity (currently CTAO gGmbH).

Most project deliverables will be supplied in the form of In-Kind Contributions from institutions or agencies
related to the existing CTA Consortium. However where this is not desirable, for example constructing
site infrastructure, direct cash is expected to be provided by national funding agencies and managed
centrally by the CTA Project Office as part of the work-packages for which it is directly responsible
(shown in Figure 4.1). Contingencies may also be needed if in-kind contributions for vital items cannot
be found (for example items on which other items are dependent) — but this would be a last resort. At the
end of the project all deliverables are formally handed over from the project to the final CTA Observatory
legal entity which will exist at that time itself having being created by the project.

As can be seen from Figure 4.1, the project is split into a large number of work-packages. This is also
reflected in the organization of the project to be described in Section 4.3. Each (non-Project Office)
work-package is delegated out to groups formed from members of the CTA Consortium and has a
defined set of deliverables. For its participants, a CTA work-package is a project in its own right, with
its own management structure and clear interfaces to the CTA project management and other work-
packages. Each work-package is responsible for creating and carrying out its own management and
systems engineering policies, project plans, risk management, configuration management and quality
plans etc. The CTA Project Office in conjunction with the collective management of the CTA Construction
Project ensures that each work-package is provided with the relevant requirements and guidelines to
follow and carries out reviews and audits to ensure that the work-packages meet their obligations. The
CTA Project Office defines clear interfaces between work-packages and controls them, and tracks and
manages progress and quality at a high but defined level.

At present it is assumed that the project organization will not change once in-kind contributions have
been agreed with the contributing parties i.e. those groups currently developing designs and plans for
CTA deliverables will be the same as those who will eventually contribute the deliverables themselves.
This is a valid assumption but some minor adjustments may be needed once the sources of in-kind
contributions are fully defined.

To first approximation, telescopes are not dependent on each other for operation and the cumulative
completion of the full scope of the arrays may progress gradually. What this means is that individual
missing telescopes do not prevent the arrays operating at some level. As long as telescopes are con-
structed in sufficiently small batches to ensure that there are not multiple incomplete telescopes, the
loss of individual telescopes could be used as contingency to cover cost overruns within telescope work-
packages. This does not apply to the ‘cross project’ work-packages (WPs 1-4, 10-12 in Figure 4.1)
where a risk-based approach must be taken, and is anyway preferable for all work-packages. Project
contingencies are dealt with in more detail in Section 4.12.

The project is entirely funded from public-sector funds from many contributing countries so is subject to
procurement and other requirements dictated by this.
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4.3 Project Organization

The organization of the CTA Construction Project is complex and has an enormous number of stake-
holders. Figure 4.2 shows the overall simplified governance structure of the project. It shows the two
main direct ‘internal’ project stakeholders: the CTA Consortium and the Council of international fund-
ing agency representatives, themselves currently represented through CTA Observatory gGmbH' which
was recently created as part of activities in the project’s current pre-construction phase. It is the project’s
responsibility to ensure that the expectations of both these groups are met.

CTA Consortium

CTA Observatory gGmbH
(operating under MoU)
CTA Consortium Board Ca Observatory el
of institute reps Souncl
- o (Chair: Dr. B. Vierkorn-
(Chair: Dr. J. Knodlseder) Rudolph)
CTA Spokespersons CTA Observatory gGmbH
(Prof. W. Hofmann . Managing Director
Prof. R. Ong) CTA Project (Prof. W. Hofmann)
CTA Consortium
members and member CTA Construction [/ SR ey eIl

- — ; N ersonnel
institutes Project p

Tasks: Tasks:

Science goals and science prep. Project management
Design and construction of Systems engineering
components of the arrays, Infrastructure

as in-kind contributions Observatory operation

Figure 4.2 — The governance structure of the CTA Construction Project. This is not the governance structure for the future
observatory once the project is complete, nor is it that of the CTA Consortium. The objective of the project is to construct the
observatory, once complete the project disappears and observatory operations is handled by the future Observatory legal
entity as ‘steady state’ operations, not a project. Note that the (Co)-Spokespersons, Chair of the Consortium Board and CTA
Project Manager are entitled to attend the CTA Observatory gGmbH Council meetings.

The project is not a one-to-one mapping of either the CTA Consortium or the CTA Observatory gGmbH,
rather it is a sub-set of the activities of both which are necessary to achieve the project objectives. Both
the CTA Consortium and CTA Observatory gGmbH have their own internal management structures
independent of that of the CTA Construction Project which has its own structure as shown in Figure 4.3.

Neither the CTA Consortium or the CTA Observatory gGmbH influence the day-to-day operations of
the other except perhaps where project activities are concerned; they are both independent entities.
Until the future start of operations, under a future CTA Observatory legal entity — as explained in the
Observatory Model document, the present CTA Observatory gGmbH exists solely to support the CTA
Construction Project in the execution of its activities as defined in this construction proposal.

Neither stakeholder ‘owns’ the CTA Construction Project: the project is a temporary endeavour which
works for the mutual benefit of both parties in order to achieve the project objectives, at which point
it is dissolved. However the Project Sponsor (CTA Observatory gGmbH Managing Director), Project
Manager (CTA Observatory gGmbH Technical Director) and all members of the Project Office are legally
bound to the CTA Observatory gGmbH. The project works for the benefit of all parties associated with the
CTA Observatory, thus whilst there may at times be competition between the desires of the stakeholders,
it is fundamentally the role of the Project Manager, and ultimately that of the CTA Construction Project
Board and Project Sponsor to ensure that the outcome is acceptable to all otherwise the project cannot
be considered a success.

"The CTA Observatory gGmbH Council will soon replace the Resource Board of agency representatives. The CTA Resource
Board is not further described here. A description of its role and how it is to be phased out may be found in the Observatory Model
document.
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4. The CTA Construction Project 4.3 Project Organization

It is important that the interaction between CTA Observatory gGmbH and CTA Consortium occurs at
a high level: within the CTA Construction Project Board. This is to ensure that there is a clear and
non-competing direction for the work-package teams to follow which is agreed ‘at the top’. Additionally,
stakeholder management is a vital aspect of projects which have a large consortium-based input. These
activities are described further in Section 6.1.3.

The Project operates using the principle of ‘Management by Exception’. This means that teams and
individuals are delegated to carry out their own tasks without undue interference and issues are only es-
calated to higher-level management if they are (or are in danger of) exceeding certain project tolerances
defined in the project plans (baselined in this suite of TDR documents). In other words, within limits,
teams, committees and individuals are allowed to deal with their own problems at their particular level.
This relies on there being an assurance mechanism in place so that each management layer can be
confident that such controls are effective. This implementation of ‘management by exception’ provides
for efficient use of management time as it reduces the need for them to be involved in minor issues with-
out removing their control by ensuring decisions are made at the right level. This principle is reflected in
the project’s organization.

The CTA Construction Project organization is shown in Figure 4.3 and consists of several main groups
or ‘managerial’ individuals:

Project Board Members of the CTA Construction Project Board? represent the two main ‘internal’
project stakeholders and direct the project. It is this board which ultimately ensures that the de-
sires of the major stakeholders are being respected and that they are compatible. There is strong
representation of both the CTA Consortium and CTA Observatory gGmbH on the board, and each
member works to protect the project objectives and the interests of these organizations to whom
they are ultimately accountable.

The board consists of: The CTA Consortium Spokesperson and Co-Spokesperson; the CTA Con-
sortium Board Chair; the CTA Observatory gGmbH Managing Director; and the CTA Project Man-
ager and Scientist. The CTA Observatory gGmbH Managing Director undertakes the role of Project
Sponsor (described below), who at the present time is also the CTA Consortium Spokesperson —
the parallel undertaking of these roles is not necessarily incompatible, and could be an advantage
to provide a uniform opinion. The board aims to be as inclusive as possible to ensure that all
stakeholder desires are met, whilst being small enough to operate efficiently.

This board does not manage the project, it directs it: it approves the project plan and provides
oversight to ensure that stakeholder expectations are met and gives ad-hoc advice and direction
to the Project Manager. The Project Manager is the link between the Project Board and the project
itself; other board members do not participate in the project in any other way unless in another
capacity defined elsewhere. The Project Manager reports progress against the approved plans
and the board may suggest corrective action if necessary.

The board is free to make any decision with regard to the project without being obliged to automat-
ically appeal to either the CTA Consortium or CTA Observatory Council. However members of the
project board may decide that certain decisions lay outside their sphere of accountability and may
ask their respective organizations for advice, either simply as advice or as a vote (for example by
the CTA Consortium Board). Members of the Project Board will determine whether aspects should
be escalated on a case-by-case basis. Even after a vote or advice is received, the Board is not
obliged to implement the result since it has to balance the needs of all stakeholders — however it
would be ill-advised not to, and may trigger executive action by the organization in question.

The Project Board is not a democracy. Decisions are taken by consensus; if this is not possible
the Project Sponsor has final say. However the Sponsor would be ill-advised to take any decision
without the support of the rest of the Board. To do so is again likely to trigger executive action by
stakeholder organization(s).

Meetings are held regularly and may coincide with meetings regarding consortium-only matters.
In this case it is up to the CTA Consortium management (Spokesperson, Co-Spokesperson and
Consortium Board Chair) whether they wish to include the CTA Observatory gGmbH Managing
Director, CTA Project Manager and Scientist, but consortium-only matters should not be mixed
with project issues.

2The board was previously (sometimes loosely) referred to as ‘CTA Management’
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4. The CTA Construction Project 4.3 Project Organization

Project Sponsor The Project Sponsor is ultimately accountable for ensuring that the Project Manager
delivers the CTA Construction Project as defined by the project objectives. The Sponsor is re-
sponsible and accountable for ensuring that achieving the project objectives delivers the expected
project benefits. Fundamentally, the Project Sponsor justifies the project to the major stakehold-
ers, and in particular the representatives of CTA funding agencies and ensures the availability of
funding for the project. The choice of Managing Director as Project Sponsor implicitly assumes
that the managing director is technically competent and has the buy-in and support of both the
CTA Consortium and CTA Observatory gGmbH, otherwise this direct association would have to be
re-visited.

Project Manager The Project Manager is responsible and accountable for delivering the CTA Construc-
tion Project as defined by the project objectives. This means ensuring that the objectives are met
and that all stakeholders are satisfied to the fullest extent possible. The Project Manager cre-
ates the project plan in collaboration with project stakeholders (including project participants), to
be approved in outline by the Project Board. He then delegates all work as necessary, takes all
decisions within scope on a day-to-day basis and is responsible for driving the project forward,
allocating, tracking and controlling resources and managing project risk.

It is not in the Project Manager’s interest to deceive stakeholders and he should take account of
their concerns as necessary. He is the ultimate point of contact for project participants; any issues
that the Project Manager feels unable to handle or significant deviations from the project plan will
be escalated to the Project Board. The Project Manager leads and is supported by the Project
Office and ultimately reports to the CTA Project Board and the Project Sponsor.

Project Scientist The Project Scientist has a dual role, which could be split. The first (primary) role is
to ensure that the project being delivered is in the interests of the science to be carried out. In
practice this means ensuring that the scientific requirements of the project are being respected.
In this role the Project Scientist liaises with the Project Manager but is free to engage with all
members of the project, and ultimately reports to the CTA Project Board. This role is effectively
acting as ‘scientific project-assurance’.

The second (secondary) role is to carry out science planning activities, both in terms of ensuring
that the completed observatory will deliver high quality science but also to manage ‘scientific’
activities necessary to deliver the project objectives such as developing the array layouts and
planning science verification activities. In this role the Project Scientist reports to the work-package
leader of the Observatory work-package.

Project Committee The Project Committee is the main forum at which the project is managed and
project participants are communicated with; it is also the main body for overall project assurance
activities.

The committee consists of: each top-level work-package leader (work-packages 1-12), the CTA
Project Board and others as invited by the Project Manager; as core members. In addition all
Project Managers and Systems Engineers identified in Figure 4.3 have an open invitation to attend
meetings to enhance project communications but they must express uniform opinions with their
respective work-package leaders. Other individuals may attend meetings solely at the invitation of
the chair with specific reason to do so. The Project Committee is chaired by the Project Manager.

The committee meets to discuss project progress and corrective actions, decide on issues which
affect the project as a whole and assess project developments. Fundamentally it is the most impor-
tant means of communicating the project plan to project participants and all meeting attendees are
responsible for adequately communicating project matters to their teams. The Project Committee
makes decisions by consensus — there is no binding vote — whether consensus has been reached
is at the discretion of the chair. If consensus cannot be reached on an issue then it is escalated to
the Project Board.

Sessions in the Project Committee meetings may be set aside to discuss Consortium matters,
however they are separate issues and the Project Committee has no business influencing con-
sortium issues. No decisions made by the Project Committee may directly affect CTA Consortium
activities or policies.

Work-Package Leaders Work-package leaders lead the work of the teams involved in their work-
package and are accountable to the Project Committee and Project Manager for the work-package’s
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4. The CTA Construction Project 4.3 Project Organization

success. Work-package leaders are appointed jointly by the Project Committee, Project Manager
and Project Board via the Project Committee.

Leaders are expected to put in place a suitable management structure for their work-package and
enable the work-package to proceed in a professional manner along CTA guidelines. Leaders are
expected to communicate project-wide matters adequately to their teams. Except where issues
may affect the rest of the project, leaders are free to lead their work-packages without interference,
subject to the creation and approval of a suitable project plan.

Project Office The project office provides assistance to the Project Manager in terms of project man-
agement and systems engineering (work-packages 11 and 12) and also carries out ‘central’ ac-
tivities which are not suited to be carried out by the consortium or as in-kind contributions (work-
packages: 1 (Observatory setup) and 2 (Infrastructure)) — in which case these work-packages
are ‘owned’ by the Project Office. The Project Office is hosted by the current CTA Observatory
gGmbH. Care must be taken to distinguish between the Project Office and the CTA Project Board:
the Project Office is led by the Project Manager who is accountable for its work but the PO has no
opinions of its own.

STAC, IKRC, AFAC The Scientific and Technical Advisory Committee; In-Kind Review Committee; and
Administrative and Finance Advisory Committee are each committees established by the CTA
Resource Board/Council to advise on project issues. They liaise with the project via the Project
Manager. They are described in more detail in the Observatory Model document.
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4. The CTA Construction Project 4.4 Project Phasing Strategy

4.4 Project Phasing Strategy

Figure 4.4 shows the overall phasing strategy for the CTA Construction Project. It has been created to
allow progress on the project to be clearly measured and controlled, particularly via the use of gateway
reviews, and allows planning horizons to a level of detail that is manageable and foreseeable. They are
primarily management phases since these form the basis of the planning and control processes — to
do otherwise runs the risk of the project being driven by short-term technical issues instead of being
actively managed. The phases do however link closely with technical developments. The final task of
every phase is to ensure that detailed plans for the next phase are in place, so plans are less detailed
the further in time they are away from execution.

End of Project
SPPRR PDR CDR

] Construction Phase
1 Design
PPRR PRR

2 Pre-Construction J. J
3 Pre-Production

Project
Not Project L Gopenin D)

Figure 4.4 — All phases of the CTA Construction Project, not to scale. The Pre-production and Production phases are
collectively referred to as the Construction Phase. Operations is not a phase of the project but is identified and numbered
here for ease of reference. Decommissioning the observatory (in the far future) will be a project in its own right and is not
shown. The acronyms (for project reviews) are explained in the text of the following sections.

The phases are broadly defined as follows:

1 Design Phase Derivation of the CTA concept. This was completed in 2010 and is not described
further in this document.

2 Pre-Construction Phase Preparations for construction and operation, detailed design, prototyping
(not on official CTA array sites) and planning; selection and agreement of array sites; creation of
a legal entity (or entities) to allow agreements/contracts to be signed; establishment of the CTA
Project Office; creation of international founding agreement for the future observatory; establish-
ment of sufficient funding to be able to start construction and commitments for operation. Project
baselined. For three years this phase was supported by an EC preparatory-phase funding grant.
(The Pre-Construction Phase is the current phase of the project.)

3 Pre-Production Phase Deployment of pre-production telescopes on final official CTA array sites in
order assess aspects of mass production and final engineering issues. Construction of sufficient
infrastructure to support the pre-production telescopes, continuing on to complete site infrastruc-
ture if possible. Complete establishment of management structures (plans, personnel, logistics
etc) to support future mass production.

4 Production Phase Complete mass production and deployment of all telescopes including commis-
sioning and verification. Fully establish all aspects required for an operable observatory organi-
zation and initiate full operations. This requires a short handover activity to the CTA Observatory
organization at the end of the phase.

(5) Operations Operation of the full observatory for its required lifetime, takes place in a ‘steady state’
organization not using a project structure. Upgrades during this time will form new small projects
in their own right.

(6) Decommissioning Managed decommissioning of the Observatory in the distant future (assumed
to be 30 years), including removal of facilities where necessary and shutdown/withdrawal of other
aspects. This will be a small project in its own right.
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Project Phases

Pre-Production Phase
2016 -2017

l

First Telescopes
on Site (earliest)
July 2016

Current Phase

Site Site Site
Narrowing Decision Decision
North South North
[M2.2.6] [M2.2.5] [M2.2.7]

Submit Financial

IKRC Meeting Intention Ability to
on Cost Book for IKC Continue
[M2.11.6] [M2.11.7] [M2.11.8]

First TOR Second Submit SubmitTDRs  CDR
Review TDR Review  Interim to STAC ~ 24-26 Jun
[M2.X.1] [M2.X.3] TDR to PO [M2.11.3]  [M2.11.4]
[M2.X.3]

Figure 4.5 — Basic timeline for the project. This timeline is similar to that provided to the project teams to guide them in
producing their individual work-package plans and schedules; the ‘guide’ completion date was 2020 — teams are currently
reporting feasible completion dates up to 2023. The lower diagram shows the timeline and some of the more important
milestones for the pre-construction phase which are relevant to the next section.

The project is currently nearing completion of the pre-construction phase with the finish expected to-
wards the end of 2015. Transitions between phases are not abrupt and not all activities definitely must
be complete before leaving a phase, however the phases form a good guide as to the progress and
necessary planning activities of the project providing a closer horizon to aim for than full project com-
pletion. The phases apply to the project as a whole and whilst the same phase structure does apply
to the individual project work-packages, different work-packages may change phase at different times,
and some work-packages may not be suited to following the phasing structure in such a clearly defined
manner. Even so, whilst some work-packages may lag or lead, it will be clearly defined and publicised
when the overall project changes phase.

The project phases form the top level of the project work-breakdown structure as shown in Figure 4.6.
The next level down is the list of project work-packages shown in Figure 4.1 which will be almost the
same for every phase.

CTA Construction
Project

4
PRODUCTION

WBS for Phase 4
(Includes Milestones)

3
PRE-PRODUCTION

WBS for Phase 3

(Includes Milestones) |

2
PRE-CONSTRUCTION

WBS for Phase 2

(Includes Milestones) |

1
DESIGN

WBS for Phase 1
(Includes Milestones)

(5) (6)
OPERATIONS DECOMMISSIONING

Figure 4.6 — Top level of the Project Work-Breakdown Structure showing the division of the project into phases. This shows
the same phasing structure as that shown in Figure 4.4 but in a different form. Operations and Decommissioning are not
phases of the CTA Construction Project. Each phase has its own lower level work-breakdown structure which is explained
in the following sections.
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Following this scheme, individual activities are identified by: Phase.Work-Package.Activity.Sub-Activity...
For example, WBS item:

2.1.1.1 (Creation of interim legal entity)

is in Phase 2 (pre-construction), Work-Package 1 (Observatory), Activity 1 (Legal entities, governance
and articles), Sub-Activity 1 (Creation of interim legal entity). Milestones are numbered in a similar way
with ‘M’ pre-pended to the number sequence.

Whilst the work carried out in each phase is significantly different from other phases there are similarities
in terms of management, control and reporting. For example there will be regular reports during each
phase, an end-of-phase report and the creation of plans for the next phase at the end of each.

The plans for the project phases are described in the following sections in chronological order at de-
creasing levels of detail. The plan, including the schedule, for the pre-construction (the current) phase
is detailed, highly developed and nearing completion of execution. The plans for future phases are
presented in outline with important considerations noted. The work-breakdown structures of each work-
package may be found in each of the corresponding technical design reports. A compiled version for the
purposes of overall project cost estimation may be found in the supporting ‘Cost Estimates’ document.

The general considerations of Commissioning, Science Verification and Early Operations which are ap-
plicable to both the pre-production and production phases are described after the descriptions of the
project phases in Sections 4.10.2 and 4.10.3 respectively. Other plans and policies which are applicable
to the project as a whole, such as quality management, risk, interface and requirements management
are described in the Project Management and Systems Engineering work-package summaries in Sec-
tions 6.1 and 6.2 respectively.
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4.5 Pre-Construction Phase

The objective of the (current) pre-construction phase is to prepare as fully as possible for the construction
phase in terms of plans, designs, array sites, funding and legal agreements. In particular (not in order):

» Prepare a plan for the project and designs for its deliverables including outline costs;
 Define requirements and carry out prototyping activities necessary to achieve the above;
« Establish appropriate project management and systems engineering processes;

» Develop cost estimates and a Cost Book to distribute to potential contributing partners;

+ Define an operating, governance and administration model for the final Observatory and estimate
operating costs;

+ Obtain assurance for sufficient funding for construction (including in-kind contributions) and future
operations to be allowed to continue by the CTA Resource Board/CTAO Council;

» Select CTA array sites;

» Create an interim legal entity to enable CTA to enter into agreements with potential future partners
and to host the Project Office;

» Prepare an international founding agreement amongst contributing partners (including definition of
data rights, future legal entities and headquarters etc).

These can be summarized as:

1. Overall Project Planning (Including Preparations for the Critical Design Review)
Prototyping to Support (1)

Site Decisions and Negotiations

Creation of CTAO gGmbH

Preparation of a Cost Book and Obtaining Funding

o o M 0D

Preparation of a Founding Agreement

This document only deals with pre-construction phase activities since the Preliminary Design Review
which took place in November 2014 (with work documented in the preliminary Technical Design Re-
port). In this section the work carried out since the PDR is outlined together with the plan for the
remainder of the pre-construction phase.

All work in the pre-construction phase broadly follows the ‘generic’ work-breakdown structure previ-
ously shown in Figure 4.1, however whilst some of the work to achieve the objectives is specific to a
single work-package, some is spread across multiple work-packages. The work-breakdown structure
for the pre-construction phase (Figure 4.7) takes care of this and is explained throughout the following
text. There is considerable interaction between the work involved in achieving these objectives, many
influencing the others’ ability to continue.

Work towards the objectives has essentially proceeded in parallel throughout 2014 and so far in 2015,
and can be seen in the schedule and milestone table shown in Figure 4.9 and Table 4.1 respectively.
The following subsections deal with each summary objective in turn describing work that has been done
so far and the plans for each for the remainder of the pre-construction phase.

3The preceding SPPRR (Science Performance and Preliminary Requirements Review) is not described either.

cta CTA Construction Project Page 62 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
~——" CTA Construction Proposal Overview




4. The CTA Construction Project

4.5 Pre-Construction Phase

2

Pre-Construction Phase WBS

A

OBSERVATORY

2.1.0

| Observatory TDRs

| | Define Templates

2.1.01

2.1.0.2

First draft of TDRs (final for
PP)

[ [TDRs work continues

2.1.0.3

2.1.04

Documents with TDRs
reviewers

2.1.05

Re-work Obs. TDRs by
project team

211

Legal entities and
governance

I~ Creation of interim Legal

21141

entity (LE)

21.1.2

Setup interim admin
functions

2113

Investigate suitable final LE
types

21.1.4

Articles and RoPs of final
LE

21.1.5

Founding agreement
document

21.2

Site agreements

21.2.1

Negotiations on southern
site

21.2.2
Establish 'North site team'

21.2.3

Investigate northern site
'open questions'

21.2.4

Go back to Resource
Board about northern site

21.2.5

Negotiations on northern
site

2.X

2.2 INFRASTRUCTURE, 2.3
ACTL, 2.4 DATA, 2.5,6,6G,7,8
TELESCOPES, 2.10 COM

2.x.0

| Technical Design Report

| First draft

2.x.0.1

Documents with reviewers

2.x.0.2

2.x.0.3

TDR Re-work by project
team - 1

Documents with reviewers

2.x.0.4

2.x.0.5

TDR Re-work by project
team - 2

2.x.0.6

TDR additional work
possible, submission to PO
at end

2.x.0.7

TDR final work, includes
Maintenance Plan. To PO

2.x.1

— | Design and prototyping

work

2.11

PROJECT MANAGEMENT

2.11.0

CTA Construction Proposal
/ Overview TDR

|| Collect information for

2.11.0.1

Construction Proposal /
Overview TDR

2.11.0.1.1

Compilation of Material for
the TDR

2.11.0.2

Write CTA Construction
Proposal

2.11.1
| Management of CDR

21111

Investigate LaTeX style and
publishing details

2.12.0

Write Systems Engineering
and Safety Contributions to
the CTA Construction
Proposal

2121

Freeze requirements, and
plan new processes and
workflow

2.12.2

Refine South site specific
requirements

2.12.3

Refine North site specific
requirements

211.1.2

|| Collation of all TDRs by PO

2.11.1.3

i__|Consortium Board aware of

CDR docs, invited to

comment to reviews

| Review and compilation of

2.11.1.3.1

all TDRs

—| Submission of all TDRs to

2.11.1.3.2

CDR STAC commitee

211.1.4

STAC committee reviews
TDRs

211.1.5

CDR Meeting 24-26 june
2015

211.2

Contributions to
construction, operation and
HQ (Cost Book)

2.11.2.1-8

Cost Book initial
developments

211.2.9

IKRC comments on cost
book

2.11.2.11
Execute set of cost reviews

2.11.2.12
Wait for enough funding

212.4

Install and document
requirements change
process

Figure 4.7 — Work Breakdown Structure of the (present) Pre-Construction Phase (Phase 2) reduced in detail in places for
presentation. The WBS is broken down into work-packages at the top level. The work within the ‘technical’ work-packages
2-10 is identical for each and shown as a single branch for clarity of presentation — in reality they do exist as nine individual
WBS branches (replacing the ‘x’ in the figure), one for each work-package.
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4. The CTA Construction Project 4.5 Pre-Construction Phase

The critical path for the pre-construction phase starts with the creation of cost estimates by the individual
project teams (carried out as part of the process to create the technical design reports), followed by the
compilation and refinement of these estimates by the Project Office. This then leads to the creation
of an acceptable Cost Book and calls for contributions in order to seek sufficient funding to be able to
continue on to the construction phase. This is the group of activities WBS 2.11.2 shown in Figure 4.7.
Other activities such as site selection are not directly on the critical path for the pre-construction phase
but are very close to it and will delay the overall project if any further delays occur. Overall the limiting
time factor is expected to be funding-related, but of course all these factors are related. The following
subsections reflect the structure of the summary objectives listed on the previous page.

4.5.1 Overall Project Planning and the Critical Design Review

The detailed remit of the Critical Design Review is defined in the CTA Declaration of Intent signed by
potential contributing agencies. The requirements of the Dol have been incorporated into the documen-
tation submitted for the CDR and we have taken the view that these requirements are best met by the
creation of a project plan outlining full plans and designs for the future. The full suite of documents sub-
mitted to the Critical Design Review forms the project plan. Successful completion of the Critical Design
Review implies passing Milestones 2.1.2,2.1.4,2.2.3 and 2.11.1 to 2.11.4.

Every work-package has either created or contributed to a CDR document and these are shown as activ-
ities 2.x.0 in the work-breakdown (Figure 4.7), the final deliverables being illustrated in the preface to this
document. Most documents are referred to as Technical Design Reports but are more comprehensive
than this in terms of project plans. Each consists of:

1. Summaries of concept, design, plans, organization, work remaining and risks;
Design and Prototyping, including internal and external interfaces;

Design validation and product acceptance (safety, performance and reliability);

w0 D

Plans for construction, logistics, deployment and operation & maintenance as well as how the work-
packages will be managed: work and product breakdown structures, organization chart, schedule
and milestones, costs for construction and operation and other lifetime costs;

5. Risks;
6. Lessons Learned;

7. Assumptions, Dependencies and Caveats.

‘Work remaining’ in (1) is any work that remains to be done in preparation for the beginning of the pre-
production phase such as remaining prototyping, planning or design work or any technical choices that
still need to be taken. If any work is identified a timeline for its completion is also given. Otherwise the
documents concentrate on the pre-production and production phases, and considerations for operations.

The document suite will be baselined at the CDR but will continue to be updated under change control
as the project progresses. It will continue to be the single primary source of reference and the main
means of communicating the teams’ overall intentions and controlling the project scope. The individual
documents will form the basis of all future project reviews until another source replaces them — for
instance when the project is well into the production phase.

Several factors have dictated a pragmatic approach to the documentation. There are unknowns: pri-
marily the locations of the array sites themselves; and we do not yet have a clear idea of the sources
of in-kind contributions, although this would not be expected until the receipt of offers for contributions
(Explained in Section 4.5.5). Additionally, the lack of staff at the CTA Project Office has severely limited
its ability to drive the project centrally: this is improving but too late for the CDR.

As a result, work has been prioritized. The project teams were asked to consolidate previous work,
design and planning intentions and then design and plan comprehensively by providing them with very
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basic milestones to follow but asked to avoid optimistic backwards-planning. They were advised to make
and document assumptions where necessary if direct guidance was not provided from the PO. At the
same time central project office processes are being established as resources allow. Priorities have
been to:

1. Define the scope of the project employing coherent management techniques (in particular using a
work-breakdown structure approach);

. Establish comprehensive interface management;

. Introduce risk management and quality assurance;

. Produce a viable operations model for the final Observatory;

a WD

. Document and incorporate lessons-learned, both from CTA prototyping efforts and other projects.

Establishing the full project scope in this way then enables the Project Office to develop the overall
plans (particularly cost and schedule). The output of this exercise so far is the current document and its
supporting documents.

The process of creating these documents has been strictly led and controlled by the project office and
the teams have on the whole adhered to the deadlines set. A template and schedule for document
production was issued in March 2014 with an initial set of reviews of the documents with both internal
and external (to CTA) reviewers in June 2014, the intention being for the teams to collate work done so
far into one document. A period of re-work then followed with a further submission at the end of October
2014 for reviews with only external reviewers at the end of November 2014 as well as a detailed internal
review by the Project Manager. The complete set of review reports for the second review are provided
as part of the CDR document suite. The output of this process just described is the suite of documents
submitted for the CDR which collectively form the plan for the rest of the project.

Remaining Work

The work done so far establishes the scope and plan for the project. However there is still some work
to be done prior to the end of the pre-construction phase. As noted earlier the remaining work for the
individual work-packages is described in their TDRs. However some central work, overall planning and
controlling assurance activities for the work-packages is required. Completion of this is dependent on a
strong central Project Office which is now ramping up. The intention is that the majority of this work will be
complete by the end of the year but gateway assurance reviews in the pre-production phase are planned
to ensure that the work is complete as needed. The end of 2015 coincides with the planned transition to
the pre-production phase which is also dependent on the assurance of availability of sufficient funds.

The following require completion, however none of them alter the overall plans for the project:

Technical Design The project is now converging on final designs as would be expected prior to pre-
production. However some options still remain and some unification is necessary. Some of these
represent simple missed opportunities and may be rectified by careful negotiation. Others are
more complex and have funding considerations for in-kind contributors and will not be solved until
the in-kind negotiation process is well underway towards the end of the phase. The implications,
particularly on maintenance, of multiple implementation options will continue to be analysed but at
present it is considered that the major items, that is, three designs of small-size telescopes and two
designs of camera for the medium-size telescope will not have a deleterious impact on operating
costs as long as there is a sufficiently large number of each. In each case the interfaces are well
managed and there are increasing avenues for interchangeability between designs.

Alignment of Assumptions As explained earlier the teams were asked to make assumptions where
necessary. This has enabled planning to proceed efficiently and has allowed a large degree of
confusion to be removed from the project. It is now necessary to co-ordinate and align these
assumptions across the project. This is helped enormously by the existence of the TDRs.
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Interface Management Related to the assumptions is the interface management process. At present
all external interfaces (interfaces between work-packages) have been identified and a process for
managing them has been established (Section 6.2.1). The actual definition of how the interfaces
are handled remains to be completed. An interface schedule is being created to ensure that
interfaces are understood and agreed before they are needed, and this will feed into the refined
overall project schedule. Internal work-package interfaces are managed by the teams but under
the guidance of the CTA Interface Management Plan.

Cost and Schedule The current overall project cost estimate is a compilation of the data provided by
the work-package teams and has not yet been fully examined for consistency. Compilation and
analysis will be carried out by the Project Office for the remainder of the pre-construction phase.
The estimation process was initiated by providing the teams with a detailed WBS-based template
and instructions on how to fill it in. This template included various confidence parameters to enable
an estimation to be made of the expected error; these were parameters such as whether it is an
off-the-shelf item; whether a prototype exists etc. This gives an empirical method of deriving cost
confidence, although it will only be used to inform rather than as a rigid method. Additionally the
PO examines the extent to which the teams have completed the template.

It is not expected that any more data will be received from the teams, and none will be requested
apart from as clarifications, so the general approach to refining the cost estimates will be to: merge
the data into a single table; construct a cost-breakdown structure from the parameters already
requested; perform a comparative analysis across the project to identify any estimating errors;
and finally carry out a detailed ‘sense-check’ analysis of the estimates. Among other aspects the
checks will look for differences of approach, double-counting, gaps, unintended contingencies, lack
of ‘synergy’ and efficiency of implementation. Finally a high-level analysis of cost as a function of
requirements will be undertaken to maximise cost versus scientific output to reveal unnecessarily
expensive cost drivers in the requirements.

As an additional check it is intended to involve commercial manufacturers or consultants to perform
an analysis.

A similar consolidation approach will be taken for the project schedules. At present a rough es-
timate of the feasible construction rate has been performed based on the teams’ stated possible
construction rates. This will be analysed for suitability across the project as a whole and feedback
given to the teams. However this exercise will be extremely strongly dictated by funding constraints
and cannot be finalized until in-kind contributions are known to a certain level of confidence.

Reliability Analysis A strong start has been made on reliability aspects of the arrays with the goal of
estimating maintenance costs. RAMS analyses (mainly FMECA) have been carried out which will
now be linked more closely with current estimates of component lifetime and maintenance efforts
allowing traceability of components for maintenance purposes.

Requirements and V&V The CTA requirements process and control is well established (See Sec-
tion 6.2.2). The change process was closed during preparation for the CDR to give the teams
stability; it will be opened again (Milestone 2.12.1) after the CDR at which time there will be a
detailed review of all requirements. This review will be partly based on discussion throughout the
past year and partly to ensure there are no remaining gaps, but will be done in a way to minimize
the impact on the work-packages. Further work is needed on defining acceptance criteria which is
discussed in more detail in Section 4.6.

Quality A Quality System has been defined for CTA and is being implemented (Section 6.1.2). It is
likely to involve closer integration of parts of the COM work-package with the Project Office (mirror
and camera testing, and expansion to other aspects).

Configuration Management and Change Control As noted above, a change control system is al-
ready working for CTA requirements, this will be extended to all project aspects. However note
that the system for escalation of issues is already defined via the organization chart in Section 4.3.

Risk Management The CTA approach to risk is explained in Section 9. The work-package teams have
developed qualitative registers which are managed individually by them. The ‘central’ CTA Risk
Register will extract only the largest risks from these registers as well as identify and manage
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overall project risks. A quantitive analysis including the ability to manage working allowance (con-
tingency) may also be developed now that the schedules are becoming clearer and once the
source of in-kind contributions are established.

Implementation of Lessons Learned A large number of lessons learned have been accumulated through-
out the pre-construction phase, both from this and other projects. A system will be put in place to
ensure that useful lessons are incorporated.

4.5.2 Prototype Telescopes

Prototyping during the pre-construction phase (activities 2.x.1 for ‘technical’ work-packages 2 to 10 in
Figure 4.7) informs the final designs and plans, and is described in the individual TDR documents to-
gether with descriptions of the intended remaining work. Full prototypes exist of the MST and (all) SST
structures. Component parts of the LST have been prototyped and a full LST prototype is currently in the
final planning stage to be constructed at La Palma, Canary Islands which is intended to eventually be-
come CTA LST No.1. Camera prototypes are under construction and various test benches and pipelines
have been produced for ACTL and DATA. The lessons learned from the prototypes are invaluable not
only for testing designs but also for gaining experience for scheduling, costing and reducing overall risk.
From a central project perspective prototypes raise a number of issues which are clarified here:

Installation off CTA array sites All prototype telescopes have been installed off ‘official’ CTA array
sites and no prototype telescopes will be installed on official CTA sites in the future. The LST
currently under preparation is an off-site prototype and will continue to be treated as such even
if La Palma were to be chosen as a CTA site. In this (special) case, a clear distinction would be
made between ‘CTA land’ and ‘LST land’, and the prototype will be upgraded to (pre-) production
standards prior to being ‘transferred’ (even without actually moving) to a CTA site. Similar upgrades
would also be necessary for any other prototype telescopes if it is desired to move them to a CTA
site. At which point they would no longer be referred to as prototypes. Pre-production standards
are defined in Section 4.7.

Responsibility and accounting as in-kind contributions Off-site prototype telescopes are not the re-
sponsibility of the CTA Observatory and are not counted as in-kind contributions. Operation of
prototype telescopes for tests and verification is arranged and funded by the parties constructing
them. Only items used in the observatory on official CTA sites and listed in the Cost Book will be
counted as an in-kind contribution. If upgraded to production standards, prototype telescopes may
be counted as in-kind contributions once installed and running on a CTA site. In these circum-
stances they may be given an increased in-kind value as defined in the CTA Cost Book.

Verification and exploitation While the programme of design verification should obviously be coordi-
nated with the project to ensure that the product is documented to meet CTA requirements, and
while the project has the right to monitor verification, the project or CTA Observatory will not take
an active role in verification and possible exploitation. At this point the prototypes are proposed
solutions, not official and accepted CTA designs.

Publication of results and authorship Publication policy and authorship policy is decided by the par-
ties constructing and operating the telescopes. Publications should clearly state that these are
telescopes developed in the context of the CTA project, and acknowledge contributions to their
development, such as EC preparatory phase funding. Activities must, however, be clearly dis-
tinguished from the CTA Observatory as defined in the respective roadmaps, and described as
proposed solutions.

4.5.3 Site Decisions and Negotiations

At the time of writing (April 2015) two countries in each hemisphere have been selected for negotiations
for hosting the array sites, each with a third country remaining as a back-up in case negotiations fail. For
each of the negotiating countries there is a particular site in mind. These are (Figure 4.8):
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Northern Hemisphere Negotiations with Mexico (San Pedro Martir site) and Spain (La Palma site),
with USA as back-up.

Southern Hemisphere Negotiations with Chile (ESO) (Armazones 2K site) and Namibia (Aar site), with
Argentina as back-up.

USA
Meteor Crater
& Yavapai Spain
La Palm

N

Mexico
San Pedro . n hemisp here

Martir

El Leoncito

Chile
Armazones
9K Nam\b\a
Argentina

® Under Negotiation ~ @ Back-up Sites

Figure 4.8 — The locations of the sites currently under discussion with potential host countries.

Negotiations are expected to be concluded in July 2015 for the southern site and November 2015 for
the northern site, after which a final Resource Board decision would be taken for each. The selection
process and negotiations are led by the Chair and Vice-Chair of the CTA Resource Board, assisted by
the Project Sponsor and Project Manager and others as necessary. These dates are relatively realistic
but likely to slip by up to six months.

Remaining Work

The selection of array sites is crucial to the progress of CTA and has many implications for the project
plans and designs. Until recently there was sufficient float in the schedule to accommodate delays in
site selection (based on the schedule created in April 2014 and shown updated in Figure 4.9) and still
be able to meet the July 2016 milestone for the first pre-production telescopes to be received on site
with minimal support infrastructure. This float has now been used up and it will be difficult to meet the
July 2016 milestone unless significant supporting infrastructure can be made available on site to the
project (for example at the Chile (ESO) Armazones 2K site with support from the Paranal Observatory).
Approximately one year minimum is required between site selection and the possibilty of being able to
receive the first telescope on site (Section 4.6) depending on the supporting facilities available. The final
site decisions are Milestones 2.2.5 and 2.2.7.

As soon as site decisions are made the plan is to start the recruitment process for a site manager for
each site, and at the same time trigger the Invitation To Tender for a detailed site investigation. This is
explained more thoroughly in the pre-production phase plans (Section 4.6).

The final site decisions are now effectively on the project’s critical path and any further delay will
delay the start of implementation on site.
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4.5.4 Creation of CTAO gGmbH

CTAO gGmbH was created in August 2014 after a certain amount of delay (activities WBS 2.1.1). There
was then a period of agreement between potential member countries after which, in November 2014,
CTAO gGmbH was able to start recruiting; this delay caused a difficult loss of staff in the CTA Project
Office and delays to recruiting which adversely affected central activities.

CTAO gGmbH exists to support the Project Office and gives it a legal basis under which to enter
into agreements. The gGmbH current member countries are: Czech Republic, Germany, ltaly, Spain,
Switzerland, United Kingdom.

Remaining Work

The governance structure of CTAO gGmbH has been in place for some time. Work remains to set up
administrative functions (procurement, expenses etc) to enable the Project Office to operate efficiently.
This is Milestone 2.1.6.

4.5.5 Cost Book Preparation and Project Funding

The Cost Book is a compilation of the cost estimates for the project but with a suitable algorithm applied
to in-kind contributions which defines the value of a contribution to the CTA Observatory and used to
allocate council voting rights and perhaps observation time.

A ‘proof of principle’ version of the Cost Book was prepared in June 2014 using cost estimates available
at the time. This was to establish and test the principles of calculating in-kind value using real (although
out-of-date) data. The content of the cost book is reliant on the cost estimating process described
above. The principles of the cost book have been validated by the Administrative and Finance Advisory
Committee and reviewed by the newly-installed In-Kind Review Committee, as well as made available to
all members of the CTA Consortium for comment.

The existence of the Cost Book is vital to distribute to potential contributing partners so as to provide a
‘menu’ from which they may contribute items to the observatory. The use to which the calculated in-kind
value is put is defined in the Observatory Model document. Collectively these activities are WBS 2.11.2
in the project work-breakdown.

Remaining Work

Creation of the Cost Book is critically dependent on the cost estimates being derived as part of the overall
project planning process. When it is ready it will be distributed to project partners for Expressions of
Interest and Calls for Contributions. The culmination of this process is obtaining assurances of sufficient
funding to be allowed to continue by the Resource Board/Council. Current estimates of this threshold are
around 60%. Remaining milestones associated with the Cost Book and project funding are Milestones
2.11.7 to 2.11.9 with Milestone 2.11.8 effectively determining the end of the pre-construction phase.

The in-kind contribution process will be managed by the CTA Resource Co-Ordinator, who as part of this
role will track the actual and potential contributions of institutions in terms of what they intend to deliver.

Preparation of the CTA Cost Book and using this to obtain funding is the critical path for the pre-
construction phase and on the project’s critical path at least until construction is well underway.
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4.5.6 CTA Founding Agreement

Long-term governance and legal setup for the CTA Observatory is part of activities WBS 2.1.1. The
proposed structures include:

i. An international convention signed by CTA member states serving as a Founding Agreement,
covering construction and an initial period of operation;

ii. A limited liability company under national law serving as legal entity, with shareholders (ministries
of research organisations) that are nominated by the member states signing the Founding Agree-
ment;

iii. Additional subsidiaries in the host countries may be appropriate to limit liability of the parent com-
pany; details depend on the host country. In Chile, e.g. ESO would provide the legal framework.

Remaining Work

The main topics to be covered by the Founding Agreement are identified, and work is ongoing towards a
first draft. For the limited liability company, articles, governance and rules of procedure will benefit from
the work currently carried out for CTAO gGmbH, with details to be adapted once the host country of the
legal entity is defined, using as one input the planned call for offers to host the CTA Headquarters. An
ERIC as legal entity would combine the international convention and the legal entity in one construct;
however, as concluded in the past, the advantages of an ERIC appear not to outweigh the additional
complications it causes.

These activities involve Milestones 2.1.7 to 2.1.9.

4.5.7 Summary, Milestones and Schedule

A summary milestone table indicating current progress and a (reduced detail) schedule for the pre-
construction phase are shown in Table 4.1 and Figure 4.9 respectively. Amongst the final tasks for the
pre-construction phase is to develop the schedule and milestones for the pre-production phase to the
same level of detail, essentially ‘handing over’ to the pre-production phase. This will only be possible
when more certainty exists regarding the location of array sites and the likely in-kind contributions to
observatory construction. Some preparation work on site will be carried out prior to the end of the pre-
construction phase. This is described in the pre-production phase plans in Section 4.7 since it has a
direct relationship to the start of pre-production telescope deployment.

The critical path for the pre-construction phase is the collation and refinement of cost estimates; the
creation of the CTA Cost Book and using this to obtain sufficient funding to continue (Milestones 2.1.7
and 2.1.9). This is also the critical path for the entire project at least until construction is well underway.
The critical path for the start of real preparation on site is the site decisions (Milestones 2.2.5 and 2.2.7).
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n Work Package

[PXEEI 1 Observatory
[FXE2 1 Observatory
[ZXE¥M 1 Observatory
[PXE S 1 Observatory
[TFXEF3N 1 Observatory
[PXEI 1 Observatory
1 Observatory
1 Observatory
[PXE: 1 Observatory
[PXPEM 2 Infrastructure
[TFX 720 2 Infrastructure
[PXP2EM 2 Infrastructure
[PXP 2 Infrastructure
[PXPX 2 Infrastructure
[PXPX3M 2 Infrastructure
2 Infrastructure
2 Infrastructure
[YPXPX:M 2 Infrastructure
[PX L} 3 Array Control
[PXiE}¥2 3 Array Control
[PXE¥E 3 Array Control
[TPXI%M 4 Data Mngmnt
[PXZ%3 4 Data Mngmnt
[PXZ% 4 Data Mngmnt
5/6 SST
5/6 SST
5/6 SST
7MST
7 MST
7 MST
[M2.08.1 [EHES)S
[M2.08.2 [EHES)S
[PXEEM8LST

[FPEI %M 10 Common Tech.

[PEERM 11 Project Man.
[ZEEF 11 Project Man.
[PEEEM 11 Project Man.
[PEER™ 11 Project Man.
[ZEERIN 11 Project Man.
[PEERI 11 Project Man.
11 Project Man.

11 Project Man.
[PEEE:M 11 Project Man.

m 12 Systems Eng.

Title

Submission to EU of Observatory TDR

Consortium votes on relevant parts of Observatory TDR
*Successful* Design Readiness Review of Observatory TDR
Final submission of Observatory TDR to Project Office
Notarization of GmbH

Interim legal entity fully functional

Resource Board decides on favoured type of final legal entity
Creation of final legal entity

Founding agreement

INFRA TDR Review (followed by EU submission)

INFRA TDR *Successful* Design Readiness Review
INFRA TDR Final Submission to PO

Decision on sites

South array site decision, includes signature

Further decision on Northern site after initial RB consideration
North array site decision, includes signature

Northern-site specific infrastructure design minimum ready
Southern-site specific infrastructure design minimum ready
ACTL TDR Review

ACTL TDR *Successful* Design Readiness Review

ACTL TDR Original Final submission to PO

DATA TDR Review

DATA TDR *Successful* Design Readiness Review

DATA TDR Original Final submission to PO

SST TDR Review (followed by EU submission)

SST TDR *Successful* Design Readiness Review

SST TDR Original Final submission to PO

MST TDR Review (followed by EU submission)

MST TDR *Successful* Design Readiness Review

MST TDR Original Final submission to PO

LST TDR Review (followed by EU submission)

LST TDR *Successful* Design Readiness Review

LST TDR Original Final submission to PO

COM TDR Oiriginal Final submission to PO

*Successful* Design readiness review (of plan)
Consortium Board approves CDR submission

Submission of all TDRs for CDR

Successful CDR

Submit 'proof of principle' cost book to AFAC

First meeting of IKRC to validate cost book

Deadline to submit intention to IKC

Sufficient funding to be allowed to continue by RB/Council
In-kind contribution values fixed

Requirements change process opened up after freeze

Jul-14
Sep-14
Oct-14
Dec-14
Jun-14
Aug-14
Oct-14
Apr-15
Jun-15
Jun-14
Nov-14
Dec-14
Apr-14
Nov-14
Nov-14
Mar-15
May-15
May-15
Jun-14
Nov-14
Dec-14
Jun-14
Nov-14
Dec-14
Jun-14
Nov-14
Dec-14
Jun-14
Nov-14
Dec-14
Jun-14
Nov-14
Dec-14
Dec-14
Nov-15
Feb-15
Feb-15
Feb-15
Jun-14
Nov-14
Feb-15
Jul-15
Jul-15
Jan-15

Nov-14
May-15
May-15
May-15
Jul-14
Jun-15
Jul-15
Dec-15
Dec-15
Jun-14
Apr-15
May-15
Apr-14
Aug-15
Mar-15
Dec-15
Dec-15
Aug-15
Jun-14
Nov-14
Jan-15
Jun-14
Nov-14
Jan-15
Jun-14
Nov-14
Jan-15
Jun-14
Nov-14
Jan-15
Jun-14
Nov-14
Jan-15
Jan-15
May-15
May-15
May-15
Jun-15
Jun-14
Jan-15
Jun-15
Dec-15
Dec-15
Jul-15

Originai | Expected | Actual

Nov-14
Apr-15

Aug-14

Jun-14
Apr-15

Apr-14

Mar-15

Jun-14
Nov-14
Jan-15
Jun-14
Nov-14
Jan-15
Jun-14
Nov-14
Jan-15
Jun-14
Nov-14
Jan-15
Jun-14
Nov-14
Jan-15
Jan-15

Jun-14
Jan-15

Now combined with M2.11.2
Reviewed by ESO

Delayed by notarization and AoA agreements
Part of founding agreement preparations

Not necessary to be complete in this phase
Dependent on agreement of RB/Council

Using external contractors, so use
infrastructure review board

Only South site was decided

Work on site decisions/negotiations now
responsibility of Observatory work-package
but milestones remain here for consistency
Not necessary to be complete in this phase
Not necessary to be complete in this phase

Probably just CB approval
Will be at May 2015 Consortium meeting
Date of CDR now decided

Call with agency approval - not final

Freeze was to allow preparation for CDR.
Requirements will open up after CDR.

Table 4.1 — Milestones of the (present) Pre-Construction Phase. Completed milestones are highlighted in green, incomplete
milestones which are delayed and on or close to the critical path are highlighted in red. ‘Original’ date is the date the
milestone was due to be passed when the schedule was originally created (April 2014), ‘Expected’ is the date a milestone is
currently expected to be passed, and ‘Actual’ is the date it was actually passed.
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‘WBS Title Q1 Q2/2014 Q3/2014 Q4/2014 Q1/2015 Q2/2015 Q3/2015 ‘ Q4/2015 ‘01
03] 04 [ 05 [ 06 | 07 [ 08 [ 09 | 10 [ 11 ] 12 [ o1 Jo2] 03 | 04 [ 05 [ 06 | o7 [ 08 [ 09 | 10 [ 11 [ 12 [o1
CTA Pre-Construction_150525 ‘ ‘ ‘ ’\)
2 Pre-Construction Phase WBS I ‘ ‘
21 OBSERVATORY
2.1.0 Observatory TDRs
211 Legal entities and governance
21.1.1 Creation of interim Legal entity (LE)
M2.1.5 Notarization of GmbH
2112 Setup interim admin functions
M2.1.6 Interim legal entity fully functional
2113 Investigate suitable final LE types
M2.1.7 Resource Board decides on favoured type of
final legal entity
21.1.4 Articles and RoPs of final LE
M2.1.8 Creation of final legal entity
2198 Founding agreement document
M2.11.8 Financial Ability to Continue
21.2 Site agreements
M2.2.4 Decision on sites
21.2.1 Negotiations on southern site
M2.2.5 South array site decision, includes signature on
site
2HIROND) Establish 'North site team*
21.2.3 Investigate northern site 'open questions'
21.2.4 Go back to Resource Board about northern
site
M2.2.6 Site Narrowing North
21.2.5 Negotiations on northern site
M2.2.7 Site Decision North
22 INFRASTRUCTURE
220 Infrastructure TDR
2.2.0.1 First INFRA TDR draft
2.2.0.2 INFRA TDR Documents with reviewers
M2.2.1 INFRA TDR Draft Review
2.2.03 INFRA TDR Re-work by project team
M2.2.2 INFRA TDR *Successful* Design Readiness
Review
2205 INFRA TDR re-work by project team
221 Site Infrastructure Design basics
2.21.1 INFRA design
M2.2.8 Northern-site specific infrastructure design
minimum ready
M2.2.9 Southern-site specific infrastructure design
minimum ready
ACTL
ACTL TDR
First draft (mostly existing contents)
Documents with reviewers
ACTL TDR Review
ACTL TDR Re-work by project team - 1
Documents with reviewers
ACTL TDR *Successful* Design Readiness
Review
2.3.0.5 ACTL TDR Re-work by project team - 2
M2.3.3 ACTL TDR Original Final submission to PO
2.3.06 ACTL TDR additional work possible,
submission to PO at end
2.3.07 ACTL TDR final work, includes Maintenance
Plan. To PO
2.31 ACTL Design and prototyping work
24 DATA ‘ ‘ )
2.5/6/6G ssT : : )
27 mST ‘ ‘ )
2.8 LST ‘ ‘ )
2.10 com )
2.1 PROJECT MANAGEMENT ‘ ‘
2.11.0 CTA Construction Proposal / Overview TDR
2.11.0.1 Collect information for Construction Proposal /
Overview TDR
2.11.0.1.1 Compilation of Material for the TDR
2.11.0.2 Write CTA Construction Proposal
21141 Management of CDR
211.2 Ci ibuti to i ion and
HQ (Cost Book)
2.11.2.1-8 Cost Book al developments
M2.11.6 First meeting of IKRC to validate cost book
21129 IKRC comments on cost book
211211 Execute set of cost reviews
M2.11.7 Deadline to submit intention to IKC
2.11.2.12 Wait for enough funding
M2.11.8 Sufficient funding to be allowed to continue by
RB/Council in general
M2.11.9 In-kind contribution values fixed
212 SYSTEMS ENGINEERING

Figure 4.9 — Condensed schedule of the (present) pre-construction Phase. Activities related to the completion of Technical
Design Reports are only shown for a single work-package (for the other work-packages the activities are ‘collapsed’).
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4.6 Construction Phase: Overview

The construction phase is split into two phases: pre-production and production, to first-order sequential.
The pre-production phase is estimated to start at the beginning of 2016 subject to the successful con-
clusion of the pre-construction phase. The two phases are dealt with separately but this section gives a
general overview of the timescale to provide context.

Figure 4.10 shows an overview timescale for the major activities of the construction phase showing
when items are estimated to be delivered, and Figure 4.11 shows the currently estimated feasible rate
of telescope delivery. It does not show the continuous implementation work, tendering, factory testing
etc which will be carried out by the work-package teams. Prior to site selection no distinction is made
between the North and South sites since these decisions have too great an impact on the detailed im-
plementation strategy. The diagram is based on the work-package teams’ stated ability to produce the
items, it does not take into account changes which will certainly be needed to account for funding con-
straints once in-kind contributors have formally applied to their respective funding agencies, or changes
needed to allow efficient deployment on site. The current state of the full integrated project schedule
may be found in Appendix A.
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Prototype Array DAQ System ke
Start commissioning Clock Distribution >

Start commissioning Long/Short term o
planner

4 DATA MANAGEMENT

Full Data Model ready for commissioning -
M V1.0

Pipeline software V1.0

OO

Archive software V1.0
Data Volume reduction software V1.0
Data centers & networks

5 SMALL SIZE TELESCOPE-1M (20) ~
Pre-Prod units ready for integration SST-1M o
®

Production telescopes integration SST-1M ——
7

6 SMALL SIZE TELESCOPE-2M ASTRI (25) V|

Pre-Prod units ready for integration SST-2M o
ASTRI (3)

Production telescopes integration SST-2M ( )
ASTRI (22) I

6G SMALL SIZE TELESCOPE-2M GCT (25)
Pre-Prod units ready for integration SST-2M o
GCT (3)

Production telescopes integration SST-2M
GCT (22) [—’—'—J

7 MEDIUM SIZE TELESCOPE (40)
Pre-Prod units ready for integration MST (3) &
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T T T
8 LARGE SIZE TELESCOPE (8) ‘ ‘ ‘ ‘
T T T

LST Prototype start of installation (1) o

Production telescopes integration LST (7) (
10 COMMON TECHNOLOGY

Mirror Test Facility able to test mirrors

Camera Test Facility able to test cameras. O

Key atmospheric characterization and (

calibration I

)

Figure 4.10 — Overview of the general feasible construction schedule, here not broken down in to pre-production and
production phases. The plot deliberately does not show dependencies between activities for clarity of presentation. The
current status of the full integrated project schedule is shown in Appendix A.

The purpose of the pre-production phase is to prepare carefully for the production phase so that the
latter can proceed as efficiently as possible. This will be achieved by developing and refining processes
and designs with mass production in mind. The goal is that by the start of the production phase all
development work is complete and the implementation of the arrays is as ‘automated’ as possible. The
pre-production phase is specifically not for the technical development of telescopes apart from aspects
related to mass production and perhaps the implementation of some lessons learned as a result of being
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installed on the real array sites. Clearly this approach does not apply to the software developments of
DATA or ACTL which are continuous throughout all phases: the descriptions of the phases inevitably
concentrate on array site activities since these drive the technical schedule. Central activities (set up of
headquarters, data centres, communications, quality management) will also be continuous throughout
the pre-production and production phases.

A major task for the remainder of the pre-construction phase is to fully integrate the teams’ estimated
production capabilities ensuring that dependencies are fully understood. This is in preparation for the
result of the rounds of Calls for Contributions, although significant changes to the timescales may still be
needed to account for dependencies between contributors once the sources are confirmed.

On-site management and organization, shipping and logistics are intended to be as similar as possible
for the two phases. Lessons learned from the pre-production phase will be implemented in the produc-
tion phase but changes are not planned, except they will be ramped up to larger scale.
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Figure 4.11 — The potential delivery capability of telescopes as a function of time calculated solely on the telescope work-
packages’ technical capacity to deliver telescopes to site. This plot does not (yet) account for whether sufficient on-site staff
are available to handle this many telescopes, or funding constraints. The provision of foundations to accept telescopes is
planned to easily precede telescope deployment after the first few. The numbers stated for pre-production telescopes may
be different from that specified by the teams — this has been done to establish some uniformity across the various design
options.

Two iterations are needed before schedules can be fixed and relied upon:

1. Analysis by the project office of the overall feasibility of on-site assembly assuming the same
favourable conditions as currently assumed by the teams (i.e. assuming sufficient cash flow, both
for central activities and in-kind contributors). This is to ensure the best on-site deployment sce-
nario including on-site resource levelling. It will also critically take into account dependencies of
activities: for example provision of array control for pre-production telescopes.

This will involve communication and iteration with the teams to ensure that plans are still within
their capabilities. During this period the array sites are expected to be chosen which will have an
impact on the schedule.

2. Adjustment as a result of real funding scenarios after contributors have obtained either funding or
assurances with confidence.

Selection, procurement and procurement planning of all items to be delivered to the observatory is
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fundamentally the responsibility of the particular contributing work-package. There is no intention to pro-
cure items centrally on behalf of non-project office work-packages. However for items which are deemed
common across CTA (for example Photomultiplier Tubes), that is, that a particular component is needed
by more than one work-package, the Project Office will attempt to arrange framework agreements with
suppliers which may be used by the work-packages. This will be dealt with on a case-by-case basis
as needs are brought to the attention of the project committee and with the intention that these agree-
ments continue through to observatory operations for maintenance purposes. The unification of designs
across CTA work-packages is strongly encouraged. CTA sets strict requirements on the work-packages
in terms of reliability and maintainability of components supplied by them. These may have an impact
on the procurement strategy undertaken by the teams. This will be carefully examined in the usual CTA
review process.

Commissioning and Science Verification activities are, to some extent, common to both the pre-production
and production phases so are described separately in Sections 4.10.1 and 4.10.2.
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4.7 Construction Phase: Pre-Production Phase

The objective of the pre-production phase is to prepare as fully as possible for the mass production
and deployment of telescopes and supporting infrastructure for the CTA Observatory. For CTA this is
achieved by the deployment of a limited number of pre-production telescopes on ‘official’ CTA site(s)
together with sufficient infrastructure to support them. Other items will also be deployed which require
on-site validation. Continuously throughout all phases atmospheric characterisation for calibration pur-
poses is being carried out.

Pre-production activities on site will not be used to iron out problems which could have been fixed prior
to arrival. To do so would run the risk of on-site activities degenerating into continuous iterations of
technical developments which, given their remote locations, would be expensive and not efficient, and
may disrupt the rest of the mass production activities. This phase is to enable designs, which have
already been essentially proven, to be investigated for issues related to large-scale manufacture; and
to provide a final check of their capabilities in the harsh ‘real world’ environment of a large and remote
deployment site. Essentially this is a ‘live’ validation of requirements and verification of specifications
which should by this time already have been incorporated in to the deliverables.

To manage this there are strict acceptance criteria for items delivered to site and rules as to how they
will be managed. To be clear, there will be no prototype telescopes installed on ‘official’ CTA sites and
the purpose of the pre-production phase is not science. Science activities are not ruled out but will not
be carried out under the project structure. As noted earlier, prototype telescopes can be upgraded to
pre and production status.

The plan has been developed in a manner which excludes sub-standard equipment arriving on site
but still gives the work-package teams the opportunity to complete final development work. Alongside
telescope deployment are a number of other major work-streams. These are illustrated in Figure 4.12.

Pre-Production Phase

Major Work Streams

Planning, Refinement and

Pre-Production Telescope Array Control and Data

Deployment

On-site Infrastructure Central Processes to

Documentation

(both sites) Assure Quality Management 'Deployment’

Quality testing of first example
of specific vital components
before delivery (COM)

Choose array layout Pre-Production Readiness Review Introduction and Refinement of Development of minimal system —| On-site Statements of Work
(before components allowed on site) Central Logistics I—— to support pre-production
T telescopes
Install Site Manager and Team Test plans
V&V Assessment of Deployment of North array
Requirements Subset T Continuous development for full
Site Investigation observatory —| Configuration Management
- - Installation and commissioning
Engineering Design Review of by k-packag
Completion of Designs Initial commissioning and start —| Quality Assurance
i of science verification
Establish Configuration Control Training of CTAO (appointed)
installers by work-packages -
Construct sufficient Operations Setup
—| Continual refinement of plans

I—— infrastructure to support pre-
production telescopes

Deployment of South array Development of Plans

At Minimum Construction of " -
Telescope Foundations Continuous Incremental V&V Installation and commissioning Recruitment Plan & Execution
La Assessment of telescopes by work-packages

Construct remaining - - - Training of CTAO (@ppointed) Continual refinement of
infrastructure until end of phase Production Readiness Review installers by work-packages schedule based on experience

—— (before teams progress to

Production Phase)
Buildi_ngs etc as schedule T Initial commissioning and start
permits. of science verification
Full V&V assessment of all
requirements

Full work-package review

All control processes in place
and tested

Continuous work-package

reviews

Figure 4.12 — Major work-streams in the pre-production phase. This is not the work-breakdown structure for the production
phase (which will be structured by top-level CTA work-packages) however it shows the main areas of work which will be
carried out across the project as a whole — there will be other on-going work that is not shown here (for example stakeholder
management and liaison with the host country). This is work that is specific to the pre-production phase and should be
finished in the phase; alongside this is ongoing work to establish the Observatory as an organization (in the Observatory
work-package).

Continual refinement of plans
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For the whole construction phase, the precise plan and schedule can only be determined once the site(s)
have been selected and a better idea of what to expect from in-kind contributors is known. However the
short- and medium-term site-preparation activities are known to a reasonable level of detail.

The following sub-sections explain the following (in order):

4.7.1 Outline plan for the pre-production phase;

4.7.2 Gateway reviews and other assurance activities;

4.7.3 Policies related to pre-production telescopes;

4.9.1 On-site management (relevant to both pre-production and production phases);

4.9.2 Shipping and logistics (relevant to both pre-production and production phases).

4.7.1 OQutline Plan for the Pre-Production Phase

This section outlines the general plan and schedule for the start of the pre-production phase and relevant
parts of the remains of the pre-construction phase. It concentrates heavily on site infrastructure since
this will be the main driver for most aspects of the project in this phase. The outline of the plan for the
beginning of the pre-production phase is clear although it will be highly influenced by the site choice. It
is acknowledged to be extremely aggressive, this is deliberate to allow the teams to deploy telescopes
as soon as possible, however several mitigation or fall-back measures are in place.

The baseline plan is that as soon as final sites are selected the following activities will be carried out
immediately for each location:

. The tender process for a detailed site investigation will start and the investigation will be commis-

sioned as soon as possible. The nature of the investigation will be determined by the top-level sur-
veys that have been recently completed/commissioned (and explained in the Infrastructure TDR).
The results of this investigation will in-part dictate the location of telescopes, and will definitely
determine the revised designs of the foundations;

. The procurement strategy for site infrastructure will be decided. This is heavily dependent on

site-specific/host-country aspects;

. The process to recruit a site manager to control the site will be started, along with starting to

develop a site team;

. The array layout will be concluded as soon as possible. At present it is assumed that the full

scope of CTA will (eventually) be approved so the optimization process should not be limited by
uncertainties of how many telescopes to expect;

. Design optimisation of pre-production telescope foundations, and initial detailed infrastructure de-

sign to support pre-production telescopes;

. Installation of the first few pre-production telescopes. This could start once the site is geologically

understood and, depending on the chosen site, with minimal supporting infrastructure. Ideally
significant support infrastructure will have been constructed but this cannot be guaranteed. Con-
tingency actions for this may be needed such as portable generators, and even the possibility of
temporary telescope foundations;

. Continuing detailed design of site infrastructure;
. Continuing construction of site infrastructure;
. Continuing deployment of pre-production telescopes;

. (Initial) commissioning and verification to feed back into the final design and production processes.
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Some of these activities will be altered depending on the outcome of negotiations with the site host,
however the overall plan will remain valid. The schedule is illustrated in Figure 4.13 and is directly
extracted from the Infrastructure TDR. It has been specifically designed to allow advance deployment of
pre-production telescopes without affecting longer-term plans for the full infrastructure. The CTA Project
Office is already in a position to carry out activities 1-4 immediately upon a site decision being made
(the array layout will require consortium input), and is in a position to start detailed design.

Four months has been allocated to each major procurement exercise and these exercises have been
staggered so that invitation-to-tender documents may be prepared whilst waiting for returns from a pre-
vious exercise. These are for: site investigation; detailed design; construction of access road and
preliminaries; construction of civil works and buildings. In total 10.5 months has been set aside for pro-
curement for CTA site infrastructure. However these activities are only on the critical path for the first few
months up until the start of pre-production telescope deployment. Delays after this are unlikely to affect
the overall schedule as attention will focus on telescope integration.

The array sites in each hemisphere presently the subject of negotiations are significantly different from
each other in terms of geology and available infrastructure. However in each case this should not
be a significant impediment to the future infrastructure design process but it does mean that detailed
decisions cannot yet be made. The schedule outlined is slightly biased towards Chile, simply because
more information on that site and surroundings was available at the time, and there were still five sites
in the northern hemisphere under discussion. Other sites may take longer to develop — it is not possible
for other sites to be quicker. For instance, for Chile, most building permits are known not to be required
— this will not be the case elsewhere.

From a management perspective it is clearly preferable to concentrate work on one site at a time, al-
though depending on the site choice this may not be possible. Parallel working may be possible. Nev-
ertheless staggered planning will be implemented to ease the work-load on the central project office.
Design work carried out on one hemisphere site is easily transferable to the other.

It is anticipated that pre-production telescopes could be accepted on site twelve months after a site
decision. As noted above, the level of support which ‘central’ CTA gives to pre-production telescope
deployment teams on this timescale is yet to be determined — it is assumed that all deployment of
pre-production telescopes on site is carried out by the work-package teams as part of their in-kind
contribution. CTA central support could be as little as making the site available for the ability to construct
a foundation together with allowing the siting of local mobile generators and control huts. In which
case this approach disfavours locations where local accommodation is not available (probably only thus
disfavouring Namibia).

If this twelve month period is delayed and some work-package teams need to deploy on site urgently
to maintain their own schedules then this could be considered, but at their own risk. This could mean
deploying telescopes before their final locations are fixed or without a full site investigation to determine
foundation design. Clearly this situation is undesirable and any remedial action needed as a result, for
example redesigning foundations or re-locating telescopes would be at the contributors expense. Any
deployment process and future remedial action must be agreed with the Project Office before initiation,
and no items will be allowed on a CTA site without Project Office approval.

Further considerations for the pre-production phase plans which will be developed prior to deployment
include:

* Local outreach in the host country. The attention needed for this will be dependent on the location
— the purpose being to keep the local communities informed and mitigate risks;

» Who provides what. For array site infrastructure (buildings etc) it is not considered advisable for
array site infrastructure to be provided as in-kind contributions. Sufficient cash contributions to
central funds will be required;

* Who installs and commissions the telescopes. The assumption is that they will be installed by the
in-kind providers whilst simultaneously training CTAO-employed/contracted teams;

* Who operates and maintains the telescopes (in the technical sense) prior to the start of CTA
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WBS activity 2014 2015 2016 2017 20
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Power network design .:]
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Lightning protection design O
Compiling studies C]
Site choice <>
Telescope Layout O
Procurement strategy C]
Site Investigation —F
Tendering
ITT Issued
Bids returned O
Contract award O

Site Investigation

Detailed Design ¢ )
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Bids returned O ‘
Contract award O

Design minimum for pre-production

Complete design

Detaile designed complete <>

Access Road, Perimeter Fence & Security G )
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()

Access Road construction for early
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Access Road, services and security <>
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O
J

Site M&E, Civil and Buildings
Tendering
ITT Issued
Bids returned :] ‘
Contract award [:]

Infrastructure minimum for pre-production
(inc. foundations) C

Buildings minimum for pre-production :]

Minimum Civil and Buildings for pre- <>
production complete

Buildings and other facilities full scope
Site M&E, Civil and Buildings complete <>

Telescopes

¢
First telescope can be installed on Site <>

Figure 4.13 — Extract of the schedule for on-site infrastructure for the southern array which is the main driver for pre-
production deployment possibilities. The overall tendering period is 10.5 months but is broken into sections to allow for
advance deployment of pre-production telescopes. It is expected to take 12 months from a site decision to the ability to
accept the first telescope on site with minimal supporting infrastructure. Whilst this period could conceivably be reduced
further on sites where there is some existing support infrastructure, this is not without some risk. The first tasks immediately
post site decision are: to confirm the array layouts; to commission a full site investigation (and recruit a site manager to
control it and future activities); and to decide the final procurement strategy for infrastructure.
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science use;
» Upgrades to production status;
 Transfer of responsibility and transfer of ownership;
+ Data rights for commissioning data and science verification data;

 Any transitions required for the start of science use.

Some of these are covered as part of the in-kind contribution process, and plans for all will be devel-
oped in parallel for the remainder of the pre-construction phase. For the telescopes, installation and
commissioning are intimately linked, with steps of commissioning proceeding as each telescope is de-
ployed. The detailed installation sequence for each technical work-package is described in the relevant
TDR. Outline plans for Commissioning and Science Verification as far as the overall observatory is con-
cerned, for both phases are described in Sections 4.10.1 and 4.10.2.

4.7.2 Gateway Reviews and Other Assurance Activities

Gateway reviews and other assurance activities ensure that the Project Office retains control of the
project and in particular controls all activities on site. This is to enable full project control but also to
ensure a safe working environment. Identifying the reviews at this stage in the development of the CTA
project is particularly important since plans for the sources of funding are rather fluid and the location of
sites is not known — the gateways will ensure that sufficient information is known at the time needed and
will prevent un-planned and un-managed working.

There are two gateway reviews in the pre-production phase:

Pre-Production Readiness Review (Table 4.2) which must be carried out before any item is delivered
to site in this phase;

(Mass) Production Readiness Review (Table 4.3) before leaving the pre-production phase and enter-
ing the production phase. This should take place before any potential contributor commissions a
production order.

The reviews will be carried out on all work-packages individually, not on the project as a whole. They will
be rigorously enforced and their outcome for each work-package will dictate the timescale of the project.
The overall aim is to avoid any sub-standard equipment arriving on site, preventing the need for unneces-
sary re-work. Note that for the professional observatory which CTA aims to be, the documentation to be
supplied with the hardware is as important as the hardware itself, in terms of demonstrating compliance
with requirements, manuals for operation and maintenance etc. A strong policy will be adopted:

Where a piece of hardware is available and stated to be complete and fully functioning by its
creator it will not be accepted on site until all documentation is assessed to be complete,
regardless of any pressure, political or otherwise, to accept the hardware.

After the pre-production readiness review items may be delivered to site and installed. Work-package
teams are required to keep logs of work on site and of development work in their institution. This is to
record both the process on site (to check the validity of installation plans and to help refine them), and to
keep track of necessary design changes. On-site logs will be checked by the site manager and delivered
to the central project office.

Continuing in parallel with deployment will be a comprehensive and incremental V&V process. Plans for
this are to be developed but will consist of an incremental assessment of requirements over time start-
ing after the Pre-Production Readiness Review and continuing up to the Mass Production Readiness
Review. This is a pro-active approach to identify problems as far in advance of the MPRR as possible.
Acceptance criteria will be released in advance.
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PPRR: The Pre-Production Readiness Review

This review will take place before any item is delivered to a CTA site. It may occur at any time suitable
for the work-package in question (within limits of the overall project schedule). It will consist of:

1. A full V&V assessment of a subset of CTA requirements. The subset has yet to be defined but is
likely to be related to safety and perhaps some other major requirements;

2. A full Engineering Design Review, based on engineering judgement, to ensure that the designs
are sensible. The CTA Project Office will either commission the design review or set its remit;

3. Project Office approved testing of specific hardware currently dealt with by the COM work-package:
currently one of each type of Camera and Mirror — the scope of this testing may expand in the future
to cover areas such as drive systems and FEA analysis;

4. Assessment that the configuration of the components to be delivered/installed is acceptable — this
is to ensure that nothing is delivered to site undocumented. This includes a full set of as-built
drawings and other documentation (to be defined). The aim being to ensure that the project knows
exactly what is on site at any time;

5. Assessment of the plans for installation and testing on site.

Table 4.2 — The Pre-Production Readiness Review.

(M)PRR: The (Mass) Production Readiness Review

This review will take place before any work-package is allowed to continue on to the production phase.
Institutions contributing to CTA should not place final orders with their suppliers until this review is com-
plete, or if they have pre-tenders these must be sufficiently flexible that they can incorporate changes
which may be needed as a result of the review. It will consist of:

1. Afull V&V assessment of compliance against all requirements;

2. Another full engineering design review;

3. A report explaining the changes from pre-production to production. To achieve this it will be nec-
essary to keep a log of activities since the PPRR to provide traceability;

4. Full compliance with documentation.

Table 4.3 — The (Mass) Production Readiness Review.

Other reviews will continue as at present, with the addition of a comprehensive Quality Assurance and
Control programme (summarized in Section 6.1.2), and normal project tracking:

Internal Work-Package Reviews ‘Cross project’ work-packages are reviewed in turn comprehensively
at every bi-monthly project committee meeting. Other work-packages are reviewed approximately
every six months by the same group. They are based on the TDRs.

External Work-Package Reviews These are conducted by reviewers external to CTA at intervals of
about six months. They are based on the TDRs.

External Project Oversight It is proposed that the STAC committee undertakes an external project
oversight role. This could take place every six months, or more coincident with CTAO GmbH
council meetings, based on a single project status report.
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4.7.3 Pre-Production Telescopes

Pre-production telescopes will usually be intended for the use in the final CTA arrays. The number of
telescopes currently expected in this phase was shown in Figure 4.11, although this is still subject to
funding considerations and will be limited by the project. The following policies apply regarding the use
of telescopes:

* In case design changes are made between pre-production and mass production, pre-production
telescopes must be upgraded to be identical to mass production telescopes, in all aspects relevant
for performance, operation and maintenance. The same applies to prototype telescopes.

* Prototype telescopes or pre-production telescopes are only accepted for use in final arrays if the
telescope type is accepted as a component of the observatory through the in-kind review process,
to be deployed in larger numbers. The observatory cannot afford to operate small numbers of
telescopes of designs which are not further supported after the pre-production stage.

In the (limited) time between technical commissioning and start of science use by the observatory, the
pre-production telescopes (as well as production telescopes installed on site) are at the disposal of the
contributor, or of the CTA Consortium, for further technical verification, science verification and possibly
science use. The usage of the telescopes and data rights, publications and authorship is not defined
here. This will be the subject of a future policy to be agreed between project stakeholders.

Regarding the arrangements between the suppliers of in-kind contributions and the observatory the
following general strategy and guidelines are suggested but will be confirmed in in-kind or interim agree-
ments:

Telescopes installed on CTA sites As stated in the Cost Book, the value of (a limited number of) pro-
totype / pre-production telescopes will be accounted, with a value increased compared to mass
production telescopes to account for the higher cost of Pre-Production (for those prototype / pre-
production telescopes which are used in the final CTA arrays, and meet CTA requirements).

Operation of telescopes on CTA sites Starting from the first science verification (using pre-production
telescopes), and through the following mix of science verification and early science, telescopes
(once technically commissioned) will be operated by the observatory, with technical assistance
from telescope suppliers during night operation as appropriate, and with training and assistance
during maintenance.

The transition of responsibility from the project to the observatory will be carefully managed but
the default is that responsibility for all aspects except operations remains with the project until final
project handover in case alterations are necessary — the priority being completion of the project.

Data rights for science verification data and early science data It is suggested to define data rights
and authorship by defining a core group of institutes, which contributed the products used in array
operation at a given stage of installation, or provide specific contributions to science verification.

Nomenclature Telescopes be referred to as pre-production telescopes of the CTA array, rather than
some specific mini-array or similar nomenclature.

Telescopes not included in the final arrays Individual telescopes installed on a final site may not be-
come part of the final arrays operated by the observatory, because they do not meet requirements,
represent one or few of a type, or for other reasons. The observatory is not obliged to provide
access to these telescopes; decommissioning of them is the responsibility of the contributors who
deployed them.
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4.8 Construction Phase: Production Phase

This phase will start for each work-package once the (Mass) Production Readiness Review is completed.
For the project as a whole the transition will take place once a suitable number of work-packages have
passed the review and plans are in place for project completion.

Detailed planning of telescope installation depends on the choice of site, and on the — partly funding-
rate limited — production rates of telescopes. Details can only be defined after approval, once these
are known. However Figure 4.14 (repeated from Figure 4.11) shows the currently understood technical
delivery capability of the various work-packages®.
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Figure 4.14 — Telescopes to be delivered over the entire construction phase. This delivery profile will be optimised to account
for the chosen sites, funding profile and on-site staff resource levelling.

Depending on the agreements with the supplier, telescopes can be installed and commissioned by sup-
plier’s personnel, contractor personnel, observatory personnel, or a combination thereof. The preferred
scenario is for installation in the production phase to be by observatory or observatory-contracted staff
for reasons of efficiency and safety. However this has central funding implications as discussed in Sec-
tion 4.12. Responsibilities and limits of authority will be defined in the agreements but the baseline plan
is described in Section 4.9.1.

The following considerations apply regarding telescope mass deployment:

Different telescope types As far as the individual arrays of large-sized, medium-size and small tele-
scopes are concerned, each can be operated for early science independently from the others and
can address certain science topics, though usually not with optimum science performance. Also,
spacing of telescopes is (mostly) large enough that no strong constraints arise regarding the order
of deployment. Deployment of each type of telescope can therefore start once technically and
financially feasible. The dense-packed central (LST) region of the array requires specific planning
of access logistics.

Ease of access Construction work should not be hindered or complicated by already installed tele-
scopes. Sufficiently wide access roads and truck and crane manoeuvring space will be maintained
for future installation sites. For the LST, this does include space to assemble the dish and other
structural components. The installation sequence and access roads will be arranged such that
installation sites can be accessed without crossing directly between installed telescopes.

4Some funding constraints may already have been incorporated into the source schedules by the work-package teams.
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Interference of deployment and early operation Deterioration of completed telescopes by dust etc
should be avoided. Foundations, roads, cable trenches and other ground work will ideally be
completed before telescopes are installed. At minimum, a distance of a few 100 m between con-
struction sites and telescopes will be ensured; however even at this distance, special efforts to
bind dust etc. may be required.

Note however, that both HESS and MAGIC installed new telescope foundations etc. within 100 m
or less from operating telescopes, in case of HESS Il even inside a 120 m square of telescopes,
without noticeable damage, and without significant extra effort.

Optimisation for early science: Telescopes should be positioned such as to allow effective physics
exploitation. This implies primarily that telescopes are clustered rather than scattered.

Efficiency and limitations of human resources: The installation sequence should aim to minimize
cost, manpower, and expert time required on site. In case special expertise is required during
installation, parallel installation on both sites of a given telescope type may prove difficult. Tele-
scopes should hence be installed in batches, (i) improving consistency and reliability, (ii) reducing
set-up time for tooling etc., (iii) minimizing time for cranes etc. on site, (iv) minimizing time which
remote installation / commissioning experts have to spent on site.

The deployment in batches, alternating between sites, has the advantage that Science Verification can
proceed in the following one-year period, providing static sets of telescopes for early science. However it
may not be the best use of resources. An initial sequence for the installation of telescopes is presented in
the Infrastructure TDR for the southern site, this is particularly geared towards enabling pre-production
installation. Detailed considerations for the northern hemisphere site are not so important given the
small number of telescopes and small area.
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4.9 Construction Phase: On-Site Management and Logistics

4.9.1 On-Site Management

A possible structure of the site organisation during installation is shown in Figure 4.15. The Site Manager
is overall responsible for all site activities (even those carried out by the work-package teams) and reports
directly and solely to the CTA Project Manager. The installation and commissioning branch is headed
by the Installation and Commissioning Manager (ICM), supervising and co-ordinating teams installing
the telescopes. Each telescope branch is coordinated by a Telescope Installation and Commissioning
Manager (SST-ICM, MST-ICM, etc.).

Site Manager

Local

Outreach Safety Officer

I 1 1 1

1 1 1 1
Instrument Instrument Support T

. Quality Team : : : Inst. & Comm. Logistics
Admin Staff Operations Maintenance Services
Leader Supervisor Supervisor Supervisor Management Manager Manager
1
[ I I 1
. SST Inst. & MST Inst. & LST Inst. & SCT Inst. &
Operators Maintenance Support Comm. Comm Comm. Comm.
personnel personnel
Manager Manager Manager Manager
SST Team A MST Team A I— LST Team SCT Team A
SST Team B MST Team B SCT Team B

Figure 4.15 — Possible organization structure of personnel for site installation. Many of these roles may be combined; the
extent of this will be dependent on the rate of deployment and the speed of recruitment. This structure will be ramped up
over time, only a small subset is required in the early stages.

Multiple installation teams for each telescope type are only required if parallel deployment is required.
This is unlikely for the pre-production phase but will be the case for the production phase.

Site Manager is responsible for all activities on site. In particular the site manager co-ordinates the
work of the installation/commissioning managers and the managers of the contractors for site
infrastructure. The Site Manager reports directly and solely to the CTA Project Manager. The Site
Manager is in a position to shut down all work on site, particularly if he is advised to by the Safety
Officer, regardless of the employer of the teams or individuals concerned.

Installation/Commissioning Manager(s) (ICM) ensure that all commissioning activities are carried out
so as to ensure the delivery of a fully operational array complete in every respect. This includes
reviews of all commissioning documentation, reviews for performance, reliability, durability of oper-
ation, accessibility, maintainability, operational efficiency under all conditions of operation, protec-
tion of health, safety and comfort of occupants and O&M personnel. The ICM reports to the Site
Manager.

Installation/Commissioning Teams consist of suppliers of In-Kind Contributions, contractors, sub-
contractors, suppliers and other support disciplines, potentially Observatory personnel, and is re-
sponsible for construction/installation in accordance with the contract documents, including testing
and the delivery of training, required documentation.

Quality Team may conduct periodic site reviews to observe general progress.
Commissioning agencies : include

The installing IKC supplier, contractor or installing sub-contractor.
Equipment manufacturer: e.g. generators
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Specialist commissioning experts or agency: installations which are outside the scope or ex-
pertise of other Commissioning Agencies on this project.

The Observatory if so defined in the IKC agreements, observatory personnel may support de-
ployment, or conduct deployment. This will be primarily for the later production phase.

Various auxiliary instruments will be installed to support operation of CTA, such as instrumentation to
record the state of the atmosphere. Compared to the overall deployment effort, these installations are
modest. Nevertheless, care will be taken to carefully plan the installation and commissioning. They will
follow the Pre-Production and (Mass) Production Readiness Review process.

The total currently-estimated effort needed on site is shown in Figure 4.16. It includes all effort required
to install and commission telescopes as well as to install auxiliary instrumentation. It is partly based on
the installation scenario in Table 4.4. The estimates show the actual work to be executed to build the
array, from which a dedicated shifting scheme can be derived.

Importantly, once more certainty is available regarding timing of contributions (and proportions of various
options), work will be put into smoothing the effort required on site and hence reduce the peak to a
more manageable and consistent level throughout the installation period. The aim will be to reduce
unnecessary peak activity whilst avoiding storage of components for any significant period of time. A
cost benefit analysis will be undertaken beforehand, particularly if an outside contractor is used with
flexible resources.
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Figure 4.16 — Typical profile of FTE staff required for installation and integration (left: southern site, right: northern site).
Once expected deliveries are known with more certainty an attempt will be made to reduce the peak, whilst still avoiding
storage of components. Later deliveries could conceivably be carried out as ‘maintenance activities’ instead of construction
if straightforward. Here the LST prototype is included as part of the northern array — this is only correct if La Palma is chosen
as the final site. The North/South split for MST telescope (options) and the proportion of SST designs is arbitrary at present
and does not constitute a plan or intention. This illustrative distribution was chosen simply to ease the mathematics.

Installation Scenario

On-Site Deployment m Integrated on-site FTEs # of Elements m Integrated on-site FTEs # of Elements

mm [In-house| Contracted | Total [North [South |

05m 023 023 3 05m 023 023 0 17
41d ? ? 0,90 o 3 05m ? ? 0,82 0 22
10d 1,77 013 1,90 0 3 5d 0,03 004 007 0 22
1m 0,17 093 1,10 0 2 1m 0,12 093 1,05 0 23
1m 0,30 093 1,23 1 0 1m 0,20 093 1,13 14 0
12m 12,26 458 1684 1 0 5m 8,28 225 10,54 3 4
6m 2 ? 28 05 05 12m ? 2 428 05 05
24m 569 098 667 04 06 36m 14,38 013 1451 04 06
24m 500 5,00 1 36m 1500 15,00 1

24m 600 6,00 1 36m 1800 18,00 1

Table 4.4 — Data for installation planning. The table indicates the time required to install each element together with the effort
required on site. The data is per telescope but total for other elements. ‘?* indicates that the information is not available due
to the tendering process involved. The North/South split for MST telescope (options) and the proportion of SST designs is
arbitrary at present and does not constitute a plan or intention. This illustrative distribution was chosen simply to ease the
mathematics.
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4.9.2 Shipping and Logistics

The logistics of bringing components from the production sites to the array sites, and the associated
issues of storage and inventory management is a major issue for CTA. At the present time, with neither
the array or production sites defined with certainty, only general issues may be developed. Additionally
there will be shipping between production and testing sites for the purposes of quality assurance and
control as part of the COM work-package.

The risk is reduced since the dependencies of components on others is low: to first order, telescopes
are not dependent on each other during construction/commissioning. However care must be taken to
ensure that multiple consignments for single telescopes do not go astray.

Telescopes are designed such that the bulk of their components can be shipped in standard shipping
containers, some cameras and auxiliary components may need to be shipped in custom boxes, but an
effort will be made to combine them for uniformity of approach. The shipping volume currently estimated
is shown in Table 4.17, and the rate shown in Figure 4.18, where 1 unit is a standard 20’ container
(some 40’ containers are required). Not shown are standard components which may be purchased
locally, perhaps including computer servers — although this depends on the host country. This will only
be a small deviation from the present numbers.

Number of Total
Containers to Sites containers COnt(::i?\ers
per telescope( Telescopes | Production | Telescopes | Production
n 3 6 17 34 40
| 6A | 3 9 22 66 75
| 6G | 3 8 22 59 67
[ 7 ] 3 24 37 296 320
n 0 0 7 154 154
| 10

70

Figure 4.17 — Expected shipping volume to the array sites in units of 20’ containers.
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Figure 4.18 — Containers as a function of time to either site based on the previously-explained delivery capability. It will

evolve as more information on contributors etc is gained.
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Experience with past installations has shown that it is crucial to handle shipping through a single ship-
ping agency. Local handling and customs required some experience and a certain learning period;
having items shipped to the sites by a variety of shipping agencies would greatly increase the effort and
overhead at both ends. Additionally the project needs to be confident in its shipping services. Thus the
baseline assumption for CTA is that the Project Office will contract a single logistics agency, or at most
one for each site, to handle all shipments from all kinds of suppliers to the sites, see Figure 4.19. Costs
for this will be included in the various agreements where necessary and some care will be required in
the tendering process for this agency to potentially allow direct payment by contributors. In practice the
shipping could be either by the logistics agent sending an empty container to a contributor to be filled (in
the case of large items), or for the contributor to send components to a local depot of the logistics agent.
The agent will be selected at the beginning of the pre-production phase in time for the first shipments
and should learn over time. Import and export taxes, customs issues etc are being dealt with through
the site negotiations and are heavily host-country dependent.

Supplier A ( Supplier B ‘ ( Supplier C ‘

Observatory Logistics contractor ‘

North site South site

Figure 4.19 — Logistics for shipping of components to the sites. Thin lines indicate communications paths, thick lines material
flow.

On-site logistics (storage, inventory control) could be managed either by the logistics contractor or the
on-site personnel, the latter being the default. Whether shipping is insured needs to be decided on a
case-by-case basis. In many cases, insurance may not be cost-effective, since components are not
commercial products which can easily be replaced, or may not be allowed by various funding agencies.
A risk analysis will be undertaken and points of transfer of responsibility will be agreed.

As noted previously production rates will be determined by contributors’ resources and subject to funding
flow. The relatively small number of units (by industry standards) to be produced and time differences
and delays in production of individual components such as cameras may require interim storage both at
the supplier end and on the sites. The project will set up and maintain a central asset database covering
components: stored at the supplier; in shipment; in storage at the sites; components installed on the
sites.

Quality control is an important issue. A process will be set up whereby components to be shipped will be
inspected prior to shipping. This is not just for ensuring quality of components but also to ensure that the
actual components expected are shipped. This could involve a central QA officer visiting the contributor
to check-off components as they are loaded.
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4.10 Construction Phase: Commissioning, Science Verification
and Early Operations

4.10.1 Commissioning Plan

The objective of commissioning is to provide a fully functional facility. The plan will be developed as
contributions become more certain, and is largely dependent on the processes developed by the work-
packages. It is intended to provide a facility:

+ Whose systems, equipment and components have been proven to meet all functional requirements
before the date of final acceptance, and operate consistently and reliably;

» That performance of equipment and systems is properly verified and documented;

* In which the Operations and Maintenance is properly documented and personnel have been fully
trained in all aspects of all installed systems;

» Which has optimized life cycle costs as reasonably as possible;

» Which has complete documentation relating to all installed equipment and systems.

Commissioning will be a systematic process to verify and document that systems operate in accordance
with their design intent and that the operations staff fully understand the operational procedures and are
prepared to continue operating the system according to the design intent. The main considerations and
deliverables are itemized in Table 4.5. The process consists of the master planning, management and
communications tools relating to commissioning, setting out scope, standards, roles and responsibili-
ties, expectations, deliverables, etc., and is addressed to all members of the installation/commissioning
teams. The description here is an outline of that used for pre-production telescopes with the intention
of optimising the process based on the experience gained. The optimised process will then be used for
the production telescopes.

Prior to start of installation, a detailed final commissioning plan and commissioning schedule is provided
by the commissioning agencies. The timeline is fine-tuned as construction progresses. The commis-
sioning plan is approved by the commissioning manager and the commissioning agencies. The com-
missioning agencies provide the commissioning manager with regular progress reports; the frequency
varying over time as progress dictates.

The sequence of activities will differ significantly between products and will be provided by the relevant
work-packages. For telescopes in particular various aspects need to be verified such as: integrity and
alignment of mechanical structure; telescope power connection, filters, distribution; critical on-telescope
cabling; etc. Each step involves a number of checks, measurements or tests, which are conducted ac-
cording to specific commissioning instructions, and recorded on a commissioning form. Commissioning
will typically last around two weeks (except for LST). Various forms and records are required to docu-
ment the commissioning process which should be made available by the supplier of a component well
in advance of the start of commissioning (Typical examples are shown in Part 1 of Table 4.5).

As for installation, telescopes will be installed and commissioned in cooperation between provider and
CTAO-employed staff, although it is likely that for the pre-production phase installation will be by the
provider whilst at the same time training CTAO staff, who will be entirely responsible for the production
phase. Commissioning could proceed in steps:

1. Commissioning of individual Pre-Production Telescopes;

2. Commissioning of array operation of Pre-Production Telescope, with other telescopes of the same
type;

3. Commissioning of mixed-array operation combining different types of Pre-Production Telescopes,
with emphasis on trigger commissioning, cross-calibration, and of monitoring and analysis tools.
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A first round of science verification (Section 4.10.2) will be carried out using the pre-production tele-
scopes (but not necessarily concluded before launching parts of mass production). The science verifica-
tion observations should also be used to train observatory personnel in the operation of the telescopes.

Where testing is required as part of a regulatory process and where commissioning procedures are fully
developed and are appropriate to the project, the commissioning manager will ensure that all tests as
required by such codes are performed.

Trainees will include the site manager, operators, maintenance staff, security staff, technical specialists
and facility occupants as necessary and will encompass aspects detailed in Table 4.5. Training will be in
sufficient detail and of sufficient duration to ensure: safe, reliable, cost-effective, efficient operation of all
systems in normal and emergency modes and under all conditions; effective ongoing inspection, mea-
surements of system performance; proper preventive maintenance diagnosis, troubleshooting; ability to
update documentation; ability to operate equipment and systems under emergency conditions.

Documentation and Training

1) Deliverables by the supplier / the commissioning agency required prior to the start of commissioning

Standard Operating Procedures Manual To include description of the product together with a description of all operating modes. It will
be produced by the designer as the design develops. It shall be largely complete prior to
commissioning. During the installation/ commissioning phase, revisions and refinements will
be incorporated by the designer, so that the manual reflects the system as built.

Operations and Maintenance (O&M) Manual  Will be produced by the designer as the design develops It shall be largely complete prior to
installation/ commissioning. During the installation/ commissioning phase, revisions and
refinements will be incorporated by the designer, so that the manual reflects the system as
built.

Life Safety Compliance Emergency information relating to all possible emergencies such as the presence of smoke,
fire, floods, gas, failure of electrical power, water supply, heating, cooling, emergency
evacuation, refrigerant release, etc. Information is to be immediately available and
comprehensible to technical and non-technical users.

As-built' Drawings and Specifications These will be produced by the designer from the project record documents maintained on the
site and kept up-to-date with all changes. Accuracy will be verified by the designer and the
Commissioning Manager.

Inventory of spare parts, special tools, Inventory will be identified during the design stage by the designer with input from the Project

maintenance materials Manager, based upon consideration of the complexity of the product and immediacy of
availability; specified by the designer; checked by the Site Manager immediately upon delivery
to ensure each is complete with instructions for use; inventoried, packaged, identified and
stored.

Training Plan This will be produced by the designer and approved by the Installation/Commissioning
Managers to meet project-specific requirements. See below for details.

Installation/Commissioning Activities Schedule The schedule will be prepared by the commissioning agency and has to be approved by the
Commissioning Manager, the Project Manager, and the Site Manager.

Description of pre-commissioning activities These include in-plant performance operational verification tests; pre-start-up tests and
inspections.

Description of commissioning steps and These will be developed by the designer.

commissioning specifications

Prefunctional Checklists, Tests and Startup;

functional test and verification procedures

Report forms

relating to (i) equipment and components supplied and installed, (ii) test for performance
verification, (iii) commissioning reports, (iv) training reports.

Overall Plan After reviewing the specifications, and after interviewing facility staff, if necessary, Observatory
and the commissioning agencies fill out a table listing all the equipment for which training or
orientation will be provided. This form lists, among other things, the type and number of
trainees, rigor of training desired by the Observatory, the primary responsible commissioning
agency, and slots for tracking training agendas.

Specific Training Agendas For each piece of equipment or system for which training is provided, the Observatory and the
commissioning agencies define the training and orientation agenda, regarding the scope of
training and the intended audience, for reference by the trainer in developing the training
agenda. The commissioning agency develops a plan for including in the training session
contractors / trainers from different disciplines, when appropriate.

Training Record For each piece of equipment or system, prior to training, a training and orientation record is

created. On this form, the trainer documents each training session (duration and general

subjects covered). The trainer signs for the session and obtains the signature of each trainee.

When the training is complete, the Observatory receives a copy of the record.

All aspects of operation under all normal, emergency and "what-if* modes, over the full range of operating ranges.
Detailed maintenance, troubleshooting, regular, preventive and emergency maintenance.

(i) On-site familiarization and observations during installation, layout of equipment, systems and components, start-up and testing of the work,
access to approved shop drawings, equipment operating and maintenance data;

(ii) Hands-on instruction relating to start-up; shut-down; emergency procedures; features of controls; monitoring; servicing; maintenance;
performance verification and commissioning; reasons for, results of and implications on associated systems of adjustment of set points of
control, limit and safety devices; interaction among systems during integrated operation; and troubleshooting diagnostics. Other elements will
include system operating sequences, step-by-step directions;

(iii) Formal classroom sessions providing an overview of how a product is intended to operate, description of design parameters and
operating requirements, description of operating strategies, functional and operational requirements, limitations of a product, and operation

Table 4.5 — List of potential deliverables and training as part of the commissioning process, to be developed.
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4.10.2 Science Verification Plan

Before beginning full observatory operations, the scientific performance of the CTA arrays must be veri-
fied. This science verification (SV) process can begin once (sufficient) individual elements of CTA have
been commissioned, and will continue on to the routine operations phase of the observatory. In this
section the plans for SV are briefly summarized, together with the relationship of SV observations and
analysis to other activities during the assembly and commissioning activities.

Science verification is envisaged as an iterative process based primarily on observations of known
gamma-ray emitting celestial sources. Science verification observations (SVOs) will begin when at least
two telescopes of a given type have been commissioned. All commissioned telescopes will participate
in a given SVO. It is anticipated that telescope commissioning will mainly involve collection and analysis
of air-shower data. Science verification is part of the process of commissioning the observatory as a
whole, once individual CTA elements (for example individual telescopes) are commissioned.

SVOs provide data that will be used to test key scientific capabilities of the instrument. An annual cycle of
repeated observation of the same target objects is planned. Demonstration of satisfactory performance
based on SVO data will qualify that part of the array that passes for use in observatory science operations
(including the Guest Observer programme). At the stage where SV of parts of the array is still ongoing,
SV continues to have higher priority than any science operations, to allow for particular SVOs that require
the full array (then comprising already qualified and non-qualified sub-arrays®. It is envisaged that the
SV processes will uncover technical problems with individual telescopes and other CTA Products that
were not identified during commissioning. Such Products will then be returned to the commissioning
state.

During times when SVO targets are not visible, other targets, aimed at providing early scientific impact
for CTA, rather than towards science performance verification, will take place. Such early science obser-
vations will be conducted at the discretion of CTAC, until the arrays are sufficiently complete to start the
Guest Observer programme. Early science observations will have lower priority than SV observations.

SVOs should continue, at a much reduced level, once the array is complete, to monitor the long term
stability of the system. SVOs may be used for scientific purposes by the CTAC once the relevant SV
work is complete.

In general, compliance with CTA level B requirements (see Section 6.2.2) must be demonstrated during
commissioning (as well as at the design stage). Design validation against Level A performance require-
ments is done using MC simulations. Final compliance demonstration of these high level (gamma-ray)
performance requirements is done via SVOs.

The SV process requires considerable effort from skilled and experienced personnel. Providers of all
in-kind contributions to the arrays will be expected to commit person-power to the SV process, commen-
surate with the scale of the contribution.

Capabilities to be Verified

Gamma-ray source observations will be used for verification of:

1.1 The full software system, from DAQ to end user (SOFT)
1.2 Scheduling procedures (SCHED)

1.3 Calibration procedures (CALIB)

1.4 Background determination schemes (BACK)

2.1 Gamma-ray point-spread function (PSF)

2.2 Relative flux and spectral determination (SPEC)

2.3 Absolute flux determination (ABS)

2.4 Light curve generation and periodicity determination (LC)

5A sub-array is a subset of CTA telescopes on a single site which may be of different types.
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2.5 Absolute timing and barycentering (TIME)

2.6 Source localisation (LOC)

2.7 Reconstructing the morphology of extended sources contained within the FoV (EXT)
3.1 Surveying, mapping of regions larger than the field of view (SURVEY)

3.2 Sub-system and sub-array response (SUB)

3.3 Operation and data analysis under moonlight (MOON)

3.4 Operation and data correction/recovery under non-ideal weather conditions (COR)
3.5 Real time analysis and alert generation (RTA)

3.6 Reaction to external alerts (ALERT)

3.7 Divergent pointing / super-wide field of view mode (DIV)

All items 2.x must be verified as function of position in the system field of view (FoV), zenith and azimuth
angle and also gamma-ray energy. Item 2.3 (ABS) requires exploitation of calibration data, comparison
of sub-system data and comparison with other experiments. The measurement in the energy range
which does not overlap with any existing observatory will be assessed by extrapolations from the overlap
region and the use of fiducial cuts to produce very well defined collection areas.

Note that several of the items above should already have been verified at the individual product level (for
example ACTL verification of scheduling) as part of the commissioning process. The SVOs will provide
an independent verification of these elements, functioning as part of the full observatory.

Verification Target Classes

Five target classes are required to verify the capabilities:

1. Bright point-like sources, selected on the basis of flux and the level of confidence in their point-
like nature, as well as absence of any known diffuse emission in the immediate vicinity. In practise
these criteria point to the selection of variable extragalactic objects and in particular blazars.

2. Extended sources, selected to be much larger than the CTA PSF at all energies and as bright
as possible. Ideal candidates will have well defined boundaries rather than long tails/halos. An
additional criterion would be to avoid objects in which time-variability of some spatial component
is known or likely.

3. External alerts or target-of-opportunity (ToO) observations. A ToO programme is described in the
Key Science Project documentation, and serves a dual purpose of testing response to alerts and
delivering early science.

4. Pulsed sources, selected on the basis of flux and with the widest possible energy range for the
emission. In practice, the two pulsars detected from the ground so far represent the only suitable
targets.

5. Empty fields, selected to avoid known or candidate sources and likely regions of diffuse emission.

An additional criterion for the selection of targets in all classes is observability from both hemispheres,
or, if this is not possible, the presence of two suitable objects with appropriate Declinations (such that the
selected targets spend a significant amount of time at zenith angles within the required range). Finally,
sources should be selected with a spread of Right Ascensions to allow observations throughout the year
at the sites in both hemispheres.

In all cases above, charged cosmic rays (CRs), as well as photons, can be used in the SVO process.
CR electrons form part of the calibration process and protons and nuclei can be used to verify spectral
reconstruction to 300 TeV (something that is not possible with known gamma-ray sources).

Table 4.6 provides the mapping between capabilities to be verified and target classes. Below we provide
a baseline list of specific targets.
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Table 4.6 — Mapping of capabilities to be verified to target classes. Note that extended sources are preferred to point-like
sources due to the dramatically reduced possibility of significant time-variability.

Specific Objects

Table 4.7 makes specific proposals for target objects in each class. For most of these sources, highly
statistically significant detections will be possible with the partially complete CTA in only a few hours.
Longer observations are necessary to subdivide the data into a wide range of different pointing directions
and environmental conditions and still have a significant signal in all subsets. A wide range of conditions,
and more than one target object in a given class, is essentially to probe systematic biases.

5h34m
8h35m

+22.0
-45.3

Crab Pulsar Both
Vela Pulsar S

Very bright, wide energy range
Steady and bright low-E source

N 11h04m +38.2 Very bright, wide energy range
Mrk 501 N 16h53m+39.8 Very bright, wide energy range
S 21h58m -30.2 Very bright south source

PG 1553+113 15h55m 1.1 Bright, accessible N+S

Vela Region 8h35m +45.3 Bright, extended, dual purpose®
RX J1713.7-3946 17h13m -39.7 Very bright ext. source in south
MGRO J1908+06 19h08m +6.2 Bright ext. source accessible N+S
CTA1 00h06m +72.7 Isolated Northern ext. source

Empty 1 ~1h ~0 Accessible N+S, RA slot free
Empty 2 ~%h ~0 Accessible N+S, RA slot free

Table 4.7 — Baseline choice of objects for science verification observations with CTA. Those in italics represent possible
alternatives (or additions).

The motivation to share empty fields in the north and south, and to repeatedly observe the same fields,

is that weak new sources will inevitably appear eventually, and these observations also constitute scien-
tifically useful deep fields.

Observing Strategy

Scheduling should be performed using the tools developed for this purpose. These tools must take all
relevant constraints in to consideration for the generation of the schedule. Various observation modes
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will be required (wobble, mini-survey, divergent), with wobble mode as default, with four offset posi-
tions. The offset distance will need to be optimised after early background measurements, but 0.9° is
considered to be a reasonable default.

Data should be taken in marginal as well as clearly acceptable conditions. Sources should be followed
from culmination to 30° elevation. Point-source observations should be synchronised between hemi-
spheres if possible. For the point-source, pulsed and extended cases, a range of offsets should be
used, from 0 to 5° for bright sources.

It is anticipated that SVOs will take up roughly half of the available observation time in the early con-
struction phase, reducing considerably with the start of Key Science Projects and steady at the level of
a few % of the time post array completion.

Data Analysis

The following data analysis steps are required:

1. Application of low level calibration procedures (see Common Technology and Calibration TDR).
Where appropriate, alternative calibration algorithms/approaches should be compared to test sta-
bility.

2. Production of key parameter distribution plots for each telescope, as a check of commissioning.
The parameters to be compared (to simulations and to other telescopes) include Hillas parameters
(image moments) up to 2°¢ order.

3. Coincidence rates should be compared to expectations from Monte-Carlo (MC) simulations, and
also participation rates for individual telescopes. Individual trigger rates as a function of all config-
urable thresholds should be established as part of the telescope commissioning process.

4. Shower analysis / event reconstruction should be performed for all subsystems® independently
and different reconstruction algorithms (including those used for pipelines A, B and C”) compared.
Sub-system cross calibration should be performed/applied.

5. Background modelling for all subsystems independently. Wherever possible three independent
background estimates should be made, based on the reflected, ring and template approaches.
Measured source significance values should be compared to expectations. Significance distribu-
tions should be made for empty fields.

6. Atmospheric corrections should be applied and the cosmic ray electron spectrum derived and
comparison to previous (i.e. archive and CTA reference) observations.

7. The spectra and morphology of sources in the FoV should be derived for each subsystem indepen-
dently. Comparison to MC simulations should be made for point-like sources, and comparisons to
measurements from other observatories made where appropriate (given the much improved sen-
sitivity of CTA).

8. Barycentering should be performed and phasograms (phase-folded light-curves) generated for
pulsed sources. Peak positions in phaseograms should be monitored as a function of time to test
system timing stability.

9. Steps 5 to 8 should be repeated at the full system level.

The Data pipelines section of the CTA Data Management TDR provides details of the procedures to be
followed.

6A subsystem is the subset of all available telescopes of a given type, e.g. LSTs.
"The real-time, preliminary and standard analysis pipelines.
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Acceptance Criteria and Procedures

Two main criteria must be met for a sub-array to be qualified for observatory science:

1. Performance requirements are all satisfied.

2. The system can be modelled at the required level.

Only once these criteria are met can response matrices be generated for a set of telescopes and data
from the sub-array used to perform science analysis with the required sensitivity and precision. These
two criteria are discussed in turn below. We note that a two stage SV process may be appropriate, with
readiness for point-like source observations in a more limited energy range preceding full readiness.

Performance Requirements

Compliance with scaled point-source sensitivity requirements will be tested using the measured collec-
tion area and background rate from SVOs of point-like sources. The scaling reflects the partially com-
plete nature of the system or sub-system and the scaling factors will be derived using MC simulations.
Compliance with angular resolution requirements will be tested in a similar way.

Systematic Uncertainties

The analysis steps described above will result in a certain level of disagreement in reconstructed quan-
tities between data and simulations, and between different data sets. The level of disagreement that is
acceptable is discussed here, with reference to the CTA Requirements.

The acceptable systematic errors on the absolute level of reconstructed flux are given in A-PERF-0260,
A-PERF-0380 and A-PERF-0410. The requirements apply to variations in reconstructed flux of a known
steady source (i.e. an extended source) in time, after all corrections, as well as comparisons of the
averaged datasets to other instruments. These requirements apply to favourable weather conditions
(class A). In class B weather conditions (high levels of aerosols, partial cloud cover), a factor two larger
uncertainties can be accepted, post-correction.

For the gamma-ray PSF, the acceptable level of disagreement with MC simulations is 8% in the 50%
and 80% containment radii and 12% in the 90% containment radius, for all energies at which sensitivity
is required.

For low-level parameter distributions the same percentages apply, noting that these values may be
adapted in specific cases based on pre-(mass)-production telescope data.

Acceptance Procedure

SVO data will be continuously processed by the SV team, with a Science Readiness Assessment report
produced at least once per year and including:

« a summary of all tests of individual telescopes including a statement on which telescopes must be
recommissioned, and which are included in the further assessment.

+ a summary of sub-system level tests and evidence of qualification of individual sub-systems.

» a summary of system level tests and evidence of qualification of the system.

Where sub-systems or the full system are judged not to have reached science readiness, a recom-
mendation should be made in the assessment document on what action should be taken. Actions may
include:

* hardware changes

« recharacterisation of elements
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« calibration and reconstruction pipeline changes

 simulation updates/refinements

These recommendations and the whole Science Readiness Assessment document will be put forward
to the project management and actions will be agreed upon there.

Once hardware and procedural changes are no longer deemed necessary, these aspects will be frozen,
to allow the collection of a coherent set of SV data and acceptance to take place. Post-acceptance all
proposed hardware and procedural changes must be reviewed and approved by the technical committee.

An individual telescope can re-enter the SV process once re-commissioning has taken place.

4.10.3 Considerations for Early Operations During Construction

Operation of the CTA telescopes for the purposes of generating real science is specifically excluded from
the scope of the CTA Construction Project. However installation and commissioning of CTA telescopes
will continue over several years. Already with the pre-production telescopes, CTA will be competitive
with, or superior to the best current instruments and should therefore start science operation, albeit not
yet in guest user mode with external proposals. Early science operation will also help to test operat-
ing procedures, maintenance procedures and data processing, preparing for full-scale operation and
ensuring a smooth start of the official operations of the CTA Observatory.

This implies that for several years, installation and commissioning will occur in parallel with operation
of the telescopes. This represents more of an organisational problem than a technical problem. Both
H.E.S.S. and MAGIC have erected large new telescopes in the direct proximity of operating telescopes,
even including construction of foundations. For CTA, schedules will be arranged such that all telescope
foundations and cable channels in the vicinity of telescopes to be installed next are completed before
installation begins. The current proposal for this sequencing may be found in the Infrastructure TDR.

For effective and stable operation of a partial CTA system, system operation and installation/commissioning
must be separated, both concerning personnel and computing infrastructure. It is difficult to see that op-
erators could at the same time operate a partial system and participate in the commissioning of new
telescopes. This implies that night operations commence once a certain (modest) number of telescopes
are operational. Initial maintenance and repair of early failures can be achieved by the personnel in-
stalling telescopes, but after a relatively short period routine maintenance operations could take over,
with staff growing according to the number of telescopes to be maintained. Major failures or faults due
to installation/design should be handed back to installation/project personnel, but the priority will remain
deployment of telescopes rather than interventions for science use.

Care will be taken to ensure that the transition and handover of the responsibility of various parts of the
observatory are determined by project milestones. Any item handed over to the steady-state observatory
should be complete and require only standard maintenance work. Any operating procedures must have
been created by the project prior to handover.

A policy will be established by major stakeholders for use of and access to CTA during early operation.
Since operating conditions will continue to evolve and initial data analysis will require significant effort
and expertise, it is obvious that the CTA Consortium will take a significant role in early operation, and in
particular in the analysis of Science Verification data and early data.

Early science operation of the arrays implies

Operations management The management of site operations needs to be set up early, and coordi-
nated with management of construction and commissioning;

Night operation With the start of operations, night operations requires essentially the final level of
operator personnel;
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Maintenance Maintenance needs of each telescope will ramp up, but after a few months, telescopes
will require the steady-state level of effort for maintenance and calibration; maintenance personnel
hence grows in proportion to the number of deployed telescopes, with a modest time lag;

Data management During early operations, it is planned to store essentially the full raw data, without
significant compression, allowing verification of the effects of data compression schemes. Data
volumes of early data will hence be significant. (See the Data Management TDR for details.)
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4.11 Final Handover and Project Closeout, Considerations for De-
commissioning

The final activity of the production phase is that of project closeout and handover. Whilst much of the
handover will have already taken place in the context of early operations the purpose of this activity is
to provide a fixed point at which acceptance for the project product is confirmed, and to recognize that
objectives set out in the original plan (this document) have been achieved — or approved changes to the
objectives have been achieved. The objectives are to:

* Verify user acceptance of the project’s products;
» Ensure that the host site is able to support the products when the project is disbanded;

« Ensure that all materials (for example Operations and Maintenance manuals, configuration records
and technical drawings) are fully updated based on experience gained and handed over in an
orderly manner;

» Review the performance of the project against its baselines;

» Assess any benefits that have already been realized, update the forecast of the remaining benefits,
and plan for a review of those unrealized benefits (follow-up reviews are not the responsibility of
the project);

» Ensure that provision has been made to address all open issues and risks, with follow-on action
recommendations;

» Document any lessons learned both for future CTA Observatory projects and for other projects
outside CTA.

One of the defining features of a project is that it is finite: it has a start and an end. If the project loses
this distinctiveness, it loses some of its advantages over purely operational management approaches. A
clear end to a project is always more successful than a slow drift into use.

Once these objectives are achieved the project will be disbanded. It is important that sufficient attention
is applied to this set of activities — and that the project is fully closed-out: once the observatory is in full
operations mode it will be very difficult to re-visit past mistakes. Until final handover the priority is still
the project even at the expense of operations.

Considerations for Observatory Decommissioning

Depending on the final sites selected, and in common with other observatories, the CTA Observatory will
commit to returning them to their natural state once the Observatory has reached the end of its useful
life if so required by local authorities. Some infrastructure (e.g. power lines, support buildings) could
remain if they would have further use for local communities.

As with observatory operations, decommissioning is not part of the scope of the CTA Construction
Project, but considerations must be made for advance planning towards it. More details are presented
in the Observatory Model document but a basic outline of the principles is presented here:

Decommissioning itself will be carried out as a new project in its own right, carried out under the CTA
Observatory and details (especially liabilities) addressed in the CTA Founding Agreement. Its eventual
project plan will cover:

+ A review of the legal and regulatory requirements;
» How the project will be managed and responsibilities allocated,;

+ Safety and environmental impact assessments;

cta CTA Construction Project Page 98 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
~——" CTA Construction Proposal Overview




4. The CTA Construction Project 4.11 Final Handover and Project Closeout, Considerations for Decommissioning

+ Social plan for employees, if required,

» Plans and agreements regarding continuation of data services.

A prerequisite for safe and efficient decommissioning is high quality as-built documentation of infrastruc-
ture and deployed instruments, updated to account for modifications and upgrades. It is not expected
that there will be constraints on decommissioning imposed by telescope design as a result of their
relatively light-weight nature and no toxic chemicals or radioactive sources are involved. Current civil
infrastructure designs and plans take into account the full facility lifecycle including decommissioning.

cta CTA Construction Project Page 99 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
~——" CTA Construction Proposal Overview




4. The CTA Construction Project 4.12 Costs and Project Control

4.12 Costs and Project Control

Preliminary estimates of the cost for the CTA Construction Project have been developed based on the
work-package teams’ estimates. They are explained in detail together with the necessary assumptions
in the accompanying CTA Cost Estimates document. A summary is presented here.

There are many caveats associated with these figures as would be expected for a project at this stage
of its development and its present unknowns. The caveats have been touched on regularly in this
document. The most significant are:

» The final array sites are not yet known. Without detailed design work for specific sites in mind
(both in terms of design, and detailed site investigations to reveal potential problems) costs can-
not be guaranteed for site infrastructure, and for some aspects of telescope design which are
environment-dependent (such as earthquake requirements). However requirements have been
defined for the worst in all cases, so apart from re-design (opportunity) costs the undesirable im-
pact on telescopes should not be significant.

Presented here are the most expensive infrastructure costs as determined from the civil infrastruc-
ture studies (La Palma and Namibia). If these sites are not chosen there will be a small reduction
in cost (outlined in the Cost Estimates document and the Infrastructure TDR). Note though that all
these costs are preliminary based on conceptual studies and secondly the direct costs of infras-
tructure to CTA are highly dependent on the outcome of hosting negotiations currently underway
in terms of contributions from the host countries;

» Confirmed sources of in-kind contributions are not yet known. This will result in changes in deploy-
ment strategy as a result of potential loss of mass-production efficiency. In particular the ratios of
the various MST and SST options are not yet known with any certainty. This is a ‘chicken and egg’
situation: until costs are known, full knowledge of parties’ contributions is unlikely to be forthcom-
ing; but without knowing how many are to be delivered from a particular source, production costs
cannot be guaranteed. The intention is to converge over time;

 The costs presented in this document and the Cost Estimates document so far are an assembly of
the cost estimates from the teams and have not been fully checked for uniformity of assumptions
in terms of what should be included and excluded. This is explained in more detail in Section 4.5
together with the plan for refining the estimates. Some checking has been carried out with the
result that the costs presented here may be slightly different, or at least in a different form, than
those presented in some of the individual TDRs.

With these caveats in mind, Table 4.8 shows the presently estimated cost of each telescope type on
the basis of the production of the numbers stated. For SST telescopes the total of the number units
noted in the table is not the total expected in the final array (they sum to be greater than the baseline
configuration). The numbers are those that the work-packages assumed in developing their estimates.

Single Telescope Costs | 4 ¢ Elements used Equipment Labour | # of Elements used | Equipment Labour

in Cost Estimates Costs [FTE] in Cost Estimates Costs [FTE]

PEl ssT-1m 3 0,622 M€ 1,4 20 0,500 M€ 1,1
7] ssT-2m ASTRI 7 1,362 M€ 6,2 30 0,628 M€ 1,7
[l ssT-2m ceT 3 0,906 M€ 17,0 32 0,630 M€ 2,0
MST with FlashCam 2 2,192 M€ 8,5 23 1,967 M€ 6,3
MST with NectarCam 1 4,495 M€ 60,6 22 2,409 M€ 8,5
[IE0 Large Size Telescope 1 9,537 M€ 47,9 7 8,436 M€ 22,6

Table 4.8 — Estimated cost per telescope based on the stated magnitude of production for the pre- and production phases.
The total for the SST telescopes is greater than the baseline configuration for CTA. This is explained in the text. Pre-
production telescopes are expected to be updated to production standards and thus counted in the final configuration. The
FTE effort is that needed in the institutions or on site for integration/assembly; effort needed at manufacturers etc is included
in the equipment figure as part of their contracts. The LST marked as pre-production is the prototype telescope currently
being built at La Palma assuming it will be upgraded to (pre-)production status and incorporated in the final arrays.
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CTA Construction Cost Estimate 4 | Equipment Labour 4 | Equipment Labour 4 Equipment Labour
Costs [FTE] Costs [FTE] Costs [FTE]

[ observatory 0,5 M€ 6 4,6 M€ 10 5,1 M€ 16
m Project Management 0,6 M€ 26 1,2 M€ 56 1,8 M€ 82
m Systems Engineering 0,3 M€ 22 0,5 M€ 33 0,9 M€ 55
[PX1 Northern Site 6,9 ME 9,1 M€ 16,0 M€

[P Southern Site 19,9 M€ 24,6 M€ 44,6 M€

El AcTL 2,4 M€ 66 3,6 M€ 99 6,0 M€ 165
W pbATA 7,3 M€ 112 11,0 M€ 168 18,3 M€ 279
Small Size Telescopes 9 8,7 M€ 74 61 36,2 M€ 102 70 44,8 M€ 176
[ 5 | SST-1M (single) 0,62 M€ 1,41 0,50 M€ 1,09 35,3 M€ 77
m SST-2M ASTRI (single) 1,36 M€ 6,23 0,63 M€ 1,75 49,1 M€ 154
m SST-2M GCT (single) 0,91 M€ 17,04 0,63 M€ 2,05 44,9 M€ 188
Medium Size Telescope 3 8,9 ME 78 37 79,0 M€ 265 40 87,8 M€ 343
MST with FlashCam (single) 2,19 M€ 8,51 1,97 M€ 6,33 79,3 M€ 260
MST with NectarCam (single) 4,50 M€ 60,65 2,41 M€ 8,52 98,4 M€ 393
0 Large Size Telescope 9,5 M€ 48 59,1 M€ 158 8 68,6 M€ 206
Ellcom 1,5 M€ 2,1 M€ 3,6 M€ 157

T

Table 4.9 — The total cost of construction for the CTA Observatory. Costs are split into equipment costs (in €) and institutional
effort (in FTE) at in-kind contributors. A detailed breakdown of the costs may be found in the accompanying CTA Cost
Estimates document. The breakdown between in-kind contributions and central cash purchasing by the project office is
discussed later in this section but the baseline is that work-packages 1, 2, 11 and 12 are from central cash funds and would
be inappropriate for in-kind contributions. The summation of individual SST and MST estimates to produce the expected
total is not straightforward and cannot be deduced solely from this table. The algorithm is explained in the text. The FTE
labour figure is made up from different skill categories — each of which will have a different associated cost to the contributing
institution. At present a 25% uncertainty should be assumed.

The baseline configuration of the CTA arrays is already known but the eventual numbers where there are
multiple design options® will only be known after contributing institutions have applied to their funding
agencies and integrated with the CTA in-kind process. In order to produce the expected cost of the
entire observatory a weighted average of these figures has been used. This is solely used for estimation
purposes and does not dictate the plan for deployment. The algorithms are summarized below.

SST There are three independent design options: one single mirror design (SST-1M) and two dual mir-
ror designs (SST-2M ASTRI and SST-2M GCT). The total of the units used for individual telescope
estimation purposes exceeds the total required so the algorithm below accounts for this.

SST total required = 70 telescopes (Pre-Production = 9; Production = 61):

1. Pre-Production Phase estimate = 3 x SST-1M cost + 6 x (SST-2M-average cost)
2. Production Phase estimate = 17 x SST-1M cost + 44 x (SST-2M-average cost)

where SST-2M-average cost = (ASTRI cost + GCT cost)/2

MST There is a single design for the MST structure which will account for all 40 MST telescopes but
there are two options for the camera: NectarCAM and FlashCAM. The total of the camera units
used for estimation purposes is equal to the total required.

MST total required = 40 telescopes (Pre-Production = 3; Production = 37):

1. Pre-Production Phase estimate = 2 x MST (FlashCAM) cost + 1 x MST (NectarCAM) cost
2. Production Phase estimate = 23 x MST (FlashCAM) cost + 14 x MST (NectarCAM) cost

Using these combined estimates together with those for other work-packages the total estimate for
the CTA Construction Project has been derived and is shown in Table 4.9 with a further summary in
Figure 4.20.

8The impact of multiple options on operating and maintenance costs has been considered and noted previously in this docu-
ment. As long as the number of any option delivered to site is large then costs will not be significantly adversely affected. The
in-kind review process will reject contributions which cannot be promised in sufficiently large quantities.
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4. The CTA Construction Project
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4. The CTA Construction Project 4.12 Costs and Project Control

The prices have been fixed in the following way (inflation will need to be taken into account in the future):

« For infrastructure, civil engineering unit prices were established in August 2013. These unit costs
have been prorated to April 2015 values by taking into account the respective countries Consumer
Price Index and the local-currency to EUR exchange rate. This translates to the following price
variations (with respect to August 2013 values): Chile +9,2%, Namibia +10,8%, Mexico +12,6%,
Spain -1%.

« All other items are baselined in 2015 values, assuming start of procurement for pre-production by
the end of the year.

Whilst the work-package teams have produced uncertainty estimates based on the algorithm approach
described in Section 4.5, these are not yet sufficiently mature to be relied upon. At present an overall
cost uncertainty of 25 % should be assumed across the project. This is likely to be a pessimistic
assumption for telescopes with already extant prototypes, but this may be compensated for by project
realities elsewhere such as interfaces and work on remote sites.

The project is currently within ‘Class 2’ for project definition®. That is: ‘the project is defined to a level
between 30 and 70 %, the final site is unknown and the cost estimate is to be used for the purposes
of control or bid/tender, with the costs derived through detailed unit costs with forced detailed ‘take off”.
The guidance recommends for Class 2 that the overall cost uncertainty should be between 5 and 20 %.
The construction consultants used to further develop the infrastructure plans have recommended an
uncertainty of 25 % at this stage. Only once real bids are received (and the site known) would this
uncertainty reduce to 15 %. On the negative side (cost reduction), the possibility of -5 to -15% exists.
Ranges could exceed this if there are unusual risks.

412.1 Time Profiles

The time profiles for earned value (actual deployment) are shown in Figures 4.21 and 4.22. They are
derived from the cost tables shown as input and linked together with the currently known project sched-
ule. Options are presented in the Infrastructure TDR to lower the peak cash spending on infrastructure
by delaying some aspects whilst still keeping up with pre-production telescope deployment. The profile
assumes a minimum central cash funding scenario as explained in the next section.

18 2800 12 900

2400 10 mmm=mmm

- V4 70.0
- -
————— 200.0 [ e
12 / — 2 INFRA 600

125¥s

- 1600
— 11 MAN
— 5-6-6G SST

1085
8 10 com

- 1200 &
]
4DATA
—3 ACTL
80.0
= = = TotIKC Cumm.

=== Tot.Cash Cumm.

me]
~ IS o 5
\ [
e —
VI
e —
|
-
"
\
\
"\
-
2 0
g 4
Cummulative Total IKC [M€]
m€]
~ IS @ o
[ ]
u
— ~
N IE—— s
I —— N,
I
I
I
N —
N ——
N " S «
8 8 & &
s s 5 5
Cummulative Total Cash [M€]

Figure 4.21 — Earned value profile of completed items, excluding FTE effort. (Left) The value of in-kind contributions as they
are deployed on site. (Right) Earned value of cash spending, indicating at its peak just over €9m within one quarter. These
plots assume that only the central project office and on-site infrastructure are paid in cash from central funds. Advance
spending is not indicated.

9AACE International Recommended Practice No. 18R-97 ‘Cost Estimate Classification System - as applied in engineering,
procurement, and construction for the process industries’. Whilst application of this guidance may not be entirely appropriate for
the CTA Construction Project, there is no doubt that CTA, being a scientific endeavour will be less certain for the same level of
development.
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Figure 4.22 — Total earned value profile from both in-kind contributions and central cash spending, excluding FTE effort.

4.12.2 Funding Scenarios

The base scenario is that the project will be funded as much as possible using contributions in-kind.
However there are certain aspects where this not possible or is unlikely to be the most efficient solution.

« It is not sensible for most aspects of on-site civil engineering, where a) it is not sensible to ship
items such as concrete, windows, fences, and b) professional civil engineering contractors are
required, and c) even if contributors did offer to purchase certain infrastructure items, for example
telescope foundations, for planning and control purposes it is desirable to have a single contractor
(or as few as possible) produce these items;

» For reasons of efficiency and safety it is intended that assembly of telescopes and other scientific
equipment on site will be carried out by observatory employed staff (or companies contracted by
the observatory) during the production phase once they have been trained by in-kind contributors
during the pre-production phase.

Note that funding for operations and maintenance is dealt with in the Observatory Model document. Here
only costs for construction are discussed. However it is anticipated that there will be a smooth transition
of resources (particularly on-site personnel) from the project to operations and maintenance. Particularly
for late-arriving items, some could be installed under a maintenance regime if the interfaces are well
defined. Maintenance plans and estimates are described in the individual TDRs and are expected to
have a cost envelope within CTA requirements.

Table 4.10 illustrates two extreme scenarios for funding. In reality the situation is likely to be somewhere
between the two and will be a balance between the availability of direct cash funding and efficiency of
production. The percentage indicated in the table is the percentage of cash funding required to the total
in-kind cost (of equipment and labour). In terms of total cost the two scenarios are equal (and the same
as the previously shown overall cost): this cannot be calculated directly from the table due to the different
skill levels (and associated cost) rolled up in the numbers for FTE effort.

Senario 1 The maximum possible is contributed in kind. Only staff in the central project office and staff
to oversee site operations (site managers etc) are employed directly by CTA. All infrastructure is
designed and constructed by professional contractors. Everything else (telescope, data centres,
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4. The CTA Construction Project 4.12 Costs and Project Control

array control) is contributed and installed in-kind and using in-kind personnel. Cash funds are
provided by contributing institutions in addition to (or instead of) their in-kind contributions.

Scenario 2 Only telescopes and other specialist components are contributed in kind. Civil infrastructure
is procured directly by CTA (same as Scenario 1). Only pre-production telescopes are installed by
in-kind institution staff, everything else is installed by CTA-contracted personnel.

CTA Construction Cost
Cash Contributions Equipment Labour In-kind Equipment In-kind To be paid by In-kind Equipment In-kind To be paid by
Costs [FTE] Costs Labour [FTE] | Central Funds Costs Labour [FTE] | Central Funds

[ observatory 5,1 M€ 6,2 M€ 6,2 M€
[T Project Management 1,8 M€ sz o B 8,5 M€ 5 B 8,5 M€
[F] systems Engineering 0,9 M€ 55 - - 52 M€ - - 52 M€
[7Z1 Northern Site 16,0 M€ - - - 16,0 M€  Spain - La Palma - - 16,0 M€  Spain - La Paima
[7171 southern Site 44,6 M€ - : - 44,6 M€ Namibia - Aar - - 44,6 M€ Namibia - Aar

6,0 M€ 165 6,0 M€ 165 - installation in-kind 0,3 M€ 158 6,1 M€ on-site computing

18,3 M€ 279 18,3 M€ 279 - installation in-kind 4,8 M€ 233 16,8 M€ off-site datacenter

Small Size Telescopes 44,8 M€ 176 44,8 M€ 176 - installation in-kind 44,8 M€ 149 1,9 M€ installation workers
- Medium Size Telescope 87,8 M€ 343 87,8 M€ 343 - installation in-kind 87,8 M€ 305 2,6 M€ installation workers
n Large Size Telescope 68,6 M€ 206 68,6 M€ 206 installation in-kind 68,6 M€ 186 1,4 M€ installation workers
COM 3,6 M€ 157 3,6 M€ 157 installation in-kind 3,6 M€ 156 0,1 M€ installation workers

S 3 e s 1 s
_

Table 4.10 — Different scenarios for distributing the total cost of the observatory via cash or in-kind contributions. A minimum
level of central cash funding is required in all scenarios to fund the project office, and pay for on-site infrastructure.

4.12.3 Contingency Planning

Once a suitable level of certainty for the project is gained (sites chosen, significant in-kind contributors
identified) the level of cost uncertainty may be translated into required contingency. In principle, in-kind
contributors must manage their own risk and are liable for cost overruns. However the project office must
be capable of resolving problems if they are in danger of affecting the wider project.

There are two categories of contingency: working-allowance and contingency:

Working Allowance is used to fund risk management. It is held by the project manager subject to strict
rules for its use: it will only be used to pay for mitigation and contingency actions previously defined
in the (quantitative) project risk register. The status will be monitored and reported regularly. It may
be used to de-escalate risk, recover schedule and for missing scope. It will not be used to recover
scope in cases where scope was removed as result of an approved change to requirements /
specifications. The working allowance is held by the project manager on condition that its use can
be traced and audited to fund actions defined in the risk register.

Contingency is used to fund unforeseen problems not captured in the risk register. It should be pro-
vided by council upon special application and subsequent consideration.

The magnitude of each of these will be defined before project approval, 10-15% total project cost would
be a working assumption for the working allowance. As noted in the project objectives, from a project
management point of view CTA is well structured for contingency management overall by virtue of the
fact that telescopes are not dependent on each other for operation (to first order), and the sensitivity
of the array degrades gracefully with decreasing telescope numbers. In other words, a reduction in
the number of telescopes may be used as contingency for the whole array, until further reductions in
sensitivity are no longer tolerable. This is discussed in Section 2.5 of this document.

Nevertheless it is a waste of resources for telescopes to be left incomplete at manufacturers if an in-
kind contributor is no longer able to fulfil its obligations. In-kind contributors are requested to keep
their production batches small (whilst still taking advantage of bulk purchasing discounts), or implement
contracts such that there are break clauses. The CTA Project Office therefore requests a component
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of working allowance sufficient to cover the completion of a sensible volume of consortium-based work-
package deliverables — to be itemized in the risk register. The AFAC committee has suggested that the
in-kind contribution contracts specify that contributors are obliged to contribute sufficient replacement
cash if they are no longer able to contribute their assigned deliverable if the item is on the project’s
critical path.

Each work-package is required to prepare a comprehensive risk register, and whilst CTA will not have
control over institutional management procedures, it is expected that they follow a similar procedure for
management of working allowance. These aspects will be detailed in the in-kind contribution contracts.

412.4 Cost Control

CTA will implement an Earned Value Analysis system which will be used to manage the project and also
to allocate value to work-package institutions for in-kind contributions. This will consist of collecting data
on: Planned Value, Earned Value and Actual Cost, and awarding earned value when specific milestones
are reached based on defined earning rules and review against specific acceptance criteria. The system
will operate down to a defined level of detail which will be one or two levels below that of the receipt of
major deliverables. The current basic projection of earned value is shown in Figures 4.21 and 4.22. The
reviews will ensure quality of deliverables.

It is appreciated that it will be difficult to obtain Actual Cost from in-kind contributors since some may be
unwilling to open their accounts to inspection.

Within limits, site infrastructure will only be deployed on an as-needed basis, in advance of telescope
deployment. This is to reduce the risk of unwanted infrastructure if telescope teams cannot deliver or the
project is de-scoped during construction. However in reality this risk is small: the infrastructure which is
a function of telescope numbers is small. Deployment strategy is covered in the infrastructure TDR.

4.12.5 Descoping Strategy

Planning so far assumes that the full scope of CTA will be approved and (eventually) constructed. If
this is not the case there will be implications for the deployment strategy, costs per telescope, costs for
‘cross-project’ items, as well as (obviously) the science that may be carried out.

The policy for possible descope (as specified in the project objectives) is to not irreversibly reduce the ca-
pability of individual instruments but rather to reduce their number, in the expectation that eventually the
scope can be fully re-established. The scientific implications of reduced capability arrays are discussed
in Section 1.3.3. In principle, and as previously discussed, CTA is very resilient to funding constraints
given the non-dependent nature of individual telescopes on each other. In other words, reducing the
number of telescopes presents general scientific problems rather than affecting the technical feasibility
of construction. In case of funding reduction, the following must be considered:

« Initially funded arrays must be fully functional and must be superior to existing instruments by a
significant factor;

» Smooth growth to full CTA must be possible;

» Choices which degrade performance and cannot be reversed must be avoided;

+ Aim to maximize initial funding;

« Aim to maximize prospects for additional funding,

and options together with their implications/risks are presented in Table 4.11. Once the next round of
Expressions of Interest has been concluded in the remainder of the pre-construction phase, the extent
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of the plausible scope will be analysed and options presented for more desirable options. Beyond this
no descope planning has yet taken place.

The pre-production and (mass) production readiness reviews can also be used as scope checkpoints to
determine whether scope changes are required as a result of funding short-falls or cost overruns.

Options for reducing cost of the first stage Reversible? | Loss of
parties/

funding
Reduce telescope specifications

Smaller mirror area No

Larger pixel size No

Smaller field of view No

Lower reliability No

Reduce array specifications

Reduced number of telescopes (reduced sensitivity) Yes

Reduced number of telescope types (3 = 2, resulting in Yes Likely
reduced energy range)

Reduced number of arrays (2 — 1, reduced sky coverage) Yes Likely
Reduce infrastructure

Interim solutions for site infrastructure Partly

Reduced data management resources (less powerful data Partly

analysis, push computing onto users)

Lower-quality user services Partly
Compromise on site quality No

Table 4.11 — Considerations for descoping
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5. Summaries of Technical Work-Packages

5 Summaries of Technical Work-Packages

This section contains brief summaries of the technical aspects of project work-packages (structured
according to Figure 4.1). The summaries are mostly extracted from the detailed TDR documents and
edited slightly to ensure uniformity. The plans for delivering the work-packages may be found in the
detailed TDR documents. For more detail on all aspects refer to the individual documents.
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5.1 WP2: Infrastructure

CTA Infrastructure consists of civil elements (roads, support for cabling, foundations, buildings, etc),
power supply and distribution, safety and security infrastructure, water supply and waste management
on the array sites. A generic infrastructure design based on requirements and telescope characteristics
was used to inform the site selection process, as well as a starting point for further refinement. This has
been developed into a full strategy and brief and conceptual design. Work has so far concentrated on
the southern array since the narrowing of site options took place earlier than for the northern sites; full
detailed infrastructure design is not possible until final sites are chosen.

The infrastructure work-package sub-contracts construction consultants and architects to carry out the
infrastructure design and planning in all stages of the process. Civil infrastructure design and plans
currently follow the Royal Institute of British Architects (RIBA) plan of work. This approach was chosen
in order to standardise work, so it can be handed over to industry following a systematic and well-known
methodology. The RIBA plan of work organises the process of briefing, designing, constructing, main-
taining, operating and using building projects into eight work stages. These are shown in figure 5.1. Al-
though RIBA standards are British, there are comparable and transferable standards in other countries.
Standards applicable to the CTA Infrastructure will vary depending on the country of the company/ies
chosen as a result of tendering processes.

= Rl BA f;i:‘%\ o H‘BA? “Ny f%:mThg ot oo o 1 g '5 oot ents e R\BAP\ il i www.ribaplanofwork.com
¢ h\db ised solely as guidance for the preparation fd!\dp and building cor
Baor HO 1 2 3 4 5 6 7 -
Work
2013
Strategic Preparation Concept Developed Technical Handover
Definition and Brief Design Design Design Construction and Close Out In Use
Tasks v

Figure 5.1 — The RIBA plan of work stages. CTA has recently completed Stage 2 for the southern array.

The project has recently completed Stage 2 (Conceptual Design) for the southern array. The northern
site design will go through the same process in the coming year, however this will be simpler since most
relevant work has already been completed for the South and the North is essentially a subset. Apart
from a few minor studies, further stages of the RIBA process require final sites to be known.

The main outputs of the current design are civil, building and power network layouts. A view of the
observatory layout is shown in Figures 5.2, 5.3 and 5.4 showing preliminary layouts for the plant and
technical buildings and the residence and operations building. Figure 5.5 shows an artists impression of
the residence and operations building.

The construction of infrastructure for the southern array is scheduled at a slightly faster rate than tele-
scope installation. This is both to segregate these different activities and to have the infrastructure built
at an efficient rate. The current strategy consists of phasing the construction of the roads, power and
data networks, buildings and telescope foundations together with significant ancillary equipment.

Major remaining activities include RAMS analyses and maintenance and operation plans. The current
designs are not final: the RIBA process allows for changes at each stage, and for previous assumptions
to be challenged.
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Figure 5.2 — Preliminary layout for the southern array.
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Figure 5.3 — Preliminary layouts of the plant and technical buildings.
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Figure 5.4 — Preliminary layout of the residence and operations building.
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5.2 WP3: Array Control and Data Acquisition

ACTL provides the hardware and software that is necessary to (i) monitor and control all telescopes and
auxiliary devices in the CTA arrays, to (ii) schedule and perform observations and calibration runs, and
to (iii) time-stamp, read-out, filter and store data. CTA operations will be carried out from on-site data
centres (OSDC) at the CTA sites. Each OSDC comprises computing hardware for execution of ACTL
software and for mass storage, and is connected to the local CTA array (for readout and control) and the
outside world (for data export and control).

The ACTL software system depends on external inputs (e.g. for the long-term scheduling), accepts
incoming alerts (e.g. directly from other observatories or in connection with ToOs), and manages the
execution (but not the implementation) of a real time analysis (RTA, level-A analysis) software.

The concept for the ACTL hardware emphasises the usage of standard, off-the-shelf networking and
computing elements and tries to minimize the amount of hardware (e.g. electronics cards, PCBs) that
must be specifically developed for CTA. The concept for the ACTL software accounts for the need to
develop, maintain, and operate a more complex and more stable (when compared to existing IACT
arrays) software system with limited manpower at moderate cost. It prescribes the use of software
frameworks, the application of widely accepted standards, tools and protocols, and follows basically an
open-source approach.

[Camera _________|Telescope _________________ JAmay |
Camera Lid Drive Systems Lidar(s)
Camera Readout Safety and Monitoring System Ceilometer(s)
High Voltage System Camera Lock/Shelters Weather Station(s)
CCD camera(s) Optical Telescope(s)
Enviroment Monitoring Devices (Radiometer,..) Anemometer(s)
Calibration Devices (LED pulsars, Lasers,..) Rain Sensors
Active Mirror Control UVScope(s)

Table 5.1 — Non-exhaustive summary of sub-systems that need to controlled and read out by ACTL.

Besides the control of the numerous devices associated with telescopes and the common calibration
facilities (Table 5.1), the triggering, time-stamping and storing of the shower data is the most important
task of the ACTL system. The overall data stream that the ACTL system has to cope with is dominated
by the telescope cameras whose local camera triggers select events and generate data rates that vary
between 10 MB/s and about 5GB/s. The requirement of stereoscopy (i.e. > 2telescopes have trig-
gered simultaneously) will result in array trigger rates of O(30 KHz) and a data rate of O(3 GB/s). These
data must be cached in an on-site data repository for about two months to allow for (i) offline-like data
suppression and event selection and for (ii) export of data to off-site data centres.

The ACTL hardware will comprise (see Figure 5.6):

1. A single-mode fibre ethernet wide area network (several 10 Gbit/s) connecting the telescopes with
the OSDC and facilitating data transfer, array-level triggering, and clock-distribution. In addition,
a local WLAN will be made available close to each telescope to facilitate access with laptops and
tablets for debugging and commissioning.

2. Computers (so called camera servers) located in the OSDC and assigned to one telescope to
receive the data after a camera trigger. The camera servers buffer the Cherenkov data while the
array trigger makes its decision.

3. A central computing cluster (also located in the OSDC) for execution of ACTL software, event
building and filtering, and operation of the data repository. Estimates (Table 5.2) for the number of
computing cores and the capacity of the data repository are about 1550 (870) and 3 PB (1.5PB)
for the southern and northern arrays respectively.

4. Hardware (a few computers) for a SoftWare Array Trigger (SWAT), is also located in the OSDC.
The SWAT inspects the telescope event time-stamps and selects stereoscopic events.
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Figure 5.6 — Overview of the ACTL system on a CTA site.

5. A WhiteRabbit (WR) network connecting a central GPS clock with each telescope and the SWAT.
The WhiteRabbit system provides time-stamps with sub-nanosecond precision that are used to
associate data and telescope events.

6. WR interface cards for time-stamping and array-level triggering, respectively, that are deployed
close to any hardware using their services, in particular the Cherenkov cameras.

The design intentionally does not prescribe hardware standards for transfer of data and control (such
as CAN or VME bus). Dedicated protocols and Ethernet are used for the transfer of the bulk data (the
Cherenkov camera data); for all other applications the usage of one particular software standard (OPC
UA, see below) is enforced to ensure connectivity with the many different hardware devices (Figure 5.7,
left).

The high-level ACTL software is developed on top of ACS (ALMA Common Software), a software frame-
work for the implementation of distributed data acquisition and control systems. ACS has been devel-
oped by ESO and has been successfully applied in projects of similar scale. ACS distributions (provided
by ALMA computing) are executed on a variant of the Linux operating system (Scientific Linux) which
will therefore be used on all full-scale ACTL computers. ACS is based on a container-component model
and supports the programming languages C*, Java and Python (in particular for scripting). The high-
level ACTL software will be executed predominantly on the central computer cluster and will access
most hardware devices via OPC UA. OPC UA is an industry standard, so OPC UA servers can either
be provided by device vendors or be developed (using two suggested software development kits) by the
device teams. In most cases, the functionality of the OPC UA servers (variables, methods etc.) define
the interface between ACTL and a hardware device (e.g. a weather station or CCD camera) that must
be controlled and read-out.

The ACTL software system will comprise the following major parts (see Figure 5.7, right):
1. A scheduler for CTA optimizing the array usage for observations at any point in time given a list

of selected targets, their CTA-assigned scientific priority, the available telescopes, and external
conditions (e.g. weather).

2. A central control system (about O(1000) distributed processes), implementing the execution of
observations using the scheduler under local (human operators with GUIs) or remote control.

3. An acquisition system for the telescope Cherenkov data, implementing the further filtering of data
and its storage in the on-site data repository.
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I CTA-South CTA-North

Disk Space 3TB 1.5TB
Computing Cores 1550 870

Table 5.2 — Summary of the ACTL installations in the on-site data centres. The disk space is the total disk space for archives
and data bases. The computing cores comprise all machines in the OSDC that do not serve the disk space but cover ACTL
tasks (data acquisition, triggering, monitoring), IT service tasks and data analysis tasks (Level A/B analysis).
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Figure 5.7 — Left: Schematic of the hardware access in the ACTL system. The ACS-based data acquisition and central
array control software will communicate with most hardware devices via OPC UA (right branch). Due to the high bandwidth
requirements, the readout of the camera data will employ dedicated protocols (left branch). Right: Overview of the basic
building blocks of the data acquisition and central array control software.

4. A monitoring, configuration and slow-control system, commanding each hardware device and ex-
amining and recording (in databases) its state and configuration regardless of whether observa-
tions are currently ongoing.

In general, the ACTL software system will be used by a trained operator crew to perform observations
and calibration and maintenance procedures. The system will support the authentication of users and
the authorization of access to the telescopes. The safety of the operator crew (e.g. in the event of rapid
unexpected telescope movements in response to a GRB alarm) will be ensured by a system of hardware
and software interlocks. Capabilities to allow for remote control and monitoring of the system (e.g. from
a remote control room) will be pursued as a goal and considered in the design. Any remote operation
will be accompanied by a well-defined set of rules and safety procedures.
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5.3 WP4: Data Management

Data Management concerns all major components for both data-flow administration and the scientific
data production and analysis for CTA. The main scope is the design of the CTA Science Data Centre,
which is responsible for off-site handling of data reduction, Monte Carlo simulations, data archiving and
data dissemination. The remote (e.g. intercontinental) transmission of data from CTA sites to the CTA
archive is one of the key services that the Science Data Centre administers at both ends: off and on
the CTA site. The development and provision of software and middle-ware services for dissemination
including observation proposal handling is a task that Data Management guarantees to be interfaced
with the Operation Centre. The services and components include: the execution of on-site scientific
data reduction pipelines, the real-time analysis software, the on-site temporary archive system as well
as the data quality monitoring.

The CTA Consortium, as any other experimental scientific collaboration, must provide itself with a sci-
entific analysis environment common to all members aiming at: conducting Monte Carlo simulations for
studying and optimizing the instrumental design and for exploring physics cases; organizing coopera-
tive design, development, and administration of software; exploring and evaluating algorithm prototypes;
and conducting data challenges and other data product validation schemes at any level. The aim is to
build up a shared scientific analysis system, which includes software and computing. After the very first
telescopes are deployed and the first CTA data are acquired, such a platform is used for any potential
CTA early science as well as a test bench for testing all services and pipelines to be delivered to the
CTAO in the production phase.

For the CTA Observatory, the access to archival data, the software for data processing and analysis,
as well as all services for the handling of observation proposals will be provided. In this mode, the
Data Management design is influenced by the requirements of three specific classes of users: guest
observers; archive users; and advanced users. The first two categories represent the majority of ‘basic
users’ of the observatory and are the people analyzing CTA high-level scientific products. Advanced
users are managers, operators and those consortium users that have the need for access to deeper
levels of data for scientific or software development purposes.

Data production

Raw data volume sharing 0.91 PB/Y 4 F’B/y
DLO-to-DL5 pipelines, second
Data production— versions and data replicas production
— Reduction
Dc4 to 110
Data replicas distribution
2 PBly On-site data-reduction software
Data flow from CTA sites 4 PBly
Data production %
Users access and external interfaces DC3
Storage elements 4 PB/y
Data production mssss)
CTA NORTH E———
258 GBIs B2
Raw dat: Reduction SAS
aw data
t0 1/10 2 PBly for data
— analysis
—— 10 MB/s 1.01 PBly 0.2 PBly MC simulation and
—— .4 A y' distributed SR
ata production infrastructures. dev.
DC1 & CTAO-DMC
CTA SOUTH 3.75 PBly Devices
Workflow Data monitoring
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Figure 5.8 — CTAO data volume management. Raw data and device control data are transferred from CTA sites to the
CTAO Data Management Centre along the network. Data are then distributed over four data centres participating in the
processing and archive of data. The total data volume, including replicas, is managed by the four data centres sharing the
CTAO storage.
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Data Management is designed to respond to three main issues, which were used to define the detailed
user and project requirements: (i) the treatment and flow of data from remote telescopes; (ii) ‘big-data’
archiving and processing; (iii) and open data access.

Figure 5.8 depicts the main path and rate of data within the observatory. On each CTA site, the data
rates are based on the event rates from Cherenkov and night-sky-background triggers registered by the
telescope array (calculated from Monte-Carlo simulations and site measurements), given a particular
trigger scheme. The rates depend strongly on: the number and type of telescopes in the array, the
number of pixels per camera, the nominal trigger rates, the length (in time) of the pixel readout windows,
the number of samples per unit time, and the number of bytes recorded per sample. Some important
assumptions are adopted, namely that the full-waveform signal is kept only for selected pixels in a
camera while for the other pixels only basic information (e.g. charge integral, time of maximum etc.) is
stored. Some pre-processing and filtering of stereoscopic Cherenkov events will affect the nominal data
rates, which will result in 5.14 GB/s for CTA south and 2.58 GB/s from CTA north. They also include
20% calibration data and 10 MB/s of device monitoring and control data for each site, for a resulting total
data rate of about 7.8 GB/s.

The remote connection to the CTA site candidates must satisfy the bandwidth capacity of 1 Gb/s, which
makes the issue of the exported data size extremely critical. Data Management will develop a data
volume reduction system that cuts the nominal data rate by a factor of 10, thus implying an output rate
of only 0.27 GB/s and 0.52 GB/s data from the North and South respectively.

The exported data are received by the ingestion unit of the CTA Archive system, which is operated (to-
gether with all main work-flow management services) by a dedicated Observatory Data Management
Centre (CTAO-DMC). The proposed CTAO computing model is built upon a Distributed Computing In-
frastructure (DCI) approach, in which a limited number of first-class data-and-computing centres share
the workload of archiving and processing the CTA data. The baseline of DCI model adopted to estimate
the work and investment distribution is made of four centres (from DC1 to DC4), equally sharing the data
workload (Figure 5.8). One out of these four centres also hosts the CTAO-DMC. The CTAO-DMC plus
the four data centres correspond together to the proposed implementation of the Science Data Centre.

CTA is undoubtedly a big-data project. With an annual (reduced) raw data volume of 3.7 PB and with 4
PB of data products. The total volume to be managed by the archive is of the order of 25 PB/year, when
all data-set versions and backup replicas are considered. This will correspond to a permanent archive of
the order of more than 400 PB in 2031. The computing needs are less critical: peak values of less than
10* CPU cores are expected for the annual data processing. Advanced users within the CTA consortium
would demand 10%-t0-20% more resources for specific analysis.

One larger challenge of the management of data is the open access to CTA data. To operate as an open
observatory, a minimum set of services and tools are needed by basic users (e.g. Guest Observers and
Archive Users) to perform a successful scientific analysis of CTA data. These services are intended to
be mostly web-oriented and consist of: electronic support services to help Guest Observers in writing
and submitting a proposal to CTA in response to an Announcement of Opportunity; user interfaces to
follow the status of an observation, including the scheduling, the data acquisition, the data processing,
the data distribution and the ingestion of the data in the public archive after the end of the proprietary
period; and finally services for downloading the processed data as well as the software tools that are
necessary for scientific analysis. Science analysis will be performed on the basic user’s own computing
infrastructure. Web-based information about the data and the analysis software, including user manuals,
cook books, etc. will also be available. Archive Users will browse the archive to access and retrieve CTA
data of interest.

Data Management will ensure the integration of CTA high-level data within the Virtual Observatory infras-
tructure, by adopting and extending IVOA data model standards suitable for the description of gamma-
ray data. High-energy data at this level have never before been available to the VO community, and
this represents a major step toward unifying the data products from all high-energy experiments. De-
tailed Characterization Data Model fields will be completed for high-level products (images, spectra,
light curves) and also for event lists and IRFs, allowing scientists from other backgrounds to discover
and manipulate high-level CTA data products without requiring specialized CTA tools for all operations.
The final goal is to integrate CTA data in astronomical multi-wavelength data archives where scientist
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Figure 5.9 — Logical diagram of the CTA Observatory functional Units. The CTAC competence centres guarantee the
software and Data Management services upgrading, while the CTAO will run them into the CTAO Data Management Centre.
The “telescopes and auxiliaries competence centres” are those expert groups in any specific telescopes, camera, device
needing access to the Tech data (archived in DC1 and made available by the CTAO) for off-site monitoring purpose. The link
with the Calibration competence centres will guarantee that all major changes in the software, which depend on technical
data are taken into account during the upgrading.

will be able to combine them together in a single analysis with data from other facilities.

An important baseline of the solution for data access is the CTA Scientific Gateway: a web-based
community-specific set of tools, applications, and data collections that are integrated together via a
web portal, providing access to resources and services from a distributed computing infrastructure.
The gateway aims at supporting work-flow handling, virtualisation of hardware, visualization as well
as resource discovery, job execution, access to data collections, and applications and tools for data
analysis. Furthermore the gateway may even potentially host all monitoring services of data operation
as well as some remote control or monitoring applications for instruments and devices when applicable.

In Figure 5.9 an overview of the logical implementation of the Data Management baseline design is
represented.
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5.4 WP5: Small-Size Telescope,1 Mirror: SST-1M

The 4 m Davies-Cotton single mirror (SST-1M) telescopes are conceived to cover the highest energy
range of CTA between a few TeV and 300 TeV, and are one of the three proposed options for small-size
telescopes. All the major parameters of the telescope are summarized in Table 5.3 and a photograph of
the prototype is shown in Figure 5.10.

Figure 5.10 — The SST-1M prototype installed in Krakov

The material used for the structure is mostly steel and all steel profiles and tubes are off-the-shelf
products from industry. The total weight of the current design is about 8.6 tons including the camera,
which weighs less than 200 kg. The SST-1M design, although compact and lightweight, is stiff and solid,
suitable for sites well above 2 km altitude and to resist earthquake conditions at the Chile proposed site.

The mirror dish will be composed of 18 hexagonal facets with dimension 78 cm flat-to-flat and will offer
a total effective collection area of 9.42 m?2. This area reduces to 6.47 m? after including the shadowing
due to mast and camera chassis and taking into account the reflectance of the mirror facets (0.87 +0.01
averaged between 330 and 600 nm).

The SST-1M adopts a standard and proven design for the telescope structure and innovative camera
based on Silicon Photomultipliers (SiPM). Unlike photomultipliers, SiPMs can operate during high levels
of moonlight as already proven by the FACT telescope. This is a key factor in the high-energy re-
gion where exposure improves sensitivity more than background rejection. Custom-designed hexagonal
SiPM with large surface are used in order to match the required field of view and angular resolution
while limiting the number of channels. The use of SiPMs thus has the advantage of reducing costs while
increasing the observation time.
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5. Summaries of Technical Work-Packages 5.4 WP5: Small-Size Telescope,1 Mirror: SST-1M

The camera is the result of R&D on its two main elements: the Photo-Detection Plane (PDP) and the
fully digital readout and trigger electronics, named DigiCam. The PDP contains 1296 pixels. Each pixel
includes a photosensor coupled to an optical light concentrator (funnel) with dichroic coating. The pho-
tosensors are custom made hexagonal SiPMs. The light funnels are designed for optimal transmissivity,
industrial-producibility and fast assembly. They are made of a plastic substrate, produced with a cheap
injection moulding technique, coated with a reflective layer optimized for light with large incident angles
and wavelength below 400 nm. The light concentrators have a cut-off angle of 24° to reduce the stray
light coming from off-FoV directions and maximize the collection efficiency of the light focused by the
mirror dish on the photosensor. To further enhance the signal to noise ratio, a filter is present on the en-
trance window of the camera which cuts off wavelengths above 540 nm where the night sky background
and albedo dominate.

The DigiCam camera readout is a fully digital system based on the latest generation of FPGA. Thanks to
their high number of high speed I/O interfaces, the use of FPGA allows high transfer rates on few boards
thus achieving an extremely compact design. Moreover the computing power present in these devices
allows flexibility in the data and trigger processing algorithms but also future upgrade.

SST-1M

Optlcal properties

Focal Length 5600 + 5 mm

fiD 1.4

Dish diameter 4m

Mirror Area (*) 9.42 m total collection area without shadowing

Mirror Effective Area(*) 6.47 m and including shadowing and mirror reflectivity

Hexagonal Mirror facets 780 £ 3 mm

Preliminary on-axis PSF real optical parameters 0.07°

PSF (80% of FoV@ 4° off-axis)(**) 0.21° The CTA requirement for PSF is 0.25°
Camera Characteristics

Camera (width x height) 60 cm x 90 cm

Total pixel number 1296

Pixel linear size 23.2 mm side-to-side hexagonal funnel

Pixel angular size 0.24°

FoV 9.1° the CTA goal field of view for SST is 9°

Photosensors PDE > 30%

Sampling frequency 250 MHz

Readout rate 0.6-1 kHz

Time Spread RMS <0.25ns Intrinsic time spread over the FoV is 1.5 ns
Mechanical Properties: telescope structure

Telescope height pointing horizontally 4908 + 400 mm

Telescope height pointing vertically 9828 + 400 mm

Telescope length pointing horizontally 9098 mm

Telescope width 3310 mm

Foundation above ground (width x length) 14mx04m
Mechanical Properties: drives

Elevation range -13°-95°

Azimuth range +270°

Max, Min speed 1, 4000 rpm

Gear ratio 2800

Oscillation modes 2.8/3.4/38Hz

Total Weight 86t

Table 5.3 — SST-1M major parameters.
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5.5 WP6A: Small-Size Telescope, 2 Mirror: ASTRI

The ASTRI SST-2M telescope is one of the three proposed small-size telescope options. The proposed
design is characterized by a dual-mirror Schwarzschild-Couder configuration and by a novel camera
based on Silicon Photomultipliers. These two challenging and innovative technological solutions will be
adopted for the first time on a Cherenkov telescope.

Figure 5.11 — ASTRI-SST-2M prototype installed at Serra La Nave.

The SST-2M telescopes utilise a design first proposed by Schwarzschild and Couder in 1926, which
allows better correction of aberrations at large incident angles even for small focal ratios and hence
facilitates the construction of compact telescopes. This optical system is an attractive solution for the
SST telescopes since it enables good angular resolution across the entire field of view of almost 10°,
and allows us to reduce the focal length and therefore the physical pixel and overall camera size. For
a 4 m primary mirror diameter and ~0.2 degree pixel size, this system allows the use of about 6.1x6.1
mm? pixels that are available at modest cost in the form of silicon photomultipliers.

The SST-2M ASTRI Schwarzschild-Couder configuration ensures that more than 80% of the light emitted
by a point source is collected within the dimensions of a pixel over the full field of view of the telescope.
The mirror profiles are aspheric with substantial deviations from the main spherical component. The
SST-2M ASTRI optical system design has a plate scale of 37.5 mm/°, an angular pixel size of approxi-
mately 0.17° and an equivalent focal length of 2150 mm. This setup delivers a corrected field of view up
to 9.6° in diameter and a mean value of the effective area of about 6 m2. The calculations to arrive at
these results take account of the following factors:

* the segmentation of the primary mirror,
« the obscuration caused by the secondary mirror,

« the reflectivity of the optical surfaces as a function of the wavelength and incident angle of the light
falling on them,

* the vignetting due to the camera structure,
* losses related to the protection window of the Camera focal plane,

« finally, the efficiency of the sensors as a function of the angle of the light incident on them (25° to
72°).
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SST-2M ASTRI

Effective collecting area 6m?
Focal length 2.15m
Aperture 4.3m
fI# 0.5
FoV 9.6°
PSF (@ 80% of the FoV diameter) (*)(for LST

@ 1.2° from FoV centre) 0.17°
Drive encoder precision 2"
Traching precision <0.1°
Pointing precision after calibration <7"

Mechanical properties: dimensions

Height of telescope pointing horizontally

Height of telescope pointing vertically 8m
Dish Diameter 4m
Total Width of telescope 4m
Outer maximum dimension of foundation 4m

Radius of free area for Az. movement

Camera basic properties

Pixel size 6.1%6.1 mm?
Number of Pixels 1984

Event rate 600Hz
Dynamical range 1-2000pe/pixel

Table 5.4 — Major parameters of the ASTRI-SST-2M telescope.

The resulting telescope is a compact system, with a primary mirror (M1) diameter of 4 m, a primary-to-
secondary distance of 3 m and distance from camera to secondary of 0.52 m.

The SST-2M ASTRI telescopes adopt an altitude-azimuthal design in which the azimuth axis will permit
a rotation range of +270°, as required. The mirror dish is mounted on the azimuth fork which allows
rotation around the elevation axis from -0° to +91°. Fixed on the mirror dish is the mast structure that
supports the secondary mirror and the camera. In order to balance the torque due to the overhang of the
optical tube assembly with respect to the horizontal rotation axis, counterweights are also suspended
from the mirror dish. For the SST-2M ASTRI telescope, the primary mirror (M1) is designed as a set of 18
hexagonal-shaped panels of 850 mm face-to-face size. The M1 surface is arranged in three concentric
coronas, each built on mirror segments with different profiles. The result is that the M1 behaves like a
monolithic mirror. The M2 mirror is instead built on a monolithic substrate of 1.8m diameter.
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5.6 WP6G: Small Size Telescope, 2 Mirror: GCT

The GCT Small Size Telescope is one of the three proposed small-size telescope options. The design,
illustrated in Figure 5.12, is a dual mirror Schwarzschild-Couder design with a primary mirror of diameter
D; = 4m, a secondary mirror of diameter D, = 2m, a focal length of F' = 2.3m and a focal ratio
f=F/D=0.57.

Primary Mirror (M1)
(Petals shown are for
prototype only)

Secondary
Mirror (M2)

Alt-Azimuth
System (AAS)

Counterweight

Fork
Cabinet

Chiller Tower

Figure 5.12 — The GCT telescope with camera attached. Note, circular petals will be not be used for the primary mirror
segments in the final (Pre-Production and Production) design.

The small focal length of the telescope implies that the approximately 0.2° angular pixel size required
by CTA for the SSTs is achievable with pixels of physical dimensions 6 to 7 mm, while the dual mirror
optics ensure that the point spread function (PSF) of the telescope is below 6 mm up to field angles of
4.5°. The field of view (FoV) of 8.5 to 9.2° is covered with a camera of diameter about 0.4 m, composed
of 2048 pixels. This allows the use of commercially available photo-sensor arrays, significantly reducing
the complexity and cost of the camera.

The GCT telescope structure consists of a foundation onto which a tower is mounted which supports
the altitude-azimuth (alt-az) structure. Drive motors in the alt-az structure allow motion in the azimuth
and altitude directions and are attached to the optical assembly and counterweight support structure.
This holds the optical assembly, which consists of the primary dish support structure and the masts that
hold the secondary dish and camera support structure, and the counterweights. The optical assembly
and the primary dish support structures are separated to ensure that the stresses in the former do not
directly influence the shape of the primary mirror. The camera is held by the secondary and camera
support on a swivelling mount that provides easy access to the camera for installation and maintenance
while minimising the risk to the mirrors during these operations.

The mirrors are constructed using either polished and coated aluminium or glass. The primary is formed
of 6 petals, each of which can be mounted from ground level thanks to the design of the mirror support
structure, which can be rotated about the telescope’s axis during the installation procedure. Subsequent
locking of the support ensures the necessary stability. The secondary mirror is constructed of 6 petals,
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Figure 5.13 — The GCT camera with primary components indicated. The CAD model shown is for the prototype camera
equipped with MAPMs. In the final design it is likely that SiPMs will be used. In addition a protective window may be used to
protect the photodetectors.

but these are assembled mounted on the telescope as a monolithic unit. The possibility of construction
of a truly monolithic mirror is under investigation. All primary segments and the secondary mirror are
mounted via actuator systems which allow alignment of the mirrors and focussing of the telescope.

The GCT structure is designed to support the mirrors with the precision and stability required to ensure
that the image quality required for CTA is achieved. Finite Element Analysis (FEA) has demonstrated
that this is achieved for the full range of operating conditions required by CTA.

The GCT camera is shown in Figure 5.13. This uses either MAPMs or SiPMs. A pre-amplifier amplifies
and shapes the signals from the sensors before passing them to the readout chain, which is based
around the ‘TARGET’ ASIC. The TARGET chip samples and digitises the incoming waveforms at a rate
of 1 Gs/s. The amplification and shaping provided by the pre-amplifiers for the MAPMs and SiPMs
is chosen to ensure that both sensors provide suitable signals to the TARGET ASIC. Each TARGET
chip has 16 parallel input channels and is placed on a board which provides the power necessary for
the chip and the associated sensors. It also steers the readout and some control functions via a Field
Programmable Gate Array (FPGA). Four such boards are grouped together to form a TARGET module,
which provides readout for an 8 x 8 array of pixels, attached via the pre-amplifiers to its front end. The
attachment system allows the compensation of the 1 m radius of curvature of the focal plane on which
the sensors lie, so that the TARGET modules can be placed in a rectilinear crate structure inside the
camera body.

cta CTA Construction Project Page 124 of 172 MAN-TDR/150315 | v.1.00 | 25 May 2015
~——" CTA Construction Proposal Overview




5. Summaries of Technical Work-Packages 5.7 WP7: Medium-Size Telescope

5.7 WP7: Medium-Size Telescope

The sensitivity in the core energy range of CTA between 100 GeV and 10 TeV will be dominated by up
to 40 Medium-Sized Telescopes (MSTs) distributed over both observatory sites.

manitoring CCD cameras
calibration box

optical support structure

head with azimuth and
elevation drive assemblies

counter weight structure

positioner housing
all electrical cabinets

telescope camera

camera support structure

mirrors with active mirror control

foundations

4 camera lock

Figure 5.14 — lllustrative description of the MST design with the main assemblies and components.

The MST structure is a modified Davies-Cotton telescope with a reflector diameter of 12 m on a polar
mount, and a focal length of 16 m. Figure 5.14 shows an illustrative schematic of the telescope with the
main product assemblies. The most relevant requirements and parameters are listed in Table 5.5.

M ructure Parameters

> 88 m?

Effective mirror area (corrected for shadowing) corresponding dish diameter D ~12 m
>7°

Camera FoV resulting camera weight ~2 tons

RMS optical time spread <0.8ns

(over 80% of the required camera FoV)
Mirror focal length (F)

Mirror shape
Average specular reflectivity of the reflector

hexagonal facets, 1.2 m flat-to-flat
>1.3 x D (realised with F = 16 m)
hexagonal facets, 1.2 m flat-to-flat

at all wavelenghts from 300-550 nm > 85%
Average efficiency of the focal plane detectors
(weighted by the Cherenkov spectrum in the range 300-550 nm) >13%

Fractional RMS charge resolution per pixel
Optical PSF for 80% light containment

~0.45/ ~0.12 at 10/1000 photoelectrons

over 80% of the camera FoV <0.18°

Dish radius of curvature 1.2 x F (realised with 19.2 m)
Angular pixel size <0.18°

Slewing speed to any point on the sky > 30- in elevation 90s

Positioning range in elevation -20...91°

Tracking range in elevation <89.2°

Tracking precision < 0.1° in each axis

RMS post-calibration pointing precision in space <7"

Table 5.5 — Main requirements and specifications of the MST product.

The mirrors for the MSTs are realised as spherical facets of hexagonal shape. Three different designs
from France, Italy and Poland are tested to prepare a cost-effective solution that allows mass-production.

Two camera concepts are in development for the MST. The mechanical and electrical interfaces of the
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cameras to the telescope are identical. The design goal is to allow substitution of one camera with
another camera type on a telescope without major effort.

NectarCAM

The left hand side of Figure 5.15 shows an artist view of a NectarCAM mounted on an MST telescope.
NectarCAM is based on proven imaging, data processing and acquisition concepts developed for the
previous generations of Imaging Cherenkov Telescope Arrays. At the same time, it improves on the de-
sign of H.E.S.S. and MAGIC in a number of ways. Like H.E.S.S., the design of NectarCAM is modular,
allowing for easy replacement of phototubes or front-end electronics in case of failure. Like H.E.S.S. and
MAGIC-II, the readout is based on analogue memories, which sample the signal at GHz frequencies.
The analogue bandwidth of NectarCAM is greater than 250 MHz, allowing a full reconstruction of the
photomultiplier signal. The analogue bandwidth allows the charge deposited to be measured in a few
nanosecond time-window giving an optimal rejection of background light. Improving over H.E.S.S. and
MAGIC, the time interval to be read back in the analogue memory can be chosen dynamically. Long
events lasting tens of nanoseconds can thus be recorded with no information loss while saving data
acquisition bandwidth. The overall reliability has been improved by sealing the camera and using com-
mercial equipment for data acquisition. The NectarCAM camera has been designed in collaboration with
the LST-CAM camera for the LST telescope. Most of the components are common to both cameras.

Figure 5.15 — Left: An artist view of a NectarCAM mounted on an MST telescope. Right: Front view of NectarCAM. The
mounting points on the MST, the shutter and plexiglass window are shown. The module holder is behind the glass window

Like the cameras of the 12 meter telescopes of the H.E.S.S. array, NectarCAM aims at detecting photons
in the 100 GeV to 30 TeV range. However, the mechanics of NectarCAM are very different to that of the
H.E.S.S. cameras. It has larger transverse dimensions (2.8 meters compared to 1.6 meters) and smaller
depth (1.1 meter compared to 2 meters), has twice as many pixels and is twice as heavy.

The components of NectarCAM are shown in Figure 5.16.

NectarCAM is composed of 265 individual and easily removable modules. Each module is composed
of seven photo-detectors (photomultipliers) with their associated readout and local trigger electronics.
Each photo-detector is associated with an individual high voltage and preamplifier board. The high
voltage of the photomultipliers is controlled remotely. The NectarCAM readout is based on a dedicated
analogue memory: the NECTAr ASIC, that has the dual functionality of analogue memory and analogue
to digital converter. Its memory length is 1024 cells, with a sampling frequency selectable between 0.5
and 2 GHz. The analogue bandwidth of NectarCAM is more than 250 MHz. The dynamic range is
0.5-2000 photoelectrons with less than 5% of non-linearity over the whole range. The duration of the
time-window read back from the NECTAr memory is selectable between 8 and 60 ns. The first cell of this
‘region of interest’ can be obtained dynamically from the trigger. The read-out system can acquire data
from just a few triggered modules (partial read-out) or from the whole camera. Two trigger schemes are
possible. The ‘Analogue’ scheme allows a very low trigger threshold to be obtained with the ‘analogue
sum’ algorithm. The ‘digital’ scheme is very flexible and the trigger algorithm can be easily redefined. It
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Figure 5.16 — Overview of NectarCAM subsystems and components

can operate with pulse coincidences of less than 4 ns. All electronics modules are read out directly via a
high performance Ethernet-network, using off-the shelf switches and a standard commercial computer
(the ‘camera server’). Finally, the reliability of the camera will be enhanced by protecting the electronics
from outside dirt, by sealing the camera and by carefully controlling the temperature.

The main features of NectarCAM are summarized in Table 5.6.

NectarCAM Parameters

Parameter Value

Number of photodetectors (pixels)

Dynamic range (<5% non linearity)

Camera field of view

Weight
Number of modules
Physical size
Analogue bandwidth
Trigger bandwidth
Sampling frequency

Charge resolution
Dead time

8 degrees
1855
1930 kg
265

28mx29mx1.15m
> 250 MHz (measured)

> 250 MHz

0.5-2 GHz (nominal 1 GHz)
0.5 - 2000 photo-electrons (measured)
32% (single photo-electron), ~2% (2000 p.e.)
< 5% at 4.5 kHz trigger rate

Power consumption (embedded part)
Power consumption (on-ground part)

FlashCAM

7 kW
3 kW

Table 5.6 — Major parameters of NectarCAM

FlashCAM is an innovative camera for the telescopes of the CTA project. The concept of FlashCAM, with
its fully digital approach and horizontal architecture, allows its use in all types of CTA telescopes (but is
presented here for MST). FlashCAM is a self-contained, ready to use camera for Cherenkov telescopes.
Major parameters for FlashCAM are shown in Table 5.7.
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FlashCam Parameters Value

Photon detection system

Number of pixels 1764

Pixel size (in f=16 m telescope) 0.18 deg
Camera field of view (in f=16 m telescope) 7.7 deg
Photon detection efficiency (300 nm ... 550 nm) >15 %

Readout electronics and data acquisition

Continuous signal digitization with a sampling rate of 250 MS/sec
Dynamic range in units of photoelectrons 0.2 .... >3000
Effective signal integration time (adjustable offline) > 8 nsec
Time resolution for pixel signals > 5 p.e. at nominal NSB <1 nsec
Deadtime free operation up to event rates of > 30 kHz
Event processing rate after array trigger > 10 kHz

Technical parameters

Dimension 29x3x11m’
Weight <1800 kg
Power consumption (camera head) 4.5 kW
Power consumption (ground equipment, incl. server) 1.5 kW

Table 5.7 — Major parameters of the FlashCAM camera.

The design of FlashCAM follows a horizontal architecture, with the photon detector plane, the readout
electronics, and the data acquisition system as key building blocks (see Figure 5.17). The PDP contains
photomultiplier tubes arranged in a hexagonal structure with 50 mm pixel spacing. 12 PMTs are com-
bined in a PDP module, which provides high voltage, and contains pre-amplifiers, as well as a micro
controller for slow control, monitoring, and safety functions. The signals are then transmitted via cables
to the readout electronics, the design of which is based on a fully digital approach with continuous signal
digitization. The signals are digitized continuously with 12-bit FADCs with a sampling frequency of 250
MS/s. The digitized signals are processed and buffered on FPGAs, which at the same time are used to
derive the camera trigger based on the digitized signals. All electronics modules are read out directly
via a camera-internal, high performance Ethernet-network, using off-the shelf switches and a standard
commercial computer. On this camera server custom developed software is implemented for a high per-
formance front-end to back-end data transfer, and to do the event building, optional zero-suppression,
event selection, extraction of array trigger information, and data formatting. It provides interfaces to the
CTA-wide array control, data acquisition, and to the software-based array trigger.

Photon Detector Plane Readout Electronics DAQ
A A
s N 's N N
— | Analog transmission « Ethernet
(Si) | Preamplifier 250M8/s|  FPGA Ethernet o
emT FSlow control [ 12 bit Ring buffer |« Camera g 8
HV Bus (e.g. CAN) FADC | Trigger preprocessor [« trigger % [
Ethernet] ®

Figure 5.17 — Basic building blocks of the FlashCAM signal chain.

Figure 5.18 shows a schematic view of the FlashCAM camera body, with the mechanical structure and
thermal insulation, the photon detector plane, and the rack system for the readout electronics. The
readout system is unique with its fully digital approach and the custom-developed high performance
Ethernet transmission from the front-end into the camera server.
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Figure 5.18 — Exploded view of the FlashCAM camera.
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5.8 WPS8: Large-Size Telescope

The Large Size Telescope is an alt-azimuth telescope, see Figure 5.19. It has a parabolic reflective
surface which is supported by a tubular structure made of Carbon Fibre Reinforced Polymer, aluminium
and steel tubes following the design of the MAGIC telescopes. The LST is designed for fast reposition-
ing and core energy range of y-rays between 20 GeV and several TeVs. The LST camera integrates
photosensors, trigger logic and readout boards. The telescope is made lightweight to achieve a rotation
in azimuth by 180° within 20 s. The dish diameter is 23 m, the focal length and the distance between the
camera and the dish is 28 m. The total weight of the movable parts is about 100 tons, with the Camera
weight of 2tons. The main LST parameters are summarized in Table 5.8.

ICamera Support Structure I

Elevation
Structure

Elevation
Axis

Elevation
Drive

Ground
Structure

z Azimuth Drive

J Interface (6x)
%

Figure 5.19 — The LST design and its individual parts.

Telescope Structure

The lower structure of the LST is made of steel tubes; the dish structure is from CFRP and aluminium
tubes. The lower structure of LST rests on six bogies equally spaced in a hexagonal arrangement,
running on a circular rail. Two of those bogies are located under the elevation bearings, withstanding the
higher percentage of the telescope weight. The bogies run on a circular flat rail of 23.9 m diameter and
500 mm width, which is fixed to the foundation through the pedestals.

The design of the camera support structure is based on an almost parabolic arch geometry, reinforced
along its orthogonal projection by two symmetric sets of stabilizing fixed headstays. Most of its elements
make use of CFRP material which is well known to provide a very high performance to mass ratio. On
top of this arch, a square camera frame is mounted to hold the camera at proper location with respect to
the mirrors.

An access tower is placed in front of the telescope (see Figure 5.20). The purpose of the tower is to
fix the parked telescope (a lower park position would require a much higher elevation axis) and an easy
access for the camera maintenance. The platform on top of the access tower can be moved in two parts
from left and right side to close the open space when the telescope will be parked. When the platform
starts to close, the arch is automatically locked and there is enough space to access the camera from
the front side as well as from the back side for maintenance. A container holding the main electrical
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LST Main Parameters

Optical Parameters

[ Reflector type 1-mirror, parabolic

] Focal length 28m

|| Dish diameter 23m

[ D 1.2

] Mirror area 396 m? w/o shadowing

[ Mirror effective area 368 m? Including shadowing

] Preliminary on-axis PSF 0.05°

] Preliminary off-axis PSF 0.11° at 1° off-axis

] Preliminary tracking accuracy 20 arcsec RMS, online precision

] Pointing accuracy 14 arcsec RMS, post-calibration precision
Camera Parameters

. Camera dimensions (LxHxW) 28mx29mx1.15m

] Weight < 2000kg

7] Number of pixels 1855

. Pixel linear size 1.5inch 2inch including light concentrator

|| Pixel field of view 0.1°

] Camera field of view 45°

. Trigger region field of view 4.5°

[l Sampling speed 1 GS/s

71 Analogue buffer length 4us for hardware stereo trigger

[ Readout rate 7.5kHz (target), 15kHz (goal)

] Dead time 5% at 7.5 kHz
Mechanical parameters

] Total weight 103 tons all moving parts

] Repositioning speed 20s for 180° in azimuth

|| Elevation drive range -70° to 100°

[ Azimuth drive range 408°

[ Inertia elevation ~6000 tons-m?

[ Inertia azimuth ~12000 tons-m?

] Park position zenith angle 95° locked at the camera tower

] Height at Camera Access 13 m above ground In the parking position

Table 5.8 — Main LST parameters

cabinet, network switches and the drive electronics is located on the bottom of the access tower.

Optical system

The optical system of LST is active, made up of an extensive reflective surface and an active mirror
control system.

The optical reflector consists of 198 hexagonal mirrors, 2m? each. The total reflective area including
shadowing effects is 368 m2. The mirrors are manufactured using the cold slump technique with a sand-
wich structure consisting of a soda-lime glass sheet, an aluminum honeycomb box and another glass
sheet. The mirror box is made of stainless-steel. Each mirror weighs about 47 kg and has a drainage
system to prevent water remaining inside the honeycomb structure. The absolute mirror reflectivity be-
tween 300 nm and 550 nm is higher than 85%. The optical PSF containment diameter (D80) of a single
facet is less than 1/3 of a pixel size at the centre of the photo-sensor’s camera.

The mirrors are attached to the dish of the LST structure using two actuators and one fixed point each.
The actuators have accurate step motors (5um step size), which are controlled by the active mirror
control program to achieve the required optical performance of LST at any moment of time. Each mirror
facet has a small CMOS camera installed that observes a fixed laser point on the camera plane; and
the position of the reference spot is used to correct possible misalignment of the mirrors online with a
frequency of once per 10s.

Camera

The camera of the LST shares many elements with the NectarCAM for the MSTs. It has a weight of
less than 2 tons, a total number of channels of 1855 divided into 265 PMT Modules (7 channels each,
see Figure 5.21) that are easy to access and maintain. Hamamatsu photomultiplier tubes with a peak
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Figure 5.20 — The Finite Element Model of the LST together with the Camera Access Tower. Shown is the parking position
of the telescope.

quantum efficiency of 42% (R11920-100) are used as photosensors converting the light into electrical
signals that can be processed by dedicated electronics. To maximize the light throughput, each photo-
sensor is equipped with an optical light concentrator, optimized for the field of view and geometry of the
photosensor. The camera has a total field of view of about 4.5° and has been designed for maximum
compactness and lowest weight, cost and power consumption while keeping optimal performance at low
energies. Each pixel incorporates a photosensor and the corresponding readout and trigger electron-
ics. The readout sampling frequency is 1 GS/s; the bandwidth of the trigger and the readout is about
300 MHz. Readout electronics is based on the DRS4 (Domino Ring Sampler version 4) chip, which is
currently used in the MAGIC experiment. In order to increase the analogue buffer length, 4 DRS4 chan-
nels are cascaded. The analogue signals are split into low and high gains to achieve the dynamic range
between a fraction of a photoelectron and 2000 photoelectrons. The readout window is variable and will
be used in region of interest mode for a length of 30 ns because no gamma-ray induced signals in the
energy range of interest for LSTs need longer than this. The camera trigger strategy is flexible and based
on the shower topology and the temporal evolution of the Cherenkov signal produced in the camera. The
analogue signals from the photo-sensors are conditioned and processed by dedicated algorithms that
look for extremely short but compact light flashes. Furthermore, all the LST cameras are interconnected
in order to form an on-line coincidence trigger among the LSTs, which allows suppressing accidental
triggers by up to a factor of 100.

Auxiliary systems

Auxiliary systems refer to all the instrumented devices in the LST except the camera. The main function-
alities of those devices are the telescope driving, the pointing or focusing corrections and the camera
calibration. The devices comprising the structure condition monitoring as well as the lightning protection
are also part of the auxiliary systems.

The fast and precise movement of the LST is achieved by using electric servomotors on both the eleva-
tion and azimuth axis. Four synchronized motors are used for the azimuth axis and two for the elevation
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Figure 5.21 — (Left) Photo of a PMT Module without the aluminium shielding. (Right) CAD design of the camera fixation and
camera external view (camera shutter not shown).

one. The synchronization among the motors is managed directly by the drive controller. There are two
main strategies depending on the operational mode: fast motion or tracking. In fast motion, a regulation
method limiting the torque is used in order to ensure a good load distribution among the motors. In the
tracking mode instead the speed limit is used.

The azimuth motors are located on top of the bogies, the elevation motors are on the elevation drive
arch. The elevation drive arch of the elevation assembly is formed by a curved |-beam acting as a
support for a chain bolted every 5 cm to the beam. The I-beam has a machined surface which acts as a
rail for the box carrying the declination drive motors and an external brake to prevent the dish rotation in
case of a motor failure.

The central mirror facet of the mirror dish is left free (it is shadowed by the camera in any case) and
several monitoring and calibration devices are installed there: a) The box with calibration light source
to calibrate the gain of the photosensors of the camera; b) the optical axis reference laser to define the
optical axis of the telescope and to be used by the AMC; c) the inclinometer to measure the elevation
of the pointing; d) the starguider camera to relate the pointing of the telescope and the sky field; e) the
camera displacement monitor to monitor possible sagging of the camera; and f) the displacement of
the camera along the optical axis and its rotation with respect to the dish centre are monitored using
distance meters. The relatively sophisticated pointing calibration becomes necessary due to the strict
requirement on the pointing (14 arcsec, post-calibration) and the lightweight structure of LST.

The amount of energy needed during a GRB alert is very high with respect to the normal tracking
motion mode of the telescope. As this fast re-positioning is exceptional and very short (order of 20 s),
it is foreseen to have a supplementary power supply during this overload phase, depending on the
global infrastructure capabilities. For maintenance reasons and given the discharging time needed, the
technology of the flywheel is the best solution.
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5.9 WP9: SCT Telescope

The Schwarzschild-Couder telescope, shown in Figure 5.22, is an imaging atmospheric Cherenkov
telescope with a 9.6 m aperture and a two-mirror optical system designed to function as a medium-
sized telescope for CTA. The optics largely cancel aberrations and demagnify the images, so as to be
compatible with a compact, high-resolution camera, achieving substantially better angular resolution
over a wider field of view than classical single-mirror Cherenkov telescopes. The SCT design provides a
natural solution for wide field-of-view (8°) imaging combined with a significantly smaller plate scale than
conventional single-mirror designs, such as the MST. This unique capability of the SCT design allows
the construction of high angular resolution cameras having roughly a factor of six more pixels than in a
single-mirror design while keeping the camera diameter about a factor of three smaller, 0.8 m in diameter
in this design. The small plate scale of SCT cameras is compatible with novel semiconductor photon
sensitive devices, silicon photomultipliers (SiPMs), which are significantly less expensive per pixel than
the traditional photomultiplier tubes used in the existing major ground-based Cherenkov observatories:
VERITAS, H.E.S.S., and MAGIC. The design has been pioneered by the U.S. groups in CTA since
2006, in collaboration with other CTA groups on several components shared with the MST and SST-2M
designs, and a prototype telescope is now under construction. The SCT is not part of the baseline design
for CTA (it is a future extension) but could be used to make up the scope of missing MST telescopes if
necessary.

Figure 5.22 — The SCT mechanical design. The positioning system is nearly identical to the MST. The unique optical support
structure is designed to support segmented primary and secondary mirrors as well as the high angular resolution camera. It
is designed to provide minimal shadowing, control of stray light, and protection from sunlight during daytime parking.

Optics

Table 5.9 summarizes the main parameters of the SCT optical system, which is tailored to provide an
8° field of view and a light collecting area of ~50 m?2. The optical system is designed to fully correct
spherical and comatic aberrations, and astigmatism dominates the structure of the optical point-spread
function. The focal plane is slightly curved to a parabolic shape to minimize these aberrations.

To reduce the cost of the optics, both the primary and secondary mirrors are segmented and each
is assembled from aspheric mirror panels of two types. The selection of the segmentation scheme is
optimized between the cost of large aspheric mirror panels and an alignment system for a large number
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SCT main parameters

Optical properties

Focal length 5.5863 m
fiD 0.5781
Dish diameter (primary) 9.6638 m
Mirror area 50.31 m?
Mirror effective area 40 m? Including mirror reflectivity and shadowing
Largest mirror facet (diagonal) 1.75m Mirror panels are segments of an annulus
On-axis PSF real optical parameters, 2 x max (RMS,,RMS,) 3.5
PSF 3.5° off-axis real optical parameters, 2 x max (RMS,,RMS,) 4.4
Time Spread RMS negligible Schwarzschild-Couder optics are isochronous
Camera Characteristics
Camera housing width 145m Flat to flat on an octagon
Camera housing depth 1.07 m
Total pixel number 11,328
Pixel linear size 6.2 mm Prototype size; may differ slightly in production
Pixel angular size 3.8 Prototype size; may differ slightly in production
FoV 8.3° Prototype size; may differ slightly in production
Photosensors PDE at 500 nm peak 38 % Prototype device; higher expected for production
Sampling frequency 1 GSals
Readout rate <10 kHz Expect to operate at <2.5 kHz
Mechanical Properties: telescope structure
Telescope height pointing horizontally 11.51m
Telescope height pointing vertically 17.94 m
Telescope length pointing horizontally 17.22m
Telescope width 10.52 m
Foundation above ground (radius) 3m
Mechaical Properties: drives
Elevation range -5°—-92° <89.2° for tracking
Azimuth range +270° From stow
Maximum time to acquire target at elevation >30° 9NOs
Tracking precision <0.1° Each axis
Total telescope weight 51 tons

Table 5.9 — A summary of the main parameters for the Schwarzschild-Couder Telescope.

of panels, constrained by the mirror fabrication technologies. The mirrors are slumped glass, and in the
case of the secondary, using a hybrid hot and cold slumping technique.

Baffles around the perimeter of the mirrors can be seen in Figure 5.22, which serve both to reduce stray
background light during operation and as protection from sunlight when the telescope is parked during
the day.

Mechanical Structure and Alignment System

The steel SCT mechanical structure is designed to support the two-mirror optical system and camera
with a counterweight structure. The optical support structure is mounted to a telescope positioner based
on the design for the MST that will provide motion about the elevation and azimuth axes. The primary
mirror support and counterweight structure are similar to the MST design. The overall SCT design
concept is illustrated in Figure 5.22.

The mirror panels will be mounted to Stewart platforms (‘hexapods’), which in turn will be mounted to a
triangular base attached to the support structure. The Stewart platforms are designed to align the panels
to the needed tolerances in position (as small as ~100 um for the secondary) and orientation (as small
as 0.1 mrad for the primary). Custom mirror panel edge sensors will determine the relative positions
of adjacent mirror panels. Although adjustments of mirror panels are expected to be infrequent, the
sensors will perform measurements continuously to accumulate data for pointing calibration.

A global alignment system is designed to continuously measure the relative positions of the primary and
secondary mirrors and the camera as well as to detect large-scale spatial perturbations of the mirror
figures. The data gathered by the system will be used both to align the SCT optical system and to
improve the post-calibration pointing accuracy of the telescope.
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Camera and Data Acquisition

The SCT camera is composed of the mechanical enclosure, SiPMs mounted in focal plane modules,
front-end electronics with preamps and level-0 trigger, and backplane electronics that provide the pat-
tern trigger and data acquisition hardware. Data from nine subfield backplanes will be merged and
delivered to the SCT camera server using standard high-speed communication protocols. Trigger and
time synchronization signals from the backplanes will be relayed by the distributed array trigger electron-
ics.

The demagnifying SCT optical design provides a dramatic reduction in the plate scale compared to
Davies-Cotton telescopes, enabling a camera based on modern technology including self-triggering
custom ASICs with high channel density as well as SiPMs. To exploit the large field of view and high
angular resolution of the optics, we have designed a low-cost camera based on SiPM photodetectors,
the TARGET custom analog pipeline ASICs, a backplane to merge a large number of channels into a
single high-speed FPGA for the pattern trigger, and another FPGA for data acquisition. The full SCT
camera is based on a hierarchical design composed of 9 camera subfields. Each subfield consists of
a 5x5 array of 64-pixel SiPM and front-end electronics modules, each incorporating four 16-channel
TARGET ASICs. The corner subfields are not fully populated, and the camera consists of 177 modules
in total. The camera will be sealed by an entrance window, with chilled water heat exchanger, forced-air
cooling and humidity control in the envelope around the central camera. The SiPMs will be temperature
stabilized with single-stage Peltier units. The SCT camera shares many design features with the camera
for SST-2M GCT telescope and has been developed in close collaboration.
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5.10 WP10: Common Technology

The Common Technology Evaluation, Testing and Calibration work-package consists of independent
‘sub’ work-packages that:

 Take care of central technology evaluation and quality control functions for mirrors and cameras
for CTA;

» Provide detailed calibration strategies and guidelines for CTA;

» Provide some of the auxiliary instrumentation that is not part of the different telescope projects.

5.10.1 Mirror Test Facilities (MTF)

MTF exists to design mirror tests and test equipment, to co-ordinate and perform tests on mirrors, and to
evaluate mirror technologies on behalf of CTA. The tests performed are, as far as possible, independent
of mirror manufacturers.

In the pre-construction phase, as well as designing tests and test equipment, MTF has been providing
feedback to manufacturers to enable them to improve their designs. In the pre-production phase, these
activities will move from technology evaluation to quality control (QC) and quality assurance (QA) during
mirror production, including the detailed testing of pre-production mirrors. In the production phase, it
will audit the QA scheme of manufacturers, including providing the manufacturers with suitable test
equipment, and will perform detailed tests on a sample of mirrors. The top-level organisation of MTF is
outlined in Figure 5.23.

MTF
(P.Chadwick)

PMD Systems Fast 2f Systems Local Reflectance Stability/Durability Test
(F. Stinzing) (F. Eisenkolb) Measuring Systems Systems
(A. Forster) (P.Chadwick)

Figure 5.23 — Organization chart of the MTF work package.

CTA has set up a comprehensive set of requirements for the main elements that will make up the
final system to make sure the overall array shows the required performance and durability. In order to
evaluate whether these requirements are met by a given design and by all components being produced,
a verification and validation process has been established. This detailed process is performed within the
projects that are responsible for the different telescope types.

The CTA mirrors are critical elements of the system which are permanently exposed to the environment
but nevertheless need to maintain a good performance over many years. Regular replacement of mirrors
on short time intervals would have a huge cost impact. Underperformance or rapid degradation of
mirrors, which are usually custom-designed but industrially manufactured products, directly diminishes
the performance of a Cherenkov telescope and in consequence reduces the sensitivity of the array.

The optical quality as well as the mechanical stability and the long-term durability of the different mirror
technologies need to be evaluated in a consistent and systematic way.

Concerning the evaluation of mirror technologies the task of MTF is to:

» Design and describe clear test procedures for the performance, the stability and the durability of
CTA mirrors.
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+ Design, construct, and operate test equipment for all these tests or find places (research institutes,
industry) where such tests can be performed.

» Conduct comparable tests of all mirror and coating technologies considered for use within CTA.

+ Provide documentation of the test results including an evaluation of whether the mirror/coating
technology tested fulfills the needs of CTA.

 Cross-calibrate test equipment of groups within CTA developing mirrors/coatings to avoid surprises
at advanced development stages.

During the pre-production phase, the focus of MTF will move from principal technology evaluation to-
wards quality control (QC) and quality assurance (QA) during mirror production. The tasks therefore
change to:

 Together with the CTA QA engineer/manager, work out a QA and QC scheme for mirror production;

» Develop and build test equipment that allows basic performance properties to be measured within
a reasonable time and with reasonable effort;

» Cross-calibrate test equipment used for testing mirrors in different production sites;

+ Perform detailed performance, stability and durability testing on mirrors from industrial pre-production.
In the production phase the task of MTF will move towards:

« Together with the CTA QA engineer, audit the QA scheme of the mirror producers and perform QA
if this is found necessary;

» Maintain the test equipment supplied to mirror producers and audit the results from the measure-
ment;

+ Perform detailed cross-check measurements in MTF laboratories on sample mirrors taken from
mass production.

5.10.2 Camera Test Facilities (CTF)

CTF provides independent high-level end-to-end tests of the camera systems for CTA in order to ensure
that all camera systems fulfill the CTA requirements and CTA will achieve its physics objectives. The
deliverables of CTF are reports on the completed tests for each camera type (final prototype and first
unit from mass production, in case of changes).

CTF (J. Horandel)

|
Light Sources Module Test Facilities Cluster Test Facilities Mobile Camera Test Facilities Stability/Durability Test Systems
(R. Wagner) (T. Buanes) (M. Punch) (A. Bonardi) (P.Chadwick)

Figure 5.24 — Organization chart of the CTF ‘sub’ work-package.

The CTA cameras are critical elements of the system which are highly non-trivial to evaluate in a consis-
tent and systematic way. Thus, CTA has established central camera testing by the Camera Test Facilities
(CTF) to conduct a high-level cross-check on behalf of CTA to ensure that the main performance, stabil-
ity, and durability requirements of CTA are met.

Concerning the qualification of camera technologies the task of CTF is to
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 Design and describe clear test procedures for the performance, the stability, and the durability of
CTA cameras. Given the complex structure of such cameras and the risk of problems in expensive
developments being detected too late, this is ideally being divided into tests for individual modules
and clusters of the cameras and tests of fully integrated cameras;

« Design, construct, and operate test equipment for all these tests or to find places (research insti-
tutes, industry) where such tests can be performed;

» Conduct comparable tests of all camera technologies considered to be used within CTA;

» Provide documentation on the test results including an evaluation if the tested camera technology
fulfils the needs of CTA .

The camera requirements cover a wide range of properties, from data taking performance over environ-
mental resistance to long-term reliability. A range of different test setups is therefore required. Given
that the CTF camera testing is an acceptance testing for the different camera technologies on behalf of
CTA there are two options when to perform the tests:

1) Testing takes place in a staged approach, with individual camera modules (described below) as the
initial focus of performance testing, as whole cameras will not be available in all cases for testing
early on. In addition, some mechanical/environmental testing will be done on camera housings
which are not equipped with electronics. The tests described below will therefore be performed in
several places over an extended period of time parallel to the construction of the camera prototype.

2) Testing is performed only at the very end of the camera development: When the camera teams
have built their final camera (to go to a CTA site) this camera needs to be delivered to the site
via CTF to undergo the full test program described in this document (also durability tests (as e.g.
water tightness) would be performed on the fully equipped camera).

There is a discussion whether there should be on-site laboratories for the characterization of cameras. In
case this is decided, CTF would be the natural CTA group to develop and provide the needed equipment
and to specify the related infrastructure requirements.

5.10.3 Central Calibration Facilities (CCF)

The second generation of IACTs (H.E.S.S., MAGIC and VERITAS) have been designed with the aim
of discovering new types of VHE gamma-ray emitters in the universe. The expectation was, at the
time of design, to find mainly power-law spectra, at least in the interval of best sensitivity. Given the
discovery nature of these installations, a thorough calibration strategy for the used calorimeter (the air)
and the Cherenkov light detection instruments (the telescopes) was not included in their design. What
is more, given the continuing success of these IACTSs, facilitated by frequent improvements of sensitivity,
optimizing the full analysis duty cycle, this has not been a major issue until recently. This has resulted in
considerable loss of data, either at the moment when strong data selection is required to guarantee data
samples with stable systematic uncertainties, or already during observation, when the telescopes stop
data taking under non-optimal observing conditions . Only with time, some of these instruments have
learnt to continuously monitor the optical throughput of the telescopes as well as the properties of the
atmosphere above them, and to correct the pointing resolution offline to arcsecond precision scales. The
first two tasks, and especially the understanding of the state of the atmosphere, are still in the process
of innovating the adequate instrumentation and correction algorithms.

CTA is expected to dedicate most of its lifetime to population studies and precision measurements. It will
typically resolve spectral features such as the location of IC peaks, spectral breaks and cutoffs (mainly

"In the case of H.E.S.S., 23% of the data are rejected offline, only due to non-optimal atmospheric conditions. MAGIC analyses
remove up to 40% of the data, especially when a low energy threshold needs to be guaranteed, e.g. in the case of pulsar
observations. Under these circumstances, optimal atmospheric conditions are practically identical with photometric nights. The
MAGIC collaboration is however currently reducing this number considerably with the help of a continuously run LIDAR and
adequate data correction algorithms
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in the tens of GeV regime and the tens of TeV regime), the imprint of the extinction of gamma-rays by
the interaction with extragalactic background light on the received energy spectra, and possibly even
spectral lines. It will also resolve the morphology of sources to unprecedented precision.

The physics cases have been studied in detail and reduced to a series of level-A requirements, of which
several concern the precision with which the physical properties of the incident gamma-rays must be
known:

» Energy scale: The systematic error in the overall energy scale must lie below 10% (SCI-170)

» Source localization: The precision with which sources can be located must be better than 5” per
axis with the goal of 3" per axis (SCI-100)

+ Availability: 100% of all feasible operational time must be available for observation (SCI-120)

Further level-A requirements have been established as performance requirements. The Central Calibra-
tion Facilities (CCF) project is responsible for providing calibration equipment and methods in order to
reliably calibrate all data with respect to energy, flux and pointing accuracy, released by CTA and ensure
their quality, i.e. that they meet the science and performance requirements. Furthermore, CCF is bound
to protect the observatory against adverse atmospheric conditions by means of atmospheric monitoring
equipment.

Experience with the current generation of IACTs (H.E.S.S., MAGIC and VERITAS) has shown that the
following baseline of calibration methods achieves about 15% systematic uncertainty for the absolute
energy scale and 10%—20% — depending on the energy range — for the reconstructed flux?, both for
selected data, i.e. after removal of data taken under non-optimal atmospheric conditions?:

by analyzing regularly-taken single photo-electron spectra (H.E.S.S.) or calibration pulses inter-
laced with air shower data taking in combination with the F-Factor method (MAGIC) for the camera
pixel calibration,

* by analysis of muon rings for the optical throughput,
* by selection of acceptable atmospheric conditions with parameters based on the trigger rates,

+ and the recent introduction of standard data correction using a continuously run LIDAR.

Most of the residual systematics are due to un-monitored and un-corrected changes in atmospheric
conditions, but also un-simulated long-term degradation of mirrors, cameras and the telescope structure
play a role. Standard data selection procedures reject between 20% and 40% of the data taken within
the standard observation conditions, depending on the atmospheric conditions and the energy threshold
of the observed target source.

The main deliverable is a framework which ensures that the level-A requirements on systematic uncer-
tainties are always met. The amount of such releasable data, i.e. the effective duty cycle of the CTA,
shall be maximized within the given observational conditions. Moreover, all necessary atmospheric mon-
itoring equipment ensures that the observatory is protected against adverse atmospheric conditions with
an uptime >99.99%, i.e. no night of failure during 30 years of operation.

2The MAGIC collaboration cites an additional systematic uncertainty of +0.15 on the slope of reconstructed power-law spectra.
3i.e. a small Planetary Boundary Layer, and a practically aerosol-free troposphere above; no or only moderate winds.
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6 Management and Systems Engineering

6.1 WP11: Project Management

6.1.1 Schedule Control

The Integrated Project Schedule (IPS) is the CTA project schedule obtained from the integration of key
parts of the schedules of each of the different work package areas. It captures the inter-dependencies
between the different work packages, and reveals the effect on the global project when any influential
schedule change occurs.

A first version of the IPS is being developed and a summary so far is presented in Appendix A, it
includes major tasks, key representative milestones of each work package area and includes some of
the interdependencies between different work packages.

In order to have a properly working integrated project schedule the following requirements must be met:

1. The integrated schedule IPS includes inputs from the different work packages; such inputs in-
clude all high level deliverables and their key internal drivers to be able to run critical paths of the
project; it also includes the different levels of milestones of the project and includes the interface
milestones.

2. The schedule is constructed with coded data such as WBS, project phase, institution, etc. so it
can be filtered and reported according to the needs of the different groups/committees.

3. The Project Office will define the minimum scheduling information needed periodically from the
work-packages in order to have a representative integrated project schedule.

4. The Integrated Project Schedule is to be developed and maintained by the Project Office.

A pre-defined set of procedures or definitions are essential for the implementation of a properly inte-
grated project schedule. The following schedules procedures/definitions are being developed:

1. Scheduling procedure: The CTA scheduling procedure is being developed to ensure consis-
tency across the CTA work packages in the way a minimum detailed schedule is to be developed,
maintained and integrated. This procedure includes basic requirements such us what will be the
minimal information to develop the schedules consistent with the work breakdown structure, basic
scheduling best practices as well as the coding information that each activity of the schedule must
have.

The scheduling procedure will include the following topics:

« role of the project office and of the work-package in the IPS
« characteristics of the IPS

* reporting code scheme

 scheduling basics and best practices

* reporting schedule progress
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« concept of interface milestones in the IPS
« resources in the IPS

* IPS activity coding

 scheduling and cost integration

 earned value methods

» schedule change management

2. Project code fields: A coding scheme exists in order to properly identify the set of activities that
comply with a pre-defined coding scheme.

3. Project milestones: CTA has identified milestones that are of project interest at different levels
or types, which are explained in the scheduling procedure (e.g. milestones for council/resource
board, work-packages, interfaces, etc.). A table with the initial set of milestones will be prepared,
and maintained throughout the project execution.

4. Resource allocations where applicable: Some sections of the schedule are foreseen to be
potentially resource-loaded, like for example, the sections for the integration of the telescopes.

5. Time-phased budget allocation: The scheduling and cost integration section of the scheduling
procedure explains how schedule and cost integrates according to the schedule rules and the cost
book definitions. The creation of the budget database for each work package area will then be
created in phase with the baselined project schedule.

6. Establishment of Performance Measurement Baseline: The result of the aggregated time-
phased budget allocation will become the Performance Measurement Baseline, which will be the
baseline that the project progress will be measured against.

7. Scheduling reports: For the generation of schedule reports, the coding scheme will play a key
role. The initial reports are likely to be:

* rolled-up summary including specific project level milestones
* near term milestones
* interface milestones

« status report(s): display detailed schedule data at the activity level by work-package that will
be used as the basis for providing earned value

« critical path: display activities and milestones on the critical path for project completion or for
specific milestones

* telescopes deliverables report
8. Earned value reports: With the establishment of the Performance Measurement Baseline, with

the schedule status report that includes progress information, and with the agreed accounting
scheme to count the project actuals, earned value reports will be generated.
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6.1.2 Quality Management

CTA Quality System

The CTA Quality System consists of a set of quality methods, tools and resources being developed
and specifically chosen for meeting the CTA Quality Objectives and will be applicable to the design,
production, assembly and commissioning of the CTA Observatory. (For operations and maintenance,
another Quality System will be developed and implemented in the CTA observatory.)

The CTA Quality System will consist of:

 Quality Policy and Management Commitment
 Quality Objectives

* Quality Plans

 Test Plans

» Test equipment and test facilities

+ Documented procedures and work instructions
+ Control Plans and Inspection Plans

» Reviews and acceptance processes

 Quality agreements with suppliers

» Surveys of the work packages’ quality system and quality audits of the external suppliers quality
system

» Document Management Plan for control of documents
« Trained personnel to implement the Quality System and to work with it
+ Quality records

* Non-Conformance management

Quiality Policy and Management Commitment

The collective CTA Project Management undertakes to construct and deliver the CTA Observatory, meet-
ing all stakeholders requirements and CTA Quality Objectives through full support and commitment in
terms of resources (manpower, training, facilities, and equipment), motivation and implication of the per-
sonnel in implementing the CTA Quality System and through appropriate quality agreements with the
external suppliers. They also undertake to support and foster the continual improvement of all processes
during the construction and later during the operation of the observatory.

Quality Objectives

The Quality Objectives of CTA are to build and deliver a defect free, reliable observatory that fulfills all
requirements and specifications and which allows operating it efficiently with a high quality of service
and availability, and capable of delivering reliable data to the scientific community. The CTA Quality
System is designed to meet the objectives in a cost effective manner by substantially reducing defects,
errors and repairing costs.

The quality objectives include:

» support the design of products for meeting all requirements
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* support the production processes for keeping them under control and capable of producing parts
that fully meet the specifications

* support the procurement processes for obtaining products from external suppliers that are free of
defects and which meet all the specifications

* prevent that non-conforming parts arrive to the observatory site

* resolve and minimize quality problems, guiding the improvement process for eradicating the cause
of non-conforming products

* keep control of the project documentation

Quality Plan

The Quality Plans describe the way in which the requirements will be met and how the required activ-
ities will be carried out, either directly or by reference to appropriate documented procedures or other
documents. The Quality Plans will contain following:

» Responsibilities and authority during the different project phases.

+ Allocation of resources, manpower, training, equipment, etc.

» Sequence of events, key dates and Hold Points

» Reference documents and specific documented standards, procedures, practices and instructions.
» Method of document control (e.g. revision and issue control) and records to be retained

+ Control of changes

» Purchasing

« Suitable testing, inspection, examination, and audit programs at different stages.

* |dentification and traceability

+ Control of nonconforming product

Each work package will create and is responsible for implementing its own specific Quality Plan, with
the necessary support and guidelines provided by the CTA Project Office.

Test Equipment and Test Facilities

Each Work Package designs, builds and operates its own test equipment for verifying that the design
and the products delivered to the observatory meet the requirements and are free of defects.

Additionally, CTA has created the COM work-package which designs, builds and operates a set of fa-
cilities for evaluating and testing mirrors (Mirror Test Facilities) and cameras (Camera Test Facilities)
to ensure that the main performance, stability, and durability requirements are met. It is envisaged to
test the drive systems as well. COM conducts the independent testing on behalf of CTA and might be
integrated into the Project Office organization.

COM is involved in all phases of the project:

» During the design phase, COM evaluates and tests the technology, providing feedback for design
improvement. COM also works together with an external specialist in finite element methods for
verifying that all telescope structures meet the environmental requirements (earthquakes, wind,
rain, ice, etc.).
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+ During the prototype and pre-production phase, COM verifies that the design of the products meet
the technical requirements.

+ During production phase, COM will test the critical and functional characteristics, in order to prevent
that non-conforming parts arrive to the observatory site.

Implementation of the CTA Quality System

In chronological order, the quality tools and processes that will be implemented in each phase of the
project are the following:

Pre-Construction Phase:

* Quality Policy and Management Commitment
 Quality Objectives

* Quality Plan of the CTA Project

+ Quality Plans of each Work Package

* FMEAs of design

+ Reviews of design

« Verifications of design

» Document Management Plan, describing the procedures and rules for naming, approving, dis-
tributing, storing, updating etc. all CTA documents.

Pre-Production Phase:

During the pre-production phase, each Work Package will implement a series of tools, instruments and
procedures for the quality assurance.

+ Test Plans for pre-production

Design of necessary tests for proving that all requirements of the product are met.

Description of the test procedure and the pass/fail criteria in a Test Plan

Review and approval of the Test Plan (Test Readiness Reviews)

Review and acceptance of the test equipment.

Evaluation of the test results for verifying that the product meets the requirements. If a re-
quirement is not met, the product needs to be re-designed and tested again. In special cases
it might be necessary to change the requirement.

— Validation and freeze of the design (when the test results are favorable)
« Training of personnel for implementing and working with the Quality System.
» Reviews and acceptance processes

» Survey by the CTA Project Office of the implementation of the work-package’s quality system in
order to provide adequate technical support when needed.

* Quality tasks in procurement

— Audit of supplier’s quality system and production facilities (before signing contract).

— Quality agreements (as part of the procurement contracts) between the work-package quality
responsible and the external suppliers, with technical support from PO.
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— Supplier’s calibration documentation showing the status of test equipment used for controlling
critical characteristics of the product.

— Suppliers Capability Commitment, confirming that he is capable of meeting all requirements
and of supplying the requested quantity and quality (as part of the procurement contract)
Production Phase:
During the production phase, each work-package will apply specific quality assurance tools and carry

out the necessary quality control tasks.

» Implementation of a non-conformance management system for reporting and solving non-conformances
with external suppliers and between the work-packages and the CTA Observatory.

» FMEA of the production process

Definition of the quality data that should be recorded and stored

Special Characteristics: identification, definition and documentation of Special Characteristics
(SC) with the help of the design FMEA and process FMEA analysis (items with highest score).
Special Characteristics are particularly important product characteristics or process parameters
which require additional measures in order to assure their compliance. They should be clearly
identified in technical drawings, the Control Plan and the Work Instructions. SC are of two cate-
gories:

— Critical Characteristics: which can affect safety or compliance with government regulations

— Significant Characteristics: which can affect fit, function, performance or subs sequent pro-
cessing.

Control Plan:

— Each product needs to have a control plan, describing for each special characteristic where
in the process it is controlled, how often, by whom, with which equipment or instrument and
the pass fail/criteria.

— Review and approval of the control plans of the suppliers and of the Work Packages together
with the PO.

+ Test equipment and measuring instruments for carrying out the control plan:
— The Work Package team determines and procures or designs the test equipment and mea-

suring instruments necessary to carry out the control plan

— The Work Package team together with the PO approves the test equipment and measuring
instruments

— All the test equipment and measuring instruments used for controlling critical characteristics
should undergo an appropriate Measurement System Analysis and periodic calibrations.

Implementation of incoming inspection procedures for external parts

Process Capability Study

Acceptance procedures and review system for accepting the product

Periodical audits of the suppliers production processes during the duration of the contracts in order
to confirm that the quality system is still in place and the controls are made properly.

Implementation of Non-Conformance management system for reporting and solving non-conformances
with external suppliers and between the Work Packages and the CTA Observatory.

The CTA Project Office will provide the work-packages adequate technical support to help them in the
implementation of the quality system. The Project Office will follow closely the progress of the implemen-
tation of the CTA Quality System in each work-package by means of surveys and tools for measuring its
performance and success, and initiate corrective actions if necessary.
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6.1.3 Stakeholder Management

CTA is a long-term scientific endeavour that touches a wide range of stakeholders over the course of
its development and implementation. The overall challenge of the project is to maintain a high level of
recognition, interest and goodwill among these stakeholders in order to sustain support for long-term
operations. A stakeholder management and communications strategy is being implemented to address
this challenge.

This strategy identifies and analyzes internal and external stakeholder groups to determine their dis-
tinct motivations, interests and impact on the project. Based on the analysis findings, a management
approach and communication methodology is being executed to address the stakeholder needs as the
project progresses through the different phases of its development.

The project’s identification of and engagement with stakeholders is imperative to managing expectations
and competing objectives while accomplishing project tasks.

Identify Stakeholders

Figure 6.1 is a high-level illustration of CTA’s internal stakeholders.
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Figure 6.1 — Internal Stakeholder Groups

The three central groups of internal stakeholders can be described as follows:

1. CTA Consortium: Approximately 1,200 members from 178 institutes in 29 countries. This group of
institutions is responsible for directing the science goals, as well as the array design and supplying
components (as in-kind contributions). Its internal authority, the Consortium Board, is responsible
for endorsing all major consortium decisions. The Speakers and Publications Office (SAPO) also
falls under this group.

2. CTAO gGmbH/Council: As of April 2015, includes five member countries/shareholders (Czech Re-
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public, Germany, Italy, Spain, Switzerland) and is the legal entity of CTA. Its goals are to prepare
the design and implementation of CTAO and to prepare a founding agreement for the construction
and operation of the CTAO Facility. The Resource Board, the Council’s predecessor and its com-
mittees (STAC, AFAC, IKRC, SSC) provided oversight during pre-construction but are transitioning
to CTA Council. It also hosts the Project Office, as well as the Science User Group (SUG).

3. CTA Project: This group is dedicated to the execution and management of the actual project and in-
cludes the Project Committee, Construction Project Board, Internal/External Review Committees,
and all those managing and assigned to the various project work packages.

Each internal stakeholder group and sub-group requires different levels of engagement in order to sup-
port the project objectives.

Figure 6.2 represents all of CTA’s high-level external stakeholder groups.

General
Public

Academic
Community

Industry
Partners

Figure 6.2 — External Stakeholder Groups

Each group can be described as follows:
1. General Public: Science enthusiasts of all ages and backgrounds that may stumble across or seek
out information about CTA.

2. Academic Community: Educators and students at primary, secondary, collegiate and post-graduate
levels.

3. Policymakers: All those with political power impacting the development, construction, operation
and potential expansion of the CTA Observatory and its scientific endeavors.

4. Science Community: Astrophysicists, particle physicists, astronomers and all those interested
in utilizing CTA for research purposes. Also, partner organizations, including HESS, VERITAS,
MAGIC, etc.

5. Host Site: The North and South sites’ local community, government and related stakeholders.
6. Industry: Component suppliers for CTA technology.

7. The Media: A mix of traditional media outlets (print and broadcast) and non-traditional (online and
blogs), specifically those journalists focused on science, technology and site-specific news.
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Identify Key Stakeholder Groups

Key stakeholder groups are those who have the most influence on the project or who may be impacted
the most by it. These key stakeholders are those who also require the most communication and man-
agement, which is determined in the stakeholder analysis.

As the project progresses, the key stakeholders will shift from primarily internal to external groups. At the
current phase of the project, internal stakeholders are of the highest priority. However, certain external
groups will have a large impact on the project during specific milestones of this phase, as well. The
primary and secondary targets for this phase of the project are as follows:

Primary Targets

CTA Consortium

CTA Consortium Board

CTA Council/Resource Board

* Member Countries/Shareholders
Secondary Targets

 Policymakers
* The Media

* Industry

* Host Sites

Stakeholder Analysis

The stakeholder analysis acts as a register for all project stakeholders, then categorizes and analyzes
each stakeholder group to determine their level of interest and impact on the project. This matrix will
act as a living document to capture and manage stakeholder needs and expectations as the project pro-
gresses. The analysis findings are applied to a stakeholder management approach and communication
plan.

Communication Plan

Thorough communication with CTA’s key stakeholders is necessary to ensure all concerns are identified
and addressed and that resources for the project remain available. A communication plan details the fre-
quency and type of communication for the key stakeholder groups identified for this phase of the project.
The plan includes strategies and tactical plans that support relations management and the infrastructure
of CTA’s communications, as well as communications mechanisms that include newsletters, marketing
materials, the CTA website, multimedia, social media and media relations. The current phase of the plan
is being executed and will be updated annually to align with the project goals, priorities and shifts in key
stakeholders. Performance analytics are in place to measure the plan’s success and to provide a basis
for modifications.
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6.2 WP12: Systems Engineering

6.2.1 Interface Management

The CTA Interface Management Plan describes the process of identifying and characterising interfaces,
as well as their implementation. The scope of the document is such that only interfaces between CTA
work-packages are addressed (external interfaces). However, it is expected all CTA work-packages have
their own internal interface management system and plan.

The plan along with the Interface Management site on the CTA extranet specify interfacing work-packages
using both a block diagram and N? diagram. It also introduces the concept of leading party at an inter-
face: a work-package can be appointed a ‘leading’ role in the interface definition process, on the basis
of standardisation and commonality of components. If a leading party is identified, it is responsible for
driving the iterative process of agreeing on the interface. An interface is approved once all parties di-
rectly involved have approved both its existence and its characterisation. Final interface approval will be
the result of a review process.

Outside World

CTA Logical: online data transfer
(Control & monitoring, Event data, Trigger
signal, Alerts)
Information interface
OBS-INFRA »| 1.0BSERVATORY OPERATIONS
5-9. TELESCOPE
DATA-xST
OBS-DATA OBS-ACTL CAM || MECH
v AAd
4.DATA > 2| 3.ARRAY 2 ORI ALY
MANAGEMENT ACTL-DATA CONTROL | ACTL-xST
! T DATA-COM i
10.COM
| INFRA-DATA INFRA-ACTL Loy ACTL-COM
o
’ INFRA-COM INFRA-xST
2.INFRASTRUCTURE

Figure 6.3 — Block diagram for interfaces between CTA Products.

The Interface Database is a repository that contains all parameters that characterise top level interfaces.
It is accessible to all CTA members. In addition it allows for version control and interface approval. Once
approved, or validated, each entry becomes a (level-1) specification, and will be included in the baseline
design of the involved parties. Ultimately, the specification will undergo a verification process. The
process of interface definition starts by listing the elements at the interface of two CTA work-packages,
moving on to defining how to characterise them. These activities can be very different from one set
of two interfacing products to another, however the overall structure remains the same. The process
includes identifying the responsible person/people for each interface. The N? diagram shows the overall
level of progress for each of the interfacing CTA Products.
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6. Management and Systems Engineering 6.2 WP12: Systems Engineering

I-INFRA-SOUTH-LST-0006 INFRA-SOUTH  LST Anchorage of the telescope to the foundation

I-INFRA-SOUTH-LST-0009 INFRA-SOUTH  LST Power line from site backup power to telescope

I-ACTL-COM-0001 ACTL COM CCF - LIDAR

I-ACTL-COM-0101 ACTL COM All Sky Camera

I-ACTL-COM-2001 ACTL COoM Data Storage

|I-ACTL-COM-2002 ACTL COM Data Analysis on On-Site Cluster

I-ACTL-COM-2003 ACTL COM Camera Control during Tests

|I-ACTL-COM-2004 ACTL COM Data Acquisition for Camera During Tests

I-ACTL-DATA-0001 ACTL DATA ACTL-OPS provides TECH data from CTA assemblies to DATA-ARCHIVE-TECHO
I-ACTL-DATA-0002 ACTL DATA ACTL-DAQ provides EVTO/CALO data to DATA-ARCHIVE-EVTO/CALO
I-ACTL-DATA-0003 ACTL DATA ACTL-DAQ provides EVTO/CALO data to DATA-PIPELINE-RTA
|I-ACTL-DATA-0004 ACTL DATA DATA-PIPELINE-RTA provides data reduction algorithms to ACTL-DAQ in the Data Volume Reduction architectural schema.
|I-ACTL-DATA-0005 ACTL DATA EVTO, CALO data format

I-ACTL-DATA-0006 ACTL DATA ACTL-OPS provides a sample of TECHO data to DATA-PIPELINE-RTA
I-ACTL-DATA-0007 ACTL DATA ACTL-OPS sends TECHO alarms to DATA-PIPELINE-RTA

I-ACTL-DATA-0008 ACTL DATA ACTL-OPS sends TECHO reports to DATA-PIPELINE-PRA

I-ACTL-DATA-0009 ACTL DATA DATA-PIPELINE-RTA sends Data Quality Alerts to ACTL-OPS
I-ACTL-DATA-0010 ACTL DATA DATA-PIPELINE-RTA sends Science Alerts to ACTL-SCHED

|I-ACTL-DATA-0011 ACTL DATA DATA-PIPELINE-RTA sends Science Alerts to ACTL-OPS

I-ACTL-DATA-0012 ACTL DATA ACTL-OPS provides display system for the DATA-PIPELINE-RTA monitoring system
|I-ACTL-DATA-0013 ACTL DATA ACTL-OPS provides display system for the DATA-PIPELINE-PRA monitoring system
I-ACTL-DATA-0014 ACTL DATA ACTL-OPS monitors DATA-PIPELINE-RTA

|I-ACTL-DATA-0015 ACTL DATA ACTL-OPS monitors DATA-PIPELINE-PRA

I-ACTL-DATA-0016 ACTL DATA ACTL-OPS monitors DATA-ARCHIVE

I-ACTL-DATA-0017 ACTL DATA ACTL-OPS monitors DATA-ICINFRA-DTU

I-ACTL-DATA-0018 ACTL DATA DATA-PIPELINE-RTA sends logging info to ACTL-OPS and display status
|I-ACTL-DATA-0019 ACTL DATA DATA-PIPELINE-PRA sends logging info to ACTL-OPS and display status
|I-ACTL-DATA-0020 ACTL DATA DATA-ARCHIVE sends logging info to ACTL-OPS and display status
|I-ACTL-DATA-0021 ACTL DATA DATA-ICINFRA-DTU sends logging info to ACTL-OPS and display status
I-ACTL-DATA-0022 ACTL DATA DATA-PIPELINE-RTA and DATA-PIPELINE-PRA use the Alarm Condition Database
I-ACTL-DATA-0023 ACTL DATA ACTL-OPS controls DATA-PIPELINE-RTA

I-ACTL-DATA-0024 ACTL DATA ACTL-OPS controls DATA-PIPELINE-PRA

|I-ACTL-DATA-0025 ACTL DATA ACTL-OPS controls DATA-ARCHIVE

I-ACTL-DATA-0026 ACTL DATA ACTL-OPS controls DATA-ICINFRA-DTU

I-ACTL-DATA-0027 ACTL DATA TECHO data format

I-ACTL-DATA-0028 ACTL DATA ACTL-SCHED provides short-term schedule to DATA-PIPELINE-RTA
I-ACTL-DATA-0029 ACTL DATA ACTL-SCHED provides short-term schedule to DATA-PIPELINE-PRA
|I-ACTL-DATA-0030 ACTL DATA ACTL-SCHED provides information about planned and executed observations to DATA-OBS-PH
I-ACTL-DATA-0031 ACTL DATA DATA-OBS-PH provides the input for the long-term scheduling to ACTL-SCHED
I-ACTL-DATA-0032 ACTL DATA ACTL-SLOW provides a subset of the Instrument Configuration information to DATA-ARCHIVE
I-ACTL-DATA-0033 ACTL DATA ACTL and DATA share outside internet connection

|I-ACTL-DATA-0034 ACTL DATA ACTL and DATA share software management tools on-site (repositories, ..)
I-ACTL-DATA-0035 ACTL DATA ACTL and DATA share test-bed for software verification/validation
I-ACTL-DATA-0037 ACTL DATA ACTL-ONSITE sends tickets to DATA-ICINFRA-TICKET

I-ACTL-DATA-0038 ACTL DATA DATA-ICINFRA-TICKET sends tickets to ACTL-ONSITE

|I-ACTL-DATA-0039 ACTL DATA DATA subsystems query ACTL-ONSITE for access rights (user authentication)
|I-ACTL-DATA-0040 ACTL DATA DATA provides specification for the running environment for DATA software to ACTL-ONSITE
|I-ACTL-DATA-0041 ACTL DATA ACTL provides a running environment to DATA

|I-ACTL-DATA-0042 ACTL DATA DATA-PIPELINE-OSA is deployed on ACTL-ONSITE

I-ACTL-DATA-0043 ACTL DATA DATA-ARCHIVE is deployed on ACTL-ONSITE

I-ACTL-DATA-0044 ACTL DATA DATA-ICINFRA-DTU is deployed on ACTL-ONSITE

I-ACTL-LST-0001 ACTL LST Main electrical cabinet (MEC)

|I-ACTL-LST-0002 ACTL LST Optical axis reference laser

I-ACTL-LST-0003 ACTL LST Distance meter

|I-ACTL-LST-0004 ACTL LST Camera displacement monitor

I-ACTL-LST-0005 ACTL LST Starguider

I-ACTL-LST-0006 ACTL LST Active mirror control

I-ACTL-LST-0007 ACTL LST Drives

|I-ACTL-LST-0008 ACTL LST Calibration light source

I-ACTL-LST-0009 ACTL LST Camera (control & monitoring)

I-ACTL-LST-0010 ACTL LST Camera data

|I-ACTL-LST-0011 ACTL LST Array trigger and clock distribution signal

I-ACTL-LST-0012 ACTL LST Condition monitoring systems

|I-DATA-COM-0006 (Example) DATA COM Cherenkov Transparency Coefficient (CTC)

I-DATA-COM-3001 DATA COoM Raman LIDAR

|I-DATA-COM-3011 DATA COM All-Sky-Camera

I-DATA-COM-3021 DATA COoM FRAM

I-DATA-COM-3031 DATA COoM Ceilometer

I-DATA-COM-3051 DATA COM Anemometers

I-DATA-COM-3061 DATA COM Weather Stations

I-DATA-COM-3071 DATA COoM Rain Sensors

|I-DATA-COM-3081 DATA COM AERONET sun photometer

I-DATA-COM-3091 DATA COM Radiosondes

I-DATA-COM-3101 DATA COoM INFN LIDAR

I-DATA-COM-3111 DATA COoM Octocopter

|I-DATA-COM-3121 DATA COM Central Laser Facilities

|I-DATA-COM-3131 DATA COM Weather monitoring for LSTs

ILNDATA-COM-3141 DATA oM lliminatar

Table 6.1 — Table extract exported from the CTA Interface Database.
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Figure 6.4 — Overall progress shown in the N2 diagram. The first value is a measure of progress (weighted average of
individual tasks’ progress). The second value indicates the number of entries in the Interface Database, and the third one,
the number of entries that are (partially) complete. Colours divide interfaces in three groups according to the overall progress.
If there is a leading party it is noted in parentheses.
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6. Management and Systems Engineering 6.2 WP12: Systems Engineering

6.2.2 Requirements and Acceptance (V&V)

A detailed requirements and specification flow for all CTA elements has been developed and iterated
throughout the design and pre-construction phase of the project. Originating from the top-level ‘Sci-
ence Requirements for CTA', detailed system performance (Level A) and sub-system performance re-
quirements (Level B) have been created. Product specifications (Level C) for all elements represent
the engineering implementation to fullfill all requirements. A flow-down tree of these requirements and
specifications is illustrated in Figure 6.5.

Science
Requirements

——

Level A Performance RAMS Environmental End-User
Requirements Requirements Requirements Requirements
L B Obs. Operations Infrastructure Data Managem. Array Control LST MST SCT SST
Sye Requirements Requirements Requirements Requirements Requirements Requirements Requirements Requirements
|
— —
Level C Obs. Operations Infrastructure Data Managem. Array Control LST MST SCT SST
Specifications Specifications Specifications Specifications Specifications Specifications Specifications Specifications

Figure 6.5 — CTA Requirement Tree

Top-Level Requirements

The Science Requirements for the CTA Observatory were elaborated by the the physics work-group
within the CTA consortium surrounding the physics coordinator and project scientist. They summarize
the detailed physics goals and therefore present the scientific objectives and capabilities of the Obser-
vatory.

Additional constraints cover the principles for governance and operations as well as key policies.

First and Second Level Requirements and Product Specifications

Based on the science requirements, performance requirements for the CTA arrays as a whole and for
the specific sub-systems of identical telescopes were derived using Monto-Carlo simulations. Specific
criteria addressed include full sky coverage, energy range and resolution, sensitivity and angular resolu-
tion. Individual elements (e.g. telescopes) are further defined by their respective effective area and field
of view for gamma-rays.

RAMS requirements (Reliability, Availability, Maintainability and Safety)

Environmental requirements for instrument operation and survival are setting the constraints for sites
where the Observatory can be built. Once a final site decision has been made, these requirements will
be updated, so that they reflect the implementation constraints for the actual sites. This will lower the
demands in most cases.

User requirements define the external interfaces and interactions of the CTA Observatory with its astro-
nomical users and the scientific community.

Product specific ‘Level B’ requirements are derived from the before mentioned ‘Level A’ system require-
ments. Each different product, such as telescopes, observatory infrastructure, array control elements or
DATA management has its own set requirements. These requirements are then translated into technical
specifications (‘Level C’) by the project work-packages engineering teams. Technical specifications are
essentially owned by the work-packages and are not managed by the Project Office itself. However, the
teams have to prove that these specifications fulfil all applicable CTA requirements for the product within
the Verification and Validation (V&V) and acceptance process.
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6. Management and Systems Engineering 6.2 WP12: Systems Engineering

Management and Changes

Currently, all requirements and basic definitions are stored within a SharePoint web-database. With
the transitioning to the construction phase and upcoming acceptance reviews, all requirements, their
hierarchical relationships, justification and verification methods are being transferred to the JAMA re-
quirements management software tool to ensure full traceability and coherent reports.

The requirements themselves have been reviewed in the past. The consistency of requirements with
specification developed during the pre-construction phase will be reviewed in-depth by the CTA con-
struction project board before commencing into the construction phase.

Changes to requirements are possible via the CTA change control procedure. All changes or waiver
requests must be approved by the project manager, who is advised by the change control board. The
procedure foresees a simplified path for minor requests with limited impact, and a fast track for urgent
changes.

In case lower-level engineering changes are requested, and as long as the change does not have any
impact on the Level B requirements, these will be managed by the corresponding work-package. If the
engineering change involves a change in the Level B requirements, then it shall go through the change
procedure.

In case new requirements are added, the implications on already existing requirements will be analysed
and additional changes will be propagated to lower requirements.
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7. Assumptions, Dependencies and Caveats

7

71

The

Assumptions, Dependencies and Caveats

Assumptions

following have been assumed in the preparation of this plan:

. The current work-package structures and organization will remain valid once in-kind contributions

are agreed;

. The full scope of CTA is approved for construction (this does not mean that all funds or contributions

are available immediately); if this is not the case then more time will be needed in finalising the
array layouts;

Any descoping or contingency management activities will concentrate on the reduction of the num-
ber of components, not their individual capability (this assumption is associated with the project
objectives);

. That it is accepted that completion of the project takes priority over undertaking science activities

(this assumption forms part of the project objectives);

That contributors will provide the agreed and required level of central cash funding to support
central activities. This level will be defined depending on what is needed for central cash purchases
(infrastructure etc);

. That both hemisphere sites are selected close in time to each other to enable the relative choices

over deployment strategy.

. Assumptions regarding costing are identified in the Cost Estimates document.

7.2 Dependencies

1

. The ability to maintain schedules on site is clearly dependent on the date of a site decision. Plan-

ning so far considers the southern hemisphere site and estimates that minimal deployment of
telescopes could begin twelve months after a site decision. This is biased towards the site in Chile
where we expect more local assistance from the site host (ESO) who could provide us with a
‘safety net’. For Namibia this is likely to take longer. At the time of writing the narrowing of northern
sites from five to two options had only just been made so no serious North site planning has been
undertaken.

7.3 Caveats

1

2

. Costs per telescope are a function of the total number of each telescope design. If parties propos-

ing contributions do not achieve their planned-for level of funding then costs per telescope will be
different due to lack of manufacturing synergies, bulk purchasing etc

. Cost estimates presented in this document and the Cost Estimates document are those calculated

centrally by the CTA Project Office using data provided by the teams as input. As a result there may
be inconsistencies between the teams’ final numbers (in the TDRs and their detailed spreadsheets)

da
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7. Assumptions, Dependencies and Caveats 7.3 Caveats

and those presented here. In these cases it is due to slightly different assumptions by both parties,
and perhaps some obvious double counting — the central approach aims towards uniformity of
calculation. It will be further refined over the remainder of the pre-production phase.

3. Many aspects of the plans developed so far are incomplete in large part due to the lack of staff
in the CTA Project Office over the past year. This affects in particular, central scheduling, costing,
risk management and systems engineering activities. The present plan indicates progress so far
and intentions for the future; it is not a complete project plan intended for immediate execution in
the pre-production and production phases. There is still considerable work to do but the overall
framework is established.

4. Plans for some ‘project wide’ activities cannot be developed much further until the array sites are
agreed by the CTA Resource Board/Council.

5. Firm plans for construction and deployment cannot be finalised until the sources of funding and
in-kind contributions are defined and agreed. This is dependent on the production of the CTA Cost
Book and iteration of this with funding agencies.

6. Construction is expected to take approximately five years (with some extra time required for some
items), and project office funding is calculated based on this. If full construction takes longer then
the funding for the project office will need to be extended at similar levels.
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8. Lessons Learned Extract

8 Lessons Learned Extract

The following table is an extract of the central CTA Lessons Log, the full log contains around 300 entries
and is in addition to the lessons the work-package teams have documented in their TDRs. In many
cases they were presented (to CTA) as points to note rather than specific lessons. At present work has
been carried out with an eye on these lessons instead of formally implementing or considering each one.
A process will be set up whereby they will be tracked and implemented if considered useful.
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9. Risk Register Extract

9 Risk Register Extract

The following three pages are an extract from the CTA Risk Register. The risks are not the most im-
portant in terms of exposure, instead the extract is intended to be representative of the contents of the
register. The Project Office does not actively manage work-package risks. Instead it sets guidelines and
monitors the work-packages’ risk management and actively manages other cross-project risks. Central
risk management for CTA is presently in its infancy and is being developed.

At present most of the risks are rather generic (‘Increase attention on maintenance planning’ etc) and
are difficult to quantify. Once in-kind contributions are confirmed it will be possible to create much more
specific risks (For example: ‘Work-Package x does not deliver product x in time to be integrated with
product y from work-package z’) with specific, measurable consequences and defined and quantified
mitigation and contingency actions. At this point the risk register will change from qualitative to quanti-
tative and could be used to manage the project’s working allowance as well as produce an anticipated
profile of risk vs time.

Risk Breakdown Structure

3. Management 4. Organizational 5. Commercial
— 1.1. Economic — 2.1. Requirements — 3.1. Cost/Budget — 41]_5;%2?;? & — 5'1'\/S:n%%irirs &
— El“ﬁ‘msriﬁ;“ L1 22 R(,L{;hélle& Life —  3.2. Schedule L1 42 R;Sgg;ces & — 5.2. Procurement
— 1.3. Political — 2.3. Technology — 3.3. Scope — 4.3. Governance — 5.3. Contractual
— 1.4. Social — 2.4. Health & Safety| |—{ 3.4. Reputation
“— 2.5. Interfaces — 3'5'553:2?9 &

3.6.
“— Business/Science
Case

Figure 9.1 — Current Risk Breakdown Structure for CTA. It will evolve as risks are added.
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A. Integrated Construction Schedule

A

Integrated Construction Schedule

The following pages show the current status of the CTA Construction Project integrated schedule. It is
still preliminary and subject to the general caveats outlined in the document and Section 7. In particular:

« It is currently being developed using the individual work-package TDRs as source material, and

in discussion with the work-package teams. Progress on this is accelerating now that dedicated
effort in the CTA Project Office is available;

» Once a complete schedule has been created it will be analysed for coherence across the project

as a whole: in particular ensuring that dependencies are sensibly dealt with. Some work-packages
may need to have the timings adjusted as a result;

+ Adjustments will take place once the array sites are known and the implications fully investigated;

* Further iterations will take place once more reliable information is known regarding funding and

the sources of in-kind contributions. Only then will a reasonable level of certainty be possible.

» Not every activity or milestone shown has yet been assigned a WBS or milestone number. This

will be taken care of, in particular to enable the creation of cost-centres for budget tracking and
acceptance criteria or earning rules for earned value analysis. The completion of this however is
also subject to the caveats listed directly above.

It is not intended that the schedule will ever contain the full detail of CTA. On the whole work-packages

are

expected to manage their own work. However the integrated schedule will contain a few relevant

levels of detail down from the top level so that the CTA Project Office may manage the teams’ overall
progress, in particular to identify problems well in advance. The Project Office will also provide review
and assistance for teams’ detailed schedules.

da,
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A. Integrated Construction Schedule

WBS |[Title 2014 2015 2016 [ 2017 [ 2018 [ 2019 [ 2020 [ 2021 [ 2022 [ 2023 [ 2024
ai1]a2[a3a4]at \og\oa\m}m \02\03\04101 \02\03\04101 \02\03\04101 \02\03\04101 ‘02‘03‘04101 \02\03\04101 \02\03\04101 \02\03\04101 [a2]a3]a4
CTA Project_150525 )
2 CTA Pre-Construction Phase (remaining) ¢b ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
3-4 CTA Construction Phase I I I I I
a1 1 OBSERVATORY - ‘ ‘ ‘ ‘ F)
Continues Governace, administration and [ ]
operations setup I I
3-42 2 INFRASTRUCTURE
3.21 Design & Contracts
421 Roads
422 Buildings and Infrastructure
423 Power System ( ]
424 Foundations for telescopes
425 First telescope can be installed on Site <>7
43 3 ARRAY CONTROL ]
4.3.1 ACTL-SLOW Construction Phase
Instrument configuration development &
complete
Deployment of web tools O
1st commissioning (minimal functional)
data repository
432 ACTL-OPS Construction Phase
Final Version of the OPS System
Architecture
Preliminary ACTL operations ready e
433 ACTL-DAQ Construction Phase )
Prototype Full DAQ System (&
Prototype Array DAQ System O
434 ACTL-TRIG Construction Phase )
Start commissioning Array Trigger
Start commissioning Clock Distribution <
435 ACTL-ONSITE Construction Phase )
ONSITE System (installed) ‘ <> ‘
436 ACTL-SCHED Construction Phase
Start commissioning Long/Short term S ‘ ‘ ‘ ‘
planner
a4 4 DATA MANAGEMENT ¥ 1 I o
441 DATA sofware development I
On Site infraestructure cotinues ,
Data model cotinues
4411 Full Data Model ready for
commissioning - DM V1.0
Pipeline software development cotinues
4412 Pipeline software V1.0 '
Archive software development cotinues
4413 Archive software V1.0 <
Data reduction
4.4.1.4 Data Volume reduction software V1.0 ‘
Sciencie tools (
4415 Science Tools V1.0
44.2 Data centers & networks
3-45 5 SMALL SIZE TELESCOPE-1M (20)
35 SST-1M Pre-Production (3) e
35.1 SST-1M Prototype work continues )
352 Integration on Mirrors and actuators and [
test at CBK
353 Shipping and installation on site
354 Three structures installed on Site
355 Commissioning on Site
3556 Pre-Prod units ready for integration
SST-1M (3) )
45 SST-1M Production (17)
45.4 Gall for tender process for Mechanical,
Optics and Camera
452 Production of telescope structures
453 Production Mirros and test at the ‘
company site
454 Camera production, assembly and test
455 End of Camera Production |
Production telescopes integration -
SST-1M (17) ®
SST-1M #4 integration starts ‘
SST-1M #8 integration starts
SST-1M #13 integration starts ‘
SST-1M #18 integration starts %
SST-1M #20 integration starts | L
3-46 6 SMALL SIZE TELESCOPE-2M ASTRI (25) )
36 SST-2M ASTRI Pre-Production (3)
3.6.1 Z?J‘ ixe:sml Prototype work )
36.1 Pre-Prod units ready for integration
SST-2M ASTRI (3)
36.1 Commissioning and calibration (No.
1,2,3)
36.1 Pre-production x3 Commissioned
46 SST-2M ASTRI Production (22)
4641 Start of production activities <>1' ‘ ‘ ‘
462 MECH pocurement and poduction ( S } )
463 OPTICAL pocurement and poduction ( S , )
46.4 CAMERA pocurement and poduction ( )
465 Production telescopes integration ‘[ il
SST-2M ASTRI (22)
SST-2M ASTRI #4 integration starts Q‘i
SST-2M ASTRI #8 integration starts |
SST-2M ASTRI #13 integration starts L
SST-2M ASTRI #18 integration starts ‘ %T’
SST-2M ASTRI #23 integration starts
SST-2M ASTRI #25 integration starts | 010
3.46G  6G SMALL SIZE TELESCOPE-2M GCT (25)
3.6G SST-2M GCT Pre-Production (3)
3.6G.1 SST-2M GCT Prototype work continues
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A. Integrated Construction Schedule

through Construction

WBS | Title 2014 2020 2021 2022 2023 2024
a1]a2[a3]a4 ai1]az2[as]a4]ai[az2]as]a4 [a1]a2[a3[a4]|a1]a2]as[as [a1 [a2] a3 a4
3.6G.1 On-Site Installation and Commissioning
(GCT1,2 and 3)
3.6G.3 1st GCT built on site
3.6G.4 2nd GCT built on site
3.6G.5 3rd GCT built on site
3.6G.6 Pre-Prod units ready for integration
SST-2M GCT (3)
4.6G SST-2M GCT Production (22)
4.6G.1 Production telescopes integration
SST-2M GCT (22)
SST-2M GCT #4 integration starts
SST-2M GCT #8 integration starts.
SST-2M GCT #13 integration starts
SST-2M GCT #18 integration starts
SST-2M GCT #23 integration starts
SST-2M GCT #25 integration starts
3-4.7 7 MEDIUM SIZE TELESCOPE (40)
37 MST Pre-Production (3)
371 FlashCAM pre-production
8.7.2 NectarCAM pre-production
3.7.3 Telescope Structures pre-production
3.7.4 Shipping first units
375 Az;sembly. Integration and test (1,2 and
3
376 MST #1 ready
377 MST #2 ready
3.7.8 zr)e-F'md units ready for integration MST
4.7 MST Production (37)
471 FlashCam production phase
472 NectarCAM production phase
473 Telescope structure production
474 Production telescopes integration MST
@7)
MST #5 integration starts
MST #10 integration starts
MST #15 integration starts
MST #20 integration starts
MST #25 integration starts
MST #30 integration starts
MST #35 integration starts
MST #40 integration starts
3-4.8 8 LARGE SIZE TELESCOPE (8)
3.8 LST prototype telescope (1)
3.8.1 LST Prototype work continues
3.8.2 LST Prototype start of installation (1)
3.83 LST Prototype commissioning
3.8.4 LST Prototype commissioned
4.8 LST Production (7)
481 Start Shippping of first components to
site
4.82 Production telescopes integration LST
@)
LST #2 integration starts
LST #3 integration starts
LST #4 integration starts
LST #5 integration starts
LST #6 integration starts
LST #7 integration starts
LST #8 integration starts
3.10 10 COMMON TECHNOLOGY
3.10.1 MTF Mirror Test Facility
Mirror Test Facility able to test mirrors
3.10.2 CTF Camera Test Facility
Camera Test Facility able to test cameras
3.10.3. Site Characterization
Key atmospheric characterization and
calibration
3.1 11 PROJECT MANAGEMENT
3.11.1 Complete PO staffing plan
3.11.2 Finish Project Cost Book
3.11.3 Finish In-Kind Contribution Procedures
3.11.4 Develop and implement Integrated Project
Schedule and EV system
3.11.5 Project management and reporting

(@
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Glossary References
Glossary
AACE (Originally the) American Association of Cost Engineering
AAOT Average Annual Observation Time
ACM Active Mirror Control
ACS ALMA Common Software
ACTL Array Control and Data Acquisition (work-package)
ADC Analogue to Digital Converter
AGN Active Galactic Nuclei
ALMA Atacama Large Millimetre (and sub-millimetre) Array
AO Announcement of Opportunity
APPEC Astroparticle Physics European Consortium
ASIC application specific integrated circuit
ASPERA AstroParticle ERAnet
CAN Controller Area Network (bus)
CB Consortium Board
CCD Charge-Couple Device (Detector)
CCF Central Calibration Facility
CDR Critical Design Review
CFRP Carbon Fibre Reinforced Polymer
CMOS Composite Metal Oxide Semiconductor
CMZ Central Molecular Zone
COM Common Technology and Calibration Work-Package
CPU Central Processing Unit
CR Cosmic Ray
CTA CTA Preparatory Phase
CTA Cherenkov Telescope Array
CTAC Cherenkov Telescope Array Consortium
CTAO Cherenkov Telescope Array Observatory
CTF Camera Test Facilities
DAQ Data Acquisition
DATA Data Management (work-package)
DC Data Centre
DCI Distributed Computing Infrastructure
DDT Director’s Discretionary Time
DM Dark Matter
Dol Declaration of Intent
DRS Domino Ring Sampler
EG Extra Galactic
ESFRI European Strategy Forum on Research Infrastructures
ESO European Southern Observatory
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Glossary Glossary

FACT First G-APD Cherenkov Telescope

FADC Flash Analog to Digital Converter

FEA Finite Element Analysis

Fermi-LAT Fermi Large Area Telescope

FITS Flexible Image Transport System

FOM Figure of Merit

FoV Field of View

FPGA Field Programmable Gate Array

FTE Full Time Equivalent

GB Gigabyte

Gb Gigabit

GC Galactic Centre

gGmbH gemeinnitzige Gesellschaft mit beschrankter Haftung (German public limited
liability company)

GO Guest Observer

GPS Galactic Plane Survey

GRB Gamma-Ray Burst

GUI Graphical User Interface

H.E.S.S High Energy Stereoscopic System

HAWC High Altitude Water Cherenkov Experiment

IACT Imaging Atmospheric (or Air) Cherenkov Telescope (or Technique)

IKC In-Kind Contribution

IKRC In-Kind Review Committee

IPS Integrated Project Schedule

IRF Instrument Response Function

IT Information Technology

IVOA International Virtual Observatory Alliance

KSP Key Science Project

LHAASO  Large High Altitude Air Shower Observatory

LIDAR Light Detection And Ranging

LMC Large Megellanic Cloud

LRU Line Replaceable Unit

LST Large-Sized Telescope

MAGIC Major Atmospheric Gamma-ray Imaging Telescope

MAPM Multi-Anode Photo-Multiplier

MC Monte-Carlo

MM Multi-Messenger

MoU Memorandum of Understanding

MPRR Mass Production Readiness Review (same as PRR)

MST Medium-Sized Telescope

MTF Mirror Test Facilities

MWL Multi Wavelength

OPC-UA OLE for Process Control - Unified Architecture

OPS Instrument Operation Software

ORM Observatorio del Roque de los Muchachos
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Glossary Glossary

OSDC On-Site Data Center

PBS Product Breakdown Structure

PCB Printed Circuit Board

PDP Photon Detector Plane

PDR Preliminary Design Review

PI Principal Investigator

PMT PhotoMultiplier Tube

PO Project Office

PPRR Pre-Production Readiness Review

PPUT Performance Per Unit Time

PRR Production Readiness Review (same as (M)PRR)
PSF Point Spread Function

pTDR Preliminary Technical Design Report

PWN Pulsar Wind Nebulae

QA Quality Assurance

QC Quality Control

RAMS Reliability, Availability, Maintainability and Safety
RB Resource Board

RTA Real-Time Analysis

SCT Schwarzschild-Couder Telescope

SED Spectral Energy Distribution

SES Site Evaluation Summary

SiPM Silicon Photo-Multiplier

SKA Square Kilometre Array

SNR Supernova Remnant

SPPRR Science performance and Preliminary Requirements Review
SSC Site Selection Committee

SST Small Size Telescope

STAC Science and Technical Advisory Committee
SUSY Supersymmetry

SV Science Verification

SVO Science Verification Observation

SWAT Software Array Trigger

TARGET TeV array readout with GSa/s sampling and event trigger ASIC

TDR Technical Design Report

ToO Target of Opportunity

uv Ultra-Violet

VERITAS \Very Energetic Radiation Imaging Telescope Array System
VHE Very High Energy

VME Versa Module Europa (bus)

VO Virtual Observatory

WBS Work Breakdown Structure

WIMP Weakly-Interacting Massive Particle
WLAN Wireless Local Area Network
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Glossary

WP  Work Package
WR  White Rabbit
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