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Abstract

We present the baseline conceptual design of the Cassegrain U-Band Efficient
Spectrograph (CUBES) for the Very Large Telescope. CUBES will provide unprec-
edented sensitivity for spectroscopy on a 8 — 10 m class telescope in the ground
ultraviolet (UV), spanning a bandwidth of > 100 nm that starts at 300 nm, the short-
est wavelength accessible from the ground. The design has been optimized for end-
to-end efficiency and provides a spectral resolving power of R> 20000, that will
unlock a broad range of new topics across solar system, Galactic and extraglactic
astronomy. The design also features a second, lower-resolution (R ~ 7000) mode and
has the option of a fiberlink to the UVES instrument for simultaneous observations
at longer wavelengths.

Here we present the optical, mechanical and software design of the various sub-
systems of the instrument after the Phase A study of the project. We discuss the
expected performances for the layout choices and highlight some of the performance
trade-offs considered to best meet the instrument top-level requirements. We also
introduce the model-based system engineering approach used to organize and man-
age the project activities and interfaces, in the context that it is increasingly neces-
sary to integrate such tools in the development of complex astronomical projects.

Keywords Astronomical instrumentation - Very Large Telescope - UV
spectroscopy - Intermediate-resolution spectroscopy - System engineering - Design
overview

1 Introduction
High-resolution (R > 20000) spectroscopy in the near-UV regime provides access
to a very powerful and relevant observational window that has not yet been deeply

explored from the ground. The current state-of-the art facility at the European
Southern Observatory (ESO) for high-resolution spectroscopy at wavelengths
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shortwards of 400 nm is the Ultraviolet and Visual Echelle Spectrograph (UVES)
[6] on the Very Large Telescope (VLT), but its efficiency is limited to just a few
percent in the near-UV. This means that across a broad range of different scientific
fields, observations are limited to small, bright samples of objects.

The ground UV is an immensely rich and important part of the spectrum for
exciting contemporary topics in solar system, Galactic and extragalactic astronomy
and astrophysics (for background see e.g. [3-5, 7]). These range from searching for
water in the asteroid belt, to addressing significant questions regarding stellar nucle-
osynthesis of iron-peak and heavy elements, and some lighter elements (notably
Beryllium), to fundamental studies of the primordial deuterium abundance and the
contribution of galaxies to the cosmic UV background.

Given the strong scientific motivations to improve spectroscopic sensitivity at the
shortest wavelengths accessible from the ground, ESO issued a call for a new UV
spectrograph for the VLT, to provide a significant gain in throughput compared to
current facilities. Our assembled consortium responded to that call with the concept
of the Cassegrain U-Band Efficient Spectrograph (CUBES).

In the resulting conceptual design (Phase A) study we developed a design for a
Cassegrain spectrograph that provides excellent throughput and a spectral resolving
power of R >20000 over 300 — 405 nm. Many of the assembled science cases would
also benefit from simultaneous spectroscopy at longer wavelengths, so the Phase A
design also includes an (optional) fiber-feed system to UVES.

Combining its unprecedented performance and spectral resolution, CUBES will
become the UV workhorse for the VLT and, given its competitiveness at short wave-
lengths, will be the blue-eye of the sky alongside the Extremely Large Telescope
(ELT), providing a world-leading capability for ESO well into the 2030s.

Here we present the results and current design of CUBES from the Phase A
study. This paper is organized as follows. In Sections 2 and 3 we detail the opti-
cal, mechanical and software design of CUBES and we give a brief overview of the
consortium and construction schedule for the instrument in Section 4. We present
the predicted instrument performance in Section 5 and introduce our model-based
system engineering approach, adopted from the very beginning, in Section 6. Con-
cluding remarks are given in Section 7.

2 The CUBES instrument: requirements and sub-systems description
2.1 Scientific motivations

A broad range of motivating cases for high-sensitivity spectroscopy in the ground UV
were developed by the CUBES Science Team during the Phase A study. An overview
of the science case and the specific cases which drive the technical requirements of the
instrument is given elsewhere in this Special Issue [8]. To illustrate the breadth of the
assembled cases, we also refer the reader to the more detailed articles on cometary sci-
ence [9], accretion and outflows in young stellar objects (YSOs) [10], metal-poor stars
[11-13], beryllium abundances in globular clusters [14], extragalactic massive stars
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[15], tracing the baryonic mass in the high-redshift circumgalactic medium [16], and
studies of molecular hydrogen at high redshift [17].

The cases developed for studies of transients with CUBES also require simultane-
ous spectroscopic coverage at longer (visible) wavelengths, e.g. with UVES (see [8]).
Similarly, some of the observations envisaged for studies of YSOs also require simulta-
neous spectroscopy with UVES [10]. In the Phase A design we therefore also explored
the option of a fiber-link to UVES to enable simultaneous spectroscopy of the CUBES
targets at A > 410 nm. Simultaneous longer-wavelength observations are required for
the transients and YSOs for astrophysical reasons, but we note that approximately half
of the other cases developed for CUBES will benefit from simultaneous UVES obser-
vations, as they will provide complementary/supporting data more efficiently than
observing separately with the two instruments.

2.2 Top level requirements (TLRs)

We used the assembled science cases to drive the design concept by identifying the
TLRs that the instrument shall provide, keeping in mind that these impose limits on
the design choices in terms of the delivered resolving power (R), efficiency, wavelength
range, etc. Key TLRs identified were:

¢ Spectral range: CUBES shall provide a spectrum of the target over the entire
wavelength range of 305 — 400 nm in a single exposure (goal: 300 — 420 nm).

¢ Efficiency: The efficiency of the spectrograph, from slit to detector (included), shall
be >40% for 305 — 360 nm (goal >45%, with >50% at 313 nm), and >37% (goal
40%) between 360 and 400 nm.

¢ Resolving power (R): In any part of the spectrum, R shall be >19000, with an
average value >20000. R is defined R = A/dA where dJ is the full width at half max-
imum (FWHM) of unresolved spectral lines of a hollow cathode lamp uniformly
illuminating the CUBES entrance aperture.

¢ Signal-to-noise (S/N) ratio: In a 1 hr exposure the spectrograph shall be able to
obtain, for an AO-type star of U= 17.5 mag (goal U > 18 mag), a S/N = 20 at 313
nm for a 0.007 nm wavelength pixel. For different pixel sizes, the S/N ratio shall
scale accordingly. The S/R value accounts the full light path efficiency (from atmos-
phere to detector), considering a telescope Cassegrain flat throughput of 75% (ESO
ETC database). Sky conditions are specified the footnote in Section 5.2.

Considering these TLRs, we developed a baseline design for CUBES. In what fol-

lows, we first give a brief overview of the full CUBES system design, then details on
each sub-system.

2.3 CUBES system overview
We organized the instrument into sub-systems and elements in a product-tree fash-

ion, as shown in Fig. 1. The nine core units are independent in terms of the break-
down of work packages.
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Fig. 1 Sub-system breakdown of the CUBES instrument. Fiber Link Unit is shaded since it is optional
and has to be confirmed in Phase-B

From analysis of the TLRs and taking into account the assembled science cases,
we identified all the functions that CUBES should implement. The functional dia-
gram of the instrument is shown in Fig. 2, in which the light path goes from the
telescope Cassegrain interface (top) to the detector (bottom). The baseline design of
CUBES consists of the following components:

e Fore-optics: provides a collimated beam for the Atmospheric Dispersion Cor-
rector (ADC) and the magnifying optics to feed the image slicer.

¢ Acquisition and Guiding (A&G): a separate camera fed by a fold mirror close
to the telescope focus.

e Image slicers: two interchangeable slicers to enable different spectral resolu-
tions: a high-resolution (HR) slicer to reformat the rectangular 1.5 X 10 arcsec
Field of View (FoV) to generate the spectrograph entrance slit, and a second
low-resolution (LR) slicer with a FoV of 6 x 10 arcsec.

¢ Spectrograph: includes a dichroic beamsplitter to spectrally separate the full
bandwidth into two arms, then for each arm:

— two fold mirrors;

— acollimating lens;

— atransmission grating for the necessary spectral dispersion;
— acamera to focus the spectrum on the detectors.

e Detectors: two CCDs (one for each arm) mounted in separate cryostats.

The light path is as follows. After the telescope focus and an instrument shutter,
there is a calibration mirror, which is a moving element that can inject the light from
the calibration unit. Next, a pin-hole mask is included for alignment purposes and to
check focus during operations. An insertable dichroic follows, to relay longer-wave-
length light to the FiberLink (FL) unit. Provision of the FL enables the instrument
to operate in two modes: either using CUBES on its own or in combination with the
FL for simultaneous observations with UVES at longer visible wavelengths.

Next, a double-position mirror slide can pass light to the A&G system for the
whole FoV or a peripheral part by moving to a holed position. This provides ini-
tial acquisition of the science field and can then be used for secondary guiding if
required. Two counter-rotating prisms are used to then correct for atmospheric dis-
persion before relaying light to the slicer unit.
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Fig.2 Functional scheme of the CUBES system (in which the light path goes from top to the bottom).
The following acronyms are used: DC - dichroic, P - pinhole, Ps - series of pinholes, A&G - Acquisition
and Guiding, AFC - Active Flexure Compensation system, FL - fiber link, ADC - Atmospheric Disper-
sion Corrector. Optional modules (TBD in Phase-B) are marked with a trefoil sign

The Image Slicer unit reformats the FoV to generate narrower entrance slits
for the spectrograph. This allows us to achieve the proposed resolution without
the need for adaptive optics (which is not feasible in the near UV at present) and
reduces the size of the optical components of the instrument. Some of the science
cases of CUBES require excellent throughput but spectral resolution is less criti-
cal (e.g. some of the cases developed for observations of comets [9], young stellar
objects [10] and massive stars [15]). The introduction of a LR option therefore
provides a powerful complement to the primary (HR) option. By increasing the
amount of light from the source entering the effective slit, the LR option will
deliver greater sensitivity. We incorporated the LR option in the optical design
by including a second interchangeable unit with physically larger slices (thus also
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sampling a larger on-sky area). The two image slicers enable R ~ 24000 and ~
7000 for the HR and LR modes, respectively.

After the pseudo-slit the photons are split by another dichroic mirror, feeding the
two arms of the spectrograph that finally collimate the beams, provide the dispers-
ing function using transmission gratings, and use cameras to focus the spectra on the
detectors (see more details in Section 2.4.4).

An Active Flexure Compensation system (AFC) was considered in the design, in
case analysis in the next phases shows that the required resolving power under a var-
ying gravity vector cannot be achieved. This is not included in the baseline design of
the instrument, but could be added in the next phase if needed.

To identify which instrument layout best satisfies the requirements, dedicated
simulation tools developed for CUBES [18], were used to investigate different
instrument configurations (number of arms, detector type, presence of ADC and
guiding systems, etc.).

The CCDs provisionally selected in the design have 9k x 9k 10 u m pixels. By
setting the mean geometrical projection of the spectral resolution element to ~ 25
u m, i.e. 2.5 pixels, allowed the wavelength range of the spectrograph design to be
maximized to 300 - 405 nm.

2.4 Optical design

The end-to-end optical scheme of the instrument is presented in Fig. 3.

2.4.1 Fore-optics
The fore-optics were designed and optimized against these criteria:

1. transfer and magnify a FoV of 6 x 10 arcsec from the telescope focus to the Image
Slicer at a scale of 0.5 arcsec/mm;

2. correct for atmospheric dispersion over a wavelength range of 300 — 400 nm for
zenith angles of 0-60°;

3. maintain a stable exit image and pupil at a wavelength of 346 nm (chosen for
calibration purposes using a Hg light source);

4. position the exit pupil to be 1160 mm before the slicer image plane.

Nominal environment values of T = 10 'C and P = 750 mbar were used in the
model optimization.

The full optical train from the telescope focus to the image slicer focal plane is
shown in Fig. 4. The first element is the A&G pick-off mirror with a central hole for
the science field to pass through to the spectrographs. A collimator doublet provides
the parallel beam for the double-double prism type ADC, consisting of two fused
silica/CaF2 cemented prism pairs. The input and output faces of the prism pairs are
tilted at an angle of 0.90" with respect to the rotation axis while the angle of the
common surface is at 25.22" to the rotation axis. The prism pairs are 30 mm in diam-
eter. The camera lens provides the focus at the input of the image slicer. All foldings
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Fig.3 Optical end-to-end model of the CUBES instrument

of the science beam are obtained by total internal reflection prisms to maximize the
throughput.

2.4.2 Acquisition and guiding (A&G) system

Initial acquisition of the target will be achieved using the pointing capabilities of
the VLT (accurate to 3 arcsec rms). The A&G unit will then provide more accurate
positioning to account for offsets between the reference frame of the telescope from
the FoV of the instrument.

This sub-system allows selection of the spectroscopic target from a 90 x 90 arc-
sec FoV by means of a mirror (45" fold with a central hole) placed off-center in the
main optical train, to view the full FoV (see Figs. 2 and 4, and Section 2.3). The
distance of the object from the field center (aligned with the Image Slicer entrance
aperture) will be calculated and offsets sent to the telescope by the Telescope Con-
trol Software (TCS).

The user will then be asked to confirm a guide star whose position is periodically
measured during integration and, if necessary, offset commands will be sent auto-
matically to the telescope. When the science CCDs are integrating the A&G mirror
will be parked in its observing position that provides a hole to allow the central field
to be transmitted to the spectrograph.

The A&G system will use CCD cameras, selected from commercial-off-the-
shelf components, based on the Gigabit Ethernet protocol that comply with the VLT
standards for new instrumentation.

@ Springer



Experimental Astronomy

Telescope focus —» A

A&G fold mirror —»

l
Collimating lens A’P

624mm

ADC prisms S~

Camera lens Focal plane at

slicer mirrors

TIR fold prisms 2 & 3 TIR fold prism 1

Fig.4 3D optical scheme of the fore-optics sub-system of the CUBES instrument

2.4.3 Image slicers

At the magnified telescope focal plane produced by the fore-optics, an image slicer
decomposes the image of the FoV into six slices, which are re-organized composing
the spectrograph entrance slit. Two image slicers are proposed to provide the HR (R
~ 24000) and LR (R ~ 7000) modes. Their layouts are conceptually identical. Both
image slicers are a reflective sub-system composed of two arrays of six spherical
mirrors each, called slicer mirrors and camera mirrors (Fig. 5(a)). The slicer mir-
rors are thin rectangular powered mirrors, each with a different orientation (tilt angle
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Fig.5 (a) Optical design of the high-resolution (HR) mode image slicer. For both image slicers, the lay-
out is composed of two arrays of six spherical mirrors each, the slicer mirror array and the camera mirror
array. (b) The images of the six slices of the field of view generated by the image slicer, slitlets, compose
the spectrograph entrance slit. The distribution of the slitlets, in order to define the slit shape and dimen-
sion, is enabled by the control of the orientation of the camera mirrors (tilt with respect to the X and Y
axes). Further details about the image slicers design can be found in [19]

with respect to the X and Y axes) to reflect a slice of the FoV in a different direc-
tion towards a camera mirror. The camera mirrors are rectangular spherical mirrors,
whose power is used to focus the beams. Thus, each camera mirror generates an
image of its corresponding slice of the field of view, called slitlet, at its focal length
(Fig. 5(b)). Each camera mirror is provided with a tilt angle with respect to the X
and Y axes, which enables control of the distribution of the slitlets. These six slit-
lets, separated by five gaps between them, compose the spectrograph entrance slit.
The capability of controlling their orientation enables their alignment and the over-
lapping of the six exit pupils. The image slicer design is highly efficient, using the
minimum number of surfaces possible (two). These will be made of Zerodur with an
optimized dielectric coating to achieve a reflectivity of 95% per surface, with a goal
of 97%. Each slicer will be stand-alone and contained within a housing. The two
housings will be implemented on a motorized linear stage, which will allow users to
select the resolution. For further details of the slicer design and layout see [19].

2.4.4 Spectrograph

The current baseline of the spectrograph sub-system is for two arms with common
optics before a dichroic, which splits the light by reflecting the Blue-Arm passband
(300 — 352.3 nm) and transmitting the Red-Arm passband (346.3 — 405 nm).

The input slit consists of six slitlets, one for each slice in the image slicer (0.25
% 10 arcsec on the sky for HR mode, and 1 X 10 arcsec for the LR mode) and three
fiber sources (two for simultaneous wavelength calibration and one for the AFC).
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The layout of the two arms after the dichroic is similar but the individual compo-
nents and separations differ so as to achieve the required dispersion, magnification
and image quality for the two passbands using only fused silica.

CUBES uses first-order gratings produced by microlithographic techniques with an
average efficiency of 85% over the whole wavelength range (see [20] for further details).

The spectrograph camera is composed of four lenses, the last of which acts as a
window to the detector cryostat. Of the eight optical surfaces in these components,
four are spherical and four have modest conic constants (between — 1 and 0.560). To
correct for thermal changes in the focus of the spectrographs the first three lenses
in each camera will be moved as a single unit. The science CCDs are tilted by 3.80°
and 2.45" for the blue and red arms, respectively. If needed, the AFC will be imple-
mented by moving the collimator lenses in X and Y.

2.5 Mechanical design

CUBES requires a beam diameter of 160 mm. The instrument envelope is therefore
fairly large compared to other Cassegrain instruments (e.g. X-Shooter [21] with a
100 mm beam diameter). Scaling classical instrument designs to the required size of
CUBES would then exceed the mass limit of 2500 kg for Cassegrain instruments of
the VLT Unit Telescopes (UTs). Therefore, the mechanical design of CUBES adopts
light-weight construction principles and makes use of modern composite materi-
als. The optical layout was optimized such that all optical elements of the spectro-
graph from slit to detector lie in a single plane, so all the spectrograph optics can
be mounted on a single optical bench of size 1.3 X 1.7 m. This is arguably the most
stable configuration since the dispersion direction of CUBES is parallel to the stiff
surface plane of the optical bench. Another focus of the mechanical design is to min-
imize the effects of gravitational bending of the instrument (Fig. 6).

In the current design, the CUBES mechanical structure is divided into three main
components:

1. Telescope adapter: provides a stiff connection between the Cassegrain telescope
flange and the optical bench assembly of CUBES;

2. Optical bench assembly: provides a stable platform for the spectrograph optics
as well as for the fore-optics;

3. Support frame assembly: provides support for auxiliary equipment of CUBES
such as the electronic racks, the calibration unit and vacuum equipment. This
frame is detached from the optical bench assembly to mitigate flexure contribu-
tion from auxiliary equipment.

As for the materials, we plan to use steel for the telescope adapter and the support frame,
and a Carbon-fiber-reinforced polymer (CFRP) for the optical bench. We plan to make the
opto-mechanics of aluminum alloys (e.g., AlSi40), to improve the specific stiffness and
lower the mismatch in coefficient of thermal expansion between the opto-mechanical parts
and the CFRP bench (in case thermal analysis in the next phases shows this is an issue).
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Fig.6 Mechanical concept for CUBES: The general layout of the main mechanical components is shown
in the upper image. For reference, the Telescope Adapter has a diameter of about 1.5 m. The Fore-Optics
Assembly is located near the center of the bench, while the spectrograph opto-mechanics are ‘hanging’
on the bottom side of the same bench (lower image)
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Initial finite element method (FEM) analysis shows that the global structure
(bench + telescope adapter) has no need for an AFC. However, it requires further
investigation if this assumption holds when taking gravitational flexure of individual
components (in particular of the heavy CCD heads) and its interplay with optics into
account.

2.6 FiberLink (FL) unit

The FL will provide the option of simultaneous observations with UVES, a two-
arm, high-resolution echelle spectrograph located at the Nasmyth B focus of VLT-
UT2. A similar concept, HiRISE [2], is currently under development that combines
SPHERE and CRIRES + via optical fibers.

To enable simultaneous observations with UVES, the CUBES fore-optics will be
equipped with a front-end (FE) module that feeds up to seven optical fibers with
stellar, sky-background, and calibration light. The optical fibers have a 120 z m core
that subtends a 1-arcsec aperture on the sky. The light is picked-off using a dichroic
mirror (DM) which can be moved into the telescope beam. The DM diverts light
redder than 420 nm into the FE module. The FE module will contain subsystems for
field stabilization (tip/tilt), an ADC, and fiber guiding (FG). The relay optics of the
FE module convert the native F/13.41 telescope beam into an F/3 beam to minimize
loss due to focal ratio degradation (FRD) [1]. A schematic diagram that briefly out-
lines the conceptual design of the FE optics is shown in Fig. 7.

A 40 m long fiber cable installed at the UT?2 telescope will transmit light from the
Cassegrain flange to UVES. The UVES pre-slit optics nominally relay the UT2 Nas-
myth beam into its blue (300-500 nm) and red (420-1100 nm) arms. The injected
light from the CUBES fibers will be directed into the red arm only through a fold
mirror mounted on the back of the dichroic mirror, which usually splits the light into
the two wavelength bands; this is a similar approach to that used for the FLAMES
fiber-feed to UVES, which also only uses the red arm [28].

2.7 Calibration unit

The calibration sub-system provides the light sources necessary to register frames
for flat fielding, wavelength calibration, the option of simultaneous wavelength cali-
bration, alignment and the AFC option if required. This unit will be mounted on one
of the side cabinets and will feed light into the spectrograph by means of optical
fibers in two ways: on the fore-optics by using a folding mirror (for daytime calibra-
tions), and at the slit level at the sides of the science spectra (for simultaneous, night
time calibrations).

We will use two ThAr lamps (one dimmed for simultaneous calibration), one Hg
lamp and one Laser Driven Light Source (LDLS) for a near UV flat and four QTH
lamps for the UVES flat (TBC). In Fig. 8 we show the schematic concept of the cali-
bration unit showing the two optical-fiber bundles, one for the daytime calibration
(including UVES) and alignment, and the other for wavelength calibration during an
observation and to provide an offset measurement to a flexure compensation system
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Fig. 7 FiberLink FE module: A doublet (L1), placed behind Fold-1 and dichroic mirror (DM) collimates
the beam, sending it through an ADC while passing a second fold mirror (Fold-2). A fast tip-tilt (TT)
mirror, located in the pupil of L1, folds the optical path towards the camera (L2) which images the field
at F/3 telecentrically onto the fiber tips

if this is shown to be necessary to achieve the required resolving power. In Fig. 9 we
show the concept for the mounting of the lamps and optics in the calibration box.

2.8 Detector and electronics

The baseline detectors are two Teledyne-e2v CCD290-99 (9k x 9k) arrays [22, 23],
one for each of the blue and red arms. These are standard silicon, backside illumi-
nated devices, that will use an anti-reflection coating now in development at Tele-
dyne-e2v (with optimized performance over the 300 — 400 nm range). The detector
control electronics will be the New Generation Controller II (NGCII) that is cur-
rently under development at ESO [24].

The science data on the CUBES arrays will only occupy a small percentage of
the available rows, with a 14 X 92 mm footprint of the spectra on the detectors. This
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Fig. 8 Schematic concept of the calibration unit

equates to the full width of the device but only 1400 rows vertically. This spectral
science data will be projected onto the lower half of the detectors. A region of the
upper half of the devices could be used to support the AFC system if it is required,
with a windowed part of the array read out at a faster frame rate than the science
data. As such, independent control of the upper and lower halves of the CCDs is
required.

Fig. 9 3D mechanical concept for the lamp assembly of the calibration unit
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The dark current (DC) of the detectors is a critical performance requirement. The
DC level specified by Teledyne-e2v for the CCD290-99 arrays is 3 e /pix/hr at 173
K. The target value for CUBES is < 0.5 e”/pix/hr (to enable, e.g., background-lim-
ited performance to i> 20 mag for high-redshift galaxies), so the arrays will need to
be cooled to a lower temperature of < 165 K.

The baseline cryostat design is a liquid nitrogen bath that is similar to others in
use at ESO. Individual baths will be fitted to each detector cryostat, adopting a simi-
lar layout to that used for the X-Shooter cryostats. The evacuated volume of each
cryostat is ~ 3 1, so the 1 - 10 I standard ESO vacuum system will be used. The
cryostat control electronics will control pumping and venting, detector thermal con-
trol, cold finger thermal control (used for warm-up and coarse temperature control),
warm-up control, liquid-nitrogen level monitoring, monitoring of the cryostat states
and logging data, and alarms and safety-critical interlocks.

3 Software
3.1 Control software

The CUBES instrument control software is based on the ELT Instrument Control
Software Framework (IFW), a new toolkit developed by ESO aimed to help instru-
ment developers implementing the control software for the ELT instruments. The
IFW reuses the proven architectural and design patterns from the VLT control soft-
ware framework but is implemented using the new technologies defined by the ELT
development standards, such as the use of Beckhoff Programmable Logic Control-
lers (PLCs) with OPC-UA as the communication protocol, C++ 17 and Python as
programming languages, ZMQ as middleware and the use of Nomad and Consul for
the management of the life cycle of the software components.

The IFW is composed by the following ELT standard instrument software
subsystems:

¢ Function Control System (FCS): controls and monitors the instrument hard-
ware functions and sensors, except the detectors.

e Detector Control System (DCS): carries out all the tasks to control the detector
subsystems.

e Observation Coordination System (OCS): the highest layer of the control
software. It consists of a Supervisor, responsible for the overall monitoring and
supervision of the instrument subsystems, an Observation Coordination Man-
ager, responsible for coordinating the scientific exposure and a Data Product
Manager, responsible for collecting and archiving the results of the scientific
exposure in the final FITS file and for sending it to the Online Archive System.

e Maintenance Software (MS): used for instrument configuration and mainte-
nance procedures.
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As CUBES will be installed on one of the VLT UTs, it will need to inter-
face its ELT IFW-based control system with the VLT physical environment. To
this end, a dedicated intermediary or gateway, the VLT-ELT Software Gateway
component developed by ESO, will translate protocols and interfaces between the
ELT and VLT environments, allowing in particular the instrument communica-
tion with the VLT TCS. For simultaneous observations with CUBES and UVES,
the VLT-ELT Software Gateway will provide the synchronization between the
CUBES and UVES on-line databases (OLDBs).

3.2 CUBES software architecture

The CUBES software architecture is shown in Fig. 10. The Observation Blocks
(fundamental scheduling units of VLT science operations) are transferred from
the (visitor mode) Observing Tool (vOT) hosted on the Observation Handling
Workstation (OH WS) to the Sequencer which reads the contents of the Obser-
vations Blocks and executes one by one the templates specified in there. Each
template consists in a sequence of commands to be sent to the various instru-
ment subsystems (OCS, FCS, DCSs and, through the VLT-ELT Gateway, VLT
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Fig. 10 CUBES software architecture. For a complete description of the elements refer to the Section 3.2
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Telescope Control System (TCS)). The subsystems then configure the corre-
sponding hardware according to the settings that have been selected by the user.
The Observation Coordination Manager (OCM) coordinates the data acquisition
(data coming from the scientific detectors), triggers the creation of metadata from
the other instrument subsystems and controls the data products creation. At the
end of the scientific exposure, the DCS generates the detector data and saves them
in a FITS file. Then the Data Product Manager, controlled by the OCM, collects
the CUBES data from the instruments subsystems, creates the final FITS file and
transfers the file to the Archiving System. A Supervisor monitors and manages
the lifecycle and states of the different subsystems. The two scientific detectors
are controlled by one dedicated controller (New General detector Controller II,
NGCII) and the technical cameras of the CUBES Acquisition & Guiding (A&G)
System and Fiber Link (FL) Guiding System are controlled by the ESO standard
Camera Control Framework (CCF).

3.3 Datareduction

The Data Reduction Software (DRS) will extract science-grade spectra from the raw
science and calibration frames produced by the instrument, removing the instrument
signature. The DRS will be written in ANSI C using the ESO Common Pipeline
Library (CPL) and High-level Data Reduction Library (HDRL). It will be oper-
ated through the standard ESO interfaces (EsoRex, Gasgano, and ESO Reflex).
An additional Python interface will be developed internally for better integration
within the Python ecosystem, which is now a de-facto standard for the astronomical
community.

3.4 Simulation tools

An End-to-End (E2E) instrument simulator and an Exposure Time Calculator
(ETC) have been developed to help define the current baseline design as well as
in the scientific evaluation of the various observing modes.

The ETC is a tool to predict the global performances of the CUBES spectrograph
considering the input instrumental parameters and the environmental conditions.
The ETC predicts the S/N ratio per pixel that is achievable for a given wavelength,
exposure time, sky conditions, and magnitude (U, V) of a point source. It can also
provide the exposure time required to obtain a given S/N ratio. The ETC is a Python
3.7.6 script that is called by a web application written in Java and JavaScript.

The E2E simulator is a tool which aims to simulate the instrument behavior
and the astronomical observations given the flux distribution of the scientific
sources/targets (or calibration sources in the case of calibration frames) to the
output raw-frame data produced by the CCD(s). Two different versions, targeted
for different applications and users are under development:

e Science version: for initial science evaluations and preliminary performances.
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e Technical version: for more precise simulations to be exploited for DRS develop-
ment and to aid in evaluating the instrument design and performances.

4 Project organization and schedule
4.1 Consortium

The current project builds on previous work from a joint Brazil-ESO Phase A study
of a near-UV spectrograph undertaken in 2012 [7, 29, 30]. Unfortunately the project
did not proceed further at the time, but the science case is now stronger than ever, as
demonstrated by the range of papers presented in this Special Issue.

Given the clear demand from the community for such a capability and the unri-
valled ground-UV performance that it would provide for the Paranal Observatory,
ESO issued a Call for Proposals for such an instrument in January 2020. In response
to this call we assembled a new consortium to design and build CUBES, comprising
institutes from six countries:

e INAF - Istituto Nazionale di Astrofisica, Italy (consortium lead).

e UK ATC - UK Astronomy Technology Centre (primary UK partner) and Dur-
ham University Centre for Advanced Instrumentation (secondary UK partner),
United Kingdom.

e LSW — Landessternwarte, Zentrum fiir Astronomie der Universitdt Heidelberg,
Germany.

e NCAC - Nicolaus Copernicus Astronomical Center of the Polish Academy of
Sciences, Poland.

e TAG-USP - Instituto de Astronomia, Geofisica e Ciéncias Atmosféricas (primary
Brazilian partner) and LNA — Laboratério Nacional de Astrofisica (secondary
Brazilian partner), Brazil.

o AAO-MQ - Australian Astronomical Optics, Macquarie University, Australia.

4.2 Schedule

The Phase A study commenced in June 2020, with a close-out review in June
2021. The next phase of the project will be ~2.5 yrs for the detailed design, with
two formal review milestones of the Preliminary and Final Design Reviews. The
project will then enter the Manufacturing, Assembly, Integration, Testing (MAIT)
phase, with the next major milestone being the system Integration and Test Readi-
ness Review (ITRR), that will then be closed by the Preliminary Acceptance Europe
(PAE). CUBES will be then moved to Chile, re-assembled, mounted on the VLT
and tested. The commissioning phase will be closed when the Provisional Accept-
ance Chile (PAC) is granted. Finally, CUBES will be offered to the community after
PAC is granted and science verification is concluded. The MAIT phase through to
science operations in the current plan is envisaged for 3 yrs, meaning that it would
be available to the ESO user community in 2028.
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5 Instrument performance
5.1 Throughput

For an instrument working in the UV range at the limit of the atmospheric trans-
mission, a high throughput is mandatory and needs special attention. The aspects
of this taken into consideration in the Phase A study are now briefly summarized.

The grating efficiency is one of the main factors on the total throughput of
the instrument. A significant gain can be achieved by splitting the covered wave-
length range into two channels, each with an optimized grating with efficiencies
of ~90% over their respective wavelength ranges.

The efficiency requirements also put restrictions on the selection of the materials
of the optical elements (mainly Fused Silica with a few CaF, substrates) and infers
the need to minimize the number of surfaces used. For this reason, special attention
was also given to the selection of the anti-reflection (and mirror) coatings. Moreover,
a detailed design was performed of the image slicer to ensure the highest efficiency.

During the conceptual design phase, first iterations with coating companies
have been established to predict and simulate the throughput contributions of each
optical element in the instrument (e.g. lenses, mirrors, gratings, and image slicer).

In many cases there were uncertainties regarding the achievable throughput val-
ues, so we estimated the end-to-end efficiencies for two scenarios. We therefore con-
sidered the max/min envelopes of the efficiencies by deriving optimum and worst-
case values for the throughput of the optical elements (see Table 1 and Fig. 11).

As shown in Fig. 11, the TLR (black solid line) lies below both envelopes, sug-
gesting that the baseline design satisfies the formal efficiency requirement (see
Section 2.2).

5.2 Signal to noise (S/N) ratio

As for the throughput evaluation, we investigated two scenarios for the potential
instrument performance in terms of the delivered S/N, by considering a set of ref-
erence parameters for the object spectrum, sky and observing conditions'.

We first considered a ‘goal case’, where the detector DC = 0.5¢ /pix/hr (at
165 K) and the efficiency of anti-reflection coatings, cement for doublets, slicer-
mirror reflectivity and detector QE are set to the values from Table 1 that have
been assessed as feasible. Secondly, we investigated a more conservative case
in which the detector DC = 3e™/pix/hr (at 173 K) and all the efficiency values
are taken from the manufacturers’ official datasheets. The results are shown in
Table 2 which summarizes the trade-off performed for the HR mode.

These values were used to verify that the performance of the instrument baseline
design would fulfill the requirements presented in Section 2.2.

! Reference spectrum defined as M, = 18.77 mag. The sky radiance and atmospheric transmission
spectra were computed with the ESO skycaLc tool, assuming new Moon, airmass = 1.16 and a Precipita-
ble Water Vapor of 30 mm.
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Table 1 Adopted efficiencies in the two scenarios considered for the throughput analysis

Optimum case Worst case
AR coating 0.997 0.995
Cement 0.995 0.99
High refl. mirror coating 0.98 0.97
Dichroic coating 0.97 0.97
High refl. slicer mirror coating 0.97 0.95
Detector coating datasheet QE [23] datasheet QE [23] X 0.95
Slicer vignetting 0.98 0.97
Grating (w/AR manufacturer’s simulation manufacturer’s simulation
coating backside) [20]x 0.95 [20] x 0.90

‘AR coating’ (anti-reflection) refers to all transmissive surfaces: lenses, fold prisms, ADC prism pairs;
‘Cement’ is transmission of the cemented surfaces (ADC prisms, collimator lens, camera lens doublets),
‘High refl.” refers to the high reflectivity coating of the two mirrors in each arm of the spectrograph and
of the image slicer mirrors

5.3 Image quality and resolving power

In terms of image quality, spectral resolution and sampling, the two arms of the
baseline design are expected to perform fully within the specifications from Sec-
tion 2.2. Detailed ray-tracing of the design (Section 2.4) has demonstrated that the
achievable optical point-spread-function (PSF) is below 1 pixel.

0,60
0,55 —E—K~)
” P S % .® L Y ..
A °
S °
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S Ceee, ecoo,
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Fig. 11 Calculated detective quantum efficiency of the two arms of CUBES (BLUE and RED) for
worst and optimum scenarios. The black line indicates the formal top-level efficiency requirement. The
throughput was calculated from the telescope focus, including detector QE, IS vignetting, but excluding
atmospheric effects and telescope losses
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Table 2 Predicted S/N for

different detector binning Goal case sceis;ltive
(spectral X spatial) for the two case
performance scenarios for a 1

hr exposure of a U= 17.5 mag. S/N (1 x 1 binning) 26 21
AO-type star at 313 nm (0.007 L

nm/bin) S/N (1 X 2 binning) 28 23

The effective resolving power has been computed from the FWHM Gaussian
fit of the resulting line-spread-function (LSF), including all major blurring contri-
butions: optical aberrations (optics PSF = 0.65 px for both arms), residual flexure
(FWHM = 0.5 px) and signal diffusion in the detector (0.9 px). The value of 0.5 px
for residual flexure is the maximum allocated movement of the spectra on the detec-
tor which will be achieved either by the stiffness of the mechanical structure or using
the Active Flexure Compensation system.

The spectral resolving power (R) and spectral sampling (Sx) as a function of the
imager slicer modes are given in Table 3. These results confirm that the baseline
design satisfies the requirements of the assembled science cases for R> 20000, com-
bined with good spectral sampling and a broad wavelength coverage from 300 nm to
the goal of >400 nm.

6 Model-based systems engineering

A Model-Based System Engineering (MBSE) approach [25] can help system engineers
keep control of complex projects using the model as primary ‘Source of Truth’ for all
system engineering information related to the instrument. This approach requires the
adoption of a tool and a modeling language (e.g. Cameo and SysML in our case [26]).
MBSE, however, faces difficult challenges in projects that are document-centric like those
of ESO-related projects, therefore we also developed tools to produce the required docu-
ments from the model.

Another challenge derives from the interaction with the various cultures of the engineer-
ing disciplines involved, namely: software, electronic, optical and mechanical engineers

Table 3 Resolving power (R) HR mode LR mode

and spectral sampling (Sx)

f(.)r the two slicer r.nodes, ie. FoV (arcsec) 10% 1.5 10x6

different field of view and o

slitwidth Slitwidth (arcsec) 0.25 1
Ryean (A/A2) 24000 7200
Roin (W/AZ) 21000 6200
SXpmean (PIX) 243 8.35
SXmin (PIX) 2.35 8.00

Sx is computed as the FWHM Gaussian fit of the resulting line-
spread-function (LSF) from the different optical blurring terms
convolved with the geometrical sampling. The effective R is then
derived from the LSF FWHM
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who are all used to different tools and languages to describe their domains. To cope with
this and to avoiding imposing MBSE, which may look like an attempt to centralize and
bureaucratize the project, we decided to keep the modeling environment restricted to the
system-engineering team while interacting with the other engineers using traditional Excel
files. This approach allowed us to both exploit the advantages of MBSE while not disturb-
ing other engineering domains. Also, the Excel file can be used in syncing mode to allow
data to be entered into the model; it should however be stressed that the model remains the
only ‘Source of Truth’.

A fundamental role of MBSE is the requirements analysis. The TLRs from the
ESO DOORS database [27] were imported in Cameo using the reqlf (Requirements
Interchange Format) format. Analysis and flow-down of the requirements were then
performed using SysML inside the model.

The use of MBSE in CUBES is laying the foundation for further applications of
this approach in future astronomical projects. The experience accumulated in this
project will be conveyed in a general SysML profile (AstroMBSE) that will be made
available to the community.

7 Conclusions

We have presented the Phase A design of the Cassegrain U-Band Efficient Spectro-
graph (CUBES) for the VLT. Analysis of the design shows that it will deliver out-
standing (>40%) efficiency across its bandpass of 300-405 nm, at a mean R ~ 24000
(HR mode) and R ~ 7000 (LR mode). We have also presented the option of a fiber
link to UVES to provide the capability of simultaneous high-resolution spectroscopy
at 4 > 420 nm.

With contributions from institutes in six countries, the CUBES design is well
placed to deliver the most efficient ground-based spectrograph at near-UV wave-
lengths as we move into the construction phase, with science operations anticipated
for 2028. Within this tight timeline, it is important to keep the system development
under control by means of dedicated SysML profiles and procedures developed in
the MBSE context. We highlighted the importance of these tools to maintain a high
level of control and consistency in the instrument development.
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