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Abstract

CUBES is a high efficiency spectrograph designed for a Cassegrain focus of the
Very Large Telescope and is expected to be in operation in 2028. It is designed to
observe point or compact sources in a spectral range from 300 to 405nm. CUBES
will provide two spectral resolving powers: R>20,000 for high resolution (HR) and
R>5,000 for low resolution (LR). This is achieved by using an image slicer for each
resolution mode. The image slicers re-format a rectangular on-sky field of view of
either 1.5arcsec by 10arcsec (HR) or 6arcsec by 10arcsec (LR) into six side-by-side
slitlets which form the spectrograph slit. The slit dimensions are 0.19mm X 88mm
for HR and 0.77mm X 88mm for LR. The on-sky and physical widths of the slicer
mirrors are 0.25arcsec/0.5mm (HR) and larcsec/2mm (LR). The image slicers
reduce the spectrograph entrance slit etendue and hence the size of the spectrograph
optics without associated slit losses. Each of the proposed image slicers consists of
two arrays of six spherical mirrors (slicer mirror and camera mirror arrays) which
provide a straight entrance slit to the spectrograph with almost diffraction-limited
optical quality. This paper presents the description of the image slicers at the end
of the Phase A conceptual design, including their optical design and expected
performance.
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1 Introduction

CUBES (The Cassegrain U-Band Efficient Spectrograph) will be installed on a
Cassegrain focus of the VLT to reduce reflection losses in the telescope. Thus,
the instrument has to be compact and lightweight. The spectral range extends
from 300 to 405nm, providing a significant gain in the combination of sensitiv-
ity and spectral resolution in the ground UV compared to existing instruments
such as UVES [9] or X-Shooter [10]. The unprecedented efficiency of CUBES
at ground ultraviolet (UV) wavelengths will enable a wide range of novel sci-
ence with the VLT, addressing topics across galactic, extra-galactic and solar
system astronomy [1].

Many of the science cases developed for CUBES are presented in detail by
other articles in this volume. In brief, the main galactic science cases include
the study of stellar nucleosynthesis, both of light elements (e.g. Be) and iron-
peak, heavy elements [2] and CNO abundances (e.g. [3-5]). The proposed solar
system and planetary science cases focus on the search for water in the asteroid
belt and measurements of the N,/CO ratio in comets. The extra-galactic science
cases include measurements of the primordial deuterium abundance, the study
of missing baryonic mass in the high-redshift and the origins of the cosmic
UV background. The proposed solar system and planetary science cases focus
on the search for water in the asteroid belt and measurements of the N2/CO
ratio in comets [6]. The extra-galactic science cases cover the study of missing
baryonic mass in the high-redshift circumgalactic medium and the cosmic UV
background (e.g. [7]).

A 12-month Phase A conceptual design study of CUBES was completed in June
2021, with a system overview of the Phase A design given elsewhere in this volume
[8]. One of the critical elements in the design are the image slicers, which reformat
the geometry of the telescope image focal plane into the spectrograph slit. In this
article we present the Phase A design of the image slicers, analyse their performance
and highlight some of the manufacturing challenges ahead.

2 Specifications

This section presents some of the most relevant specifications for CUBES, as well as
those for the design of the two image slicers.

2.1 Specifications for CUBES
The specifications for this instrument are discussed in detail in other articles in this

volume. However, the top level requirements with an impact in the image slicers are
mentioned in this section and summarised in Table 1.
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Table1 Some of the CUBES
Top Level Requirements with
an impact in the design of the
image slicers

Some of the CUBES Top Level Requirements

High-resolution spectrograph

More than one spectral resolution

Spectral wavelength coverage: 300-405nm

Maximise throughput

No complications or additions should compromise efficiency

Efficiency >40% between 305 and 360nm (goal >45%, with
>50% at 313nm)

Efficiency >37% (goal >40%) for the rest of the spectral range

CUBES shall offer more than one spectral resolution. The spectral resolving pow-
ers required by the science cases are R>20,000 for high resolution (HR) and R>
5,000 for low resolution (LR). Efficiency is a crucial requirement that should not
be compromised by any technical proposal. The required efficiency for its spectral
range is:

— >40% between 305 and 360nm (goal >45%, with >50% at 313nm);
— >37% (goal >40%) for the rest of the spectral range.

2.2 Specifications for the image slicers

In order to offer more than one resolution mode, two image slicers are used. The
image slicers generate the entrance slit for the spectrograph, whose length shall be
sufficient to obtain, in standard seeing conditions, sky spectra up to a distance of at
least five times the seeing disk away from the centre of a point-source on both sides
of the target. This has resulted in the length of the slices being 10arcsec.

To maximise throughput each image slicer has only two arrays of mirrors:
slicer mirror array and camera mirror array. The slicer mirror array is placed
at the telescope focus that is re-imaged and magnified by the fore-optics. This
allows wider slicer mirrors, reducing manufacturing complexity and costs. The
slicer mirror array has six spherical mirrors, each one of them with different tilt
angles to reflect a slice of the field towards a camera mirror. In the design for
Phase A, all slicer mirrors and all camera mirrors have different radius of curva-
ture. Between the two arrays an intermediate pupil image is generated due to the
power of the slicer mirrors. The camera mirrors, also spherical, focus the beams
at their focal length. Each camera mirror produces a portion of the spectrograph
entrance slit (slitlet) and places the exit pupil at the diffraction grating position.
Despite having sliced the field of view, the pupil is recomposed on the grating
by the overlapping of all the pupils generated for each slice (see Fig. 6). The
width of the slit is different for each resolution mode and so is the field observed
in each case. The ratio between the focal lengths of the camera and slicer mir-
rors provides the magnification required for the defined slit width.
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2.2.1 HRimage slicer

For the High Resolution (HR) mode, a field of view (FOV) of 1.5arcsec by 10arcsec,
corresponding to a linear size of 3mm X 20mm, is decomposed into six slices of
0.25arcsec width by 10arcsec length (0.5mm X 20mm). The image slicer produces a
magnification of 0.38, generating the spectrograph entrance slit, whose dimensions
are 88mm length by 0.19mm width. The slit is composed of the images of the six
slices (called slitlets), whose dimensions are 0.19mm X 7.6mm, plus five gaps of
8.36mm each. The large gaps between slitlets are the result of having only 2 mirrors
in the optical path of each slice and for all slices of the field of view to have a com-
mon exit pupil (see Fig. 6). It is also the case that because of the need for a detector
with 9k pixels in the spectral direction, there is sufficient space to accommodate the
overall spectrograph slit length. The slit length has been specified by the spectro-
graph design as the maximum to achieve good optical quality.

2.2.2 LRimage slicer

For the Low Resolution (LR) mode, a field of view of 6arcsec by 10arcsec, corre-
sponding to a linear size of 12mm X 20mm, is decomposed into six slices of larcsec
width by 10arcsec length (2mm X 20mm). The magnification of the image slicer
is the same, 0.38, and the dimensions of the spectrograph entrance slit are 88mm
length by 0.77mm width. At the slit position, a field mask is used to define the spec-
trograph entrance slit. A different mask per resolution mode is required due to the
different widths of the slitlets. The specifications for HR and LR modes are shown
in Table 2.

3 Interfaces

The image slicers are placed between the fore-optics and the spectrograph. Their
location in the end-to-end optical design is presented in Fig. 1.

The VLT Unit Telescopes are 8.20m Ritchey-Chretien reflectors. At their Cas-
segrain focus, the plate scale is 1.9arcsec/mm and the focal-ratio is F/13.41, with
the exit pupil at 14927mm before the focus. The CUBES fore-optics change the

Table 2 Specifications for the design of the image slicers

Image Slicer specifications

Parameter HR LR

FOV (width x length) 1.5arcsec X 10arcsec (3mm X 20mm) 6arcsec X 10arc-
sec (12mm X
20mm)

Number of slices 6 6

Slicer mirror width 0.5mm (0.25arcsec) 2mm (larcsec)

Output slit width 0.19mm 0.77mm
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Fig. 1 Location of the image
slicers in the CUBES global
layout, between the fore-optics
(after the telescope focus) and
the spectrograph

camera
mirrors

Slicer
mirrors

. ¥
. ' Detector 1
2-arms spectrograph design

plate scale to 0.5arcsec/mm at the slicer position. It also produces an image of the
exit pupil at 1160.39mm before the focus, where the slicer mirror array is placed.
The fore-optics are not used only as a reimaging system, they maintain a stable
exit image and pupil at a wavelength of 365nm (chosen for calibration purposes
using a Hg light source). The fore-optics also provide atmospheric dispersion cor-
rection over the whole spectral range for zenith angles between 0 and 60 degrees
and, including residual dispersion and other aberrations, the polychromatic image
RMS diameter is <0.larcsec. The overall image quality at the slicer is therefore
dominated by the seeing. The fore-optics also provide an interface to an acquisi-
tion and guiding camera used to stabilise the image on the slicer.
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The designs of the fore-optics, image slicers and spectrograhs have been done
independently, but they guarantee a perfect coupling between these subsystems by
the definition of the interfaces shown in Table 3.

4 Image slicers as field re-formatters

In CUBES, the image slicers are field re-formatters, used to transform the rectangu-
lar field of view into a narrow long slit. They deliver the proposed spectral resolu-
tion without the need for Adaptive Optics in the UV and they reduce the sizes of the
optical components of the spectrograph, thus reducing the overall dimensions and
weight. We note that the CUBES science cases do not require a full IFU capability,
so the sampling and on-sky fields of view of the slicers for both modes were opti-
mised for single-object performance.

4.1 Optical design

A low complexity technical solution is adopted and the minimum number of sur-
faces has been considered to optimise throughput. The optical designs of the two
image slicers are shown in Fig. 2. In both cases, the layouts are conceptually identi-
cal with different radius of curvature.

Each image slicer is composed of two arrays of six spherical slicer mirrors and
six spherical camera mirrors of rectangular shape. For the HR image slicer each
slice covers a field of 0.25arcsec width by 10arcsec length that leads to a size of
0.5mm x 20mm per slicer mirror. The size of the camera mirrors is 10mm width
by 16.4mm length. The image slicer reformats the field generating the spectrograph
entrance slit, whose dimensions are 88mm length by 0.19mm width. The slit is com-
posed of the images of the six slices (slitlets) plus five gaps of 8.36mm each.

Since the magnification of both image slicers is the same, to provide different
resolutions, the width of the slicers mirrors shall be thinner for the HR mode. The
widths considered for these designs are 0.5mm (HR) and 2mm (LR) (see Tables 1
and 2). These widths do not represent any manufacturing challenge. For the LR
image slicer, a field of view of 6arcsec by 10arcsec, corresponding to a linear size of
12mm X 20mm, is decomposed into six slices of larcsec width by 10arcsec length.

Table 3 Defined interfaces

for the coupling fore-optics —
image slicer and image slicer —
spectrograph

Fore-optics — Image slicer

Entrance pupil position (Fore- 1160.39mm before the slicer mirrors
optics exit pupil)
Plate scale at slicer position ~ 0.5arcsec/mm

Image slicer — Spectrograph

Slit length specification <90mm
Slit width 0.19mm (HR), 0.77mm (LR)
Exit pupil position 3000mm from slitlets
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Camera mirror array
(6 spherical mirrors)

Slicer mirror array
(6 spherical mirrors)

101mm

Camera mirror array
(6 spherical mirrors)

(6 spherical mirrors)

Fig.2 Optical design of the HR and LR image slicers (top and bottom, respectively). In both cases the
layout is composed of six spherical slicer mirrors and six spherical camera mirrors. An intermediate
pupil image is located in between the two arrays and the exit pupil is placed at the spectrograph diffrac-
tion grating, where the six pupil images, associated to the six slices in which the entrance field of view
was divided, are overlapped into a common pupil

The size of each slicer mirror is 2mm X 20mm. The size of the camera mirrors
is 12mm width by 16.4mm length. The length of the HR and LR image slicers is
approximately 350mm and they both produce a magnification of 0.383. These num-
bers are summarised in Table 4. The sizes for both resolution modes are shown in
Fig. 3. There is an offset between the (parallel) input and output optical axes along
the Y axis of 20mm.

Each image slicer will be contained within an independent housing. The two
housings will be implemented on a motorised linear stage, giving the user the option

Table 4 Technical

characteristics of the image

slicer components

HR LR
Number of slicer mirrors 6 6
Curvature of slicer mirrors ~ Spherical Spherical

Size of slicer mirrors
Number of camera mirrors
Size of camera mirrors
Size of generated slit
Number of slitlets
Separation between slitlets
Image slicer magnification

0.5mm X 20mm
6

10mm X 16.4mm
0.19mm X 88mm
6

8.36mm

0.38

2mm X 20mm

6

12mm X 16.4mm
0.77mm X 88mm
6

8.36mm

0.38
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N
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Separation between slitlets: 8.36mm

Slicer mirrorarray _—" *g I3mm

N

Six slitlets compose the spectrograph slit.

Size of slit: Slitlets
HR: 0.19mm x 88mm
LR: 0.77mm x 88mm

f| I HR:10mm

LR: 12mm

Camera mirror array

Fig.3 Sizes of the components for the HR and LR images slicers. The slicer mirror array dimensions are
20mm length by 3mm width for HR, with six slicer mirrors of 0.5mm width. The dimensions for the LR
slicer mirror array are 20mm by 12mm, with six slicer mirrors of 2mm width each. For both layouts the
separation between slitlets is 8.36mm. Six slitlets and five separation gaps between them compose the
spectrograph slit, whose dimensions are 0.19mm by 88mm for HR and 0.77mm by 88mm for LR

to select the resolution mode. The components of each image slicer are: slicer mir-
ror array, camera mirror array, field/slit mask at the output slit position defining the
spectrograph entrance slit and, optionally, a pupil mask at the intermediate pupil
position to avoid potential stray light.

4.2 Analysis of aberrations

The spot diagrams at the output slit position for the HR and LR image slicers are
shown in Figs. 4 and 5, respectively. Each column represents a slitlet, defined by
seven field points and represented in a different colour according to the legend on
the right. The circle is the Airy disk, which represents the diffraction limit. In these
figures, the Airy radius is 7.089microns. The box in which the spot diagram for each
field is represented has SOmicrons side.

The configurations associated with the central slices are 1 and 6. In this case the
optical quality is limited by diffraction. The external slices correspond to configura-
tions 3 and 4, which present the largest off-axis distances.The number of config-
urations is defined by the number of slices in which the entrance field of view is
divided. This defines the number of mirrors in each array. Thus, each the rays asso-
ciated to a slice of the field of view will have an optical path defined by the reflection
in a slicer mirror and a camera mirror, generating a portion of the spectrograph slit
or slitlet. These distributions within each image slicer are identified in Fig. 7 for the
six configurations. The designs have been optimised to offer the best optical quality
in the central slices, where most of the light will be contained. In both cases this is
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Fig.4 Optical quality of the HR image slicer evaluated at the output slit. Each column represents a slitlet
defined by seven field points. The circle is the Airy disk, which defines the diffraction limit. the Airy
radius is 7.089microns. The box in which the spot diagram for each field is represented has 50microns
side. The configurations associated with the central slices are 1 and 6, with diffraction limited optical
quality. The external slices correspond to configurations 3 and 4, which present the largest off-axis dis-
tances

Be]

Config 1 Config 2 Contfig 3 Config 4 Config $ Config & B2

9.95, 1.9 E i 3

55 ] ® @) (¢} ® o} o

Be5

9.95, 0.05 ma ® o @ O B:6
0.00, 1.95 ® ® LN () e ©
0.00, 1.00 mm ® ® ‘ Q @ 0]
0.00, 0.05 mm ® ® LN Q C (0]
9.95, 1.95 ® ® Q dﬂ ‘ (@)
9.95, 0.05 = ® ® Q é ‘ ©

Surface 13: Slitlet

Fig.5 Optical quality of the LR image slicer evaluated at the output slit. Each column represents a slitlet
defined by seven field points. The circle is the Airy disk, which defines the diffraction limit. the Airy
radius is 7.089microns. The box in which the spot diagram for each field is represented has 50microns
side. The configurations associated with the central slices are 1 and 6, with diffraction limited optical
quality. The external slices correspond to configurations 3 and 4, which present the largest off-axis dis-
tances
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Fig.6 Overlapped exit pupils at 3000mm from the slitlets. This is the diffraction grating position, where
a common pupil is reconstructed after slicing the field of view
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Camera mirrors

Fig. 7 Distribution of configurations for each component of the image slicer

diffraction limited. For the most external configurations (3 and 4) the main aber-
ration is spherical, as expected due to the use of spherical mirrors. Although this
could be improved using off-axis parabolic mirrors, spheres were initially selected to
reduce complexity and costs. There is also a very small contribution of coma, field
curvature and astigmatism.

Despite the optical quality of the image slicer being mostly diffraction limited,
the fore-optics, located before the image slicer, produce some aberrations which
ultimately deteriorate the optical performance at the slit-mask position. As a con-
sequence, the image of the slices (slitlets) will be slightly wider than their nomi-
nal size, which implies a vignetting at the slit mask apertures. The slitlet apertures
cannot be enlarged because these define the spectrograph slit aperture and thus the
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resolution. The percentage of vignetting per slitlet was evaluated in Zemax using
Geometric Image Analysis and considering the contribution of the telescope, fore-
optics and image slicer. The smallest vignetting is expected for the central configu-
rations (1, 6) in both resolution cases and the largest values for the external configu-
rations (3, 4) and particularly for HR mode in which the slitlets are thinner. This is
what is observed in the results. For the HR mode, the percentage of vignetting for
the central configurations is ~0.7%, ~2% for the middle configurations and a maxi-
mum of 3.6% for the external ones. For the LR mode, the vignetting is ~0.2% for
the central configurations, ~0.8% for the middle ones and ~1.6% for the external
configurations.

4.3 Exit pupil

Once the slicer mirror array has split the field into different slices, instead of an only
pupil image, a pupil per slice is had. However, the tilt angles of the different com-
ponents of the image slicer control the exit pupils orientations, which enables their
overlapping in order to reconstruct the pupil. This is shown in the footprint diagram
of Fig. 6, where the pupil for each configuration is represented as a ring in a differ-
ent colour according to the legend on the top right. Meeting the interfaces with the
spectrograph, the exit pupils for the six configurations are overlapped on a plane at
3000mm from the slitlet mask, where the spectrograph diffraction grating is located.

4.4 Slitdistribution

Different slit distributions have been evaluated: staggered versus aligned and curved
versus straight. The use of the same radius of curvature for all camera mirrors was
investigated. This leads to a curved slit, curved field mask and a deterioration of
the optical quality. To optimise the optical quality of the image slicer and spectro-
graph, different radii for each slicer mirror and each camera mirror are considered,
providing a straight output slit generated by aligning the six slitlets associated to the
images of the different slices of the field of view. In between slitlets there is a gap of
8.36mm. This separation is required to overlap all six pupil images on the diffraction
grating (as shown in Fig. 6) and it also will avoid potential cross-talk through the
slitlet apertures in the field mask. For the HR mode, the image slicer generates a slit
of 88mm length by 0.19mm width. For the LR mode, the dimensions of the slit are
88mm length by 0.77mm width, meeting the interface defined in Table 3.

5 Critical parameters and manufacturing challenges

Although the presented designs are still at a conceptual level, the main critical
parameters and potential manufacturing challenges have been taken into account.
In the next project phases, the sensitivity and tolerance analysis will reveal more
information to be discussed with the manufacturer. At this stage, those with a
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direct impact in the optical design were considered, such as the distribution and
orientation of the components.

The distribution of the mirrors of each array in an image slicer, meaning the
correspondence between a slice of the field (slicer mirror), camera mirror and
image of that slice (slitlet), is very important to reduce angles of incidence and
minimise aberrations. These designs have been optimised for the performance in
the central slices, in which most of the light of a point source target will be con-
tained. The distribution adopted, which is the same for both designs, is shown in
Fig. 7, where all components denoted with the same number correspond to the
same configuration and thus, to the same slice of the field of view. Within the
slicer mirror array, the tilt angles are defined along the same direction to facili-
tate manufacturing, metrology and minimise potential shadows between adjacent
slicer mirrors. This distribution is presented in Fig. 8, showing two views of the
same array. Similar distributions are had for LR and HR.

Another important point to be considered is which substrate and coating will
offer the best performance for the required spectral range. In order to reduce
potential stray light, glass slicers have been considered since polishing will offer
significantly better surface roughness than the results achievable on metal. The
materials considered for the substrate are Zerodur or Fused Silica, both offering
similar performance. Although the stray light analysis will be done during the
next project phases, values for the surface roughness the order of I1nm RMS or
lower are expected based on previous instruments.

At the CUBES wavelengths, the reflectivity using metallic coatings for the
image slicer has been found to be about 90% per surface. With dielectric coatings
it is possible to achieve 95% per surface, with a goal of 97%. It has been con-
firmed by the manufacturer based on their previous experience, that this dielectric
coating will not produce any deformation on the slicer mirrors. For each image
slicer, the slicer and camera mirrors will be integrated on a baseplate made of the
same material as that for the image slicer components. This will avoid changes
due to thermal effects.

Fig.8 Two different views of
the slicer mirror array showing
the slicer mirror distribution
where the tilt angles are defined
along the same direction.Similar
distribution has been adopted
for HR and LR
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6 Conclusions

Two image slicers are proposed for CUBES to offer two spectral resolution modes
with R>20,000 for high resolution and R>5,000 for low resolution, facilitating
observations for a wide variety of science cases within the 300 and 405nm spec-
tral range. The addition of this subsystem presents these advantages:

— The use of image slicers as field re-formatters increases the spectral resolving
power of the instrument and reduces the size of the spectrograph optics. This
minimises the overall volume and weight, thus, enabling the spectrograph to
be deployed at the Cassegrain focus within mass limits, with good spectral
stability and low slit losses.

— The image slicers reformat a rectangular field of view of 3mm x 20mm
(1.5arcsec by 10arcsec) into a slit of 0.19mm X 88mm for the HR mode and
a field of view of 12mm x 20mm (6arcsec by 10arcsec) into a slit of 0.77mm
x 88mm for the LR mode, enabling the choice of resolving power without the
need for grating and/or other exchange mechanisms within the spectrograph.

Conceptually, the layout of both image slicers is the same, with different techni-
cal parameters for each resolution mode (like size and radius of curvature). The
designs present low technical complexity and only two optical surfaces, with a
total throughput of >90%. The mirrors in the image slicers will be manufactured
in glass to reduce scattering at these UV wavelengths and with a dielectric coat-
ing to maximise efficiency.

The widths of the slicer mirrors are 0.5mm (HR) and 2mm (LR). The proposed
solutions meet the required specifications and interfaces, provide an optical qual-
ity at the diffraction limit for the central configurations and are within current
manufacturing capabilities.
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