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      UKATC  
•  UK’s  na,onal  lab  for  astronomical  instrumenta,on  

•  Co-‐located  with  U.  Edinburgh’s  Ins,tute  for  Astronomy  (IfA)  

•  Incl.  Higg’s  Centre  for  Innova,on  (in  partnership  with  UoE)  

•  Incl.  Royal  Observatory  Visitor  Centre  
–  Part  of  UKATC-‐led  Na,onal  Laboratories  Public  Engagement  programme  

 

 
 
 
 



      STFC  
•  UKATC  is  part  of  the  Science  &  Technology  Facili,es  Council…  

•  …which  is  part  of  UK  Research  &  Innova,on  (UKRI)  

•  Staff:  ~2000,  across  6  sites 
 



      STFC  
In  UK  astronomy,  STFC  funds:  
 

Facili,es 

 
 
 
 

R&D 

 
 
 
 

Exploita,on 
 
 
 
 



      UKATC  

•  ~85  staff,  with  skills/exper,se  across  all  aspects  of  astronomy    
•  Science,  management,  system  eng.,  op,cs,  mechanical,  electrical,  detectors,  so^ware  
  

•  70-‐80%  of  programme  is  astronomy:    
•  Leading  roles  in  facility-‐class  instruments  

•  Partner  roles  developing  key  sub-‐systems  

•  Smaller  R&D  projects  

  



      UKATC  

•  ~85  staff,  with  skills/exper,se  across  all  aspects  of  astronomy    
•  Science,  management,  system  eng.,  op,cs,  mechanical,  electrical,  detectors,  so^ware  
  

•  20-‐30%  of  non-‐astronomy  projects:    
•  Earth  Observa,on,  Diamond  Light  Source,  healthcare  
•  Use  connec,ons  &  skills  to  support  commercial  companies  



      UK-‐Brazil  collabora,on  

!

USP,  2015 

 
 
 
 

Edinburgh,  2018 

 
 
 
 

Two  UK-‐Br  grants:  
•  Newton  Fund  (STFC/FAPESP)  

•  Two  workshops  (USP,  LNA),    

•  7  visits  of  Brazilian  early-‐stage  researchers  to  UK  (1  u/g,  3  PhD,  3  postdoc)  

•  GCRF  (STFC)  
•  Collabora,on  to  progress  CUBES  concept  for  ESO  

•  11  visits  from  Brazil  to  UK  (4  staff,  7  PhD)  



      UK-‐Brazil  collabora,on  

!
Two  UK-‐Br  projects:  

VLT-CUBES 

ELT-MOSAIC 



      CUBES:  Context  
ELT  performance  

Credit: ESO, from: https://www.eso.org/sci/facilities/eelt/science/drm/tech_data/telescope/ 



      CUBES:  Phase  A  



      Revisi,ng  CUBES      
SPIE  2018  (arXiv:1806.11173)  

•  Instrument  concept:  s,ll  unique  and  valid  

•  Science  case:  even  stronger  (e.g.  link  to  nucleosynthesis  in  GW  sources)  

•  Key  design  requirements  unchanged:  
•  Wavelength  range:  302-‐380nm  

•  R  ~  20,000  
•  Design  philosophy:  Maximise  efficiency  



      CUBES:  Galac,c  Science      



      CUBES:  Galac,c  Science      



      CUBES:  Galac,c  Science      
Barbuy et al. (2012) 



      CUBES:  Galac,c  Science      

Bovard et al. (2017) 

Testing predictions of different channels for r-process nucleosynthesis 
 

Binary NS mergers: Magneto-rotational SNe: 

Nishimura et al. (2017) 

Near-UV essential: YII, ZrII, NbII, PdI, AgI, BaII, LaII, CeII, NdII, EuII, GdII, 
TbII, DyII, HoII, ErII, TmII, OsI, IrI, PbI, BiI, ThII, UII 



      CUBES:  Galac,c  Science      



            9Be  produced  via  cosmic-‐ray  spalla,on  in  ISM  in  early  Galaxy   
 

      CUBES:  Galac,c  Science      

  
•  Be  abundances:  Limited  to  10s  of  stars  with  VLT-‐UVES/Keck-‐HIRES  

•  Increased  efficiency  of  ~3  magnitudes    
  !  samples  of  100s  in  ambi,ous  large  programme  

 

Smiljanic  et  al.  (2009)   ESO  release  #3  



      CUBES:  Wider  Science  
•  Searching  for  water  in  the  asteroid  belt  

Credit:  ESO  

Snodgrass  et  al.  (2017)  



      CUBES:  Wider  Science  
•  Contribu,on  of  galaxies  (cf.  QSOs  to  cosmic  UV  background)  

z  =  3.999  (Vanzella  et  al.  2018)  

KLCS  sample  @  z~3  (Steidel  et  al.  2018)  
 

Need  greater  near-‐UV  sensi,vity    
to  probe  fesc  at  peak  SF  epochs  
 



Updated  Phase  A  concept    
(kindly  provided  by  B.  Delabre)  

      CUBES:  Op,cal  concepts  
New  concept  

(M.  Wells,  UKATC)  

Image slicer output slits 

Band 3 

Band 2 

Dichroics  
AOI <10o 

Band 1 

1 grating, 3 detectors 3 gratings, 1 detector 



      CUBES:  Op,cal  concepts  

Philosophy: manufacturability (slices/lenses) and optical transmission 
 

Spectrograph:  
  

•  3  bands:  305-‐335,  328-‐361,  355-‐390  nm  
•  Can  op]mise  each  band  (collimator,  

gra]ngs,  cameras)  

•  One  detector  for  all  3  bands  

Image  slicer:    
•  6  slices  x  0.25”  on-‐sky  
•  Total  width:  1.5”  !  minimal  slit  losses  

ADC:    
•  Greater  observa]onal  flexibility  
•  Minimal  offset  to  slit  viewing  λ  

KCWI: Morrissey et al. (2018) 



Band 1 
305-335 nm 

Band 2 
328-361 nm 

Band 3 
355-390 nm 

ADC  (3MIR,  4AR)   0.95   0.95   0.95  
Slicer(4MIR)   0.98   0.98   0.98  

Dichroics   0.94   0.91   0.94  
Camera  (3MIR,11AR)   0.89   0.91   0.90  

Op]cs  total   0.78   0.77   0.79  
Gra,ng     0.90   0.90   0.90  

CCD   0.85   0.85   0.85  
Instrument  intrinsic  DQE   0.59   0.59   0.60  

Telescope   0.72   0.72   0.72  
Overall  DQE   0.43   0.42   0.43  

      CUBES:  Efficiency  



      CUBES:  Gra,ng  

•  Prototype  manufactured  by  Fraunhofer  IOF  

•  e-‐beam  lithography  &  atomic  layer  deposi,on  
 
 

See  Burmeister  et  al.  (2018)  
SPIE/10706-‐74  

3448  lines/mm,  250  x  130  mm  



      CUBES:  Gra,ng  efficiency  



      CUBES:  Gra,ng  performance  

Dispersion  direc]on  

From  internal  report  by:  Alessio  Zanuka  &  Andrea  Bianco  (Milan)  

•  Minimal  ghosts  (10-‐5)  cf.  expected  on-‐axis  counts  

•  Ghost  spectra  (spa,al  direc,on)  linked  to  e-‐beam  mask    

•  IOF  developed  further  techniques  to  minimise  ghosts  



•  Expecting RfI from ESO in coming weeks 

•  New consortium forming   

•  RfI response in New Year, then ‘δ Phase A’ in 2020 

Poten,al  work-‐packages:  
•  WP1:  Management  
•  WP2:  Pre-‐op,cs  
•  WP3:  Spectrograph  
•  WP4:  Detector  system  
•  WP5:  Science  (incl.  DRS)  
•  WP6:  EICS  
•  WP7:  AIT/Handling  
 

Order-‐of-‐mag  es,mates:  
•  Effort:  30-‐35  FTE  
•  Costs:  ~€2.5M    
•  4-‐year  schedule  

      CUBES:  Next  steps  



•  Ongoing science trade studies (with Ernandes, USP) 

•  Species available at R = 20,000 vs. 40,000? 

      CUBES:  Next  steps  



      UK-‐Brazil  collabora,on  

!
Two  UK-‐Br  projects:  

VLT-CUBES 

ELT-MOSAIC 



      ELT:  Extremely  Large  Telescope  



      ELT:  Extremely  Large  Telescope  



      ELT:  Instrumenta,on  



      ELT:  Instrumenta,on  



      ELT:  Instrument  Roadmap  
Year  ELT-IFU 

HARMON
I+LTAO 

ELT-CAM  
MAORY

+MICADO 

ELT-
MIR 
METIS 

ELT-MOS 
MOSAIC 

ELT- HIRES 
HIRES 

ELT-6  ELT-PCS  

2014  Decide science 
requirements, AO 
architecture. 

VISIR 
start 
on-sky  

Develop science 
requirements for 
MOS/HIRES 

  Start ETD 

2015     Cal for Proposals 
  

    

2016       Start Phase A 
  

    

2017     Call for 
proposal
s 

  

2018     Phase A reviews 
Finalise 
agreements 

    

2019   Start Construction 
Phase 

    

2020             

2021               

2022               

2023               

2024                

2025 Instrument on-sky 
commissioning   

        

  Pre-studies: (delta) phase A work/ESO-funded Enabling Technology 
Development (ETD) 

  Decision point  

  Development Technical Specifications, Statement of Work, Agreement, 
Instrument Start. 

Ramsay  et  al.  (SPIE,  2018)  

  

 
 
 

•  Instruments  in  construc,on  phase:  
•  HARMONI  (UK  )  

•  MICADO  (DE)  

•  METIS  (NL)  

•  MAORY  (IT)  

•  Next  instruments:  
•  MOSAIC  (FR)  

•  HIRES  (IT)  

•  Future  plans…  
•  PCS  (lead  TBD)  

•  ‘ELT  6’,  new  ideas  etc.  
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ABSTRACT 
 

The EAGLE and EVE Phase A studies for instruments for the European Extremely Large Telescope (E-ELT) originated 
from related top-level scientific questions, but employed different (yet complementary) methods to deliver the required 
observations. We re-examine the motivations for a multi-object spectrograph (MOS) on the E-ELT and present a unified 
set of requirements for a versatile instrument. Such a MOS would exploit the excellent spatial resolution in the near-
infrared envisaged for EAGLE, combined with aspects of the spectral coverage and large multiplex of EVE. We briefly 
discuss the top-level systems which could satisfy these requirements in a single instrument at one of the Nasmyth foci of 
the E-ELT. 
 
Keywords: instrumentation: adaptive optics; ELTs; spectrographs – galaxies: evolution; stellar content 
 

1. INTRODUCTION 
The workhorse instruments of the 8-10m class observatories have become their multi-object spectrographs (MOS), 
providing comprehensive follow-up to both ground-based and space-borne imaging. With the advent of deeper imaging 
surveys from, e.g., the HST and VISTA, there are already a plethora of spectroscopic targets beyond the sensitivity 
limits of current facilities; this will continue to grow even more rapidly, e.g., after the completion of ALMA and the 
launch of the JWST. Therefore, one of the key requirements underlying plans for the next generation of ground-based 
telescopes, the Extremely Large Telescopes (ELTs), is for even greater sensitivity for optical and infrared (IR) 
spectroscopy. Indeed, with only three ELTs planned (for now) and their large construction/operations costs, the need to 
make efficient use of their focal planes becomes even more compelling than at current facilities. 
 
In parallel to the Phase B design of the European Extremely Large Telescope (E-ELT; e.g. Gilmozzi & Spyromilio, 
2008), nine Phase A studies were undertaken for potential instruments (for a full summary see Ramsay et al. 2010). The 
instrument studies spanned a vast range of parameter space, partly to evaluate the relative merits of different capabilities 
toward the scientific cases advanced for the E-ELT, while also exploring the instrument requirements and technology 
readiness of likely components. Three of the studies were of MOS instruments: EAGLE (Cuby et al. 2010), OPTIMOS-
EVE (hereafter referred to as EVE, Navarro et al. 2010), and OPTIMOS-DIORAMAS (Le Fèvre et al. 2010), which 

      The  road  to  MOSAIC  
 

EAGLE 
 

 
EVE 

 

Multi-IFU, AO-corrected, near-IR Multi-fibre/IFU, opt/IR 



      MOSAIC:  The  ELT  MOS  
•  PI:  F.  Hammer  (Paris)  

•  Mul,-‐mode,  visible/near-‐IR  MOS  

•  Phase  A  study  completed  (03/18)  

•  Itera,ng  with  ESO  on  specs  for  Phase  B  

•  Start  of  Phase  B  expected  in  early  2021  

•  Science  topics  (Proj.  Scien,sts:  Puech,  Sanchez-‐Janssen,  Evans):  
•  First-‐light  galaxies  
•  Evolu,on  of  large-‐scale  structures  
•  Mass  assembly  of  galaxies  (&  AGN)  through  ,me  
•  Resolved  stellar  popula,ons  



      MOSAIC:  The  ELT  MOS  



      MOSAIC:  The  ELT  MOS  

Final numbers/sizes under review 

High-‐mul,plex  mode:  



      MOSAIC:  The  ELT  MOS  

Final numbers/sizes under review 
(visible IFUs not in current baseline) 

IFU  mode:  



      MOSAIC:  Performance  

Advanced  simula,ons  with  ‘WEBSIM’  (developed  by  Paris  Obs.)    

INPUTS:  
•  Template  spectrum  
•  PSF  from  AO  system  
•  End-‐to-‐end  efficiency    
•  Spectral  configura]on  
  

&  light-‐gathering  power  of  39m!  

Simulated MOSAIC spectrum 

Puech et al. (2016, SPIE) 



      MOSAIC:  Performance  

NGC 55 

S/N  ~25  

  
S/N  ~65  

  
S/N  ~140  

  
S/N  ~240  
  
S/N  >400  



      Before  I  conclude…  

Thank  you!               



VLT-CUBES:  
 

•  Exciting scientific opportunity, incl. builds on Brazil’s past investment 
•  Exploits unique strength of VLT in the ELT era 
 
 
ELT-MOSAIC:  
 

•  Advanced planning for visible/near-IR multi-object spectrograph on 
the world’s ‘Biggest Eye on the Sky’ 

 

      Summary  



Telescope  
focus 

2 mirror  
collimator 

40mm collimated beam 

ADC silica prisms 

Tip-tilt fold mirror 

2 mirror  
reimager 

FOV 10x1.5” imaged  
@ 0.25” = 0.5mm  

onto 6 slices (0.5x20mm) 

6 Slice reimaging 
mirrors 

Reimaged slices  
@ 0.25” = 0.2mm 

Image  slicer:  6  slices  x  0.25”  on-‐sky  
•  Total  width:  1.5”  –  minimal  slit  losses  
•  0.5mm  slices  feasible  (cf.  KCWI)  
•  Smaller  beam  at  gra,ng  
•  Allows  pupil  to  be  reimaged  on  gra,ng  

      CUBES:  ADC  &  Image  Slicer  



Telescope  
focus 

2 mirror  
collimator 

40mm collimated beam 

ADC silica prisms 

Tip-tilt fold mirror 

2 mirror  
reimager 

FOV 10x1.5” imaged  
@ 0.25” = 0.5mm  

onto 6 slices (0.5x20mm) 

6 Slice reimaging 
mirrors 

Reimaged slices  
@ 0.25” = 0.2mm 

ADC:  silica  prisms  
•  Greater  observa,onal  flexibility  
•  Minimal  offset  to  slit  viewing  λ  
•  Devia,on  corrected  via  TT  mirror  

      CUBES:  ADC  &  Image  Slicer  



Image slicer output slits 

3 spectra imaged  
onto one detector 

Band 3 

Band 2 

Dichroics  
AOI <10o 

Band 1 

Spectrograph:  3  bands  
  

•  Separate  collimator,  gra,ngs,  cameras  
!  can  op,mise  each  band  

  

•  Camera  lenses  are  spherical  except  for  
1st  surface  (modest  conic)  

•  One  detector  for  all  3  bands  

•  Bands  have  6nm  overlap,  no  gaps  

      CUBES:  Spectrometers  



•  Direct  process:  accelerated  p/He2+  
colliding  with  CNO  in  ISM  

  

!  scales  with  Z  =  secondary  element  

•  Inverse  process:  accelerated  CNO  
collides  with  p/He2+  in  ISM  

  

!  primary  element  

If  primary,  Be  poten,al  chronometer  of  
early  star  forma,on  

            9Be  produced  via  cosmic-‐ray  spalla,on  in  ISM  in  early  Galaxy   
 

      CUBES:  Galac,c  Science      

  
•  Be  abundances:  Limited  to  10s  of  stars  with  VLT-‐UVES/Keck-‐HIRES  

•  Increased  efficiency  of  ~3  magnitudes    
  !  samples  of  100s  in  ambi,ous  large  programme  

 

Spite et al. (2019) 
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Missing baryonic mass in the high-redshift CGM 
 

Credit: Jure Japelj 

      Rest-‐frame  UV  lines  at  high-‐z  


