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Instrumentation Frontier 

So	  far:	  
We	  had	  a	  mee-ng	  at	  Argonne	  in	  January	  and	  started	  organizing	  around	  physics	  topics.	  
Unfortunately,	  this	  was	  at	  the	  same	  -me	  of	  the	  DES,	  DESpec	  and	  DESC	  	  mee-ngs.	  
	  
In	  the	  case	  of	  Dark	  Energy	  we	  are	  considering	  what	  instrumenta-on	  developments	  are	  
needed	  aEer	  LSST.	  
	  
If	  you	  have	  ideas	  please	  contact:	  
Gaston	  Gu-errez	  (gaston@fnal.gov)	  wri-ng	  the	  first	  draE	  for	  instrumenta-on	  for	  DE	  
Juan	  Estrada	  (estrada@fnal.gov)	  liaison	  between	  Cosmic	  Fron-er	  and	  Instrument.	  Fron-er	  
	  



Organizing	  along	  this	  matrix	  with	  each	  topic	  producing	  a	  ~1	  page	  paper.	  Eventually	  we	  will	  
invert	  things	  and	  write	  papers	  about	  the	  technologies…	  many	  overlaps.	  	  



We all know our favorite instrument for Dark Energy… 
Dark Energy Camera 



Other current instruments 
Pan-‐STARRS	  	  
1.4	  Gpix	  camera	  
3	  more	  to	  be	  built	  
3deg	  FOV	  
	  

Hyper-‐Suprime-‐CAM	  @	  subaru	  
8.2	  m	  telescope,	  870	  Mpixel	  1.5deg	  FOV	  



Near future: MS-DESI 
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5 The BigBOSS Instrument

5.1 Overview

The BigBOSS instrument is composed of a set of telescope prime focus corrector optics, a

massively multiplexed, roboticized optical fiber focal plane, and a suite of fiber-fed medium

resolution spectrographs, all coordinated by a real-time control and data acquisition system.

The conceptual design achieves a wide-field, broad-band mulit-object spectrograph on the

Mayall 4-m telescope at KPNO.

Table 5.1 summarizes the key instrument parameters such as field of view, number

of fibers, fiber size and positioning accuracy, spectrograph partitioning, and integration

time, were derived from a blend of science requirements and technical boundaries. These

were derived from a confronting the science requirements for the Key Science Project with

realistic technical boundaries.

Figure 5.1: BigBOSS instrument installed at the Mayall 4-m telescope. A new corrector

lens assembly and robotic positioner fiber optic focal plane are at mounted at the prime

focus. The yellow trace is a fiber routing path from the focal plane to the spectrograph

room incorporating fiber spooling locations to accommodate the inclination and declinaton

motions of the telescope. The two stack-of-five spectrograph arrays are adjacent to the

telescope base at the end of the fiber runs.

The instrument wavelength span requirement of 340–1060 nm was determined by the

need to use galaxy [O II] doublet(3727Å and 3729Å) emission lines to measure the redshift

of Luminous Red Galaxies (0.2 < z < 1) and Emission Line Galaxies (0.7 < z < 1.7) and

1.  4	  m	  telescope	  
2.  5000	  fiber,	  3	  arm	  spectrograph,	  R~4000	  
3.  Spectra	  for	  1800	  objects/deg2	  (~10%	  of	  

available	  galaxies)	  	  
4.  Magnitude	  limit	  ~22.5,	  z~3.5	  
5.  Will	  cover	  14,000	  deg2	  in	  3	  years	  
6.  20	  M	  galaxies,	  0.6	  M	  QSO	  

BigBOSS is BIG 

SDSS ~ 2h-3Gpc3          BOSS ~ 6h-3Gpc3          BigBOSS ~50h-3Gpc3 
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What is next? 

Faster and larger. Operations to start in 2021.  
8.2m dedicated telescope, 3.2 Gpix camera, 3.5 deg field of 
view.   HUGE!!! 



What we really want?  

What would be the ideal sensor for these instruments: 
1)  perfect detection efficiency 
2)  zero noise (photon counting) 
3) very fast (arrival time for each photon) - Atmosphere 
4) measure energy for each photon – Spectral info 
 
Will describe two technologies beyond CCDs that get us 
closer… 

All these instruments are based on 
Charge Coupled Devices (CCDs). These 
work like a digital film. “Expose and 
readout(develop)” 



Why is timing important in wide field imager? 

hfp://www.ast.cam.ac.uk/research/lucky	  

In	  narrow	  field	  imaging	  on	  adap-ve	  op-cs	  is	  
used	  to	  correct	  for	  atmospheric	  turbulence.	  	  
	  
For	  wide	  fields	  of	  view	  this	  does	  not	  work	  
because	  turbulence	  effect	  changes	  along	  the	  
field.	  
	  
A	  detector	  with	  msec	  -me	  resolu-on	  would	  
allow	  atmospheric	  correc-ons	  offline.	  
	  
	  
	  



Why else timing? 

… this is pushing it a bit, but photon arrival times have 
information about spectral properties of the source.  This does not 
really work yet in optical astronomy because 1e-15 sec resolutions 
are needed. 
 
However, we could be getting much closer now with detectors with 
hi QE and psec timing. 
 



LSST	  will	  produce	  photometric	  data	  for	  20,000	  sq-‐deg	  to	  magnitude	  27.	  	  RedshiE	  
will	  be	  es-mated	  from	  the	  colors	  of	  the	  objects.	  
First	  priority	  for	  Astro-‐2010	  decadal	  report	  
	  
The	  cosmological	  measurements	  would	  be	  much	  improved	  with	  spectroscopic	  
informa-on	  for	  these	  objects.	  
	  

Spectral information 



Cosmological information lost due to photo-z error 

Gastanaga	  et	  al,	  Monthly	  No<ces	  of	  the	  Royal	  Astronomical	  Society,	  Volume	  422,	  Issue	  4,	  pp.	  2904-‐2930.	  

Hi-‐res	  
spectrum	  

Mul<	  filter	  
imaging	  



Technology 1: MKIDs 



MKID: new detectors 

Semiconductor	  (CCDs)	  
Nqp

 = ηhν/Δ,  
Δ : gap parameter of the superconductor 
η: is an efficiency factor (about 0.6) 
Δ is meV instead of eV (this is why we like them!) 
For Al Δ= 0.18 meV 
	  

Superconductor	  

Microwave	  Kine<c	  Inductance	  Detector	  

1e- / red photon 
No energy information 

5000 qp / red photon 
Energy resolution 



MKIDs multiplexing 3D	  informa-on	  +	  -ming	  

Op-cal	  MKIDs	  developed	  by	  
UCSB	  and	  tested	  in	  a	  small	  
astronomical	  instrument	  1k	  
pixels	  in	  2011,	  “2k”	  pixels	  in	  
2012.	  
	  
	  opera<ng	  temperature	  =	  100	  mK	  



MKIDs - Future 
MKIDs low resolution spectrograph (R~100) 
with ~100,000 channels could be used as a 
survey instrument to follow up  LSST objects on 
a 4m telescope. 
 
At least a factor of 20 more channels than any 
other planned spectroscopic instrument. 
 
For cosmology you can do a lot with low 
resolution spectroscopy! Follow up of LSST 
objects with MKIDs could give a factor of ~4 
improvement in FOM! 
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BAO	  in	  20,000	  sq-‐deg	  

Yung	  et	  al	  2010	  

MNRAS,	  Volume	  409,	  Issue	  2,	  pp.	  737-‐749	  

A group lead by UCSB is proposing the Giga-Z instrument to do this.  
There is a long way before we can built anything like this, at FNAL we are starting an R&D 
effort to build a ~50kpix imager with MKIDs for SOAR 4m telescope. 
	  



Towards a large MKIDs instrument 
The plan is to develop technology to enable large MKIDs instruments for cosmology, there are 
three aspects that limit the growth and we can contribute on all of them: 
 
Ø  Number of channels per feed line is currently limited to digital signal processing and ADC speed.  

FNAL has important expertise on microwave digital signal processing from low-level RF control for 
accelerators.   

Ø  MKID packaging is not mechanically or thermally viable for a large array. 
FNAL has large expertise in building cryogenic packages for focal plane detectors and dark matter 
detectors. 

Ø  MKID DAQ :2 TBytes/sec (100 parallel 20 GSPS 8 bit ADC).  
Data rates on the scale of a particle physics experiment. High throughput DAQ is part of our 
expertise. 
 

Collaborators: 
UCSB will continue working on the sensors (R) (B.Mazin 
Argonne developing MKIDs for X-rays, we plan to benefit from the local collaboration (A.Miceli) 
SOAR 4m telescope team interested in a sky test (S. Heathcote) 

 

The involvement of FNAL will accelerate this development.  It aligns very well with 
our scientific expertise, our technical skills and the national priorities in cosmology 
(LSST). 



Technology 2: SiPMs 



SiPM : no noise + 10psec timing  

Single photon detectors with very high time resolution.  

SiPMs are arrays of GM-APD. Each APD is about 25um 
x 25um and the are making arrays of 1mm x 1mm . 



SiPM: array of Avalanche Photodiodes 



Many companies are now making this. They are not thinking in 
astronomy yet… 



SiPMs for astronomy 

 
Step 1: using commercial technology we are planning build 
an array of 1000 SiPM 1mm x 1mm pixels. Cryogenic 
package (cooling of sensors with electronics outside 
cryostat) and show that this can be used for imaging 
 

 > measure imaging capabilities 
 > timing performance for atmospheric corrections 
 > Fourier spectroscopy? 

 
We hope this will start in 2013. 
 
 
 



SiPMs for astronomy 
 
Step 2: 
 

[EC	  Proposa	  by	  G.	  Deptuch]	  	  

3D asic design: integrate the electronics with the SiPM and get access to each 
APD independently. FNAL recently submitted a proposal to DOE for the 
development of this fully digital imager. 
 
Phillips is doing something that is getting close. It has integrated digital 
summing electronics to their SiPMs, but for the moment is still summing 
because that it what sells in the medical industry. 



This could also be a solution for the JEM-EUSO focal 
plane, replacing MultiAnode-PMTs. Other groups are 
already considering focal planes for gamma-ray 
telescopes with SiPMs. 

Synergy with UHECR 



Dyson	  
“New directions in science are launched by new 
tools much more often than by new concepts. 
The effect of a concept-driven revolution is to 
explain old things in new ways. The effect of a tool-
driven revolution is to discover new things that 
have to be explained” 

      Freeman Dyson 

Conclusion	  

•  If	  you	  are	  working	  on	  technology	  innova-ons	  to	  enable	  your	  DE	  science,	  please	  get	  in	  
contact	  with	  us	  (gaston@fnal.gov,	  estrada@fnal.gov)	  to	  be	  included	  in	  the	  
instrumenta-on	  document.	  

•  Keep	  an	  eye	  on	  MKIDs	  as	  a	  tool	  for	  wide	  field	  low	  resolu-on	  spectroscopy.	  	  
•  Keep	  an	  eye	  on	  SiPMs	  as	  a	  new	  detector	  for	  astronomical	  imaging	  pushing	  opening	  a	  

new	  window	  for	  high	  -me	  resolu-on.	  
	  



thanks 


