
 
Next	
  genera*on	
  of	
  instrumenta*on	
  with	
  scien*fic	
  
imaging	
  sensors	
  for	
  astrophysics 
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Thick	
  CCD	
  detectors	
  	
  
	
  
•  Dark	
  Ma=er	
  Search	
  
•  Neutrino-­‐nucleus	
  coherent	
  sca=ering	
  
•  Neutron	
  Imaging	
  

Microwave	
  Kine*c	
  Inductance	
  Detectors	
  (MKIDs)	
  
•  Photo-­‐z	
  machine	
  for	
  DES	
  and	
  LSST	
  
•  Lyman	
  alpha	
  intensity	
  mapping	
  
	
  
	
  



Dark Energy Camera 
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Focal	
  Plane	
  Detectors	
  
Science goal for DES:  z~1 
~50% of time in  z-filter 
825-1100nm 
 
Astronomical CCDs  are usually 
thinned to 30-40 microns 
(depletion): 
Poor 900nm response 
 
LBNL full depletion CCD 
– 250 microns thick 
– high resistivity silicon 
– QE> 50% at 1000 nm  

DECam CCD 
Thinned CCD 

high-z 
objects 

IR image of soldering iron with a 
DECam CCD (K.Kuk) 

DECam CCD thin CCD 



The beautiful images of the sky obtained with CCDs show only 15% 
of the matter in the universe. We are going for the not so shinny 
85%.  



Cerro Tololo Observatory 
2200 m above see level 
 

SNOLAB Underground Laboratory 
2000 m underground. 

Good detectors go to heaven, others go everywhere and have more 
fun…  



DM properties: 
Small cross section for 
interaction with standard 
matter. Electrically neutral. 
 
 
Recipe: 
1)  Choose a detector that 

can see neutral 
particles 

2)  Install it in a location 
where you will see 
small background from 
non DM particles 

3)  Wait for a DM particle 
to hit your detector 

	
  



muons,	
  electrons	
  and	
  diffusion	
  limited	
  hits.	
  
nuclear	
  recoils	
  will	
  produce	
  diffusion	
  limited	
  hits	
  
Dark	
  Ma=er	
  is	
  expected	
  to	
  produce	
  nuclear	
  recoils	
  

CCD	
  as	
  par*cle	
  detector	
  



DAMIC	
  	
  
Collabora*on	
  

Fermi National Accelerator Laboratory, Universidade do Estado do 
Rio de Janeiro, Universidad Nacional Autonoma de Mexico, 
Universidad Nacional de Asuncion, University of Chicago, 
University of Michigan, University of Zurich. 
 
12	
  faculty,	
  3	
  postdocs,	
  6	
  graduate	
  students,	
  undergraduate	
  students	
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•  CCDs	
  developed	
  for	
  astronomy	
  can	
  be	
  
operated	
  with	
  a	
  40eV	
  threshold!	
  	
  

•  Thick	
  sensors	
  recently	
  developed	
  for	
  
near-­‐IR	
  imaging	
  have	
  a	
  large	
  ac*ve	
  mass,	
  
~	
  10g/CCD.	
  

	
  
We	
  installed	
  an	
  array	
  2000m	
  underground	
  
to	
  look	
  for	
  nuclear	
  recoils	
  produced	
  by	
  Dark	
  
Ma=er	
  par*cles.	
  Current	
  best	
  limit	
  in	
  the	
  
world	
  for	
  low	
  energy	
  recoils.	
  



At	
  SNOLAB	
  underground	
  lab.	
  



Lot’s of activity in the low mass dark matter region. 
Thick CCDs have role here because they have very low readout noise 
(x50 lower than other radiation detectors with a similar mass). 
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Diffusion gives us 3D hit reconstruction 

CCD	
  is	
  not	
  a	
  2D	
  sensor	
  anymore…	
  



X-ray penetrate few um into the silicon. 
Neutrons interact everywhere in the bulk. 
 
The density of hits for neutrons should be constant (only depend on the mass 
of each pixel). This is a nice way to measure the 3D volume of each pixel.     



X-­‐rays	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  



X-­‐rays	
  –	
  calibra*ons	
  

100e-­‐	
  

4ke-­‐	
  



•  More	
  AlN	
  
•  Less	
  AlN	
  
•  Simula*on	
  

We	
  are	
  also	
  star*ng	
  to	
  get	
  a	
  
very	
  good	
  idea	
  about	
  which	
  
parts	
  of	
  the	
  package	
  are	
  
radioac*ve.	
  The	
  electronics	
  next	
  
to	
  the	
  CCD	
  is	
  the	
  largest	
  
offender,	
  the	
  AlN	
  comes	
  next.	
  

Alpha	
  par*cles	
  produce	
  plasma	
  effect	
  in	
  silicon,	
  and	
  the	
  signature	
  
is	
  very	
  easy	
  to	
  iden*fy	
  in	
  the	
  images.	
  
	
  
U	
  and	
  Th	
  contamina*on	
  in	
  the	
  Silicon	
  would	
  produce	
  these,	
  and	
  
they	
  will	
  not	
  escape	
  detec*on.	
  	
  Short	
  range.	
  	
  We	
  get	
  <10-­‐4	
  Bq/kg	
  
of	
  U	
  +	
  Th.	
  Nice!	
  	
  



Coherent	
  Neutrino-­‐Nucleus	
  Interac*on	
  Experiment	
  (CONNIE)	
  

Container	
  
	
  
Polyethylene	
  
Lead	
  
Polyethylene	
  
CCD	
  

CCD	
  System	
  

Detec*on	
  of	
  coherent	
  neutrino-­‐nucleus	
  sca=ering	
  interac*on	
  
using	
  CCD,	
  at	
  Angra	
  nuclear	
  reactor,	
  Brazil.	
  

2GW,	
  200m	
  

4GW,	
  30m	
   .	
  ν	
  -­‐	
  lab	
  

.	
  Angra	
  1	
  

Angra	
  2	
  .	
  

Nuclear	
  Plant	
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  events	
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  in	
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  CCD	
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  (NC)	
  
Ionized	
  energy	
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  NC	
  

σ	
  =	
  CCD-­‐RMS	
  noise	
  (5.5eV)	
  

Event	
  Rate	
  

Eth	
   events/year	
  

1σ	
  (5.5eV)	
   532	
  

5σ	
  (28eV)	
   343	
  

Events/year	
  for	
  52g	
  of	
  Si	
  and	
  different	
  energy	
  thresholds.	
  

C.	
  L.	
  [%]	
   90	
   95	
   98	
   99.87	
  

days	
  	
   16	
   27	
   44	
   87	
  

Running	
  *me,	
  assuming:	
  52g	
  of	
  detec*ng	
  mass,	
  background	
  
of	
   ~600	
   events/day/kg/keV	
   (Heusser	
   G.,	
   1995),	
   energy	
  
range:	
  28-­‐300	
  eV.	
  	
  

Running	
  forecast	
  

Currently	
  inside	
  a	
  container	
  in	
  a	
  ship	
  
off	
  the	
  coast	
  of	
  Brazil.	
  Arriving	
  at	
  Rio	
  
next	
  Monday.	
  	
  We	
  are	
  traveling	
  to	
  
Brazil	
  to	
  start	
  the	
  installa*on	
  next	
  
week.	
  



Neutrons	
  a	
  background	
  in	
  our	
  Dark	
  
Ma=er	
  experiment,	
  so	
  we	
  try	
  to	
  
measure	
  them.	
  For	
  this	
  we	
  coated	
  a	
  
CCD	
  with	
  Boron-­‐10	
  film.	
  
	
  
The	
  thermal	
  neutron	
  is	
  captured,	
  
converts	
  into	
  an	
  alpha,	
  a	
  we	
  can	
  
clearly	
  see	
  the	
  alpha.	
  
	
  

Neutron	
  imaging	
  of	
  Cd	
  plate	
  
@	
  FNAL.	
  

Charge	
  cloud	
  produced	
  by	
  alpha	
  is	
  distributed	
  over	
  
many	
  pixels	
  (plasma	
  effect	
  inside	
  silicon).	
  Thermal	
  
neutron	
  detector	
  with	
  spaPal	
  resoluPon	
  of	
  a	
  few	
  
microns.	
  	
  

arXiv:1408.3263,	
  arXiv:1105.3229,	
  DOE	
  patent	
  applicaPon	
  



Arxiv:	
  1106.1839	
   By	
  changing	
  the	
  output	
  stage	
  on	
  
the	
  CCD,	
  we	
  can	
  read	
  the	
  charge	
  
on	
  each	
  pixel	
  mul*ple	
  *mes	
  
(N~1000),	
  and	
  reduce	
  the	
  readout	
  
noise	
  by	
  1/√N.	
  
	
  
Background	
  experiments	
  with	
  
single	
  electron	
  threshold.	
  
	
  
We	
  know	
  in	
  Silicon	
  at	
  -­‐100C	
  you	
  
can	
  get	
  a	
  single	
  electron	
  with	
  ~1eV	
  
of	
  deposited	
  energy	
  (near	
  IR).	
  
	
  
Prototype	
  sensors	
  fabricated	
  by	
  
LBNL,	
  large	
  mass	
  detector	
  coming.	
  
	
  
Technology	
  to	
  detect	
  Sub	
  GeV	
  
dark	
  ma]er,	
  by	
  looking	
  a	
  very	
  
low	
  energy	
  electron	
  recoils.	
  
	
  



DES + LSST imaging surveys 
 
 
 
 
 
 
 
 
Will count photons in filter 5 filters from a large 
fraction of the sky. We will not have spectra for 
the observed objects. 
 
Cosmology would benefit from spectra. 



Cosmological	
  informa*on	
  lost	
  due	
  to	
  photo-­‐z	
  error	
  

Gastanaga	
  et	
  al,	
  Monthly	
  NoPces	
  of	
  the	
  Royal	
  Astronomical	
  Society,	
  Volume	
  422,	
  Issue	
  4,	
  pp.	
  2904-­‐2930.	
  

Hi-­‐res	
  
Spectrum	
  
(DESI)	
  

MulP	
  filter	
  
imaging	
  
(DES,	
  LSST)	
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Semiconductor	
  (CCDs)	
  



Semiconductor	
  (CCDs)	
  

This is the optical 
range… unfortunately 
the 1e/photon here. 
That is why we a 
need spectrograph to 
follow up. 



quasiparticles: 
    
 Nqp

 = ηhν/Δ∆   
 
 
Δ∆ : Energy gap  
    ~ 0.001 eV  
 
η: is an efficiency  
    ~ 0.6 	
  

Superconductor	
  

~5000	
  quasipar*cles/	
  visible	
  photon	
  !	
  



Microwave Kinetic Inductance Detector :  

The relatively new development allow for large 
multiplexing factors for arrays of superconductor detectors 
with a simple readout ( “digital FM” )  

There	
  are	
  a	
  few	
  talks	
  about	
  Kine*c	
  Inductance	
  Detectors	
  today,	
  here	
  will	
  concentrate	
  on	
  the	
  
applica*on	
  for	
  op*cal	
  and	
  near-­‐IR	
  astronomy.	
  



2K	
  pixels	
  detector	
  designed	
  at	
  UCSB	
  (Prof.	
  Mazin)	
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MKID pixel 



10	
  K	
  resonators	
  device	
  	
  (B.Mazin	
  UCSB)	
  



Optical MKIDs developed by tested in a small  stronomical 
instrument 1k pixels in 2011, “2k” pixels in 2012. Going 
to the telescope again now. 
 
 
 
 
 
 
 
 
 
 
 
 
 
operating temperature = 100 mK 
UCSB, JPL, OXFORD, FNAL. 

preliminary	
  mosaic	
  of	
  Arp	
  147	
  taken	
  with	
  ARCONS	
  at	
  
the	
  Palomar	
  200”	
  



There is still a lot of work to do 

1-­‐S21	
  

•  Pixel overlap 
•  Pixel non-uniformity (Q) 
•  Pixel spacing   

R= E/δE = 16 @250nm 
 
Theoretical limit for the MKIDs is 
R=180 (quasiparticle statistics). 
There is still a long way to go 
before we reach this limit. 



GigaZ concept (Marsden et al 2013) 

Since an MKID megapix array is still far away. We could 
make large pixels, and use mask to select a galaxy for 
each pixel. 100,000 spectroscopic channels in 1 square deg. 
is possible. R~30 .  



Spectrometer, DES/LSST and  MKIDs 
R~30 @ 428nm 

GigaZ concept (Marsden et al 2013) 



Effort now concentrated on building an 
R&D instrument for the SOAR 4m 
telescope. Demonstrate scalability and 
look at obtain low resolution 
spectroscopy of DES objects. 
	
  
	
  

MKIDS	
  

SOAR 4m telescope 
R&D instrument 



Mapping	
  the	
  Lyman	
  alpha	
  line	
  emission	
  (122nm),	
  maps	
  the	
  neutral	
  hydrogen	
  in	
  
he	
  universe.	
  Allows	
  probes	
  of	
  reioniza*on,	
  star	
  forma*on,	
  and	
  large-­‐scale	
  
structure	
  (LSS)	
  as	
  a	
  func*on	
  of	
  redship.	
  	
  
	
  
Large	
  pixels	
  would	
  allow	
  measuring	
  intensity	
  in	
  angular	
  scales	
  of	
  arcsec.	
  Pullen	
  et	
  
al	
  considered	
  a	
  20cm	
  aperture	
  instrument	
  from	
  space,	
  with	
  R~40,	
  	
  and	
  surveys	
  of	
  
~200	
  deg.	
  A	
  MKID	
  instrument	
  could	
  allow	
  more	
  pixels,	
  larger	
  field	
  of	
  view	
  and	
  
possible	
  doing	
  this	
  from	
  the	
  ground	
  (with	
  larger	
  background).	
  	
  
	
  
More	
  thinking	
  need	
  to	
  be	
  done	
  here.	
  

Another science opportunity for MKIDs 



Conclusion	
  
•  CCDs	
  developed	
  for	
  near-­‐IR	
  astronomy	
  are	
  becoming	
  powerful	
  

tools	
  for	
  low	
  threshold	
  detectors	
  experiments	
  (Dark	
  Ma=er	
  and	
  
neutrinos).	
  Expect	
  the	
  best	
  limits	
  for	
  low	
  mass	
  DM	
  and	
  the	
  first	
  
detec*on	
  for	
  coherent	
  neutrino-­‐nucleus	
  sca=ering	
  to	
  come	
  from	
  
this	
  technology.	
  

•  MKIDs	
  for	
  op*cal	
  and	
  near-­‐IR	
  provide	
  a	
  new	
  tool	
  to	
  address	
  the	
  
needs	
  of	
  spectroscopic	
  follow-­‐up	
  in	
  imaging	
  surveys	
  for	
  cosmology.	
  
Huge	
  R&D	
  effort	
  s*ll	
  needed	
  to	
  make	
  this	
  happen.	
  



backup	
  



We	
  produced	
  22Na	
  	
  in	
  our	
  detector	
  ~0.6	
  Bq	
  (with	
  2E10	
  p/cm2)	
  
Electron	
  Capture	
  decay:	
  
	
  
	
  
	
  
The	
  emission	
  of	
  neutrino	
  and	
  gamma	
  produces	
  a	
  nuclear	
  recoil	
  followed	
  by	
  an	
  X-­‐
ray	
  at	
  about	
  1	
  keV.	
  This	
  is	
  produced	
  inside	
  the	
  detector!	
  

Nuclear	
  recoil	
  calibra*on	
  at	
  very	
  low	
  energies	
  



The	
  irradiated	
  area	
  of	
  the	
  
detector	
  has	
  higher	
  dark	
  
current,	
  as	
  expected.	
  
	
  
	
  



Shiped	
  880	
  eV	
  due	
  to	
  recoil	
  which	
  (244e-­‐	
  object).	
  
Probably	
  about	
  150e-­‐	
  in	
  the	
  brightest	
  spot,	
  2e-­‐	
  of	
  error	
  in	
  
this	
  calibra*on!	
  Nice	
  tool	
  for	
  low	
  signal	
  studies	
  (important	
  
for	
  DM)	
  



25,000	
  MKID	
  pixels	
  
1/8	
  sq.degree	
  
4M	
  telescope	
  	
  (NTT)	
  
	
  
	
  
Something	
  like	
  this	
  could	
  	
  meet	
  the	
  DES	
  
photo-­‐z	
  calibra*on	
  needs,	
  and	
  impact	
  also	
  
LSST.	
  
	
  
(LOI	
  sent	
  to	
  ESO	
  in	
  March-­‐2014)	
  
Possible	
  with	
  a	
  good	
  R&D	
  program.	
  

GigaZ’s little sister: 



Abdalla	
  et	
  al,	
  0705.1437	
  

Needs	
  	
  
10,000	
  per	
  z-­‐bin	
  
10	
  bins	
  
	
  
Total=	
  100,000	
  spectra	
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GigaZ concept (Marsden et al 2013) 



DES redshift  estimation needs to be calibrated using a spectrograph 
(same for LSST). The calibration sample needed is big, and has to cover 
a large area. 

DES	
  needs:	
  Cunha	
  et	
  al	
  2012	
  

MKIDs provide 
an efficient 
way to collect 
a high quality 
sample for 
calibration. 

With 1/8 sq-deg, you need about 200 pointings with 
1000 galaxies on each. 



DES follow-up needs 
 
What kind of spectroscopic survey is needed to maximize 
the science output from DES? 
 
Few main ideas: 
 
Ø We need to get to 105  per z bin beat the shot noise. 
 
Ø Cosmic variance is a big deal. Need to attack this 
problem by distributing the sample over many patches in 
the sky. 

Ø Failures in the spectroscopic determination of redshifts 
are a big issue (large bias in w), a lot more important 
that the precision of successful redshifts.	
  

	
  



DES follow-up needs 
 
What kind of spectroscopic survey is needed to maximize 
the science output from DES? 
 
Few main ideas: 
 
Ø We need to get to 105  per z bin beat the shot noise. 
 
Ø Cosmic variance is a big deal. Need to attack this 
problem by distributing the sample over many patches in 
the sky. 

Ø Failures in the spectroscopic determination of redshifts 
are a big issue (large bias in w), a lot more important 
that the precision of successful redshifts.	
  

	
  

This	
  is	
  were	
  we	
  believe	
  MKIDs	
  could	
  help.	
  Get	
  a	
  huge	
  sample	
  
with	
  low	
  failure	
  rate.	
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Single pixel has an inductor and a capacitor 



52	
  

Light is collected at the inductor 
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Capacitor is tuned to give a different resonance frequency to each 
pixel 
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Capacitive coupling to a common feedline (1K pixels per feedline) 



Pixel	
  1:	
  Q=187k	
  ,	
  f0=6.09143	
  Ghz	
  

S1	
   S2	
  

MKID	
  

I	
  :	
  in	
  phase	
  with	
  S1	
  

Q	
  :	
  90o	
  with	
  respect	
  to	
  S1	
  

Q	
  

I	
  

Q	
  &	
  I	
  measured	
  rela*ve	
  to	
  S1	
  
S21	
  is	
  the	
  sum	
  in	
  quadrature	
  of	
  Q	
  &	
  I	
  

S21	
  

freq.	
  (Ghz)	
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Change in quasi-particle density equivalent to low Energy X-ray photon 
(~3keV) 
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