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Charge coupling makes the detectors ideal for low noise 
measurements, typical noise for scientific CCDs is 2e- RMS 
(7.2eV). Very recent work pushing this to “0” noise.
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Recent developments by the MSL group at LBNL has allowed the fabrication 
for “massive” CCDs. 675 um is now possible.
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CONNIE-DAMIC 2016 sensors

16 Mpix — 6g

4 amplifiers 
2e- noise 
low background package



muons, electrons and diffusion limited hits.

Particle identification in a CCD image
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Calibration using X-rays
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2014

2016

2017

DAMIC Collaboration
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arXiv:1907.12628 
on e-recoil DM (in a few slides)
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standard model process  
never observed

a window to new 
physics in the 

low energy 
neutrino sector



The skipper-CCD is a modification of the output stage of a CCD (Janesik et al 
-1990). It allows for multiple non-destructive readout of the charge in a pixel. 
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CONNIE now skipper CCD

Designed ~30 years ago, but technology first demonstrated summer 2017  by Javier Tiffenberg et 
al (arXiv:1706.00028) allows reduction of the threshold by another factor of 2. The plan is to install 
a couple of these detectors in CONNIE also. Will need a new ionization efficiency measurement. 
Detector designed by Steve Holland (LBNL).
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Counting electrons: ..48, 49, 50..
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impressive ability to count electrons!
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55Fe X-ray source
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55Fe X-ray line 5.9 keV
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keep counting: ..1550, 1551, 1552..
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55Fe X-ray line 5.9 keV
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dark rate : 3.68 × 10−3 events/pixel/day

SENSEI 2019 Result
arXiv:1901.10478 [hep-ex]

with a very modest exposure we are leading 
the world in the search for e-recoil dark 
sector particles.
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skipper for treaty verification
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10 kg skipper Detector (4000sensors)
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new skipper-CCD 
technology could 
improve the 
efficiency of a 
survey spectrograph 
reducing readout 
time. 

Signal to noise could 
be tuned to 
optimizing readout 
time (target specific 
pixels for low noise). 

(A.Drilica-Wagner)

skipper for cosmic surveys
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BBO crystal

405 nm laser

Pair of 810 nm entangled photons

Quantum Imaging
Nature 2012

Source of entangled photons at Sidet

Skipper-CCD 
packaged for imaging 
(back illuminated) at 
Sidet

Ring of entangled 
photons on Skipper-CCD

Thanks UIUC for support/ideas (Prof.Kwiat) 
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Oscura 4 year R&D effort  “DOE Dark matter New Initiatives” . FNAL, LBNL, 
PNNL, U.Chicago, U.Washington, Stony Brook University. 

Fermilab is leading the effort to develop the a skipper-
CCD dark matter detector with active mass of 10 kg of 
Silicon.

Taking the skipper-CCDs to their full potential as dark 
matter detectors.

24 Gigapixel digital 
camera for dark matter!

Cooling, readout, packaging and 
testing of the required 4000 
skipper-CCD sensors require 
engineering solutions that are 
not available yet for scientific 
CCDs.

Radiation background required 
is ~10 lower than state of the art 
experiments.

Fabrication of skipper-CCDs is 
needs to be adapted to the 
changes in the semiconductor 
industry. We have identified 
new industrial partners for this, 
and will be testing them over the 
next year. 



non-destructive, low noise readout on CMOS is very close 
to reality (BES, X-ray astronomy)

Big challenge: modern way to fabricate skippers!



future skipper-CCDs
Ongoing: 
• SENSEI (100g operating at SNOLAB) — small version currently at FNAL 
• DAMIC-M (~1kg operating at Modane) 

R&D: 
• FNAL-LDRD : technology for 10kg detector 
• FNAL-LDRD : demonstration in astronomical instrument 
• QIS : skipper quantum imaging  
• soon… test at nuclear reactor(Guillermo) 
• ECA-Tiffenberg : towards development of 10kg neutrino detectors 
• OSCURA :10 kg experiment for Dark Matter [DOE DMNI]  

Groups: 
Labs in US: LBNL, FNAL, PNNL 
Univ. in US: U. of Chicago, U. of Washington, Stony Brook University, U. of Michigan (DAMIC) 
Several international partners in Europe and the Americas 

Technology development by DOE with significant impact on the field (and outside the field). 
Should support the projection of this technology into the future with skipper-CCDs and skipper-
CCDs-in-CMOS.





hopefully I convinced you that skipper-CCD are 
great form Dark Matter, neutrinos, quantum 

imaging, cosmic surveys 

is there a way to get similar performance in a 
CMOS process 
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Modeled the ring of entangled photons and 
calculated correlation function as a function of 
angle.
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binned data

strong correlation for
bins separated by π

single image measure 
image-to-
image 
fluctuations
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Over the last year FNAL has worked with LBNL to develop skipper-CCDs optimized 
for quantum imaging (fast low noise readout). Contract for fabrication in place!

Several amplifiers in line, for 
simultaneous sampling multiple 
sampling of the charge of a 
pixel. New way of skipper 
readout.

Repurposing a previous design that LBNL 
developed for astronomy, we are also developing a 
skipper-CCD with 16 amplifiers in parallel. Larger 
format, fast readout.
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In the same way we produce a pair of entangled photons, we could produce an 
entangled pair with one dark photon.

Because of the 
change of kinematics, 
the angular 
distribution of the 
visible photons 
changes when a dark 
photon is produced.

exploring a design of 
an experiment to look 
for dark photons 
using this concept.

Caltech, Stanford, Universidad de Buenos Aires, FNAL
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Figure 2. Simplified diagram of a pixel, fabricated in a CMOS process, with skipper-CCD 

readout 
 
The disadvantage of single-poly processes is that the fabrication yield of a large area CCD 
detectors is low. This is because, due to the small gap between adjacent phases, it is likely that 
they make contact and make the entire CCD device useless. This could not be an issue for an 
array of single-pixels, because only one of the pixels or at most a line will turn useless if there is 
a fabrication defect between gates.  
 

● XFAB-XH035  
 
This is one of the most complete CMOS process. This process allows the implementation of two 
poly (Poly01-Poly02). In this case could be possible produce a shift and overlapping of poly 
gates, similar to a CCD. This feature was checked during the preparation of this LDRD proposal 
with the Mentor design tools following the design rules of a similar process, see figure (3). 
Access to the detailed information of the XFAB-XH035 is necessary to state that this feature is 
allowed. This process does not have a BCH module, and further research of this process it is 
necessary for design a pixel with a full-well far from the SiO2 interface. Even though this 
process does not have a BCH model, it has an N buried module that can be implemented below 
the poly gates for making a potential well.  The prototyping cost of this process is 1035$/mm2 
with a minimum of 10mm2 per run (10350$/run)  .  
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