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DAMIC at SNOLAB
• Si CCD as WIMP target.

• Progressive program with increasing target 
masses (current ~5 g).

• Sub-keVr threshold.

• Energy reconstruction.

• Position reconstruction.

• Signal/background characterization based on 
patterns of charge collected on CCD plane.
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CCD for ionization detection
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Figure 1. Cross-sectional diagram of the CCD described in this work.

2. FULLY-DEPLETED CCD PHYSICS AND OPERATION
Figure 1 shows a cross-sectional diagram of the fully-depleted, back-illuminated CCD. A conventionally-processed,
three-phase CCD is fabricated on a high-resistivity, n-type silicon substrate. We have fabricated CCD’s on both
100 mm and 150 mm diameter high-resistivity silicon substrates. The resistivity of 100 mm wafers is as high as
10,000–12,000 ⌦-cm, while the initial work on 150 mm wafers has been on 4,000–8,000 ⌦-cm silicon.

The thickness of the CCD results in improved near-infrared sensitivity when compared to conventional thinned
CCD’s.1 This is due to the strong dependence of absorption length on wavelength at photon energies approaching
the silicon bandgap.4 Figure 2 shows measured quantum e�ciency (QE) versus wavelength for a fully-depleted,
back-illuminated CCD operated at �130�C. The QE is especially high at near-infrared wavelengths. The CCD
shown in Figure 2 has a two-layer anti-reflection (AR) coating tuned for good red response. It consists of 60 nm
of indium tin oxide (ITO) and 100 nm of silicon dioxide (SiO2).

Thick, fully-depleted CCD’s also greatly reduce the problem of “fringing” at near-infrared wavelengths.5
Fringing occurs when the absorption depth of the incident light exceeds the CCD thickness. Multiple reflections
result in fringing patterns that are especially a problem in 10–20 µm thick CCD’s used in spectrographs.

A unique feature of the CCD shown in Figure 1 is the use of a substrate bias to fully deplete the substrate.
For a thick CCD fabricated on high-resistivity silicon the channel potential is to first order independent of the
substrate bias.1 This is because for typical substrate thicknesses and doping densities considered here only
a small fraction of the electric field lines from the depleted channel terminate in the fully-depleted substrate.
Hence the vertical clock levels can be set to optimize operating features such as well capacity and CTE while
the substrate bias is used to deplete the substrate.

The substrate bias also plays a role in the point-spread function of the CCD. For light absorbed near the
back surface of the CCD the lateral charge spreading during transit of the photogenerated charges through the
fully-depleted substrate to the CCD collection wells is described by an rms standard deviation given by1, 6
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where k is Boltzmann’s constant, T is absolute temperature, q is the electron charge, y

D

is the thickness of
the depleted substrate, Vsub is the applied substrate bias voltage, and V

J

is an average potential near the
CCD potential wells due to the channel potentials. Vsub � V

J

is the voltage drop across the region where
the photogenerated holes are drifted by the electric field. This result is a simplified asymptotic form that is
independent of the substrate doping and is valid for high electric fields in the substrate. Therefore in this case
the PSF is directly proportional to y

D

,
p

T , and 1/
p

(Vsub � V

J

). The PSF for a CCD of this type can be
improved by reducing the substrate thickness and operating the CCD at high substrate bias. PSF measurements
are described in more detail in Section 5.
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4

9 keV event

Energy spread over 
many pixels due to 

charge diffusion
(~0.2 μm2/μm RMS)

x

y

Projection of 
electron track 

on the x-y 
CCD plane

260 keV deposited

18941894.518951895.518961896.51897
816

816.5

817

817.5

818

818.5

819

0 1 2 3 4 5 6 7 8 9 101 2 3 4 5 6 7 8 9 100

Energy measured by pixel / keV



5

1 CCD = 8 million pixels
6x3 cm2, 1g of Si
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SNOLAB installation
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Status
• Had trouble reading CCD #4.

• CCD #6 broke on Jan 15 (defect in Si lattice).

• In order turn off bias of CCD #6 had to also 
turn off CCD #5.

• Continued operating CCDs 1-3 and 7-8 
successfully.

• Good noise performance.

• Found unexpected background.
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Energy threshold
• DAMIC CCDs are operated at 130 K.

• The dark current is ~0.01 e-/pix/day.

• Low noise electronics allow for a read out noise 
~2 e- RMS = 7 eV (Gaussian white noise on the 
pixel values).

• Number of single pixel values above threshold due 
to noise is proportional to number of CCD reads.

• This sets the nominal 40 eVee threshold.
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Distribution of pixel values 
in an image
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MCNPX Simulation
• We have started a DAMIC simulation based on 

MCNPX.

• Given a particle source, we get energy deposits in 
a mesh the size of the CCD image.

• We also store the mean x, y and z positions of the 
deposits in the cell.

• We use this information with some noise + 
diffusion models to construct fake image.
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Energy spectrum
• We produced the following energy spectra 

by simply finding clusters of adjacent pixels 4 
σ above the noise.

• We excluded those clusters that were on the 
edge of the image.

• We excluded clusters >20% of pixels 
saturated the ADC (pixel with > 30 keVee).

• Same treatment to data and simulation.
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DAMIC spectrum
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DAMIC spectrum
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New AlN frame
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Outlook
• Will upgrade setup at SNOLAB in May with ~3 

new CCDs (grams).

• Residual background from ITO and AlN will be 
from the back and edges of the CCD, so 
fiducialization will decrease the background 
substantially.

• Will uncover spectrum <0.5 keVee down to ~0.1 
keV-1g-1d-1.

• ~10x improvement over NuMi measurement.
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The Future
• From first run at SNOLAB we have found no deal 

breakers for DAMIC.

• α contamination, if from the bulk, sets a worst 
case limiting background of 10-4 - 10-3 keV-1 g-1 d-1.

• We will aim for the use of thick, self-supporting 
CCDs for next version of DAMIC (~1 mm).

• Only high-resistivity Si with Kapton cables inside a 
Cu box. 

• With thicker, larger CCDs (~8 g each), we could fit 
~100 g of Si in current SNOLAB setup.
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Goal
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Achieve lowest possible 
background within Cu box

Remove surface events, i.e. 
fiducialize

Measure bulk, external γ-ray and neutron 
backgrounds by exploiting particle 
identification above tens of keV

Estimate background 
at low energies

Compare to observed 
spectrum

Remove non-physical events by 
patterns of charge on pixels

+ in-situ measurement of n 
background with 10B layer



Calibration program
• What is the best way to reject non-physical 

background and surface events and what is the 
efficiency?

• What is the exact size of the fully depleted Si 
region, i.e. the active target mass?

• How well can we discriminate electrons from 
recoils and down to what energy?

• What is the nuclear recoil energy scale?
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Calibration sources
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Spatial correlation in 55Fe
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Calibration of Er scale
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Conclusion
• No unsurmountable problem identified by running 

at SNOLAB. 

• Unforeseen U background in AlN.

• Will upgrade setup at SNOLAB in May to improve 
by ~x10 result from NuMi.

• Aiming for a 100 g setup with ~1mm thick CCDs 
with no AlN nor ITO (10-4 keV-1g-1d-1).

• Strong calibration program to take advantage of 
the low threshold and unique background 
characterization features of DAMIC.
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Thank you!
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