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• Dark matter direct detection

• Low mass WIMP controversy

• NaI results + prospects

• Ge results + prospects

• CDMS-Si results

• DAMIC

Overview
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Direct WIMP detection: principle

• Elastic collision with atomic nuclei in ultra-low background detectors

• Energy of recoiling nucleus: few keV to tens of keV

Goodman and Witten, PRD31, 1985

NN = number of target nuclei in a detector

ρ0 = local density of the dark matter in the Milky Way

f(v) = WIMP velocity distribution in lab frame

mW = WIMP-mass

σ =cross section for WIMP-nucleus elastic scattering

Particle+nuclear physics

Astrophysics

DM direct detection

Laura Baudis 
(TAUP2013)
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Direct Detection 
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Where Are We Now?
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CDMS II - Si Results

20Enectali Figueroa-Feliciano / Fermilab Seminar / 2013

CoGeNT H2013L
CRESST-II H2012L
DAMAêLIBRA H2008L
XENON100 H2012L
XENON10 S2 H2013L
EDELWEISS Low-threshold H2012L
CDMS II Ge H2010L
CDMS II Ge Low-threshold H2011L
90% Upper Limit, this data
90% Upper Limit CDMS II Si Combined
Best fit, this data
68% C.L., this data
90% C.L., this data

Profile Likelihood Confidence Intervals

• A profile likelihood analysis favors a WIMP
+background hypothesis over the known 
background estimate as the source of our 
signal at the 99.81% confidence level (~3σ, p-
value: 0.19%).

• The maximum likelihood occurs at a WIMP 
mass of 8.6 GeV/c2 and WIMP-nucleon cross 
section of 1.9x10-41cm2.

• We do not believe this result 
rises to the level of a 
discovery, but does call for 
further investigation.
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90% C.L., this data

- A profile likelihood analysis favors a 
WIMP+background hypothesis over 
the known background estimate as the 
source of our signal at the 99.81% C.L. 
(~3σ, p-value: 0.19%)

- Does not rise to level of discovery, but 
does call for further investigation.

- The maximum likelihood occurs at a 
WIMP mass of 8.6 GeV/c2 and WIMP-
nucleon cross section of 1.9 x 10-41.

- Three events observed in the signal 
region.

Billard - Mon. DM I

CDMSLite

MALBEK

Low mass WIMPs
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Why the controversy?
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Si
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CDMS-Si Experiments are 
sampling the tail of the 

recoil spectrum 

How precisely do we 
know the tail of the 

spectral shape?

Do we understand the 
detector backgrounds 

at these low rates?
Especially neutrons

How well do we know 
the threshold?

σ = 2 x 10-41 cm2

m = 8.6 GeV

7



Electric Field [V/cm]
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Simulation
Our Model

Standard Halo
Eddington (Isotropic)

Osipkov--Merritt

[Mao, Strigari, RW, Wu, Hahn, ApJ (2013)] 

New VDF Model

Risa Wechsler (TAUP2013) Comparisons 
between different 
targets is strongly 
dependent on the 

WIMP velocity 
distribution 

assumed

What is new?�

M. Bellis �
et al., �
in preparation.�
�
See also �
poster by �
M. Kos.�
�

slow (surface)�

fast (bulk) �

•  Detector recovered from 3 mo post-fire outage w/o 
significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

�

Regions selected for “toy” analysis�

S/B separation worsens 
close to threshold

Energy response of some 
detectors not well known
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• Astrophysical, experimental (esp. near threshold) 
and even nuclear uncertainties make 
comparisons between different targets very hard.

• Considering most recent experimental 
proposals, it seems that there is strong interest in 
performing experiments on the same target to 
check these signals.

• I will mention in some more detail the prospects 
for the investigation of signals in NaI, Ge and Si.

What to do?

9



DAMA/LIBRA
NaI scintillating 

crystals at Gran Sasso

Observe a highly significant (9 σ) annual modulation, 
consistent with the “model independent DM signal”
T = 0.999 ± 0.002 y and maximum ~ June 2nd ± 7 d

9/10/2013 - TAUP 2013 - Jodi Cooley

Signal Modulation

30

- As a result, the flux of WIMPs 
passing through Earth modulate 
over the course of a year as Earth 
rotates around the sun.

Baryons
orbit ‘together’
roughly circular orbits
small velocity dispersion

Halo DM
orbit ‘individually’
no circular preference
large velocity dispersion Vθ  (at out galactic radius)

220 km/s0 km/s

DM Stars

3.  Annual Modulation

- Baryons travel together in roughly 
circular orbits with small velocity 
dispersion

- Dark matter particles travel individually 
with no circular dependence and large 
velocity dispersion
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton × yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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Physics Implications 

 SABRE is expected to 

reach a high sensitivity 

to modulation by 

rejecting a large portion 

of  backgrounds. 

 Even a few 10 kg 

crystals can reach a 

sensitivity to the 

DAMA/LIBRA 

observed mass/cross-

section region in one 

year. Comparison of  DAMA spectrum with expected 

SABRE backgrounds for a 2 kg crystal 

14 Emily Shields, TAUP 2013 

NaI Crystal Module containing 
1-10 kg crystal and 2 phototubes

Liquid Scintillator Detector 
with 2 tons LAB, lined with 
reflector for simulated light 

yield of 200 p.e./MeV

SABRE

ANAIS-25 set-up 
Taking data at LSC since 

December 2012 
 

Same shielding and readout 
from ANAIS-0 

 
Main goals: determine 

potassium content and general 
performance asessment 
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ANAIS-25: Background Model 
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Our background model (without cosmogenic isotopes) 
reproduces nicely most of the low energy background 

HIGH 210Pb CONTENT IN THE BULK  
IS COMPATIBLE WITH LE DATA 
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First month data 
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CoGeNT
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CoGeNT
- Location:  Soudan 

Underground Laboratory, 
Minnesota, USA

- 440 g HPGe ionization 
spectrometer

- Data collection from Dec. 4, 
2009 - Mar. 6, 2011 (442 live 
days)

- Data collection interrupted due 
to fire.

- Data collection resumed July 
2011.

Collar - Mon. DM I

What is new?�

M. Bellis �
et al., �
in preparation.�
�
See also �
poster by �
M. Kos.�
�

slow (surface)�

fast (bulk) �

•  Detector recovered from 3 mo post-fire outage w/o 
significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

�

Regions selected for “toy” analysis�

0.44 kg Ge detector with 
0.5 keVee threshold

Separation between surface and 
bulk events by pulse right time

13

FIG. 22. Steps in the treatment of a low-energy CoGeNT
spectrum. a) Spectrum following data selection cuts (Sec.IV),
including 90% fast signal acceptance cuts from pulser calibra-
tions (dotted red line in figure 12) [4, 5]. This spectrum is
nominally composed by a majority of bulk events. Overim-
posed is the combined trigger and background cut efficiency.
This efficiency is derived from high-statistics pulser runs (fig-
ures 7 and 10), resulting in a negligible associated uncertainty.
b) Spectrum following this trigger plus cut efficiency correc-
tion. Overimposed is the residual surface event correction.
This correction and its associated uncertainty can be found
in figure 21. c) Spectrum following this surface event con-
tamination correction. Overimposed is the predicted cosmo-
genic background contribution, reduced by 10% as in [5]. The
modest uncertainties associated to this prediction, dominated
by present knowledge of L/K shell electron capture ratios,
are discussed in [5]. d) Irreducible spectrum of bulk events,
now devoid of surface and cosmogenic contaminations [28, 31].
Overimposed is the expected signal from a mχ = 8.2 GeV/c2,
σSI = 2.2 × 10−41 cm2 WIMP, corresponding to the best-fit
to a possible nuclear recoil excess in CDMS germanium de-
tector data [30]. A bump-like feature around 0.95 keVee is
absent in the alternative UW analysis shown in figure 15 and
is therefore likely merely a fluctuation.

V. BACKGROUND STUDIES

The present understanding of backgrounds affect-
ing the CoGeNT detector at SUL is described in this
section, including contributions from neutrons, both

FIG. 23. Irreducible spectrum of bulk events (points) showing
cumulative uncertainties from the corrective steps discussed
in figure 22. The simulated total background spectrum from
Sec.V is shown as a histogram, scaled to the larger expo-
sure in this figure, and corrected for the combined trigger and
background cut efficiency.

muon-induced and also for those arising from natu-
ral radioactivity in the SUL cavern. Early calcula-
tions for these made use of MCNP-Polimi [19] sim-
ulations, NJOY-generated germanium cross-section li-
braries, muon-induced neutron yields and emission spec-
tra exclusively from the (dominant) lead-shielding target
as in [39, 40], and SUL cavern neutron fluxes from [41].
These are shown in figure 25. Fair agreement (better
than 50% overall) was found between these and subse-
quent GEANT [42] simulations, which however include
muon-induced neutron production in the full shield as-
sembly and cavern walls, and are able to track the (sub-
dominant) electromagnetic component from muon inter-
actions. The rest of this chapter describes these more
comprehensive GEANT simulations.

A. Neutrons

1. Muon-Induced Neutrons

The muon-induced neutron background can be broken
up into two components: those produced by muon in-
teractions in the cavern walls, and those generated by
interactions in the CoGeNT shielding materials. The
energy spectrum of external (µ,n) cavern neutrons was
taken from [43]. Figure 26 shows the fraction of these
neutrons making it through the shielding and depositing
energy in the germanium detector, as a function of inci-
dent neutron energy. The same figure shows the input
neutron energy distribution taken from [43] in units of
neutrons / µ / MeV. Convolving the two distributions,
taking into account the muon flux at SUL, and integrat-
ing over all neutron energies gives an upper limit of 1.4
external muon-induced neutrons depositing energy in the

Significant excess at 
low energies may be 
interpreted as recoil 
events from WIMPs

Bulk events

Est. background
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Juan Collar (TAUP2013)

What is new?�
•  Detector recovered from 3 mo post-fire outage w/o 

significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

•  Paper under review, preprint to appear soon. Data to 
be released in energy, time-stamp, and rise-time 
format. A straightforward analysis indicates a 
persistent annual modulation exclusively at low energy 
and for bulk events. Best-fit phase consistent with 
DAMA/LIBRA (small offset may be meaningful). Similar 
best-fit parameters to 15 mo dataset, but with much 
better bulk/surface separation (~90% SA for~90% BR)�

•  Unoptimized frequentist analysis yields ~2.2σ 
preference over null hypothesis. This however does not 
take into account the possible relevance of the 
modulation amplitude found…�

•  Modulation amplitude is 4-7 times larger than that 
predicted by the SHM. Finding an absence of  
modulation would have severely constrained non-
standard halo models as explanations for DAMA/LIBRA. �

�

�

Dotted: free T�
Solid: T= 365 d�
�
�
See also �
poster by M. Kos.�
�

Additional �
four months of �
unanalyzed 
data acquired�
(run is still 
ongoing)�
�

2.0-4.5 keVee BULK

2.0-4.5 keVee SURFACE
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What is new?�
•  Detector recovered from 3 mo post-fire outage w/o 

significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

•  Paper under review, preprint to appear soon. Data to 
be released in energy, time-stamp, and rise-time 
format. A straightforward analysis indicates a 
persistent annual modulation exclusively at low energy 
and for bulk events. Best-fit phase consistent with 
DAMA/LIBRA (small offset may be meaningful). Similar 
best-fit parameters to 15 mo dataset, but with much 
better bulk/surface separation (~90% SA for~90% BR)�

•  Unoptimized frequentist analysis yields ~2.2σ 
preference over null hypothesis. This however does not 
take into account the possible relevance of the 
modulation amplitude found…�

•  Modulation amplitude is 4-7 times larger than that 
predicted by the SHM. Finding an absence of  
modulation would have severely constrained non-
standard halo models as explanations for DAMA/LIBRA. �

�

�

Dotted: free T �
Solid: T= 365 d�
�
�
See also �
poster by M. Kos.�
�

Additional �
four months of �
unanalyzed 
data acquired�
(run is still 
ongoing)�
�

What is new?�
•  Detector recovered from 3 mo post-fire outage w/o 

significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

•  Paper under review, preprint to appear soon. Data to 
be released in energy, time-stamp, and rise-time 
format. A straightforward analysis indicates a 
persistent annual modulation exclusively at low energy 
and for bulk events. Best-fit phase consistent with 
DAMA/LIBRA (small offset may be meaningful). Similar 
best-fit parameters to 15 mo dataset, but with much 
better bulk/surface separation (~90% SA for~90% BR)�

�

�

Dotted: free T �
Solid: T= 365 d�
�
�
See also �
poster by M. Kos.�
�

Additional �
four months of �
unanalyzed 
data acquired�
(run is still 
ongoing)�
�

0.5-2.0 keVee BULK

0.5-2.0 keVee SURFACE

“2.2 σ preference for modulation over null-hypothesis”

What is new?�
•  Detector recovered from 3 mo post-fire outage w/o 

significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

•  Paper under review, preprint to appear soon. Data to 
be released in energy, time-stamp, and rise-time 
format. A straightforward analysis indicates a 
persistent annual modulation exclusively at low energy 
and for bulk events. Best-fit phase consistent with 
DAMA/LIBRA (small offset may be meaningful). Similar 
best-fit parameters to 15 mo dataset, but with much 
better bulk/surface separation (~90% SA for~90% BR)�

�

�

Dotted: free T�
Solid: T= 365 d�
�
�
See also �
poster by M. Kos.�
�

Additional �
four months of �
unanalyzed 
data acquired�
(run is still 
ongoing)�
�

0.5-2.0 keVee BULK
(L-shell correction)

“Straightforward analysis with 
bulk/surface separation (~90% 

SA for ~90% BR) from rise time”
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wpar vs energy for 221 days of data

25

slow event cut that is constant in wpar

this cut results in a reduced slow pulse 
contribution in the signal region

68Ge55Fe

68Ge

65Zn

221 day spectrum after constant 
wpar = 25 cut and efficiency correction

26

68Ge
55Fe49V

68Ga
65Zn 68Ge

65Zn

90% exclusions from 221 day dataset

28

Preliminary

Graham Giovanetti (TAUP2013)

Direct test for the 
CoGeNT low E 
excess at KURF 
with 450 g BEGe

Bulk

Surface

CoGeNT

MALBEK
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Jeter Hall (TAUP2013)
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CDMSlite – total efficiency 

!   Total exposure is 5.9 kg 
day 

September 11, 2013 CDMSlite - Jeter Hall - TAUP 2013 

The%combined%acceptance%of%the%event%selec3on%cuts%is%
~100%%for%energies%above%170%eVee%(shown%in%inset).%
The%drop%in%acceptance%at%low%energies%is%due%to%the%
hardware%trigger.%
%

The%spectrum%shows%features%at%10.36%keV%and%1.3%keV%
due%to%K?%and%L?%shell%electron%captures%in%71Ge.%%The%
energy%resolu3on%of%the%1.3%keV%line%is%43%eV%(1σ).%
%
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CDMSlite – final spectrum 

September 11, 2013 CDMSlite - Jeter Hall - TAUP 2013 
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← NR threshold

CDMS-Si: m = 8.6 GeV/c2, σSI = 1.9 ×10−41 cm2

CoGeNT: m = 8.2 GeV/c2, σSI = 3.2 ×10−41 cm2
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CDMSlite – yield systematic 

September 11, 2013 CDMSlite - Jeter Hall - TAUP 2013 
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20 

Neganov-Luke amplification 
allows to measure ionization 

through phonon channel.

One detector for two weeks, 
5.9 kg day final exposure.

CDMSLite

15



Near-future Ge 
results

• Ongoing analysis of 1.5 y of Super CDMS-
Soudan data. May see results in the next 
months. e-/NR discrimination, how much lower 
threshold?

• TEXONO and CDEX will continue their DM 
search with PPC Ge detectors at CJPL.

• We may have some more information on this 
soon...
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CDMSII ZIP detectors

76

Figure 3.2: Schematic sensor configuration of a ZIP detector, showing four phonon sensor
quadrants on the top face and two concentric charge electrodes on the bottom. Detector
edge flats are also shown.

composed of 1036 tungsten transition-edge sensors (TESs) wired in parallel and fed by an

array of aluminum quasiparticle traps. The charge and phonon sensors are described in

more detail in Sections 3.2 and 3.3, respectively.

3.2 Ionization

The ionization readout is perhaps the most familiar element of the ZIP detector.

The basic principle is essentially that of a standard Si particle tracker or high-purity Ge

detector [164]: electrons and holes generated along a particle track are drifted to collection

electrodes using an electric field. The very unusual operating regime of a ZIP – millikelvin

temperatures and V/cm electric fields – leads to significant subtleties, however. Below I

review the fundamentals of this process, referring the reader to the dissertations of Tom

Shutt [165] and Sunil Golwala [166] for further details.

3.2.1 Carrier generation

A particle interacting in a semiconductor lattice can transfer a portion of its de-

posited energy to the electronic system of the crystal. If the energy deposited is much

greater than the semiconductor’s band gap (generally � O(1) eV), the particle can liberate

valence electrons from their bound states into the conduction band. These primary elec-

trons may be su�ciently high in momentum to liberate other electrons, producing a cascade

of charge carriers as the energy of the primaries dissipates into the crystal. The process

culminates in a population of lower-momentum electrons and holes in the vicinity of the

particle track.
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(each is 1036 TES 
sensors in parallel) 

 inner  sensor 
+  

outer guard   
• Z-sensitive Ionization and Phonon mediated
• Measure both charge and phonon energy
• Photolithographically patterned to collect 

athermal phonons and ionization signals
• Direct xy-position imaging
• Surface (z) event rejection from pulse shapes 

and timing

5Julien Billard (MIT) - TAUP2013

240 g Ge or 106 g Si crystals 
(1 cm thick, 7.5 cm diameter)

CDMS II (Ge+Si)

• 4.6 kg Ge (19 x 240 g)

• 1.2 kg Si (11 x 106g)

• 35% NR acceptance

CDMS II Silicon: Final analysis

4

Blind analysis of 140 kg-days of 
Si data (8 detectors)
July 2007- September 2008

Julien Billard (MIT) - TAUP2013

CDMS II (Ge+Si)

• 4.6 kg Ge (19 x 240 g)

• 1.2 kg Si (11 x 106g)

• 35% NR acceptance

CDMS II Silicon: Final analysis

4

Blind analysis of 140 kg-days of 
Si data (8 detectors)
July 2007- September 2008

Julien Billard (MIT) - TAUP2013

In Soudan

Julien Billard (TAUP2013)

CDMS-Si
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Neutrons
Surface Events

Julien Billard (MIT) - TAUP2013

Ba-133

Cf-252

(Cf-252)

(Ba-133)

(Ba-133)

Y = E_charge/E_recoil

pre-unblinding leakage estimate of 0.47

Julien Billard (TAUP2013)18
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Three events!
Shades of blue indicate the three separate timing cut energy ranges.

Neutrons 
from 252Cf

Julien Billard (MIT) - TAUP2013

Candidate 1
Candidate 2
Candidate 3

Julien Billard (TAUP2013)

Events with 7-10 keVr

0.4 ± 0.3 expected

•  The maximum likelihood occurs at 
a WIMP mass of 8.6 GeV/c2 and 
WIMP-nucleon cross section of 
1.9x10-41cm2

Profile Likelihood analysis

11

R. Agnese et al., arXiv:1304.4279

•  Probability of observing 3 or more 
events from background fluctuations 
is equal to 5.4%

•  Goodness of fit of the WIMP
+Background model is 68.6%

•  A profile likelihood ratio test 
statistic favors the WIMP
+Background hypothesis over the 
background only at 99.81% C.L.

We do not believe this result rises to the level of a discovery, but does call for further investigation.

Julien Billard (MIT) - TAUP2013
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DAMIC
• Use the Si in a CCD bulk as a WIMP target.

• Very good ionization detector.

• Low electronic read out noise (~2 e- = 7 eV RMS) allows for 
a low energy threshold.

• Position reconstruction.

• Good characterization and estimation of backgrounds.

• Aim to build a detector large enough to explore CDMS-Si 
result (~0.1 kg) in a ~1 year timescale.

• Fermilab, U Chicago, U Zurich, Michigan, UNAM, FIUNA, 
CAB.
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DAMIC100

In-situ neutron background measurement with 10B layer

Will install 2 500 μm thick CCDs this fall in SNOLAB.
DAMIC100 to be deployed in current Cu vessel + 

shield in Spring 2014.

15 CCDs
~100 g

16 Mpixel
CCD 6 cm

6 cm

650 μm thick

Cable

Si support

~20 racetracks 
printed on support
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Conclusion

28

• We may be able to find direct evidence for DM in 
underground laboratories.

• Some experiments have seen an excess of events / 
annual modulation that could be attribute to <10 
GeV WIMPs.

• Comparison between results in different targets is 
hard.

• The DM experimental community has proposed 
several projects to check these signals.

• DAMIC will test the CDMS-Si signal.



Backup Slides
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Fig. 2. Production of polysilicon by chemical vapour technique. 

insufficient for detector grade material. Therefore, addi- 
tional efforts concerning the forementioned distillation 
and deposition are necessary to lower the impurity 
level; in particular boron, which does not segregate 
during crystal growth. 

Table 2 
Typical analysis results of electronic-grade polysilicon (NAA 
and IR at RT) [4]. 

Element Atoms/cm 3 
Carbon < 2.0 x 1016 1) 
Oxygen < 1.0 3< 1016 1) 
Boron ~< 5.0 x 1012 
Phosphorus ~< 1.5 )< 1013 
Arsenic < 3.5 × 10 l° z) 
Antimony 4.0 x 101° 
Titanium < 2.5 x 1013 2) 
Chromium < 1.0x 1011 2) 
Iron 4.0 X 1012 
Cobalt 9.0 x 10 l° 
Nickel 7.5 × 1012 
Copper 5.0 X 1012 
Zinc 5.0 × 1012 
Molybdenum 1.5 × I0 n 
Tungsten 1.0 x 1012 
Silver 4.0 x 101° 
Gold < 3.0x 10 s 2) 

1) IR at RT after one float-zone pass. 
2) Below detection limit (NAA). 

Fig. 3. Single crystal growth by the Czochralsky technique. 

3.2. Monocrystals and zone-refining 

Dislocation free crystals are grown either by the 
Czochralski or by the floating zone technique (figs. 3 
and 4). In the first case, the silicon is melted in a quartz 
crucible by graphite resistance heaters. Crystal growth is 
initiated at the free melt surface by dipping a small-di- 
ameter seed crystal into the liquid. By moving it up- 
wards, silicon solidifies on the seed. Temperature and 
pulling speed are adjusted to first neck the crystal 
diameter down to several millimetres, which eliminates 
the dislocations generated by the seed /mel t  contact 
shock and then to widen the crystal to full diameter. 

In the floating zone technique, a molten zone sus- 
pended between the melting interface of a poly feed rod 
and the freezing interface of the single crystal is moved 
upwards [5,6]. 

Dislocation free growth is initiated in the same way 
as before, except that, roughly speaking, everything is 
upside down. The use of induction heating by a RF coil 
avoids any contact with foreign material. For crystals 
with small diameter, the inner diameter of the induction 
coil is larger than the crystal diameter, so that the coild 
can be moved freely up and down the rod. 

This has the advantage that multiple zone refining, 
which is necessary for detector-grade material, can be 
performed without opening the growth chamber. For 
larger crystals this is not possible, as the induction coil 
would have to be dismounted after every single pass. 

...       negligible 14C, etc.
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Calibration of Er scale
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SNOLAB data

Energy / keV
5 10 15 20 25 30

-1
 d

-1
 g

-1
Di

ff
er

en
ti

al
 r

at
e 

/ 
ke

V

0

20

40

60

80

100
Full AlN

Frame AlN
Simulation

Raw spectrum from CCDs at SNOLAB

Energy / keV
50 100 150 200 250 300 350 400 450

-1
 d

-1
 g

-1
Di
ff
er
en
ti
al
 r
at
e 
/ 
ke
V

0

1

2

3

4

5

6

7

8

9

10
Raw spectrum from CCDs at SNOLAB

Full AlN
Frame AlN
Simulation

Energy / keV
5 10 15 20 25 30

-1
 d

-1
 g

-1
Di

ff
er

en
ti

al
 r

at
e 

/ 
ke

V

0

20

40

60

80

100
Full AlN

Frame AlN
Simulation

Raw spectrum from CCDs at SNOLAB

Th and
Pa X-rays

231Th γ
Cu Kα

MI bump
(~MeV β)

few Bq kg-1 of U 
simulated in AlN

Energy / eV
-200 0 200 400 600 800 1000

1

10

210

3
10

410

510

Pixel values in low threshold image

120-120 0 240 360 480 600
Energy / eV

-200 0 200 400 600 800 1000

1

10

210

3
10

410

510

Pixel values in low threshold image

Gaussian fit:
9 eV RMS noise

Pixels with 
collected charge

2 CCDs with full AlN 
and 2 with frame AlN

1g, 8 Mpixel CCDs
6 cm x 3 cm x 250 μm

~50 days of data

32



Minimum -log-likelihood
100 120 140 160 180 200 220 240 260 280 300
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

 fits to clustersσMinimum -LL from 

CCD1

CCD3

Minimum -log-likelihood
100 120 140 160 180 200 220 240 260 280 300
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

 fits to clustersσMinimum -LL from 

CCD1

CCD3

Reconstructed E / keV
0 1 2 3 4 5 6 7 8 9 10

σ
B
e
s
t
-
f
i
t
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 vs E for frame CCDsσ

CCD5

CCD6Back

Front

Cu Kα

Exclude read-out noise

Select bulk events

Reconstructed E / keV
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

N
u
m
b
e
r
 
o
f
 
p
i
x
e
l
s
 
i
n
 
c
l
u
s
t
e
r

2

4

6

8

10

1

10

210

310

410

N Pixels vs E for low threshold data

Physical

Noise

Thr
es

ho
ld

Data
selection

33



Energy / keV
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

L
e
a
k
a
g
e

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

Front

Back

Fraction of surface events that pass cuts

Low threshold data

Reconstructed energy / keV
0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24

-
1

E
v
e
n
t
 
/
 
(
1
0
 
e
V
)

0

0.2

0.4

0.6

0.8

1

Candidate energy distribution

From simulation on 
SNOLAB blanks and data 

from 252Cf source

Energy / keV
0 0.05 0.1 0.15 0.2 0.25

A
c
c
e
p
t
a
n
c
e

0

0.2

0.4

0.6

0.8

1

Acceptance for low thershold data

After threshold

After fiducial cuts

threshold

50% at 0.1 keVee

200 read-outs 
(every 2.8 h)

24 g d exposure
34



Full data
2 frame CCDs (2g)

x / pixels

2400 2600 2800 3000 3200 3400 3600 3800 4000

y
 
/
 
p
i
x
e
l
s

0

500

1000

1500

2000

2500

3000

3500

4000

Candidates <7 keV x5 5ks
Spatial distribution of final 

candidates <7 keV

40 days 0.3 keV threshold
12 days 0.1 keV threshold

Fiducial cut (~35% acceptance)

Reconstructed energy / keV
1 2 3 4 5 6 7 8 9 10

-
1

 
d

-
1

 
g

-
1

D
i
f
f
e
r
e
n
t
i
a
l
 
r
a
t
e
 
/
 
k
e
V

0

2

4

6

8

10

12

14

 / ndf 2χ  51.52 / 63

Prob   0.8489

Best-fit rate  0.0470± 0.4921 

Differential spectrum after cuts

0.5 keV-1 g-1 d-1 
down to 0.1 keVee

Cu Kα

35



Spatial correlation in 55Fe
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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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DAMIC full AlN spectrum
 / ndf 2χ  1.203e+04 / 7894

Prob       0

U238      0.058± 1.295 

U235      0.014± 0.232 

Sr90b     0.028± 1.404 

Sr90p     0.0142± 0.2729 

Ra228     0.057± 1.437 

Ra226     0.834± 3.967 

Energy / keV
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 / ndf 2χ  1.203e+04 / 7894

Prob       0

U238      0.058± 1.295 

U235      0.014± 0.232 

Sr90b     0.028± 1.404 

Sr90p     0.0142± 0.2729 

Ra228     0.057± 1.437 

Ra226     0.834± 3.967 

x2 and x3 for runs 1688 - 1843

Energy / keV
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x2 and x3 for runs 1688 - 1843

37.2 CCD days
X-rays

MI bump
(~MeV β)

Best fit spectrum 
to top-of-the-

chain 238U + 235U 
simulated in AlN

235U 330 ± 30
238U 4110 ± 530
226Ra 42 ± 9
232Th 32 ± 8

mBq / kg

ppb levels}

SNOLAB γ-ray 
measurement 

of AlN
U is very dim in γ 
but very bright in 

X-rays.
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n backgrounds
Source

Collisions in 5 g x 
1000 days Ref

μ in Shield <0.1
BX

ZEPLIN

Norite rock <0.001 COUPP

(α,n) in shield <0.1 ZEPLIN

COUPP-4 was “dirty” (4 kg of borosilicate glass with 
ppm of U, piezoelectric transducers next to active 

volume) and it saw ~0.25 bubbles kg-1d-1.
Even that level not a problem for us.
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Copper	  boxCold	  Head

Electronic	  Board

CCD	  box

Lead	  box

Air

Polyethylene

Lead

Air

Geometry
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Contamination

Cell Material Mass 238U 232Th 40K 210Pb 60Co Ref

Electronic 
Card

Teflon/PCB 105 g 100 mBq 3 mBq 35 mBq - -
GERDA 

PZ0

Cold head Iron/Steel 4.5 kg 1 ppb 5 ppb 0.3 ppm -
25 

mBq / kg
ILIAS
BX

Pb block 
above

Pb 50.7 kg 10 ppt 10 ppt 5 ppb 20 Bq/kg -
EXO

DoeRun

Copper 
vessel

Cu 29.5 kg 10 ppt 10 ppt 5 ppb -
0.6 

mBq / kg
EXO, DS
ZEPLIN

Pb shield Pb 4.94 ton 10 ppt 10 ppt 5 ppb 20 Bq/kg -
EXO

DoeRun

Poly shield (C2H4)n 4.57 ton 5 ppb 5 ppb 5 ppm - - ILIAS

Black - upper limits Blue - characteristic values
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Cell Material Mass 238U 232Th 40K 210Pb 60Co Ref

Electronic 
Card

Teflon/PCB 105 g <0.26 0.005 <0.09 - -
GERDA 

PZ0

Cold head Iron/Steel 4.5 kg <0.14 0.078 0.11 - <0.29
ILIAS
BX

Pb block 
above

Pb 50.7 kg 20.3 4.44 2.65 21.2 -
EXO

DoeRun

Copper 
vessel

Cu 29.5 kg 64.8 14.7 8.34 - 291
EXO, DS
ZEPLIN

Pb shield Pb 4.94 ton 120.6 26.16 15.84 129.8 -
EXO

DoeRun

Poly shield (C2H4)n 4.57 ton 0.74 0.95 <0.6 - - ILIAS

Rock Norite a lot 3.63.63.63.63.6 COUPP

Number of collisions from γs in a 5 g of Si in 1000 days

Shielding good enough so that the main background 
contribution is from the shielding itself.
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Thermal neutron capture
28Si + n 29Si + γ

Nucleus recoils
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CCD activation at a 
proton beam

Long lived 
EC isotopes

Activation 
of a 

fraction of 
a Bq

(7Be and 
22Na)

γ-ray may 
be used 

to 
precisely 
measure 
activation

K-shell 
line near 
threshold

Shift in line 
due to A 

recoil

2

Isotope Half-life Si(p,x) Activation EC prob. E� EK �K ER �E

days mb Bq g�1 (1010 p cm�2)�1 keV eV eV eV eV
7Be 53.12 3.2 0.103 1.000 477.6 55 7 57 + 0 10
22Na 950.3 15.8 0.029 0.097 1275 870 28 60 + 40 14

TABLE I: Relevant parameters for EC capture isotopes that will remain with significant activity in the Si a few days after
irradiation. The third column is the cross-section for the production of these isotopes in natural Si [3] assuming the Warrenville
proton beam energy (Ep = 230MeV). The fourth column is the isotope activation per proton fluence. E� is the energy of the
dominant �-ray emitted in the decay of the isotope, which will allow an independent determination of the activity in the Si.
The electron capture probability (as opposed to �

+ decay) is given in the seventh column. EK is the electronic energy released
by the filling of the K-shell vacancy after EC. �K is the expected width of the K-shell line. ER is the nuclear recoil energy
after EC decay, considering both the recoils from the ⌫ emission + the �-ray emission. �E is the expected shift in the K-shell
line due to the nuclear recoil, estimated using the ionization e�ciency given by the Lindhard theory curve in Fig. 2.

We have considered the use of the Warrenville proton beam (Ep = 230MeV) for such task. In Table I we present
the relevant parameters for the two EC isotopes that can be activated at high enough rates and whose half-lives
are longer than one day. The other four isotopes that may be activated and could lead to a residual contamination
in the Si are 3H, 10Be, 14C and 26Al, with the last three having long enough half-lives such that their background
contribution is expected to be negligible. The tritium contamination will produce a continuous �� background under
the K-shell lines and, unless its decay rate is orders of magnitude higher than those of 7Be and 22Na, it should pose
no threat for the calibration.

Lest irradiation may cause significant damage to the CCD, we aim to expose it to the smallest possible proton
fluence. For this we consider the radioactive background below 1 keVee observed by DAMIC running at Fermilab:
2.7 ⇥ 10�6 eV�1 g�1 s�1. A total 22Na decay rate of 0.029Bq g�1 should lead to a EC signal of 2.8 ⇥ 10�3 g�1 s�1,
about ten times larger than the continuous background under the K-shell peak. This can be obtained with a proton
fluence of 1010 cm�2 and leads to a significant 7Be decay rate (Table I).

Fortunately, the performance of a thick, fully-depleted p-channel CCD after being exposed to 1010 cm�2 12.5MeV
protons has already been studied [5]. The charge transfer e�ciency (CTE) during read out is only slightly a↵ected.
This is attributed to non-ionizing energy losses (NIEL), which are slightly smaller at Ep = 230MeV. Therefore,
losses in CTE are not expected to be significant. Likewise, the density of “hot pixels” is very small, even at
2⇥ 1010 protons cm�2 only 3.1⇥ 10�5 of the pixels have > 500 e

� in a 10min exposure.

The most worrisome e↵ect is the overall increase in the dark current (DC), which may be as high as a few hundred
e

� pix�1 h�1 weeks after the exposure. In order to observe the K-shell line following 7Be EC, the threshold must
not be much higher than that of an unexposed DAMIC CCD. Two months after a 1010 protons cm�2 exposure to a
12.5MeV beam we expect the DC to have decayed close to its asymptotic value of 60 e� pix�1 h�1. If the increase in
DC is due to the ionizing radiation in the CCD, as suggested in [5], then our situation might be much better with
Ep = 230MeV. The electronic stopping power at 230MeV is ten times lower than at 12.5MeV and therefore, ten
times less ionizing radiation will be produced in the CCD for the same fluence.

In Fig. 1 we show the expected spectrum for the irradiated CCD assuming both 60 e� pix�1 h�1 of DC, as for the
results in [5], and the expectation for 6 e� pix�1 h�1, which is the case where the DC is proportional to the ionizing
radiation. Only for the latter situation should we expect to clearly identify the K-shell line from 7Be EC, while in
both cases the 22Na EC line should be clearly observable.

IV. OUTLOOK

With the likely observation of the K-shell lines from 7Be and 22Na EC, we will be able to confirm the sensitivity
of the DAMIC CCDs to sub-keV energy depositions. By measuring the mean value of the lines we can check the
consistency of our models of electron and nuclear recoil ionization e�ciencies (Fig. 2). Furthermore, the measurement
of the K-shell line shape from 7Be EC, arising from the detection of < 20 e�, will provide important information
about the underlying physical ionization process and the detector’s energy response, whose understanding near
threshold is crucial for evaluating the sensitivity of DAMIC to WIMP interactions.

For 230 MeV 
p beam
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FIG. 2: Picture of a exposure of the DECam CCD to cos-
mic rays. Muons, electrons and low energy photons can be
distinguished by their signatures on the CCD [8]

produce in the CCD [8]. Figure 2 shows the di↵erence
among the limited di↵usion hits (poinlike events), tracks
due to muons, and worms produced by electrons.

When a heavy ionizing particle strikes the detector it
creates a dense column of electron-hole pairs, which will
be considered as plasma if the Debye length is small com-
pared with the column dimensions [9]. In this work we
study tracks from 5.5 MeV ↵-particles produced in an
241Am source. For these ↵-particles it has been shown
that the charge cloud satisfies the plasma condition (the
Debye length for the charge column is ⇠0.03 µm which
is much smaller than the initial radius of the charge col-
umn ⇠1µm [10]). When the plasma condition is reached
there are three e↵ects that undermine the charge density,
namely: i) erosion on the edges of the charge cloud by
the presence of the external field, ii) ambipolar di↵usion
towards the gates of the charges inside the column, and
iii) charge recombination inside the plasma column. The
lateral size of the charge distribution measured in a pixe-
lated detector will depend on these e↵ects, together with
the charge di↵usion. Physical models of this process have
been presented in [10, 11].

The electric field created by the external voltage can-
not penetrate the high density cloud of electron-hole pairs
formed inside the plasma column, and the carriers will
di↵use laterally towards regions of lower charge concen-
tration in the silicon. This process contributes to lateral
charge di↵usion increasing the size of the reconstructed
charge clusters. Previous work [10] measured this size
using an 241Am ↵ source, showing that the sizes of the
clusters increase monotonically with the energy. In this
work the measurement is extended to lower energies.

For this study two di↵erent regions were defined ac-
cording to the energy of the ↵-particles hitting the de-
tectors.

For the high energy region, the CCD was expose to
a 0.1 µCi 241Am source for few hours, obtaining images
like the one shown in Fig 3. The corresponding energy
spectrum is shown in Fig. 4, where the 5.5 MeV peak
from the 241Am can easily be distinguish from gamma

FIG. 3: Image obtained by the CCD when exposed to 241Am
source
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FIG. 4: Energy measured by the CCD when is exposed to a
241Am source. It can be noted the two di↵erent range in the
energy of the particles detected, making a clear distinction
among ↵ particles and photons.

signals.
Low energy ↵-particles were obtained through a

nuclear reaction of the type (n, ↵). A 5 µm thick
10B layer was placed 3mm away from the CCD, and
irradiated with a 252Cf neutron source. The nuclear
reactions (with their respective probabilities) inside the
borated layer are:

n + 10B ! 7Li* (1.015MeV) + ↵ (1.777MeV) ! 6%

n + 10B ! 7Li* (840 keV) + ↵ (1.470MeV) !94%

The particles created in this way will reach the CCD
with di↵erent energies after leaving the boron layer,
where they deposit part of their original energy.
Fig. 5 shows the results obtained when the data from

the two setups described above are put together. The
red points represent events obtained with the high energy

αs from 241Am source
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Lowering the noise: Low Frequency Noise Reduction

There is some low frequency tendency that has a significant
e↵ect in the pixel error.

This slow variation are estimated for each pixel using Least
Square Fitting.
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Lowering the noise: Low Frequency Noise Reduction
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Lowering the noise: Skipper CCD

Main di↵erence: the CCD allows multiple sampling of the
same pixel without corrupting the charge packet.

The final pixel value is the average of the samples
Pixel value = 1

N⌃
N
i (pixel sample)i
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