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dark matter interactions, axions, and electromagnetic
interactions.12–15

The CDMS technology senses both athermal phonons
and ionization in Ge and Si crystals operated at !50 mK. The
low energy per excitation quantum in both ionization and
phonons extends sensitivity to low-mass WIMPs.16–18 The
nuclear recoils expected from WIMP interactions can be rec-
ognized through the measurement of the ionization yield,
defined as the ratio of the measured ionization signal to the
total recoil energy. Separation between electron and nuclear
recoils results in less than 1 electron recoil leaking into the
nuclear band out of 1.7" 106 in the bulk volume of the detec-
tors as measured by 133Ba calibration runs for recoil energies
above 8 keVr, where the “r” refers to the true recoil energy.
Surface events taking place within a few tens of micrometers
from the faces of the crystal, and events taking place in the
outer radial portions of the detectors, can suffer from reduced
ionization collection. These events thus have significantly
degraded separation of electron and nuclear recoils.

In order to reduce these dominant backgrounds for
future experiments such as the 200 kg Ge SuperCDMS pro-
ject planned for the SNOLAB laboratory, we have developed
a new interleaved technology (iZIP),19,20 which benefited
from the EDELWEISS collaboration’s experience.21 These
detectors have interleaved ionization and grounded phonon
electrodes on both of the crystal faces, with a þ2 V bias
applied to the top ionization electrodes and $2 V applied to
the bottom. The ionization measurement is made by drifting
the electron-hole pairs to electrodes on the crystal surface in
a weak electric field (!0.5 V/cm). The phonon measurement
utilizes the advanced athermal phonon sensor technology
developed for CDMS II.22 Athermal phonons propagating in
the crystal interact with superconducting Al electrodes at the
crystal surface, breaking Cooper pairs to form quasiparticles
in the Al electrode. Diffusion of quasiparticles to a tungsten
“Transition Edge Sensor” (TES) increases the temperature
and resistance of the TES, which is operated in the transition
region between the superconducting and normal states. The
change in TES resistance under voltage bias is detected as a
change in current using SQUID amplifiers.

Figure 1(a) shows the electrode layout in use for
SuperCDMS at the Soudan Underground Laboratory. A
detail of the resultant electric field near the surface of the Ge

detector is shown in Fig. 1(b), from which one may see that
energy deposited deeper than !1 mm will liberate charges
that drift to both faces of the crystal, whereas events near
one surface will generate a charge signal read out only on
that surface. This asymmetry in charge collection signifi-
cantly improves the ability of iZIP detectors to identify
recoils that occur near the detector surface. Furthermore, the
increased electric field near the surface improves charge col-
lection for all surface events.

In addition to the interleaved electrode structure’s rejec-
tion of near-surface events, the outermost ionization bias elec-
trodes are instrumented as a veto guard ring. An outer phonon
channel enables estimation of event radial position, providing
rejection of perimeter background events to lower recoil ener-
gies (!1 keV) than was possible in CDMS II. Such features of
iZIP prototypes were studied extensively at the surface UC
Berkeley (UCB) test facility.20 The UCB studies yielded
promising background rejection, but were limited by cosmo-
genic neutron background in the WIMP signal region. In order
to measure directly the background rejection for these events,
210Pb sources were installed in the Soudan Underground
Laboratory experiment facing two detectors T3Z1(T3Z3),
with the source facing the þ2 V($2 V) electrode. These sour-
ces were fabricated by the Stanford group23 using silicon
wafers sealed in an aluminum box for 12 days with a 5 kBq
226Ra source producing 222Rn gas. The silicon wafers were
then etched with a standard wafer cleaning procedure and
calibrated with an XIA ultra-low background alpha counter.24

The two deployed sources are nearly uniformly implanted
with 210Pb to a depth of !58 nm and, by the decay chain25,26

FIG. 1. (a) Phonon and ionization sensor layout for iZIP detectors deployed at Soudan. The Ge crystal is 76 mm in diameter and 25 mm thick. Both faces are
instrumented with ionization lines (one face with þ2 V and the other with $2 V) that are interleaved with phonon sensors (0 V) on a !1 mm pitch. The phonon
sensors are arranged to give 4 phonon readout channels for each face, an outer sensor surrounding three inner ones. (b) Magnified cross section view of electric
field lines (red) and equipotential contours (blue) near the bottom face of a SuperCDMS iZIP detector. The $2 V ionization electrode lines (yellow) are nar-
rower than the 0 V athermal phonon collection sensors (green). (c) Fabricated iZIP detector in its housing.

FIG. 2. Decay chain for 210Pb showing the most significant decays which
end in a 206Pb nucleus from the 210Po alpha decay.

164105-2 Agnese et al. Appl. Phys. Lett. 103, 164105 (2013)• Direct dark matter detector. 

• Cryogenic Ge crystals. 

• Operated in Soudan, 
Minnesota until 2015. 

• Currently finishing Soudan 
analyses and preparing for 
move to SNOLAB (with 
planned addition of Si 
detectors). 

• SNOLAB science from 2020.



SuperCDMS Collaboration

3 Andrew ScarffCAP 2018 - 14 June 2018



dark matter interactions, axions, and electromagnetic
interactions.12–15

The CDMS technology senses both athermal phonons
and ionization in Ge and Si crystals operated at !50 mK. The
low energy per excitation quantum in both ionization and
phonons extends sensitivity to low-mass WIMPs.16–18 The
nuclear recoils expected from WIMP interactions can be rec-
ognized through the measurement of the ionization yield,
defined as the ratio of the measured ionization signal to the
total recoil energy. Separation between electron and nuclear
recoils results in less than 1 electron recoil leaking into the
nuclear band out of 1.7" 106 in the bulk volume of the detec-
tors as measured by 133Ba calibration runs for recoil energies
above 8 keVr, where the “r” refers to the true recoil energy.
Surface events taking place within a few tens of micrometers
from the faces of the crystal, and events taking place in the
outer radial portions of the detectors, can suffer from reduced
ionization collection. These events thus have significantly
degraded separation of electron and nuclear recoils.

In order to reduce these dominant backgrounds for
future experiments such as the 200 kg Ge SuperCDMS pro-
ject planned for the SNOLAB laboratory, we have developed
a new interleaved technology (iZIP),19,20 which benefited
from the EDELWEISS collaboration’s experience.21 These
detectors have interleaved ionization and grounded phonon
electrodes on both of the crystal faces, with a þ2 V bias
applied to the top ionization electrodes and $2 V applied to
the bottom. The ionization measurement is made by drifting
the electron-hole pairs to electrodes on the crystal surface in
a weak electric field (!0.5 V/cm). The phonon measurement
utilizes the advanced athermal phonon sensor technology
developed for CDMS II.22 Athermal phonons propagating in
the crystal interact with superconducting Al electrodes at the
crystal surface, breaking Cooper pairs to form quasiparticles
in the Al electrode. Diffusion of quasiparticles to a tungsten
“Transition Edge Sensor” (TES) increases the temperature
and resistance of the TES, which is operated in the transition
region between the superconducting and normal states. The
change in TES resistance under voltage bias is detected as a
change in current using SQUID amplifiers.

Figure 1(a) shows the electrode layout in use for
SuperCDMS at the Soudan Underground Laboratory. A
detail of the resultant electric field near the surface of the Ge

detector is shown in Fig. 1(b), from which one may see that
energy deposited deeper than !1 mm will liberate charges
that drift to both faces of the crystal, whereas events near
one surface will generate a charge signal read out only on
that surface. This asymmetry in charge collection signifi-
cantly improves the ability of iZIP detectors to identify
recoils that occur near the detector surface. Furthermore, the
increased electric field near the surface improves charge col-
lection for all surface events.

In addition to the interleaved electrode structure’s rejec-
tion of near-surface events, the outermost ionization bias elec-
trodes are instrumented as a veto guard ring. An outer phonon
channel enables estimation of event radial position, providing
rejection of perimeter background events to lower recoil ener-
gies (!1 keV) than was possible in CDMS II. Such features of
iZIP prototypes were studied extensively at the surface UC
Berkeley (UCB) test facility.20 The UCB studies yielded
promising background rejection, but were limited by cosmo-
genic neutron background in the WIMP signal region. In order
to measure directly the background rejection for these events,
210Pb sources were installed in the Soudan Underground
Laboratory experiment facing two detectors T3Z1(T3Z3),
with the source facing the þ2 V($2 V) electrode. These sour-
ces were fabricated by the Stanford group23 using silicon
wafers sealed in an aluminum box for 12 days with a 5 kBq
226Ra source producing 222Rn gas. The silicon wafers were
then etched with a standard wafer cleaning procedure and
calibrated with an XIA ultra-low background alpha counter.24

The two deployed sources are nearly uniformly implanted
with 210Pb to a depth of !58 nm and, by the decay chain25,26

FIG. 1. (a) Phonon and ionization sensor layout for iZIP detectors deployed at Soudan. The Ge crystal is 76 mm in diameter and 25 mm thick. Both faces are
instrumented with ionization lines (one face with þ2 V and the other with $2 V) that are interleaved with phonon sensors (0 V) on a !1 mm pitch. The phonon
sensors are arranged to give 4 phonon readout channels for each face, an outer sensor surrounding three inner ones. (b) Magnified cross section view of electric
field lines (red) and equipotential contours (blue) near the bottom face of a SuperCDMS iZIP detector. The $2 V ionization electrode lines (yellow) are nar-
rower than the 0 V athermal phonon collection sensors (green). (c) Fabricated iZIP detector in its housing.

FIG. 2. Decay chain for 210Pb showing the most significant decays which
end in a 206Pb nucleus from the 210Po alpha decay.

164105-2 Agnese et al. Appl. Phys. Lett. 103, 164105 (2013)
Detector operation

• Two operational modes: iZIP and 
CDMSlite/HV. 

• iZIP gives good ER/NR 
discrimination and surface rejection.

4 Andrew ScarffCAP 2018 - 14 June 2018

WIMP

h+

e-

phonons

dark matter interactions, axions, and electromagnetic
interactions.12–15

The CDMS technology senses both athermal phonons
and ionization in Ge and Si crystals operated at !50 mK. The
low energy per excitation quantum in both ionization and
phonons extends sensitivity to low-mass WIMPs.16–18 The
nuclear recoils expected from WIMP interactions can be rec-
ognized through the measurement of the ionization yield,
defined as the ratio of the measured ionization signal to the
total recoil energy. Separation between electron and nuclear
recoils results in less than 1 electron recoil leaking into the
nuclear band out of 1.7" 106 in the bulk volume of the detec-
tors as measured by 133Ba calibration runs for recoil energies
above 8 keVr, where the “r” refers to the true recoil energy.
Surface events taking place within a few tens of micrometers
from the faces of the crystal, and events taking place in the
outer radial portions of the detectors, can suffer from reduced
ionization collection. These events thus have significantly
degraded separation of electron and nuclear recoils.

In order to reduce these dominant backgrounds for
future experiments such as the 200 kg Ge SuperCDMS pro-
ject planned for the SNOLAB laboratory, we have developed
a new interleaved technology (iZIP),19,20 which benefited
from the EDELWEISS collaboration’s experience.21 These
detectors have interleaved ionization and grounded phonon
electrodes on both of the crystal faces, with a þ2 V bias
applied to the top ionization electrodes and $2 V applied to
the bottom. The ionization measurement is made by drifting
the electron-hole pairs to electrodes on the crystal surface in
a weak electric field (!0.5 V/cm). The phonon measurement
utilizes the advanced athermal phonon sensor technology
developed for CDMS II.22 Athermal phonons propagating in
the crystal interact with superconducting Al electrodes at the
crystal surface, breaking Cooper pairs to form quasiparticles
in the Al electrode. Diffusion of quasiparticles to a tungsten
“Transition Edge Sensor” (TES) increases the temperature
and resistance of the TES, which is operated in the transition
region between the superconducting and normal states. The
change in TES resistance under voltage bias is detected as a
change in current using SQUID amplifiers.

Figure 1(a) shows the electrode layout in use for
SuperCDMS at the Soudan Underground Laboratory. A
detail of the resultant electric field near the surface of the Ge

detector is shown in Fig. 1(b), from which one may see that
energy deposited deeper than !1 mm will liberate charges
that drift to both faces of the crystal, whereas events near
one surface will generate a charge signal read out only on
that surface. This asymmetry in charge collection signifi-
cantly improves the ability of iZIP detectors to identify
recoils that occur near the detector surface. Furthermore, the
increased electric field near the surface improves charge col-
lection for all surface events.

In addition to the interleaved electrode structure’s rejec-
tion of near-surface events, the outermost ionization bias elec-
trodes are instrumented as a veto guard ring. An outer phonon
channel enables estimation of event radial position, providing
rejection of perimeter background events to lower recoil ener-
gies (!1 keV) than was possible in CDMS II. Such features of
iZIP prototypes were studied extensively at the surface UC
Berkeley (UCB) test facility.20 The UCB studies yielded
promising background rejection, but were limited by cosmo-
genic neutron background in the WIMP signal region. In order
to measure directly the background rejection for these events,
210Pb sources were installed in the Soudan Underground
Laboratory experiment facing two detectors T3Z1(T3Z3),
with the source facing the þ2 V($2 V) electrode. These sour-
ces were fabricated by the Stanford group23 using silicon
wafers sealed in an aluminum box for 12 days with a 5 kBq
226Ra source producing 222Rn gas. The silicon wafers were
then etched with a standard wafer cleaning procedure and
calibrated with an XIA ultra-low background alpha counter.24

The two deployed sources are nearly uniformly implanted
with 210Pb to a depth of !58 nm and, by the decay chain25,26

FIG. 1. (a) Phonon and ionization sensor layout for iZIP detectors deployed at Soudan. The Ge crystal is 76 mm in diameter and 25 mm thick. Both faces are
instrumented with ionization lines (one face with þ2 V and the other with $2 V) that are interleaved with phonon sensors (0 V) on a !1 mm pitch. The phonon
sensors are arranged to give 4 phonon readout channels for each face, an outer sensor surrounding three inner ones. (b) Magnified cross section view of electric
field lines (red) and equipotential contours (blue) near the bottom face of a SuperCDMS iZIP detector. The $2 V ionization electrode lines (yellow) are nar-
rower than the 0 V athermal phonon collection sensors (green). (c) Fabricated iZIP detector in its housing.

FIG. 2. Decay chain for 210Pb showing the most significant decays which
end in a 206Pb nucleus from the 210Po alpha decay.
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Appl. Phys. Lett. 103, 164105 (2013)



• CDMSlite/HV mode. 

• ∆V = 25, 75 V at Soudan. 

• Drifting e-/h+s produce 
phonons via Neganov-
Trofimov-Luke (NTL) effect: 

  

• Lower energy thresholds.  

• Lose ER/NR discrimination. 

Detector operation
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Ionisation Yield

Y = Ionisation yield 
   - typically taken to depend on Erecoil 

ε = Average energy to create an e-h pair, 3 eV for Ge
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Y = 1 for electron recoils. 
Y < 1 for nuclear recoils. 
   —> higher NR charge density leads to more recombination. 



Dark Matter Limits
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• Strongest Ge limit 
below ~5 GeV/c2.  

• Large uncertainty at 
low mass due to 
ionisation yield and 
detector resolution. 

• Uncertainty 
dominated by yield 
model.

PRL 116, 071301 (2016)



Current Yield Model
• Currently 

following the 
Lindhard model:
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Photo-neutron Concept

• Mono-energetic neutrons create recoils in the detector, both single and multiple scatters expected. 

• We can use these recoils to calibrate the ionisation yield. 

• Data taken with and without Be wafer to allow for comparison to gamma background. 

• Data taken using detectors in both CDMSlite (25 V & 75 V) and iZIP modes.
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Photo-neutron Analysis
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Analysis steps: 

• Extract spectra with and 
without neutrons from 
each detector. 

• Subtract the final ‘neutron 
off’ spectrum from 
‘neutron on’ spectrum. 

• Compare residual 
spectrum to simulations 
to extract yield values.
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Photo-neutron Analysis
• DAMIC collaboration used 

simple integral method to 
extract yield. 
(arXiv:1608.00957) 

• Number of multiple scatters 
in CDMS detectors makes 
the yield extraction much 
more complicated. 

• We are working on a 
background-modeling 
unbinned log likelihood fit to 
extract the yield information.
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Conclusions
• Current uncertainties on low mass CDMSlite WIMP limits 

are driven by poor understanding of yield at low energy. 

• Analysis is ongoing on photo-neutron calibration data to try 
to calibrate low energy nuclear recoils and model the 
ionisation yield. 

• SuperCDMS now preparing for new running at SNOLAB, 
data expected in 2020. 

• We will be pushing to lower recoil energies than ever 
before so our understanding of the yield model will be a 
great help.

14 Andrew ScarffCAP 2018 - 14 June 2018



Backup
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iZIP Surface Rejection
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