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Overview

Review: SuperCDMS SNOLAB low-mass reach with iZIPs and CDMS-HV	

!
Motivation for kinetic inductance detectors in DM detection	


Multiplexability	

improve fiducial volume for ionization-based surface-event rejection	

phonon-only surface-event rejection and fiducial volume definition	


Sensitivity	

reduced threshold, fiducial volume definition for CDMS-HV operation	


!
Expected sensitivity	

!
Progress to date	
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Searching for Low Mass DM with SuperCDMS SNOLAB
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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Searching for Low Mass DM with SuperCDMS SNOLAB

Better energy resolution	

Recently developed HEMTs + modified  

amplifier design:  
→ σq = 300 eVee will improve to σq = 100 eVee	


Reduced Tc (60 mK) phonon sensors are baseline 
→ σp = 200 eVp will improve to σp = 50 eVp 	


Ge low-mass dominates down to ~5 GeV	

Ionization asymmetry-based rejection to ~10 GeV	

Phonon asymmetry-based rejection to ~5 GeV	


HV search at 100 V bias extends down to  
1 GeV with Ge, to 0.5 GeV with Si	


Also, need to reduce backgrounds  
(lower cross sections)	

Compton background reduced by improved materials selection, shielding (200x)	

210Pb background from Cu will be reduced to levels observed on Ge (20x)	

Should enable reach approaching coherent solar neutrino scattering background	

32Si (225 keV endpoint, 150 yr half-life) contamination in detector-grade Si unknown
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-

4

1 10 100 1000 104
10�50
10�49
10�48
10�47
10�46
10�45
10�44
10�43
10�42
10�41
10�40
10�39
10�38
10�37

10�14
10�13
10�12
10�11
10�10
10�9
10�8
10�7
10�6
10�5
10�4
10�3
10�2
10�1

WIMP Mass �GeV⇤c2⇥
W
IM
P�
nu
cl
eo
n
cr
os
ss
ec
tio
n
�cm2 ⇥

W
IM
P�
nu
cl
eo
n
cr
os
ss
ec
tio
n
�pb⇥

8B
Neutrinos

Atmospheric and DSNB Neutrinos

Xenon100 (2012)
CRESST

CoGeNT
(2012)

CDMS Si
(2013)

DAMA

DAMA

CRESST

SuperCDMS Si
7Be
Neutrinos

SuperC
DM

S Si HV  

 
                  

           S
uperCDMS Si HV

SuperCDM
S Si SuperCDMS Ge

SuperC
D

M
S Ge HV               SuperCDMS Ge HV

LUX (2013)

DarkSide G2
LZ

Xenon1T
SuperCDMS Ge

COHERENT NEUTRIN O SCATTERING  
CO

HERENT NEU

TRI NO  SCATTERING  COHERENT NEUTRINO SCATTERING  

CDM
Slite (2013)

 DAMIC           (2012)
PIC

O
250-C3F8

LUX 300-day

PICO250-CF3I

Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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Beyond SuperCDMS SNOLAB Baseline

Better σp (10 eV goal, Tc = 40 mK) will  
extend phonon asymmetry-based rejection 	


Higher voltage operation	

Initial tests of p-type point contact (PPC) Ge  

detectors, complementary amorphous Ge  
and Si blocking layers suggests Vb ~ 400 V	


→ lower threshold, stretch ER background	


Single e-h pair detection? (Pyle talk)	

At large Vb and excellent σp, expect peaks  

in phonon spectrum due to integral e-h pairs	

Vb = 100 eV, 3 eV to create e-h pair → peak at 103 eV	


At σp ~ 10 eVp and Vb = 100 V, single e-h pair  
peaks become resolvable	


At σp ~ 3 eVp and Vb = 100 V, single e-h pair peaks are separated and NRs can occupy 
empty space (because more recoil energy per e-h pair)	


Sub-GeV dark matter at CNS limit accessible with reasonable 
extrapolations of current technology

5

1 10 100 1000 104
10�50
10�49
10�48
10�47
10�46
10�45
10�44
10�43
10�42
10�41
10�40
10�39
10�38
10�37

10�14
10�13
10�12
10�11
10�10
10�9
10�8
10�7
10�6
10�5
10�4
10�3
10�2
10�1

WIMP Mass �GeV⇤c2⇥

W
IM
P�
nu
cl
eo
n
cr
os
ss
ec
tio
n
�cm2 ⇥

W
IM
P�
nu
cl
eo
n
cr
os
ss
ec
tio
n
�pb⇥

8B
Neutrinos

Atmospheric and DSNB Neutrinos

Xenon100 (2012)
CRESST

CoGeNT
(2012)

CDMS Si
(2013)

DAMA

DAMA
CRESST

SuperCDMS Si
7Be
Neutrinos

SuperC
DM

S Si HV  

 
                  

           S
uperCDMS Si HV

SuperCDM
S Si SuperCDMS Ge

SuperC
D

M
S Ge HV               SuperCDMS Ge HV

LUX (2013)

DarkSide G2
LZ

Xenon1T
SuperCDMS Ge

COHERENT NEUTRIN O SCATTERING  
CO

HERENT NEU

TRI NO  SCATTERING  COHERENT NEUTRINO SCATTERING  

CDM
Slite (2013)

 DAMIC           (2012)

PIC
O
250-C3F8

LUX 300-day

PICO250-CF3I

Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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Figure 1: A compilation of spin-independent WIMP-nucleon cross-section limits (solid curves), regions of interest
(ROI) for possible dark matter signals (closed contours) and projections (dot and dashed curves) for US-led direct
detection experiments that are proposed to operate over the next decade. The region above the solid curves repre-
sents the excluded parameter space (note the tension with the ROIs). Also shown is an approximate band where
coherent scattering of 8B solar neutrinos, atmospheric neutrinos, and di�use supernova neutrinos with target nuclei
will limit the sensitivity of direct detection experiments to dark matter particles [45]. SuperCDMS SNOLAB pro-
jected sensitivity (for five years of operation) is shown separately for the Ge and Si payloads, and for the standard
and high-voltage (CDMSlite) detectors. The black rectangles delineate the new parameter space to be covered by
SuperCDMS SNOLAB, and the shaded regions indicate areas to be tested by Ge, Si, and Xe targets. The detector
performance requirements and predicted backgrounds used to generated these curves are described in Sections 3.3
and 4.5, respectively. Figure adapted from the SNOWMASS report [46]. Recent theoretical work [47] has emphasized
that the spin-independent framework, while it serves as a useful way to track experimental progress, represents only
a subset of the possible interactions of dark matter with nuclei, with relative sensitivities of di�erent target materials
varying by factors of 10 or more compared to those shown in this plot.

3.1.2 Complementarity
If another direct detection technology detects a possible dark matter signal, SuperCDMS SNOLAB
would provide a confirmation using two di�erent targets and a significantly di�erent technique with
very low backgrounds. Additionally, the detection with a di�erent target material greatly enhances
the information we would obtain about the dark matter particle. As shown in [48, 49], analyzing
signals from multiple targets improves the accuracy of determining the dark matter particle’s mass
and cross section, in part because astrophysical and nuclear uncertainties may otherwise provide
degeneracies in fits to the data from a single target type. Furthermore, data from only one elemental
target cannot distinguish between the di�erent possible dark matter couplings, even in the tradi-
tional framework involving only spin-independent (SI) and spin-dependent (SD) couplings. Multiple
targets with di�erent sensitivity to di�erent couplings are required to disentangle degeneracies and
discriminate among di�erent dark matter models. Targets with di�erent ratios of protons to neu-
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With this E-field configuration, a recoil event in the bulk of the detector will have e� transport
to the narrow positively biased electrode instrumented with charge amplifiers, while the h+ are
transported to the identically instrumented negatively biased electrode on the opposite face, leading
to a symmetric ionization signal for bulk events. For events near a face, the carriers follow the
large transverse E-fields that run between the interleaved electrodes on the same face leading to
asymmetric ionization collection signals. For radial fiducialization, we partition and separately
readout the ionization instrumented electrodes on each face into 2 concentric toroids (for a total of
4 ionization channels per detector).
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Figure 3: Left: Phonon and ionization sensor layout for the iZIP detector deployed at Soudan. The two faces are
instrumented with interleaved ionization (40 µm wide) and phonon sensors with �1,mm pitch. The phonon sensor
channel patterns diagrammed in Fig. 2 are visible. Right: Magnified cross section view of electric field lines (red)
and equipotential contours (blue) near the bottom face (Z = 0 mm) of a SuperCDMS iZIP detector. The ionization
electrode lines (yellow) are narrower than the athermal phonon collection sensors (green).

As a side benefit, the large E-fields parallel to the surface of the detector limit charge trapping
to the point that very few electron-recoil surface events are indistinguishable from nuclear recoils
even without z fiducialization.

Ionization Detection Through Luke-Neganov Gain
During charge transport, Luke-Neganov phonons are created with a total energy (in eV) equal

to the voltage the carriers travel through. These phonons are measured by our athermal phonon
sensors, in addition to the intrinsic recoil phonons. In our standard iZIP running mode, we operate
with the smallest bias voltage required to achieve a good measurement of the ionization charge
so that the true phonon recoil signal is not overwhelmed by Luke-Neganov phonons, which would
degrade the discrimination of electronic and nuclear recoils via ionization yield.

Nuclear recoils from very low-mass WIMPs (M� . 3 GeV/c2) are su⌅ciently small that the
relatively uniform (versus energy) electron-recoil background has a reduced overlap with the WIMP
signal region. As a result, it is advantageous to exchange the background discrimination provided
by ionization yield for the improved sensitivity to low energy recoils achieved by increasing the
voltage bias across the detector [71]. The limiting bias voltage is determined by the level at which
the phonon noise due to leakage current across the detector dominates the sensor noise. In our
first tests at Soudan, the maximum E-field was found to be 27V/cm, which corresponds to 90 V
across a 33.3 mm thick detector. To set the scale of what can be achieved, the low Tc Si prototype
mentioned above would have a signal 2� above the noise floor for a single e�/h+ pair (�15 eV for
nuclear recoils).

Interestingly, the relatively uniform electron-recoil background is reduced because the distri-
bution of electron recoil energy is “stretched” to higher energies due to electron recoils producing
significantly more ionization than a nuclear recoil of the same energy. This results in a factor of �5
suppression of the electron-recoil background in the low-energy WIMP signal region.

Since we are now e�ectively measuring the ionization liberated by a nuclear recoil rather than
the nuclear-recoil phonon energy directly, we are sensitive to the precise ionization calibration scale
for nuclear recoils in this high voltage operational mode, similar to the noble liquid dark matter
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to the narrow positively biased electrode instrumented with charge amplifiers, while the h+ are
transported to the identically instrumented negatively biased electrode on the opposite face, leading
to a symmetric ionization signal for bulk events. For events near a face, the carriers follow the
large transverse E-fields that run between the interleaved electrodes on the same face leading to
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readout the ionization instrumented electrodes on each face into 2 concentric toroids (for a total of
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instrumented with interleaved ionization (40 µm wide) and phonon sensors with �1,mm pitch. The phonon sensor
channel patterns diagrammed in Fig. 2 are visible. Right: Magnified cross section view of electric field lines (red)
and equipotential contours (blue) near the bottom face (Z = 0 mm) of a SuperCDMS iZIP detector. The ionization
electrode lines (yellow) are narrower than the athermal phonon collection sensors (green).

As a side benefit, the large E-fields parallel to the surface of the detector limit charge trapping
to the point that very few electron-recoil surface events are indistinguishable from nuclear recoils
even without z fiducialization.

Ionization Detection Through Luke-Neganov Gain
During charge transport, Luke-Neganov phonons are created with a total energy (in eV) equal

to the voltage the carriers travel through. These phonons are measured by our athermal phonon
sensors, in addition to the intrinsic recoil phonons. In our standard iZIP running mode, we operate
with the smallest bias voltage required to achieve a good measurement of the ionization charge
so that the true phonon recoil signal is not overwhelmed by Luke-Neganov phonons, which would
degrade the discrimination of electronic and nuclear recoils via ionization yield.

Nuclear recoils from very low-mass WIMPs (M� . 3 GeV/c2) are su⌅ciently small that the
relatively uniform (versus energy) electron-recoil background has a reduced overlap with the WIMP
signal region. As a result, it is advantageous to exchange the background discrimination provided
by ionization yield for the improved sensitivity to low energy recoils achieved by increasing the
voltage bias across the detector [71]. The limiting bias voltage is determined by the level at which
the phonon noise due to leakage current across the detector dominates the sensor noise. In our
first tests at Soudan, the maximum E-field was found to be 27V/cm, which corresponds to 90 V
across a 33.3 mm thick detector. To set the scale of what can be achieved, the low Tc Si prototype
mentioned above would have a signal 2� above the noise floor for a single e�/h+ pair (�15 eV for
nuclear recoils).

Interestingly, the relatively uniform electron-recoil background is reduced because the distri-
bution of electron recoil energy is “stretched” to higher energies due to electron recoils producing
significantly more ionization than a nuclear recoil of the same energy. This results in a factor of �5
suppression of the electron-recoil background in the low-energy WIMP signal region.

Since we are now e�ectively measuring the ionization liberated by a nuclear recoil rather than
the nuclear-recoil phonon energy directly, we are sensitive to the precise ionization calibration scale
for nuclear recoils in this high voltage operational mode, similar to the noble liquid dark matter
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deployed by EDELWEISS [76]. Events in the outer radial regions of the detector, which also su�er
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Figure 4: (left) Shown are the symmetric charge events (blue dots) in the interior of the crystal, and the events
that fail the symmetric charge cut (red dots), including surface events from betas, gammas and lead nuclei incident
on side 1 from the source. (center) Same data, but in the ionization-yield versus phonon recoil-energy plane with
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threshold (1.6 keVee - ‘ee’ for electron equivalent); the vertical black line is the recoil energy threshold (8 keVr).
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(low yield, below ⇥110 keVr). A low-yield outlier (blue with black circle), which is outside the signal region but just
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(green). As bulk events, these exhibit a symmetric response between side 1 and 2 like the bulk electron recoils at
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Over 2500 live-hours, containing 182,180 betas and 206Pb recoils, have been analyzed from the
Soudan run (Fig. 4). A nuclear recoil signal region was defined by the 2� band around the mean
yield measured for nuclear recoils (using a 252Cf neutron source). After application of ionization-
signal fiducial-volume cuts, no surface events were found in the nuclear recoil signal region above a
recoil energy of 8 keVnr. This fiducialization yields a spectrum averaged passage fraction of ⇤50%
in the energy range of 8�115 keVr for an ⇤60 GeV/c2 WIMP. The upper limit to the surface event
rejection is < 1.26 ⇥ 10�5 at 90% C.L. This analysis is an update to the work presented in [68].
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With this E-field configuration, a recoil event in the bulk of the detector will have e� transport
to the narrow positively biased electrode instrumented with charge amplifiers, while the h+ are
transported to the identically instrumented negatively biased electrode on the opposite face, leading
to a symmetric ionization signal for bulk events. For events near a face, the carriers follow the
large transverse E-fields that run between the interleaved electrodes on the same face leading to
asymmetric ionization collection signals. For radial fiducialization, we partition and separately
readout the ionization instrumented electrodes on each face into 2 concentric toroids (for a total of
4 ionization channels per detector).
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Figure 3: Left: Phonon and ionization sensor layout for the iZIP detector deployed at Soudan. The two faces are
instrumented with interleaved ionization (40 µm wide) and phonon sensors with �1,mm pitch. The phonon sensor
channel patterns diagrammed in Fig. 2 are visible. Right: Magnified cross section view of electric field lines (red)
and equipotential contours (blue) near the bottom face (Z = 0 mm) of a SuperCDMS iZIP detector. The ionization
electrode lines (yellow) are narrower than the athermal phonon collection sensors (green).

As a side benefit, the large E-fields parallel to the surface of the detector limit charge trapping
to the point that very few electron-recoil surface events are indistinguishable from nuclear recoils
even without z fiducialization.

Ionization Detection Through Luke-Neganov Gain
During charge transport, Luke-Neganov phonons are created with a total energy (in eV) equal

to the voltage the carriers travel through. These phonons are measured by our athermal phonon
sensors, in addition to the intrinsic recoil phonons. In our standard iZIP running mode, we operate
with the smallest bias voltage required to achieve a good measurement of the ionization charge
so that the true phonon recoil signal is not overwhelmed by Luke-Neganov phonons, which would
degrade the discrimination of electronic and nuclear recoils via ionization yield.

Nuclear recoils from very low-mass WIMPs (M� . 3 GeV/c2) are su⌅ciently small that the
relatively uniform (versus energy) electron-recoil background has a reduced overlap with the WIMP
signal region. As a result, it is advantageous to exchange the background discrimination provided
by ionization yield for the improved sensitivity to low energy recoils achieved by increasing the
voltage bias across the detector [71]. The limiting bias voltage is determined by the level at which
the phonon noise due to leakage current across the detector dominates the sensor noise. In our
first tests at Soudan, the maximum E-field was found to be 27V/cm, which corresponds to 90 V
across a 33.3 mm thick detector. To set the scale of what can be achieved, the low Tc Si prototype
mentioned above would have a signal 2� above the noise floor for a single e�/h+ pair (�15 eV for
nuclear recoils).

Interestingly, the relatively uniform electron-recoil background is reduced because the distri-
bution of electron recoil energy is “stretched” to higher energies due to electron recoils producing
significantly more ionization than a nuclear recoil of the same energy. This results in a factor of �5
suppression of the electron-recoil background in the low-energy WIMP signal region.

Since we are now e�ectively measuring the ionization liberated by a nuclear recoil rather than
the nuclear-recoil phonon energy directly, we are sensitive to the precise ionization calibration scale
for nuclear recoils in this high voltage operational mode, similar to the noble liquid dark matter
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experiments. Significantly, in the case of Ge, the ionization scale has been precisely measured
down to nuclear recoil energies of 254 eVr [75] using a novel technique involving capture of thermal
neutrons onto 72Ge.
4.1.2 Detector Performance at Soudan
The performance of 76 mm diameter iZIP detectors was first studied at the UC Berkeley (UCB)
test facility from 2009�2011. The UCB studies yielded extremely promising background rejection,
but were limited by cosmogenic neutron backgrounds in the dark matter signal region. Background
rejection for events in the dark matter signal region can be measured directly for detectors operated
deep underground. Since 2012, this has been carried out using fifteen iZIP detectors at Soudan.
Two of these detectors were installed with a 210Pb source. This isotope, along with its daughters,
is one of the primary sources of surface events for SuperCDMS. The deployed sources produce
electrons by beta decay between 10–100 keV

nr

at a rate of ⇠70 events/hour/source. As seen in
Fig. 4 (center), these electrons populate a region of reduced ionization yield, which lies between
the electron-recoil (yield ⇠1) and nuclear-recoil bands. In addition to electrons, the recoiling 206Pb
nucleus from the 210Po alpha decay is also seen with an ionization yield of ⇠0.2. These events occur
at a rate ⇠ 25% that of the electrons, with some of the events lying in the nuclear recoil yield band
at low recoil energies. Both the betas and the 206Pb events are distinguished from events in the
bulk of the detectors by their asymmetric ionization response. A similar technology has also been
deployed by EDELWEISS [76]. Events in the outer radial regions of the detector, which also su↵er
from reduced yield, are removed by comparing the ionization collected in the outer guard electrode
to that collected on the inner electrode.

Figure 4: (left) Shown are the symmetric charge events (blue dots) in the interior of the crystal, and the events
that fail the symmetric charge cut (red dots), including surface events from betas, gammas and lead nuclei incident
on side 1 from the source. (center) Same data, but in the ionization-yield versus phonon recoil-energy plane with
±2� ionization-yield range of neutrons indicated (area within green lines). The hyperbolic black line is the ionization
threshold (1.6 keVee - ‘ee’ for electron equivalent); the vertical black line is the recoil energy threshold (8 keVr).
Electrons from 210Pb (below ⇠60 keVr) and 210Bi (mostly above 60 keVr) are distinctly separated from 206Pb recoils
(low yield, below ⇠110 keVr). A low-yield outlier (blue with black circle), which is outside the signal region but just
satisfies the charge symmetry requirement is easily removed with a loose phonon symmetry cut (see Fig. 5 right).
(right) In addition to the data in left & center, this panel also shows nuclear recoils from a 252Cf neutron source
(green). As bulk events, these exhibit a symmetric response between side 1 and 2 like the bulk electron recoils at
higher yield, and are thus nicely separated from charge-asymmetric surface events.

Over 2500 live-hours, containing 182,180 betas and 206Pb recoils, have been analyzed from the
Soudan run (Fig. 4). A nuclear recoil signal region was defined by the 2� band around the mean
yield measured for nuclear recoils (using a 252Cf neutron source). After application of ionization-
signal fiducial-volume cuts, no surface events were found in the nuclear recoil signal region above a
recoil energy of 8 keV

nr

. This fiducialization yields a spectrum averaged passage fraction of ⇠50%
in the energy range of 8�115 keVr for an ⇠60 GeV/c2 WIMP. The upper limit to the surface event
rejection is < 1.26 ⇥ 10�5 at 90% C.L. This analysis is an update to the work presented in [68].
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It features additional livetime and updated reconstruction algorithms, which have improved the
separation between symmetric and asymmetric events at lower energies. It is important to note
that the data selection shown in Fig. 4 does not include the additional discrimination available
from the phonon channels. When a loose phonon symmetry cut was included, which removes only
a few percent signal e�ciency, an outlier event appearing just below the 2� nuclear recoil band is
excluded (Fig. 5).

To check for “anomalous” leakage of well-fiducialized electron recoils, an extensive 133Ba calibra-
tion dataset was studied. It consists of ⇠1/2 million electron recoils between 8 and 120 keV, which
was gathered uniformly over the course of the entire Soudan science run (March 2012-present). Ap-
plying ionization fiducial requirements resulted in no events in the dark matter signal region, giving
an upper limit of < 4.7⇥10�6 at 90%C.L. to the leakage of fiducialized photon-events into the dark
matter signal region. This analysis included additional detectors to those described in the previous
paragraph, which had fiducial cuts that were not as well-developed as the 210Pb-source-detectors.
This resulted in a ⇠30% e�ciency for nuclear recoils. Improved analysis tools are expected to
restore the e�ciency to 50%, as quoted above.

total phonon energy [keV]

Ph
on

on
: O

ut
er

 / 
To

ta
l

 

 

2 4 6 8 10 120.1

0.15

0.2

0.25

0.3

0.35

Failing charge fiducial and NR band
Passing charge fiducial and NR band
Cf−252 Neutrons

0 10 20 30 40
0

10

20

30

40

Phonon Collection Side 1 (keV)

Ph
on

on
 C

ol
le

ct
io

n 
Si

de
 2

 (k
eV

)

 

 

Failing Charge Symmetry
Passing Charge Symmetry

Figure 5: The figures show how phonon radial (left) and depth (right) information extends rejection of 210Pb-sourced
events when the ability to distinguish bulk events using ionization degrades below ⇠10 keV. Blue dots are events that
pass the charge symmetry and radial selection. Red dots are events failing the ionization selection. The black lines
demonstrate how signal events would be selected with phonon fiducial cuts. (left) A data-driven simulation of 210Pb-
sourced sidewall events (blue and red) overlaid with bulk nuclear recoils from 252Cf data (green). Blue events also
have ionization yield consistent with a nuclear recoil (in the NR band). The ratio of inner to total phonon signals
distinguishes sidewall events from bulk nuclear-recoils. (right) Data from the iZIP detector with the 210Pb source
exposed to side 1. The asymmetry in the phonon response distinguishes surface events from bulk. The event that was
an outlier in the ionization-based analysis, appears at a phonon side 1 energy of ⇠38 keV (black border, blue dot)
and is easily rejected by the loose cut indicated here.

At low recoil energies (<10 keV
r

), events that fail to produce ionization signals above the noise
level of the experiment cannot be removed with ionization fiducial cuts and thus will pollute the
dark matter signal region. These events are the primary background to searches for dark matter
particles with mass <10 GeV/c2, which produce recoils energies in this range. Of concern are events
from 210Pb, which are prevalent on the copper housing facing the sidewall of a crystal. In order to
remove these sidewall events, phonon information can be used to define a fiducial volume. Recently,
this has been studied with the Soudan iZIP data. Preliminary results are shown in Fig. 5. The
right panel illustrates how the partition between inner and outer (guard) phonon signals can identify
events that take place on the sidewalls when the ionization signal is not able to do so. Studies with a
data-driven simulation of the 210Pb sidewall events yield a rejection factor of 1⇥10�3 over the range
1.6�9 keVr, with an e�ciency of ⇠30% for a 10 GeV/c2 dark matter particle (measured with 252Cf
data). The simulation results have been cross-checked with a small, unblinded sample of data that
agrees within a factor of ⇠2. Additionally, 210Pb events hitting the faces of the crystal, and with
recoil energies below ⇠10 keV, will have ionization signals close to or consistent with noise. The left
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to that collected on the inner electrode.

Figure 4: (left) Shown are the symmetric charge events (blue dots) in the interior of the crystal, and the events
that fail the symmetric charge cut (red dots), including surface events from betas, gammas and lead nuclei incident
on side 1 from the source. (center) Same data, but in the ionization-yield versus phonon recoil-energy plane with
±2� ionization-yield range of neutrons indicated (area within green lines). The hyperbolic black line is the ionization
threshold (1.6 keVee - ‘ee’ for electron equivalent); the vertical black line is the recoil energy threshold (8 keVr).
Electrons from 210Pb (below ⇥60 keVr) and 210Bi (mostly above 60 keVr) are distinctly separated from 206Pb recoils
(low yield, below ⇥110 keVr). A low-yield outlier (blue with black circle), which is outside the signal region but just
satisfies the charge symmetry requirement is easily removed with a loose phonon symmetry cut (see Fig. 5 right).
(right) In addition to the data in left & center, this panel also shows nuclear recoils from a 252Cf neutron source
(green). As bulk events, these exhibit a symmetric response between side 1 and 2 like the bulk electron recoils at
higher yield, and are thus nicely separated from charge-asymmetric surface events.

Over 2500 live-hours, containing 182,180 betas and 206Pb recoils, have been analyzed from the
Soudan run (Fig. 4). A nuclear recoil signal region was defined by the 2� band around the mean
yield measured for nuclear recoils (using a 252Cf neutron source). After application of ionization-
signal fiducial-volume cuts, no surface events were found in the nuclear recoil signal region above a
recoil energy of 8 keVnr. This fiducialization yields a spectrum averaged passage fraction of ⇤50%
in the energy range of 8�115 keVr for an ⇤60 GeV/c2 WIMP. The upper limit to the surface event
rejection is < 1.26 ⇥ 10�5 at 90% C.L. This analysis is an update to the work presented in [68].
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It features additional livetime and updated reconstruction algorithms, which have improved the
separation between symmetric and asymmetric events at lower energies. It is important to note
that the data selection shown in Fig. 4 does not include the additional discrimination available
from the phonon channels. When a loose phonon symmetry cut was included, which removes only
a few percent signal e�ciency, an outlier event appearing just below the 2� nuclear recoil band is
excluded (Fig. 5).

To check for “anomalous” leakage of well-fiducialized electron recoils, an extensive 133Ba calibra-
tion dataset was studied. It consists of ⇠1/2 million electron recoils between 8 and 120 keV, which
was gathered uniformly over the course of the entire Soudan science run (March 2012-present). Ap-
plying ionization fiducial requirements resulted in no events in the dark matter signal region, giving
an upper limit of < 4.7⇥10�6 at 90%C.L. to the leakage of fiducialized photon-events into the dark
matter signal region. This analysis included additional detectors to those described in the previous
paragraph, which had fiducial cuts that were not as well-developed as the 210Pb-source-detectors.
This resulted in a ⇠30% e�ciency for nuclear recoils. Improved analysis tools are expected to
restore the e�ciency to 50%, as quoted above.
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Figure 5: The figures show how phonon radial (left) and depth (right) information extends rejection of 210Pb-sourced
events when the ability to distinguish bulk events using ionization degrades below ⇠10 keV. Blue dots are events that
pass the charge symmetry and radial selection. Red dots are events failing the ionization selection. The black lines
demonstrate how signal events would be selected with phonon fiducial cuts. (left) A data-driven simulation of 210Pb-
sourced sidewall events (blue and red) overlaid with bulk nuclear recoils from 252Cf data (green). Blue events also
have ionization yield consistent with a nuclear recoil (in the NR band). The ratio of inner to total phonon signals
distinguishes sidewall events from bulk nuclear-recoils. (right) Data from the iZIP detector with the 210Pb source
exposed to side 1. The asymmetry in the phonon response distinguishes surface events from bulk. The event that was
an outlier in the ionization-based analysis, appears at a phonon side 1 energy of ⇠38 keV (black border, blue dot)
and is easily rejected by the loose cut indicated here.

At low recoil energies (<10 keV
r

), events that fail to produce ionization signals above the noise
level of the experiment cannot be removed with ionization fiducial cuts and thus will pollute the
dark matter signal region. These events are the primary background to searches for dark matter
particles with mass <10 GeV/c2, which produce recoils energies in this range. Of concern are events
from 210Pb, which are prevalent on the copper housing facing the sidewall of a crystal. In order to
remove these sidewall events, phonon information can be used to define a fiducial volume. Recently,
this has been studied with the Soudan iZIP data. Preliminary results are shown in Fig. 5. The
right panel illustrates how the partition between inner and outer (guard) phonon signals can identify
events that take place on the sidewalls when the ionization signal is not able to do so. Studies with a
data-driven simulation of the 210Pb sidewall events yield a rejection factor of 1⇥10�3 over the range
1.6�9 keVr, with an e�ciency of ⇠30% for a 10 GeV/c2 dark matter particle (measured with 252Cf
data). The simulation results have been cross-checked with a small, unblinded sample of data that
agrees within a factor of ⇠2. Additionally, 210Pb events hitting the faces of the crystal, and with
recoil energies below ⇠10 keV, will have ionization signals close to or consistent with noise. The left
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≳3 keVr,  ≳3 GeV WIMP mass	


At low mass, define asymmetry 
using phonons only	

But can’t use ionization to define  

fiducial volume (radial)	

Use phonon radial partition instead;  

but phonon radial rejection of  
outer wall events not as good,  
yields analysis limited by radially  
misid’d 210Pb; 30% fiducial volume	


!

Ideally:	

Use phonons to define radial fiducial 

volume with high efficiency	

Use phonons for surface-event 

rejection to accept hole-only 
collection	


Use ionization signal only for defining 
bulk electron-recoil rejection  
(using holes only)	


Requires much better position fidelity 
from phonon signal	


!
!
!

SuperCDMS iZIP Phonon-Based Surface Event Rejection
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SuperCDMS-HV: Technique and Challenges
Use phonons to measure e-h  

production via Luke-Neganov  
phonon production	

Ep = Er + NQ e Vb = Er + Eee (e Vb / EFano)	

eVb >> EFano = 3 eV → Ep >> Er, Eee	


Gain = (e Vb / EFano) requires full drift of e and h through bias voltage	

At high bias, phonon emission isotropizes e− drift → higher fiducial volume than iZIP	


Fiducialization, background rejection critical to sensitivity	

For continuum operation (not single e-h mode)	


Lost ionization smears ER and NR spectra: not a big problem	

But backgrounds are larger at outer walls, so want to reject to reduce bgnd because 

continuum operation is a bgnd-limited experiment	


For single e-h operation	

Lost ionization smears ER peak:  

degrades ER rejection	

Still need to worry about bgnd rejection:  

210Pb nuclei from sidewalls, housing	


Need phonon position reconstruction!
14

Drift phonons 
Charge propagation 

Recoil phonons 

dN
/d

E

E

1 2 3 4

# of e-h pairs

NRs spread in between peaks



Berkeley Workshop on DM Detection  Sunil Golwala

Basics of Kinetic Inductance Detectors

Superconductors have an AC inductance due to inertia of Cooper pairs	

alternately, due to magnetic energy stored in screening supercurrent	


Changes when Cooper pairs broken by energy, creating quasiparticles (qps)	

Sense the change by monitoring a resonant circuit	

Key point: superconductors provide very high Q (Qi > 107 achieved), so 

thousands of such resonators can be monitored with a single feedline	

enormous cryogenic multiplex technology relative to existing ones	


very simple cryogenic readout components

these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iqLs also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, qLs.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy hn . 2D are

absorbed in a superconducting film cooled to T ,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hhn/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (T c ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a ¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T ,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.

letters to nature

NATURE |VOL 425 | 23 OCTOBER 2003 | www.nature.com/nature818

... ...Cryostat

Frequency
Synthesizers IQ Mixers

I
Q

15



Berkeley Workshop on DM Detection  Sunil Golwala

Phonon-Mediated DM Detection Using KIDs

Surface  
event:

Bulk 
event:

Energy (eV
)

Energy (eV
)

Lumped-element designs enables large-area resonators for phonon sensing	

Single film, 10 µm features would simplify detector fab	

Multiplexing enables finely pixellated phonon sensor  
→ better surface event rejection	
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Energy Resolution

Assume:	

readout noise dominates (T << Tc ensures g-r noise subdominant) 	

qp density determined by readout power generation	

resonator is coupling dominated (Qc << Qi)	

quasiparticle lifetime in KID << phonon absorption timescale (τqp << τabs)	
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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on the Qr signal (“dissipation readout”) because it is known to be subject only to Poisson fluctu-
ations on quasiparticle number and readout noise2. 2) We apply enough RF readout power that
the resonators’ quasiparticle population is dominated by those created by readout power, not ther-
mal generation. With an operating temperature T ⇡ 0.1 K much below Tc ⇡ 1 K, the thermal
quasiparticle population is exponentially suppressed. 3) We choose the resonator coupling to the
feedline to yield a coupling quality factor Qc ⌧ Qi that enables observation of the phonon pulse
rising edge. Qi > 105 for the films we consider, while Qr = (Q�1

c + Q�1
i )�1 < 105 is required to

resolve the µs phonon pulse rise time, so Qc < Qi is usually satisfied. Moreover, it is conservative
to assume Qc ⌧ Qi. 4) The phonon energy decays away only due to absorption in the MKIDs
on a timescale ⌧abs much larger than the MKID quasiparticle lifetime, ⌧qp. The former can be as
long as 1 ms while the latter is usually about 100 µs. This assumption is conservative in that
the mismatch of the two time constants incurs a penalty. It optimistically assumes ⌧abs is only
a↵ected by the MKID surface fill factor; i.e., no energy is lost by other means. Such losses can be
accommodated by taking the overall phonon absorption e�ciency in Equation 1 ⌘ph < 1. Using
standard techniques (e.g., [33]), these assumptions yield a FWHM energy resolution
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where we have numerically evaluated the resolution for parameters appropriate to a 7.5-cm diameter
(CDMS II/SuperCDMS Soudan size) detector using 25-nm-thick Al MKID films. ⌘ph is the overall
e�ciency for conversion of phonon energy into quasiparticles; pt is the probability that a phonon
incident on the substrate/MKID interface is transmitted into the MKID rather than being reflected;
⌘read is the e�ciency of the readout power for creating quasiparticles; Asub is the substrate surface
area (including any sidewalls); �pb is the Cooper-pair breaking length in the MKID film (1 µm
is typical for Al); fr is the resonator frequency; ⌧qp is the quasiparticle lifetime in the MKIDs; k
is Boltzmann’s constant; TN is the cryogenic RF amplifier’s noise temperature; N0 is the single-
spin density of states at the Fermi level of the MKID material; 1/3  �s  1 is a factor that
describes the electrodynamics of the MKID superconducting material; and S1 is a function of fr, the
quasiparticle e↵ective temperature Tqp (which may be greater than the operating temperature due
to heating of the quasiparticles by the readout power), and � given by the Mattis-Bardeen theory of
electrodynamics in superconductors [34].3 Note this expression is independent of many parameters
such as the MKID surface coverage fraction, the number of MKIDs, the individual MKID area and
thickness, the substrate thickness and sound speed, the coupling and internal quality factors, and
the readout power. We have conservatively taken ⌘read = 1, have taken �s = 1 (the local limit,
standard for thin films). We thus find, in a fairly conservative calculation, a very promising energy
resolution. Moreover, it should be clear that straightforward gains in resolution are available via
reduction of superconducting transition temperature (i.e., �) and operating temperature.

A position resolution of approximately 1 mm is achievable based on experience from the proof-
of-principle device discussed in §3.3 and from the CDMS II detectors, which obtained 2 mm using
a coarsely (quadrant) segment phonon sensor on one detector face [35].

2The fr signal is subject to dielectric fluctuation noise [29, 30, 31], though we do not expect it to be visible above
readout noise given the large dimensions of our resonators [32].

3S1 is only weakly dependent on its arguments in the regime of interest: relative to its value of 1.18 at fr = 5 GHz,
Tqp = 0.1 K, and � = 200 µeV, increasing Tqp to 0.2 K decreases S1 to 0.86, decreasing fr to 1 GHz decreases S1 to
0.94, and increasing � to 300 µeV increases S1 to 1.44.
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3

realization. The pulse shape for the prompt component
and delayed component is given by sp and so, respec-
tively. The standard optimal filter formalism then gives
the amplitude estimates for each pulse component for the
ith channel as:
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where the sum runs over the length of the trace, s̃p,o and
p̃i denote the Fourier transforms of sp,o and pi, J is the
power spectral density of the noise and:

M =

⇧

⌥

⌦
|s̃p|2J�1

⌦
Re(s̃⇥ps̃o)J

�1

⌦
Re(s̃⇥ps̃o)J

�1
⌦

|s̃o|2J�1

⌃

� (3)

The energy of the pulse is then reconstructed from the
optimal filter amplitudes as E = E0

 
i(Âp,i+wÂo,i)/ri,

where the latter component is weighted by the ratio of
the template integrals, w =

 
so/
 

sp, and the index i
runs over the resonators. Since the two pulse components
measure the quasiparticle creation rate convolved with
the quasiparticle decay time, w gives the ratio of the to-
tal number of quasiparticles created in these components,
noting that the linear convolution does not a⇥ect the ra-
tio. The relative responsivity of each resonator is given
by ri while the overall scaling, E0, is determined by cali-
bration with x-ray lines of known energy. Figure 3 shows
the reconstructed energy spectrum for phonon-mediated
events from an 129I source.
The frequency and dissipation response of the res-

onators with temperature was used to determine � =
0.075 ± 0.005 and � = 204 ± 21 µeV18,19. Compar-
ing the response versus temperature to the response
from the source indicates that ⇥ph = 0.070 ± 0.011.
Measurements of the frequency noise confirm that it
is consistent with HEMT noise for TN = 5 K. The
quasiparticle lifetime, ⌅qp = 12.9 ± 1.2 µs, was deter-
mined from the fall time of the prompt component of
the primary channel pulses. Using these parameters
and Eq. 1, the expected resolution for this device was
⇤E=(0.48 keV)

↵
⇥read/pt, consistent with the measured

baseline resolution for
↵
⇥read/pt ⇥ 0.8. The phonon life-

time was determined from the fall time of the opposite
channel pulses to be �50 µs, in agreement with the 1 ms
fall times seen in TES-based detectors3 after accounting
for the di⇥erences in substrate geometry and sound speed
between the devices.
Although the baseline resolution is consistent with ex-

pectations, the measured energy resolution at 30 keV is
⇤E ⇥ 1 keV, indicating that systematic variations in the
pulse shape or amplitude with position are dominating
the resolution. In addition, non-Gaussian tails of events
lie between the expected spectral peaks. To remove
poorly collected events and account for these systematic
variations, a simple position estimator was constructed
from the relative partitioning of energy between sensors
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FIG. 3. (Color online) Observed spectrum from an 129I
source. The reconstructed energy before (light histogram)
and after (dark histogram) restricting to events interacting in
the central portion of the substrate and applying the position-
based correction to the energy are shown. The spectrum is
fit to the observed lines at 29.5 (29.8%), 29.8 (53.1%), 33.6
(10.2%), 34.4 (2.2%), and 39.6 keV (4.6%), where the num-
bers in parentheses denote the expected absorbed intensities
in 1 mm of Si. The thick line shows the fit to the total spec-
trum, with best fit resolution of �E = 0.55 keV at 30 keV.
The location of the 39.6 keV peak indicates there is a �2%
non-linearity over the 30–40 keV range, requiring a non-linear
energy calibration similar to existing TES-based athermal
phonon mediated detectors22. (inset) Fit to the reconstructed
energy spectrum for randomly triggered noise traces giving a
baseline resolution of �E = 0.38 keV.

for each event1,22. For i resonators at locations (xi,yi)
with energy Ei detected in each resonator, the “X energy
partition” is defined as Px =

 
i xiEi/

 
i Ei, and corre-

spondingly for Y . Figure 4 shows the reconstructed event
location using this position estimator, which has higher
signal-to-noise than the corresponding estimator based
on timing delays at 30 keV. Although further calibrations
with collimated sources will be necessary to precisely de-
termine the position resolution of the device, a rough
estimate can be obtained from the overlap of the par-
tition distribution for events with neighboring primary
channels. The widths of these overlap regions indicate a
typical position resolution of �0.8 mm at 30 keV.
For interactions occurring near the edge of the sub-

strate, more phonon energy can be lost to the detector
housing than for interactions in the center. Figure 4
shows a position-based selection of events that removes
edge events with poor collection, eliminating nearly all
of the events in the non-Gaussian tails between peaks.
In addition, a position-dependent correction for varia-

tions in the reconstructed energy was applied, similar to
the correction used in existing TES-based detectors1,22.
For each event with energy partition location (Px,Py),
the set of n = 400 events with the closest partition lo-
cation were selected. The spectrum for these “nearest
neighbor” events was fit to determine the location of the
29.8 keV peak, and the corrected energy for the event was
determined as Ecorr = (29.8 keV/Enn

29.8)E, where Enn
29.8
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FIG. 4. (Color online) Reconstruction of the interaction lo-
cation from the energy partition. The coloring denotes the
primary channel for each pulse. The black lines indicate the
selection of events interacting in the center of the substrate.
For comparison, the device geometry from Fig. 1 is overlaid.

is the location of the peak maximum for the event’s near-
est neighbors. The resulting spectrum is shown in Fig. 3.
The best-fit resolution is ⇥E(30 keV) = 0.55 keV. This
resolution is nearly a factor of 2 better than the uncor-
rected resolution for all events and is within 40% of the
baseline resolution of ⇥E(0 keV) = 0.38 keV.
We are currently scaling this design to 0.25 kg sub-

strates with Asub ⇥ 100 cm2. Existing TES-based
phonon-mediated detectors of this size have typical en-
ergy resolutions1 ⇥E = 1.0 keV at 20 keV, indicating that
the devices presented above can already provide compa-
rable energy resolution. The energy resolution of MKID-
based devices can also be significantly improved. Increas-
ing the phonon collection e�ciency to �ph = 30%, as
obtained for TES-based designs with comparable metal
coverage3, would improve the resolution by a factor of
4. This collection e�ciency was found to scale linearly
with the film thickness and may be improved by reduc-
ing phonon losses to the detector housing. Using res-
onator materials with higher kinetic inductance or lower
gap could improve the resolution, provided uniform res-
onators can be fabricated. ⇤qp is also a factor of �100
smaller than results reported for 40 nm thick Al films at
similar readout powers15, indicating that a non-thermal
quasiparticle population (possibly due, e.g., to stray
light or particle interactions in the substrate) may be
present in addition to readout generated quasiparticles.
If so, better shielding of the device from external radia-
tion could improve these lifetimes significantly. Finally,
the development of lower-noise, broadband amplifiers23,
could provide up to an additional factor of 3 improve-
ment in resolution. At the same time, MKIDs would
provide less complex detector fabrication and higher res-
olution position information to enhance background re-
jection, simplifying the extension of these designs to the
large target masses needed for future rare-event searches.
This research was carried out in part at the Jet Propul-

sion Laboratory (JPL), California Institute of Technol-
ogy, under a contract with the National Aeronautics
and Space Administration. The devices used in this
work were fabricated at the JPL Microdevices Labora-
tory. We gratefully acknowledge support from the Gor-
don and Betty Moore Foundation. This work benefited
significantly from interactions with and simulation soft-
ware developed by the CDMS/SuperCDMS collabora-
tions, as well as from useful insights from B. Mazin and
O. Noroozian. B. Cornell has been partially supported
by a NASA Space Technology Research Fellowship.
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Figure 6.3: Left: Spectrum from an 129I source observed by MKID-based phonon-mediated detector pro-
totype. The reconstructed energy before (light histogram) and after (dark histogram) restricting to events
interacting in the central portion of the substrate and applying a position-based correction to the energy
are shown. The spectrum is fit to the known 129I lines with no freedom in relative normalization, energy, or
resolution of the individual lines. The thick line shows the fit to the total spectrum, with best fit resolution
of � = 550 eV at 30 keV. Left inset: Fit to the reconstructed energy spectrum for randomly triggered noise
traces giving a baseline resolution of � = 380 eV. Right: Reconstruction of the interaction location from the
energy sharing among sensors. The coloring denotes the primary channel for each pulse (identified as the
sensor with a pulse with a large fast component). The black lines indicate the selection of events interacting
in the center of the substrate for the spectrum. The device geometry is overlaid.

Given Golwala’s role as PI of the GEODM NSF DUSEL S4 grant (FY10-FY12) toward a
Generation 3 SuperCDMS-based dark matter search at the now defunct DUSEL, he will likely lead
a SuperCDMS proposal to the NSF in Fall, 2012, for long-term Generation 3 R&D.

6.6.3 BetaCage

After demonstrating the current non-radiopure BetaCage this summer at Caltech, we will assist
our collaborator R. Schnee in building a larger, radiopure BetaCage (85 cm by 85 cm by 40 cm)
in his radon-abated cleanroom and installing and commissioning it at the Soudan Underground
Laboratory. Golwala is Co-PI on a proposal by Schnee to the recent NSF Underground Science
solicitation to this end. Schnee has primary responsibility for this e�ort; Golwala’s group will
contribute its expertise on MWPC construction and testing. As part of this e�ort, we intend
to demonstrate the non-radiopure BetaCage’s e�ectiveness as an alpha screener (e.g., for 210Pb),
which is possible in ambient background because of the large energy depositions of alpha particles.

6.6.4 MKID-Based Dark Matter Detectors

Our analysis [321] indicates that the device resolution is limited by loss of phonons to the
device mounting, yielding a phonon collection e⇤ciency of only about 7%. To reduce the fractional
surface area through which phonons can escape, we will increase the substrate size to the CDMS II
75 mm diameter by 10 mm thickness while maintaining 5% fractional area coverage by increasing
the number of sensors. This should increase the fraction of energy collected by 4–5 to the �30%
obtained in SuperCDMS detectors (limited by sub-gap phonon losses). The number of resonators
will increase by a factor of 25.6 to 512 but the amplifier-limited energy resolution only degrades as�
512/20 � 5, indicating � � 500 eV should be maintained. A design is almost complete.

Future improvements can be obtained using alternate materials that have a higher kinetic induc-
tance fraction (such as titanium nitride [340] and tungsten silicide) provided good film uniformity
can be obtained. A quantum-noise-limited kinetic inductance parametric amplifier (an ongoing
development [341]) would improve the energy resolution by another factor of 5.5.

To date, the Gordon and Betty Moore Foundation have funded graduate student D. Moore,
covered lab expenses and materials and supplies, and paid for device fabrication at JPL by sta� en-

σ = 0.55 keV	

baseline σ = 0.38 keV	


grey: before position 
correction	


black: after position 
correction
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Figure 7.2: a) Schematic of device mounting hardware, including source holder. b) Photo
of device mounted in testing enclosure.

patterned, as shown in Fig. 7.2a. The devices were then cooled to 50 mK in an Oxford

Kelvinox 25 dilution refrigerator. A detailed description of the dilution refrigerator test

bed can be found in [318] and [322].

Nearly 15 devices were fabricated and tested over the course of 24 months, summarized

in Table 7.1. A detailed discussion of the testing results is presented in the following sections.

7.2 Resonator parameters

Figure 7.3a shows the measured coupling Q for a variety of devices as a function of frequency

relative to the center of the array. As discussed in Sec. 6.5.1, the couplingQ for all resonators

on the array was designed to be 5�104 based on SONNET simulations, while the measured

Qc varies from 103 to 5�105, with a median Qc ⇥ 104. The variation in Qc is likely due

to the presence of position-dependent coupling of the resonators to the even CPS mode, in

addition to the odd mode for which the Qc simulations were performed. Future devices with

lower-impedance feedlines are expected to improve the Qc uniformity [305], as described in

Sec. 6.5.2.

The internal Q for the same devices is shown in Fig. 7.3b. The Qi is not strongly

dependent on material, with most measured values from Qi = 105–106. Therefore, for the

typical resonator with Qc ⇥ 104, the limit Q ⇥ Qc ⇤ Qi applies, although a small fraction

of resonators have Qc ⇥ Qi. All values of Qi in Fig. 7.3b were measured with no source

illuminating the substrate, and at temperatures, T ⇤ �, so that thermal quasiparticles are

negligible. It is not known what currently limits the maximum value of Qi for these devices

to <106. Possible sources of residual low-temperature dissipation include the presence of

Moore et al, APL 100: 232601 (2012)
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Full Size Prototype

Working on scaling to 
7.5-cm x 1-cm substrates	


Have designed and  
fabricated devices and acquired  
characterization data 

 
 
 
 

!
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Working to understand RF structure of device with Nb version (4K testing)	

Then pulse data	

DOE HEP detector R&D grant awarded	


Exploring nuclear nonproliferation funding options (high-res γ spectroscopy)
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Figure 8.2: Schematic of the large substrate array design and testing enclosure. The sub-
strate is mounted to the detector housing with 6 Cirlex clamps (black), identical to the
mounting used for CDMS detectors. Both substrate faces would be patterned with an in-
terleaved array of charge and phonon sensors, as in the iZIP. In the zoom, a single 4 mm long
by 0.3 mm wide resonator is shown, as well as the interleaved charge and phonon electrodes.
The MKID feedline serves as the ground for the charge measurement. The phonon sensors
on each face consist of �256 MKIDs, read out by one coaxial cable for each face. Resonator
design and layout from B. Cornell

Despite the significant potential for improvement, these designs already provide su⇤cient

energy resolution for dark matter direct detection experiments. B. Cornell is currently

leading the e�ort to scale the prototype design to a full 75 mm diameter, 10 mm thick

Ge substrate. Such a detector would allow the demonstration of simultaneous readout

of the charge and phonon signal in a massive detector, as well as the determination of the

position resolution and background rejection possible with a highly pixelized phonon sensor.

Improvements to the detector mounting scheme may also allow increased phonon collection.

A preliminary design for the detector layout and resonator geometry is shown in Fig. 8.2.

With a full detector prototype, the energy resolution and background rejection can be

optimized in a realistic device. In addition to the possible improvements through materials

choice and substrate mounting discussed above, it may be possible to improve device per-

formance by optimizing the resonator geometry. In particular, if background rejection from

the energy partition information alone is found to be su⇤cient, much higher Q resonators

could be used, which could increase the responsivity by more than an order of magnitude

4

Fig. 2 (Color online) Frequency sweeps of our device. Both graphs are the magnitude of the
complex transmission through our device (S21). On the left is the response at base temperature
(90 mK) and on the right is the same sweep at 600 mK, after all MKID resonances have been
dissipated away, leaving a complicated baseline transmission curve.

we settled on a simple “fold over” form factor for our meandered inductor as seen
in the insert of Fig. 1. The MKID is 200 � 4000 microns. The inductive section
is 45 microns with a 7 micron gap; the interdigitated capacitor fingers are 40 mi-
crons with a 20 micron gap. These resonators may be tuned to different resonant
frequencies by changing the length of the inductive section. Using SONNET’s
high frequency electromagnetic simulation software we were able to simulate the
frequency response of our new MKID. We used this data to design 256 resonators
with resonant frequencies evenly spaced in the 500 MHz between 3 and 3.5 GHz.
We then re-simulated sections of the mask to test for spurious coupling between
neighboring resonators. The physics of this phenomena for a specific MKID ge-
ometry is discussed in detail elsewhere9.

5 Fabrication and initial testing

Our first prototype device was fabricated by B. Bumble and B. Cornell at the Mi-
crodevices Laboratory at JPL. A single 25 nm Al film was sputtered with a dc
magnitron at ambient temperature onto a high-resistivity (⇥ > 5 k� ) Si substrate.
This substrate was 100 mm in diameter and 1 mm thick. Our device was then pat-
terned using contact UV photolithography and a positive tone resist followed by
chlorine-based inductively coupled reactive-ion etching (RIE). Finally, we diced
our 4 inch wafer into a three-inch dodecagon to fit into our device holder. After it
was fabricated, the device was then cooled to 50 mK in an Oxford Kelvinox 25 di-
lution refrigerator. More detail on our device testbed may be found in elsewhere10.
Our initial testing revealed substantial fluctuations in the baseline complex trans-
mission through our device as can be seen in Fig. 2.

6 Results and conclusions

Having such pronounced RF structure together with an order of magnitude in-
crease in our detector array size requires substantial upgrades to our data pro-
cessing pipeline before a full analysis of our device may be done. Understanding
these large baseline fluctuations will require much further fabricating and testing.
As a starting point, to understand the average quasi-static behavior of our device

real device fabricated in 2012

resonator structure vanishes at 600 mK

Frequency [GHz]
3.5 3.6 3.7 3.8 3.9 4

Frequency [GHz]
3.5 3.6 3.7 3.8 3.9 4

5

Fig. 3 (Color online) The result of fitting a Mattis-Bardeen curve to the “average” frequency
shift as given by the cross correlation of the complex transmission through our device at various
temperatures.

we preformed a cross-correlation of the magnitude of its complex transmission at
base temperature against the same transmission at higher temperatures. That is:

( f �g)[n] def
=

�

⇥
m=��

f ⇥[m] g[n+m] (2)

Where f is a frequency sweep at 90 mk and g is a similar sweep at a higher
temperature. The peak of the resulting cross-correlation should occur at the offset,
n which cancels the frequency shift undergone by the resonant frequencies of the
MKIDs. If the resulting frequency shift is plotted as a function of temperature the
shape of the curve is determined by changes in the surface impedance of the Al
MKID due to changes in the population of thermally generated quasi-particles.
The relationship can be explicitly derived from Mattis-Bardeen theory, and in the
limits that our detector operates in it is4:
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where the thermal quasiparticle density is

nqp = 2N0
⇤

2⌅kT � exp
�
� �

kT

⇥
(4)

The results of this fit can be seen in Fig. 3. Although not indicative of any partic-
ular resonator, the fit results in an ⇥ of 0.023 and a � of 178 µeV, which are both
reasonable for a 25 nm Al film.

Even without the ability to measure individual resonator response, it appears
that some of the quasi-static behavior falls within our design parameters. Aside
from improving our analysis pipeline to reliably select, fit and measure individual

mean frequency shift  
vs. temperature matches  
expectations from theory
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Fig. 2 (Color online) Frequency sweeps of our device. Both graphs are the magnitude of the
complex transmission through our device (S21). On the left is the response at base temperature
(90 mK) and on the right is the same sweep at 600 mK, after all MKID resonances have been
dissipated away, leaving a complicated baseline transmission curve.

we settled on a simple “fold over” form factor for our meandered inductor as seen
in the insert of Fig. 1. The MKID is 200 � 4000 microns. The inductive section
is 45 microns with a 7 micron gap; the interdigitated capacitor fingers are 40 mi-
crons with a 20 micron gap. These resonators may be tuned to different resonant
frequencies by changing the length of the inductive section. Using SONNET’s
high frequency electromagnetic simulation software we were able to simulate the
frequency response of our new MKID. We used this data to design 256 resonators
with resonant frequencies evenly spaced in the 500 MHz between 3 and 3.5 GHz.
We then re-simulated sections of the mask to test for spurious coupling between
neighboring resonators. The physics of this phenomena for a specific MKID ge-
ometry is discussed in detail elsewhere9.

5 Fabrication and initial testing

Our first prototype device was fabricated by B. Bumble and B. Cornell at the Mi-
crodevices Laboratory at JPL. A single 25 nm Al film was sputtered with a dc
magnitron at ambient temperature onto a high-resistivity (⇥ > 5 k� ) Si substrate.
This substrate was 100 mm in diameter and 1 mm thick. Our device was then pat-
terned using contact UV photolithography and a positive tone resist followed by
chlorine-based inductively coupled reactive-ion etching (RIE). Finally, we diced
our 4 inch wafer into a three-inch dodecagon to fit into our device holder. After it
was fabricated, the device was then cooled to 50 mK in an Oxford Kelvinox 25 di-
lution refrigerator. More detail on our device testbed may be found in elsewhere10.
Our initial testing revealed substantial fluctuations in the baseline complex trans-
mission through our device as can be seen in Fig. 2.

6 Results and conclusions

Having such pronounced RF structure together with an order of magnitude in-
crease in our detector array size requires substantial upgrades to our data pro-
cessing pipeline before a full analysis of our device may be done. Understanding
these large baseline fluctuations will require much further fabricating and testing.
As a starting point, to understand the average quasi-static behavior of our device

resonator structure present at 90 mK
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Beyond Detection of Individual e-h Pairs: < 100 MeV

Qualitative change in response below ~100 MeV	

100 MeV: < ER > = 12 eV in Ge, 22 eV in Si:  

accessible with Vb = 100 V, σpt = 3 eV	

10 MeV: < ER > = 1.2 eV in Ge, 2.2 eV in Si:  

below e-h pair threshold:  
there are no states that electrons can  
scatter into	

Except possible relatively low density  

impurity states → ER-insensitive regime? 	


σp < 1 eV in principle accessible	

Like IR and FIR photon counting detectors:  

Resolve depositions less than 1 eV	


No quantization effects until reach ~ meV depositions	

meV deposition → 10 keV DM mass	


KID advantage?	

Threshold for qp creation in KIDs perhaps provides some insensitivity to 

environmental noise, esp. vibrational noise

21
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What About Direct Quasiparticle Creation?

Long scattering length  
superconducting crystal:  
qp’s diffuse	


Architectures:	

KID on insulator, qps collected via thick superconducting film	


Technically straightforward to imagine a design:	

Avoids having to deal with operating KID on superconductor	

Requires good trapping: qps from crystal into collector film, from collector film into KID	


Problem: fast trapping require large ∆ ratio; large ∆ ratio → lots of energy lost to phonon emission	

Maybe still ok if just interesting in counting substrate qps (still can get meV threshold)	


KID on crystal	

Need to avoid short-circuiting KID: microstrip structure?	

Film needs to be thick to avoid being proximitized by crystal (∆KID pulled to ∆crystal)	


No obvious advantage over phonon mediation for NR detection	

Phonons already provide sensitivity to meV scale 	

KIDs are already pair-breaking detectors: insensitive to sub-gap phonons in principle	


But definitely interesting for electron scattering

22
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Conclusions

Improved imaging of phonon signal from substrate can provide significant 
gains for phonon-mediated detectors	

In phonons+ionization mode: fiducialization using phonons, bulk ER rejection using 

ionization	

In HV mode: fiducialization using phonons	


Improved energy resolution would reach single e-h pair detection regime	

!
KIDs can provide these improvements	


Multiplexability of KIDs promises finer imaging of phonon signal	

KID sensitivity promises to reach single e-h pair regime	

!

KID demonstration in hand, working on scaling up to massive substrates
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Solid-State Detectors

SuperCDMS/EDELWEISS	

Semiconducting crystals	

Ionization: 	


Ionization produced in interactions 
drifted w/low electric field	


Phonons (thermal and athermal)	

Most energy goes into phonons.  In Ge: 3.0 eV/e-h pair vs. 0.67 eV bandgap	


Energies:	

“keVr” = recoil energy, energy deposited by particle interaction = Er	

“keVee” = “electron-equivalent” energy = Ne-h x 3.0 eV in Ge = Eq; Eq = Er for ERs	

Luke-Neganov energy = drift heating dissipation 

= Edrift = Ne-h x e x Vb = Eq x e x Vb/3.0 eV (Ge)	

“keVp” = phonon energy = Er + Edrift	


CRESST	

Photons from scintillating crystals  

instead of ionization (e.g. CaWO4)	

Photons detected with separate  

“absorber crystal”
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Ionization measurement

Inner electrode
(85%)

Outer
electrode
(15%)

Two ionization channels:
! Inner fiducial volume
! Outer electrode where field 
lines are not uniform

!
!

"#$%$&'()*+$

%,#$%$-.-/0'(+-

e- and h+ drift to surfaces in 3 
or 4 V/cm applied field 

FET amp

phonon sensors

transparent 
scintillating!

target crystal

thermistor for 
total energy signal

thermistor for 
scintillation signal

light- 
absorbing  

crystal

reflective  
cavity
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SuperCDMS: Surface Event Rejection w/Interdig. Electrodes

Alternating ground and biased  
electrodes further improve  
rejection	


Field configuration:	

Bulk events have symmetric hole/ 

electron collection	

Surface ERs are asymmetric	


Field strength	

High field near surface raises 

ionization collection for  
surface electron recoils	


206Pb nuclear recoils visible 	


Important goals achieved	

Surface ER rejection ~ 1 x 10-5 shown at Soudan > 8 keVr,  

sufficient for SuperCDMS  SNOLAB high-mass WIMP search
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experiments. Significantly, in the case of Ge, the ionization scale has been precisely measured
down to nuclear recoil energies of 254 eVr [75] using a novel technique involving capture of thermal
neutrons onto 72Ge.
4.1.2 Detector Performance at Soudan
The performance of 76 mm diameter iZIP detectors was first studied at the UC Berkeley (UCB)
test facility from 2009�2011. The UCB studies yielded extremely promising background rejection,
but were limited by cosmogenic neutron backgrounds in the dark matter signal region. Background
rejection for events in the dark matter signal region can be measured directly for detectors operated
deep underground. Since 2012, this has been carried out using fifteen iZIP detectors at Soudan.
Two of these detectors were installed with a 210Pb source. This isotope, along with its daughters,
is one of the primary sources of surface events for SuperCDMS. The deployed sources produce
electrons by beta decay between 10–100 keV

nr

at a rate of ⇠70 events/hour/source. As seen in
Fig. 4 (center), these electrons populate a region of reduced ionization yield, which lies between
the electron-recoil (yield ⇠1) and nuclear-recoil bands. In addition to electrons, the recoiling 206Pb
nucleus from the 210Po alpha decay is also seen with an ionization yield of ⇠0.2. These events occur
at a rate ⇠ 25% that of the electrons, with some of the events lying in the nuclear recoil yield band
at low recoil energies. Both the betas and the 206Pb events are distinguished from events in the
bulk of the detectors by their asymmetric ionization response. A similar technology has also been
deployed by EDELWEISS [76]. Events in the outer radial regions of the detector, which also su↵er
from reduced yield, are removed by comparing the ionization collected in the outer guard electrode
to that collected on the inner electrode.

Figure 4: (left) Shown are the symmetric charge events (blue dots) in the interior of the crystal, and the events
that fail the symmetric charge cut (red dots), including surface events from betas, gammas and lead nuclei incident
on side 1 from the source. (center) Same data, but in the ionization-yield versus phonon recoil-energy plane with
±2� ionization-yield range of neutrons indicated (area within green lines). The hyperbolic black line is the ionization
threshold (1.6 keVee - ‘ee’ for electron equivalent); the vertical black line is the recoil energy threshold (8 keVr).
Electrons from 210Pb (below ⇠60 keVr) and 210Bi (mostly above 60 keVr) are distinctly separated from 206Pb recoils
(low yield, below ⇠110 keVr). A low-yield outlier (blue with black circle), which is outside the signal region but just
satisfies the charge symmetry requirement is easily removed with a loose phonon symmetry cut (see Fig. 5 right).
(right) In addition to the data in left & center, this panel also shows nuclear recoils from a 252Cf neutron source
(green). As bulk events, these exhibit a symmetric response between side 1 and 2 like the bulk electron recoils at
higher yield, and are thus nicely separated from charge-asymmetric surface events.

Over 2500 live-hours, containing 182,180 betas and 206Pb recoils, have been analyzed from the
Soudan run (Fig. 4). A nuclear recoil signal region was defined by the 2� band around the mean
yield measured for nuclear recoils (using a 252Cf neutron source). After application of ionization-
signal fiducial-volume cuts, no surface events were found in the nuclear recoil signal region above a
recoil energy of 8 keV

nr

. This fiducialization yields a spectrum averaged passage fraction of ⇠50%
in the energy range of 8�115 keVr for an ⇠60 GeV/c2 WIMP. The upper limit to the surface event
rejection is < 1.26 ⇥ 10�5 at 90% C.L. This analysis is an update to the work presented in [68].
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EDELWEISS: Surface Event Rejection w/Interdig. Electrodes

EDELWEISS also has demonstrated this technology	

EDELWEISS III: More mass than SuperCDMS Soudan (30 kg vs. 9 kg),  

but higher threshold  
(15 keVr vs. 8 keVr)	
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EDELWEISS-III: from ID to FID 

ID (350000 γ) 

FID (411000 γ) 

~160g 

fiducial 
volume 
> 600 g 

EDELWEISS-II 
ID 400g with 10x 160g fiducial mass 

EDELWEISS-III 
FID 800g with 40x ~600g fiducial mass 

6 

« Full InterDigitised »  

FID surface rejection : better than ID 

  measurement with 210Pb β-
source 

  surface rejection: 
< 4 x 10-5 misidentified 
events per kg.d  
(Erec>15 keV) 
 

better than previous 
EDELWEISS detectors 
(< 6 x 10-5 misidentified 
 events per kg.d, Erec>20 keV) 
 

 

 
 

99.99%CL  γ�band 

~105 kg.d equivalent 

preliminary 

+206Pb recoils 
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