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SuperCDMS, a direct search for WIMPs, is currently operating a 9-kg array of cryogenic germa-
nium (Ge) detectors in the Soudan Underground Laboratory. These detectors, known as iZIPs, use
ionization and phonon sensors placed symmetrically on both sides of a Ge crystal to measure both
charge and athermal phonons from each particle interaction. The information from each event pro-
vides excellent discrimination between electron recoils and nuclear recoils, as well as discrimination
between events on the detector surface and those in the interior. To demonstrate the surface electron
rejection capabilities, two 210Pb sources were installed facing detectors, producing ∼130 beta de-
cays/hr. In ∼800 live hours, no events leaked into the WIMP signal region in the recoil energy range
8–115 keVr, providing an upper limit to the surface event leakage fraction of 1.7×10−5 at 90% C.L.
This rejection factor demonstrates that surface electrons would produce < 0.6 event background in
the 0.3 ton-year exposure for the proposed 200-kg iZIP array in SuperCDMS SNOLAB.

PACS numbers: 14.80.Ly, 95.35.+d, 95.30.Cq, 95.30.-k, 85.25.Oj, 29.40.Wk

Weakly Interacting Massive Particles (WIMPs) are a
generic class of candidates for the dark matter [1–3] which
is responsible for the formation of structure in our uni-
verse [4]. These Big Bang relic particles are particularly
interesting because their possible existence is motivated

by arguments both from cosmology and from particle
physics. Experiments are underway to detect WIMPs di-
rectly as they recoil off nuclei in terrestrial detectors [5].

The approach of the Cryogenic Dark Matter Search
(CDMS) is to maximize the information on each par-
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FIG. 1. (Online in color) (a) Phonon and ionization sensor layout for iZIP detectors deployed at Soudan. The Ge crystal is 76 mm in
diameter and 25 mm thick. Both faces are instrumented with ionization lines (one face with +2 V and the other with −2 V) that are
interleaved with phonon sensors (0 V) on a ∼1 mm pitch. The phonon sensors are arranged to give 4 phonon readout channels for each
face, an outer sensor surrounding three inner ones. (b) Magnified cross section view of electric field lines (red) and equipotential contours
(blue) near the bottom face of a SuperCDMS iZIP detector. The −2 V ionization electrode lines (yellow) are narrower than the 0 V
athermal phonon collection sensors (green). (c) Fabricated iZIP detector in its housing now operating in SuperCDMS Soudan experiment.

ticle interaction using technology with excellent signal-
to-noise and position information. These detectors with
multiple readout channels have resulted in a series of ro-
bust experiments that have minimized unknown back-
grounds. In addition to improving sensitivity [6–11], we
have obtained constraints on annual modulation, inelas-
tic dark matter interactions, axions, and electromagnetic
interactions [12–15].

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

In order to reduce these dominant backgrounds for fu-
ture experiments such as the 200 kg Ge SuperCDMS
project planned for the SNOLAB laboratory, we have
developed a new interleaved technology (iZIP) [19, 20],
which benefited from the EDELWEISS collaboration ex-
perience [21]. These detectors have interleaved ionization
and grounded phonon electrodes on both of the crystal
faces, with a +2 V bias applied to the top ionization
electrodes and −2 V applied to the bottom. The ioniza-
tion measurement is made by drifting the electron-hole
pairs to electrodes on the crystal surface in a weak electric
field (∼0.5 V/cm). The phonon measurement utilizes the
advanced athermal phonon sensor technology developed

for CDMS II [22]. Athermal phonons propagating in the
crystal interact with superconducting Al electrodes at the
crystal surface, breaking Cooper pairs to form quasipar-
ticles in the Al electrode. Diffusion of quasiparticles to a
tungsten “Transition Edge Sensor” (TES) increases the
temperature and resistance of the TES, which is biased
by electro-thermal feedback to lie in the transition region
between normal and superconducting states. The change
in TES resistance is detected as a change in current using
SQUID amplifiers under voltage bias.
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FIG. 2. Decay chain for 210Pb showing the most significant decays
which end in a 206Pb nucleus from the 210Po alpha decay [25, 26].

Figure 1a shows the electrode layout in use for Super-
CDMS at the Soudan Underground Laboratory. A detail
of the resultant electric field near the surface of the Ge
detector is shown in Fig. 1b, from which one may see
that energy deposited deeper than ∼1 mm will liberate
charges that drift to both faces of the crystal, whereas
events near one surface will generate a charge signal read
out only on that surface. This asymmetry in charge col-
lection significantly improves the ability of iZIP detectors
to identify recoils that occur near the detector surface.
Furthermore, the increased electric field near the surface
improves charge collection for all surface events.

In addition to the interleaved electrode structure’s re-
jection of near-surface events, the outermost ionization
bias electrodes are instrumented as a veto guard ring.
An outer phonon channel enables estimation of event
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FIG. 3. (Online in color) All panels show the same data from ∼900 live hours of detector T3Z1 with the 210Pb source facing side 1.
Clearly visible are the symmetric charge events (large blue dots) in the interior of the crystal, and the surface events from betas, gammas
and lead nuclei incident on side 1 from the source (small red dots). The two blue dots with circles around them are outliers that show a
very low charge yield and just satisfy the symmetry requirement. (a) The symmetry cuts (dotted blue lines) flare out near the origin so
that events are accepted down to the noise wall. The band just below 50 keV is from the 46.5 keV gammas from the source. (b) Ionization
yield versus phonon recoil energy with ±2σ ionization yield range of neutrons indicated (area within green lines). The hyperbolic black line
is the ionization threshold (2 keVee - ‘ee’ for electron equivalent); the vertical black line is the recoil energy threshold (8 keVr). Electrons
from 210Pb (below ∼60 keVr) and 210Bi (above 60 keVr) are distinctly separated form 206Pb recoils (low yield, below ∼110 keVr). (c)
In addition to the data in (a) & (b) this panel also shows nuclear recoils from neutrons from a 252Cf source (green, low yield). As bulk
events these show a symmetric ionization response between side 1 and 2 like the bulk electron recoils at higher yield, and are thus nicely
separated charge asymmetric surface events.

radial position, providing rejection of perimeter back-
ground events to lower recoil energies (∼1 keV) than
was possible in CDMS II. Such features of iZIP proto-
types were studied extensively at the surface UC Berke-
ley (UCB) test facility [20]. The UCB studies yielded
promising background rejection, but were limited by cos-
mogenic neutron background in the WIMP signal region.
In order to measure directly the background rejection for
these events, 210Pb sources were installed in the Soudan
Underground Laboratory experiment facing two detec-
tors T3Z1(T3Z3), with the source facing the +2 V(-2 V)
electrode. These sources were fabricated by the Stanford
group [23] using silicon wafers sealed in an aluminum box
for 12 days with a 5 kBq 226Ra source producing 222Rn
gas . The silicon wafers were then etched with a standard
wafer cleaning procedure and calibrated with an XIA
ultra-low background alpha counter [24]. The two de-
ployed sources are nearly uniformly implanted with 210Pb
to a depth of ∼58 nm and, by the decay chain [25, 26]
shown in Fig. 2, give a total electron interaction rate of
∼130 events per hour in the 8–115 keVr region of interest.

As shown in Fig. 3a, events taking place in the bulk
of the detectors, such as the 10.4 keV Ge activation line,
produce an ionization response that is symmetrically di-
vided between the two faces of the iZIP. In contrast, sur-
face betas from the source show a signal primarily on
the side of the crystal facing the source. Finally, events
that take place in the outer radial regions of the detec-
tor, which can also suffer from reduced ionization yield,
are removed by comparing the ionization collected in the

outer guard electrode to that collected in the inner elec-
trode.

As seen in Fig. 3b, surface betas from the 210Pb source
populate a region of reduced ionization yield, which lies
between the electron-recoil (ionization yield ∼1) and
nuclear-recoil bands. The recoiling 206Pb nuclei from
the 210Po alpha decay are also seen, with an ioniza-
tion yield of ∼0.2. This low-yield band ends near the
known 103 keV maximum recoil energy for the recoil-
ing nucleus, thereby providing direct confirmation for our
nuclear-recoil energy scale. The iZIP’s ability to reject
surface events versus bulk nuclear recoils is demonstrated
in Fig. 3c.

In the energy band 8–115 keVr detector T3Z1(T3Z3)
recorded 71,525 (38,178) electrons and 16,258 (7,007)
206Pb recoils in 905.5 (683.8) live hours at Soudan. The
expected background rates are ∼10,000 times lower and
are neglected in this analysis. A WIMP signal region is
defined by the 2-sigma band around the mean yield mea-
sured for nuclear recoils (using a 252Cf neutron calibra-
tion source). A fiducial volume is defined based on ioniza-
tion information, requiring that there is no charge signal
above threshold in the outer ionization sensor and that
the charge signal is symmetric with respect to the detec-
tor faces (blue points in Figs. 3). Using these criteria, no
surface events are found leaking into the WIMP signal re-
gion above a recoil energy of 8 keVr. This fiducialization
yields a spectrum averaged passage fraction of ∼50% in
the energy range of 8–115 keVr for a ∼60 GeV/c2 mass
WIMP. The statistics-limited upper limit to the surface
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event leakage fraction is 1.7 × 10−5 at 90% C.L., simi-
lar to that found by EDELWEISS above a threshold of
15 keVr [21]. For an exposure of 0.3 ton-yr with a 200
kg Ge SNOLAB experiment, this leakage fraction corre-
sponds to an estimated leakage < 0.6 events at 90% C.L.
assuming the same 210Pb background contamination lev-
els as achieved at Soudan.

FIG. 4. Comparison of data from the two detectors with a Geant4
simulation. (a) Gamma electron recoil band data (defined as ioniza-
tion yield > 0.8) includes in the data the continuous spectrum from
bulk gamma interactions (not simulated), and the simulated X-ray
peaks at ∼12 and 46.5 keV. (b) Beta band data (yield 0.4–0.8)
includes the simulated beta decays from 210Pb or 210Po. (c) Re-
coiling 206Pb band data (yield < 0.4) include the simulated 206Pb
recoils from 210Po decay and the drop in T3Z3 relative to T3Z1
below ∼15 keV is due to differing cut efficiencies. Normalizations
of the simulations in (a) and (b) were fixed by the normalization
needed to match data and simulation in (c). Unlike the perfect
simulation classifications, there is significant mixing in the data
yield-based classification between “gammas” and “betas,” and be-
tween “betas” and “recoils of 206Pb” at energies below ∼20 keV.

Using a Geant4 Monte Carlo [27] adapted to improve
the simulation of low energy ion implantation and other
low energy depositions [28], we analyzed the spectra of
the gammas, betas and lead recoils respectively. Fig. 4
shows the comparison of the data for both sources against
the simulation. The simulation modeled the intentional
contamination with radon gas of the silicon source wafers,
leading to surface adsorbed 214Po which implants 210Pb,
and then followed the subsequent decay chain in the
source to 206Pb. There is generally good agreement be-
tween the Monte Carlo simulation and data, although
Geant4’s treatment of low energy X-rays, conversion
electrons and Auger electrons requires more verification.
Several known effects were not simulated, including: 1)
surface roughness as in [29], 2) the small fraction of 218Po
that plates out prior to decay, 3) ionization yield to prop-
erly compare with data yield distributions, 4) beta events
leaking into the lead recoil band, and 5) Frenkel pairs, lat-
tice defects from nuclear recoils, which are predicted to

cause small phonon energy quenching at ∼3% level [30].
The upturn in the observed rate of 206Pb recoils at low
energies may help explain some of the recoil events in the
recent CRESST experiments [31].

As the analysis of the Soudan data is refined, we are ex-
ploring the use of phonon information to further improve
rejection of surface events at low energies and reduce sys-
tematic uncertainties in the fiducial volume defined using
ionization measurements [32]. Additionally, the phonon
fiducial volume estimators can be used to augment the
ionization-based estimate for the low-energy recoils ex-
pected from light WIMPs that fall below the 8 keVr
threshold used in this paper.

In conclusion, we have demonstrated with the new iZIP
Ge detector sufficient surface electron rejection so that
this background will be negligible for the current Super-
CDMS Soudan experiment and contribute < 0.6 event
background during a 0.3 ton-year exposure for the 200
kg SuperCDMS SNOLAB experiment.

The SuperCDMS collaboration gratefully acknowl-
edges the technical assistance from Jim Beaty and
the staff of the Soudan Underground Laboratory
and the Minnesota Department of Natural Resources.
These iZIP detectors are fabricated in the Stan-
ford Nanofabrication Facility which is a member of
the National Nanofabrication Infrastructure Network
sponsored by NSF under Grant ECS-0335765. This
work is supported in part by the National Science
Foundation (Grant Nos. AST-9978911, NSF-0847342,
PHY-1102795, NSF-1151869, PHY-0542066, PHY-
0503729, PHY-0503629, PHY-0503641, PHY-0504224,
PHY- 0705052, PHY-0801708, PHY-0801712, PHY-
0802575, PHY-0847342, PHY-0855299, PHY-0855525,
and PHY-1205898), by the Department of Energy (Con-
tracts DE-AC03-76SF00098, DE-FG02-92ER40701, DE-
FG02-94ER40823, DE-FG03-90ER40569, and DE-FG03-
91ER40618, and de-sc0004022), by NSERC Canada
(Grants SAPIN 341314 and SAPPJ 386399), and
by MULTIDARK CSD2009-00064 and FPA2012-34694.
Fermilab is operated by Fermi Research Alliance, LLC
under Contract No. De-AC02-07CH11359, while SLAC is
operated under Contract No. DE-AC02-76SF00515 with
the United States Department of Energy.

[1] E. Komatsu, et al, Astrophys. J. Suppl. Ser. 192, 1-47.
(2011).

[2] B. W. Lee and S. Weinberg, Phys. Rev. Lett. 39, 165-168
(1977).

[3] G. Jungman, M. Kamionkowski, and K. Griest, Phys.
Rep. 267, 195 (1996).

[4] G.R. Blumenthal, et al, Nature 311, 517-525 (1984).
[5] P.D.M. Bertone, Particle Dark Matter: Observa-

tions, Models and Searches, Cambridge University
Press 2010, Cambridge, UK.

http://arxiv.org/abs/de-sc/0004022


5

[6] D. S. Akerib, et al, Phys. Rev. Lett. 93, 211301 (2004).
[7] D. S. Akerib, et al, Phys. Rev. D72, 052009 (2005).
[8] D. S. Akerib, et al, Phys. Rev. Lett. 96, 011302 (2006).
[9] D. S. Akerib, et al, Phys. Rev. D73, 011102 (2006).

[10] Z. Ahmed, et al, Phys. Rev. Lett. 102, 011301 (2009).
[11] Z. Ahmed, et al,Science 327, 1619-1621, (2010).
[12] Z. Ahmed, et al, [arXiv:1203.1309].
[13] Z. Ahmed, et al, Phys. Rev., D83, 112002 (2011).
[14] Z. Ahmed, et al, Phys. Rev. Lett 103, 141802 (2009).
[15] Z. Ahmed, et al, Phys. Rev., D81, 042002, (2010).
[16] D.S. Akerib, et al, Phys. Rev. D82, 122004 (2010).
[17] Z. Ahmed, et al, Phys.Rev.Lett. 106, 131302 (2011).
[18] M. Pyle, et al, J Low Temp Phys 167, 10811086 (2012).
[19] P.L. Brink, et al, Nucl. Instrum. Methods Phys. Res.

A559, 414416 (2006).
[20] M. Pyle, et al, AIP Conference Proceedings #1185, 223-

226 (2009).
[21] A. Broniatowski, et al, Phys. Lett. B 681, 305-309 (2009).
[22] D. S. Akerib, et al, Phys. Rev. D68, 082002 (2003).

[23] S. Coleman, B.S. in Physics Honors Thesis, Stanford Uni-
versity (2009).

[24] See http://www.xia.com/Alpha products.html.
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