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Overview

Motivation
Basic physics, history, and applications of cryogenic detectors

Thermal phonons

Athermal phonons
Ionization and scintillation
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Motivation

Consider a conventional ionization detector:
Photon (or charged particle) 

enters the detection medium
and creates ionization
photons:

photoelectric absorption
Compton scattering
pair creation
results in energetic free electrons

(and maybe positrons)

heavy neutral particles
nuclear scattering results in a

recoiling nucleus

all charged particles create ionization
in a semiconductor: electron-hole pairs
Note also the phonons...

Electron-hole pairs drifted in electric field to electrodes and current integrated

Scintillation detector: 
scintillation photons emitted and collected by photodetector of some kind
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Conventional (semiconductor) ionization detector

−

+

x-ray photon E0

x-ray photon E0

photoelectron

electron-hole pairs

phonons

• Photon creates inital
photoelectron.

• Photoelectron sheds energy
creating electron hole-pairs
(secondaries) and high-energy
phonons.

• Applied field separated e-h pairs.
Photoelectron and phonons
continue to down-convert.

• Energy ends up in e-h pairs and
thermal phonons.

• Things can go wrong: escape, recombination, traps (meta-stable states), . . .
• Lots of physics and material properties in the down-conversion.
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Motivation: Counting Statistics

Limitations of conventional detectors
Simple counting statistics: 

semiconducting detectors: ~3-5 eV required to create an e-h pair → 300 pairs/keV
scintillitation detectors: 20-40 eV per scintillation photon + quantum efficiency of 

photodetector → few photoelectrons/keV
For keV energy depositions, σE/E ~ 5% to 50%!  Poor energy resolution at low energies.  

Typically σE/E ~ 1/√E, so % levels at 100 keV for semiconductors, 1 MeV for scintillators.
Fano factor actually improves this somewhat; F = 0.1 in Si and Ge.  [PDG]
But assumes no interesting physics:

ionization trapping
dead layers
secondary excitation mechanisms that inflate fluctuations, etc. (e.g., LXe)

Further aggravated for particles that scatter with nuclei:
Quenching of ionization or scintillation for nuclear recoils can be QF = 3 to 10 or worse
σE/E scales as √QF

How to beat these limits?
Use a smaller quantum: smaller ∆E to produce a single “energy carrier”
Use a quantum whose production is independent of recoil type.
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Motivation: Smaller Quanta

Smaller quanta: phonons and superconducting quasiparticles
Phonons: quantized crystal acoustic vibrations.  

Energy scale set by Debye temperature and operating temperature
e.g., germanium: Debye temperature = 360K, energy = 31 meV
1K operating temperature → 86 µeV

Superconductors have energy scale set by critical temperature
Pair-breaking energy: energy required to break a Cooper pair to create two quasiparticles 

(“qps”, ~ free electrons) with energy ∆ above Fermi level: E = 2 ∆ = 3.52 k Tc = 300 µeV

Clearly, one can beat the counting statistics problem

Phonon and qp production:
What happens when energy is deposited 

in a material is very complex
Even for MIP, energy is deposited in a hot 

plasma of electronic excitations:
MIP in silicon deposits 0.5 eV/nm
1 eV/particle = 11000 K!

This cloud radiates phonons up to > Edebye

In SC, phonons break Cooper pairs too.
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where " is a dimensionless electron-phonon coupling con-
stant of order unity. Equation !4" describes the spatial diffu-
sion of the electron cloud and the simultaneous spectral
transformation. However, to find the phonon distribution
function in !2" we need to know only the electron density.
Thus, integrating !4" over all electron energies and assuming
the diffusion coefficient to be independent of electron energy,
we arrive at the diffusion equation describing the density of
the electron cloud during the E1!→#D stage of the down-
conversion cascade. The normalized electron density !in
units of 2N0!" for electrons diffusing within a layer of thick-
ness d with normal along the z axis !−d /2&z&d /2" is given
by
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Here )m,m! is the Kronecker symbol, x= !z ,r", and r= !x ,y" is
the two-dimensional !2D" vector defining the coordinates in
the xy plane, with diffusion starting from x0. Since we are
not interested in the distribution of phonons parallel to the xy
plane we may integrate n!x , t" over x and y to obtain an
averaged phonon distribution Ñ= !1/A"(dr N!# ,x ,x0 , tdc",
where A is the area of the interface. As a result we obtain
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where we denote ,!x"=exp!−x"sinh!x" /x, and define -2

='2Dtdc /2d2, where E is the photon energy, +=3/2'2$3cs
3,

and cs is the mean sound velocity in the superconductor. This
substitution ensures that the energy at the end of the E1
→#D stage remains equal to E, defining . from !3". Note
that the phonon density profile at tdc is sharper than that of
the electrons, since it is the time convolution of the electron
density.

To evaluate tdc we will consider further details of the E1
→E1!→#D stage. Below E1 by definition /ee0/s, where /ee
and /s are the electron-electron !e-e" and electron-phonon
!e-ph" scattering times, respectively. Nevertheless close to E1
each e-e event results in a drop in electron energy by ap-
proximately a factor 2, while in the energy range )E1 ,E1!*
phonon emission results in a much smaller loss of energy
because #D"E1!. Therefore in the spectral interval )E1 ,E1!*
energy relaxation is controlled by the slower e-e interactions,
while the faster e-ph collisions control momentum relaxation
and hence electron diffusion. At energies lower than E1! with
further decrease of the e-e interaction strength, e-ph interac-
tions finally become dominant for both energy and momen-

tum relaxation. During the whole duration of the E1→#D
stage phonons are emitted across the entire spectrum, and
hence the phonon emission time, which determines momen-
tum relaxation, does not depend on the electron energy since
%0#D. In addition the electron group velocity is essentially
constant within this energy range above the Fermi level.
Thus the electron diffusion coefficient D remains constant
and independent of energy, thus justifying the assumptions
made above.

The energy E1! can be evaluated from the condition

/ee!E1!" =
E1!

2#D
/s. !7"

Since an electron with energy E1! takes on average the same
time to lose half its initial energy whether in a single e-e
process, or by emitting several E1! /2#D phonons !with the
emission of each of those phonons taking time /s", we obtain
from !7"

E1! = 21/3E1
2/3#D

1/3 + #D% E1

#D
&2/3
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In arriving at this result we assume that for %0#D e-e scat-
tering is not affected by disorder and scales as /ee

−1,%2. To
summarize, a phonon bubble is generated during the E1
→#D stage. The first substage E1→E1! is the faster with an
estimated duration of /ee!E1!"!1/4+1/16+ ¯ "=/ee!E1!" /3.
The second substage E1!→#D takes time /ee!E1!" /2 from E1!
to E1! /2 because there are two equally contributing channels
each with the rate /ee!E1!"−1, and a further /ee!E1!" /2 for pho-
non emission to relax the electron energy from E1! /2 to #D.
Thus our result for the duration of the E1→#D stage is

tdc =
4
3

/s%E1

E1!
&2

=
1
3
%4E1
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&2/3
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This parameter is important in determining the distance from
an interface over which phonon loss can occur, as discussed
in Sec. III. The whole down-conversion process is summa-
rized in Fig. 1.

FIG. 1. Schematic picture of photoelectron energy down-
conversion in a superconductor.

ELECTRON ENERGY DOWN-CONVERSION IN THIN… PHYSICAL REVIEW B 75, 094513 !2007"

094513-3
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Motivation: Independence of Particle Type

Energy scale of e-h pair/phonon cloud ≫ thermal phonon, qp energies
Phonon and qp production to first order do not care where the energy came from;

knowledge of high energy scale processes are lost
Absolutely true for thermal phonons and thermal qp’s; mostly true for athermals

All the energy eventually goes into phonons:
ionization: 

e-h pairs recombine in bulk or at the 
electrodes and radiate recombination 
phonons: recovers gap energy

though charge trapping and permanent 
crystal defect creation will also 
cause some loss of energy

scintillation: 
scintillation photons escape and their 

energy is lost (or detected externally)
but scintillation photons (~1-few eV) 

carry a small fraction of energy 
needed to create them (20-40 eV/ph);
the remainder goes into phonons

6

Conventional (semiconductor) ionization detector
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x-ray photon E0x-ray photon E0

photoelectron
electron-hole pairs

phonons

• Photon creates inital
photoelectron.

• Photoelectron sheds energy
creating electron hole-pairs
(secondaries) and high-energy
phonons.

• Applied field separated e-h pairs.
Photoelectron and phonons
continue to down-convert.

• Energy ends up in e-h pairs and
thermal phonons.

• Things can go wrong: escape, recombination, traps (meta-stable states), . . .
• Lots of physics and material properties in the down-conversion.
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Motivation: Independence of Particle Type

Energy scale of e-h pair/phonon cloud ≫ thermal phonon, qp energies
Phonon and qp production to first order do not care where the energy came from;

knowledge of high energy scale processes are lost
Absolutely true for thermal phonons and thermal qp’s; mostly true for athermals

All the energy eventually goes into phonons:
superconductor

Once quasiparticles created, they
diffuse (cannot be drifted)

But otherwise similar to e-h pairs:
can recombine if they find another qp

in bulk or at surfaces
will eventually decay and emit energy in

phonons
even if trapped, usually will decay and 

emit energy in phonons, though
timescale may be long
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Physics of Thermal Phonon Detectors

Very simple: just measure the rise
and decay of temperature of
absorber

“Thermodynamic Limit”: calculate
variance of energy content of
absorber in canonical ensemble
(e.g., Kittel).  Yields:

C = heat capacity, T = temperature
Cause of fluctuations: stochastic 

“bouncing around” of absorber and bath between 
microstates around mean energy.  The fractional 
fluctuations go as 1/√C because by standard Poisson fluctuation 
argument: C gives the number of modes that can carry energy.

But this argument is wrong.

8

Now wait just one minute (or at least a µs)

Weak thermal link G

x-ray photon E0x-ray photon E0

photoelectron
electron-hole pairs

phonons

• Photon creates inital
photoelectron.

• Photoelectron sheds energy
creating electron hole-pairs
(secondaries) and high-energy
phonons.

• Photoelectron and phonons
continue to down-convert. e-h
pairs start recombining

• e-h pairs recombine and create
a phonon. All energy ends up in
thermal excitations.

• Things can go still wrong: escape, traps (meta-stable states), . . .
• If you can wait, thermodynamics takes over and details of the down-conversion

are less important. The second law can be your friend.
• If in equilibrium, measure all possible “channels” - electrons, phonons, spins,

quasiparticles
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thermistor

critical: allows energy to 
escape to bath, sets
recovery time (with C)

σ2
E = kBT 2C absorber with

heat capacity C
quiescent temperature T
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Physics of Thermal Phonon Detectors

Must think in terms of power flows.  Absorber obeys:

Reponse to a δ-function energy deposition E0 is

The fluctuations causing σE (“thermodynamic
fluctuation noise”) are similar in flavor: 
they are due to stochastic energy transfer 
back and forth with bath via G (phonons)

But S/N ratio in frequency space is then
fixed.  With infinite detector bandwidth,
get infinite signal to noise!

9

C
dδT

dt
=

dE

dt
= P (t)−G δT

Rate of change of 
energy content of 

absorber

Energy content 
fluctuations

related to temperature
fluctuations and C Input power

e.g., P(t) = E0 δ(t) 
for event of energy E0

Power flow out through
weak thermal link due

to flucuation of 
temperature away from 

mean value

δT (t) =
E0

C
exp(−t/τ) τ =

C

G

Equilibrium thermal detectors
Signal and noise

Signal
∆T = E0/C

∆T decays with a time constant C/G

t

T τ = C
G

E0
C

Noise
N total excitations with mean energy kBT

N ∼ CT/kBT ; δN =
√

N

δERMS = δNkBT =
�

kBT 2C

Thermodynamic Fluctuation Noise -
random fluctuations in energy due to
transport across the weak link - similar to
“reset noise” in FET switched capacitors

• Ultimate energy resolution is determined by how well you can measure ∆T
against thermodynamic fluctuations

• Low temperatures→ better energy sensitivity
• Results apply when there are several thermal excitation “channels” in the

absorber such electrons, phonons, spins as long as measurement time is
longer than the equilibration time between the “channels”
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Energy Fluctuation is not Energy Resolution

∆E =

�
2πfc
∆f

� 1
2 �

kBT 2C; fc =
G

2πC

McCammon
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Then add some noise, and some more time constants

∆E =

�
2πfc
∆f

� 1
2 �

kBT 2C; fc =
G

2πC

McCammon
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Physics of Thermal Phonon Detectors

In reality, what limits S/N is the noise of the thermistor being used to 
measure the temperature and the microphysics of thermalization:
red:  pulse 

rising edge 
not infinitely
sharp (as 
we will see), results in add’l
time constants and rolloff 
of signal

cyan: readout noise; e.g.,
Johnson noise of a thermistor.  
Usually white, limits useful 
signal bandwidth

For range of readout assumptions, 

                                                             e.g. germanium, using  Debye

                                                             σE = 5.2ξ eV at 10 mK!

In practice, lose ~x5-10 from thermistor C and Joule power dissipation, excess 
readout noise, etc.
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avalanche or the small signals of direct collection. It works by setting
up at the positive end of the drift volume parallel meshes or wire
arrays with an electric field larger than the drift field, but less than
the field needed for avalanche. In xenon, this is 3–6 kV cm−1 bar−1

for good energy resolution. Eq. (29.4) shows the dependence of the
yield (Y ) in zenon in units of photons/(electron cm bar) as a function
of pressure (p) in units of bar and electric field (E) in units of
kV/cm [58]:

Y/p = 140 E/p− 116 . (29.4)

The amplification can be adjusted with the length of the electrolumi-
nescence region, pressure and electric field.

Nuclear recoils

Electronic recoils
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Figure 29.7: An example of pulse-shape discrimination of
nuclear recoils and electrons in argon. The prompt fraction is
a measure of the pulse shape that clearly separates the two
interactions down to very low energy. Figure from Ref. 59.

Differentiation of nuclear and electron recoils at low-energy
deposition is important as a means of background rejection. The
nuclear recoil deposits a higher density of ionization than an electron
recoil and this results in a higher geminate recombination resulting
in a higher output of primary scintillation and lower charge. The
ratio of scintillation to charge can be used to distinguish the two. In
the case of an electroluminescence readout, this is done simply with
the ratio of primary light to secondary light. Optically transparent
grids with PMT or APD readout combine to make a elegant setup
wherein the same array can measure the primary scintillation (S1),
and the electroluminescence (S2) eliminating the necessity of two sets
of readout detectors. Fig. 29.6 illustrates this method that works in
the gas phase and in dual phase detectors. The time evolution of the
primary light is also affected by the type of recoil that results from
different populations of excimers in the singlet and triplet states [59].
This alone has resulted in excellent discrimination, particularly in
gasses where the decay times are significantly different (see Table 29.2).
An example of the discrimination is displayed in Fig. 29.7, where
nuclear recoils and electrons can be identified down to 10’s of keVee, in
argon. Nuclear recoils deposit less ionization than electrons at a given
energy. For this reason, nuclear recoil energy is typically reported in
equivalent electron energy loss, keVee, when compared with electrons.

The composition of the drift matter is an important choice in
TPC design, and the noble gasses are frequently selected as the bulk
element in the mix (Table 29.2). The noble gases have no electron
affinity in the ground state, resulting in good free-electron lifetime and
a good amount of scintillation that is useful for particle identification
and t0 determination. In the case of argon and xenon, the low average
energy to produce an ion pair results in good energy resolution. The
noble gases are easily purified to a high level that, combined with
moderate cost, enables the construction of large monolithic detectors.
Of the noble gasses one isotope of xenon (136Xe) is a candidate for
(0ν2β).

The negative-ion TPC [60] uses an electronegative gas (e.g., CS2)
either as the drift gas or as a dopant to the drift gas that captures the
primary electrons, forming negative ions that drift in the electric field.
Upon reaching the gas-gain region of the TPC, the electron is stripped
from the ion in the high electric field, and the electron avalanches in
the normal manner. The larger mass of the the negative ion keeps the

Table 29.2: Properties of the noble gasses typically used in
non-accelerator TPCs [56,57]. W is the average energy spent to
produce one electron ion pair.

Element W photon wave- decay time cost
(eV) yield length (fast/slow) ($/kg)

(γ/keV) (nm)

Helium 46.0 50 80 10 ns/1.6µs $5
Neon 36.6 30 77 10 ns/3.9µs $60
Argon 26.4 40 128 4 ns/1.6µs $2
Xenon 21.7 42 175 4 ns/22 ns $1000

kinetic energy of the ion thermal at high electric fields, and therefore
such a TPC exhibits far less diffusion. The reduction of diffusion over
large distance (time) enables detailed tracking of small tracks in a
large volume without the benefit of a magnetic field to limit diffusion
(which would be prohibitively expensive for a large volume). The
trade-off is orders-of-magnitude slower drift, placing a limit on the
trigger rate.

29.5. Sub-Kelvin detectors

Written September 2009 by S. Golwala (Caltech).
Detectors operating below 1 K, also known as “low-temperature” or

“cryogenic” detectors, use <∼meV quanta (phonons, superconducting
quasiparticles) to provide better energy resolution than is typically
available from conventional technologies. Such resolution can provide
unique advantages to applications reliant on energy resolution, such
as beta-decay experiments seeking to measure the νe mass or searches
for neutrinoless double-beta decay. In addition, the sub-Kelvin mode
is combined with conventional (eV quanta) ionization or scintillation
measurements to provide discrimination of nuclear recoils from
electron recoils, critical for searches for WIMP dark matter and for
coherent neutrino-nucleus scattering. We describe the techniques in
generic fashion in the text and provide a list of experiments using
these techniques in An excellent review [52] is available that covers
this material and other applications of low-temperature detectors.
The proceedings of the Low Temperature Detectors Workshops are
also useful [53].

Table 29.3.

29.5.1. Thermal Phonons :
The most basic kind of low-temperature detector employs a

dielectric absorber coupled to a thermal bath via a weak link. A
thermistor monitors the temperature of the absorber. The energy E
deposited by a particle interaction causes a calorimetric temperature
change by increasing the population of thermal phonons. The
fundamental sensitivity is

σ2
E = ξ2kT [T C(T ) + βE] , (29.5)

where C is the heat capacity of the detector, T is the temperature
of operation, k is Boltzmann’s constant, and ξ is a dimensionless
factor of order unity that is precisely calculable from the nature of the
thermal link and the non-thermodynamic noises (e.g., Johnson and/or
readout noise). The first term is imposed by statistical fluctuations in
the number of thermally excited phonons and on the energy in the
absorber due to exchange with the thermal bath (see, e.g., Ref. 54 and
references therein). The second term is due to statistical fluctuations
in the number of phonons excited by the absorbed radiation. The
factor β is also dimensionless and O(1) and is also precisely calculable
from the nature of the thermal link. The ratio of the second term
to the first term is equal to the fractional absorber temperature
change due to an energy deposition. Thus, the second term becomes
appreciable when this fractional temperature change is appreciable,
at which point nonlinear effects also come into play. The energy
resolution typically acquires an additional energy dependence due to
deviations from an ideal calorimetric model that cause position and/or
energy dependence in the signal shape.

ξ = O(1-few)

2nd term = phonon counting statistics,becomes appreciable 
when fractional energy/temperature change approaches 1
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The rise time of response is limited by the internal thermal
conductivity of the absorber. The decay time constant, describing
the time required for the absorbed energy to flow out to the bath, is
τ = C/G, where G is the thermal conductance of the weak link. The
above formula immediately suggests the use of crystalline dielectric
absorbers and low temperatures because of the linear factor of T and
because C for crystalline dielectrics drops as T 3 for T well below
the material’s Debye temperature (ΘD, typically hundreds of K).
Specifically, the Debye model indicates that a crystal consisting of N
atoms has

C =
12 π4

5
N k

(

T

ΘD

)3

(29.6)

which gives σE = 5.2 ξ eV for 1 kg of germanium operated at
T = 10 mK. (For a detector of this size the 2nd term in Eq. (29.5) is
negligible.) In practice, a number of factors degrade the above result
by about an order of magnitude (thermistor heat capacity and power
dissipation, readout noise, etc.), but the predicted energy resolution
for such a large mass remains attractive.

Neutron-transmutation-doped (NTD) germanium and implanted
silicon semiconductors are used for thermistors. Conduction is
via phonon-assisted hopping between impurity sites, yielding an
exponentially decreasing resistance as a function of temperature,
R(T ), with negative slope, dR/dT . Attachment to the absorber is
usually by eutectic bonding or epoxy or by direct implantation into the
absorber. Another type of temperature sensor is the superconducting
phase-transition thermometers (SPT) or transition-edge sensor (TES).
A SPT or TES is a superconducting film operated in the transition from
superconductive to normal resistance at the transition temperature, Tc,
where its resistance is a strong function of temperature with positive
dR/dT . This can provide strong electrothermal negative feedback,
which improves linearity, speeds up response, and mitigates variations
in Tc among multiple TESs on the same absorber. NbxSi1−x is
another thermistor material that ranges between the semiconducting
and superconducting regimes as a function of the stoichiometry
(defined by x). SPTs/TESs and NbxSi1−x thermistors are frequently
deposited directly onto the absorber by sputtering or evaporation.

The readout method depends on the type of thermometer used.
Doped semiconductors typically have high impedances and are well
matched to low-noise JFET-based readout while SPTs/TESs are
low-impedance devices requiring SQUID amplifiers.

29.5.2. Athermal Phonons and Superconducting Quasiparti-
cles :

The advantage of thermal phonons is also a disadvantage: energy
resolution degrades as

√
M where M is the detector mass. This

motivates the use of athermal phonons. There are three steps
in the development of the phonon signal. The recoiling particle
deposits energy along its track, with the majority going directly into
phonons. (A minority of the energy goes directly into scintillation
and ionization. Energy deposited in ionization is recovered when
the carriers recombine.) The recoil and bandgap energy scales (keV
and higher, and eV, respectively) are much larger than phonon
energies (meV), so the full energy spectrum of phonons is populated,
with phase space favoring the most energetic phonons. However,
these initial energetic phonons do not propagate because of isotopic
scattering (scattering due to variations in lattice ion atomic mass,
rate ∝ ν4 where ν is the phonon frequency) and anharmonic decay
(scattering wherein a single phonon splits into two phonons, rate
∝ ν5). Anharmonic decay downshifts the phonon spectrum, which
increases the phonon mean free path, so that eventually phonons can
propagate the characteristic dimension of the detector. These phonons
travel quasiballistically, preserve information about the position of the
parent interaction, and are not affected by an increase in detector
mass (modulo the concomitant larger distance to the surface where
they can be sensed). Anharmonic decay continues until a thermal
distribution is reached (µeV at mK temperatures), which is exhibited
as a thermal increase in the temperature of the detector. If one can
detect the athermal phonons at the crystal surface, keep the density
of such sensors fixed as the detector surface area increases with mass,
and the crystals are pure enough that the athermal phonons can
propagate to the surface prior to thermalization, then an increase in
detector mass need not degrade energy resolution, and can in fact

improve position reconstruction. Sensors for athermal phonons are
similar to those for superconducting quasiparticles described below.

Another mode is detection of superconducting quasiparticles in
superconducting crystals. Energy absorption breaks superconducting
Cooper pairs and yields quasiparticles, electron-like excitations
that can diffuse through the material and that recombine after
the quasiparticle lifetime. In crystals with very large mean free
path against scattering, the diffusion length (distance traveled in
a quasiparticle lifetime) is large enough (mm to cm) that the
quasiparticles reach the surface and can be detected, usually in a
superconducting tunnel junction (STJ) or TES/SPT.

A similar technique is applied to detect athermal phonons.
Athermal phonons reaching a superconducting film on the detector
surface generate quasiparticles as above. Such thin films have diffusion
lengths much shorter than for superconducting crystalline substrates,
only of order 100 µm to 1 mm. Thus, the superconducting film must
be segmented on this length scale and have a quasiparticle sensor for
each segment. The sensors may, however, be connected in series or
parallel in large groups to reduce readout channel count.

The readout for athermal phonon and quasiparticle sensing depends
on the type of quasiparticle detector. Tunnel junctions match well to
JFET-based readouts, while TESs/SPTs use SQUID amplifiers.

29.5.3. Ionization and Scintillation :
While ionization and scintillation detectors usually operate at much

higher temperatures, ionization and scintillation can be measured at
low temperature and can be combined with a “sub-Kelvin” technique
to discriminate nuclear recoils from background interactions producing
electron recoils, which is critical for WIMP searches and coherent
neutrino-nucleus scattering. With ionization, such techniques are
based on Lindhard theory [55], which predicts substantially reduced
ionization yield for nuclear recoils relative to electron recoils. For
scintillation, application of Birks’ law (Sec. 28.3.0) yields a similar
prediction. (The reduced ionization or scintillation yield for nuclear
recoils is frequently referred to as “quenching”.)

Specifically, consider the example of measuring thermal phonons
and ionization. All the deposited energy eventually appears in the
thermal phonon channel, regardless of recoil type (modulo some
loss to permanent crystal defect creation). Thus, the ionization
yield—the number of charge pairs detected per unit detected energy
in phonons—provides a means to discriminate nuclear recoils from
electron recoils. Similar discrimination is observed with athermal
phonons and ionization and with phonons and scintillation.

In semiconducting materials of sufficient purity—germanium and
silicon—electron-hole pairs created by recoiling particles can be drifted
to surface electrodes by applying an electric field, similar to how
this is done at 77K in high-purity germanium photon spectrometers
(Sec. 28.7). There are three important differences, however, that result
in the use of low fields—of order 1 V/cm—instead of the hundreds
to thousands of V/cm used in 77K detectors. First, high fields are
required at 77K to deplete the active volume of thermally excited
mobile carriers. At low temperature and in crystals of purity high
enough to drift ionization with negligible trapping, the population of
thermally excited carriers is exponentially suppressed due to the low
ambient thermal energy. Second, high fields in 77K operation prevent
trapping of drifting carriers on ionized impurities and crystalline
defects and/or overcome space charge effects. At low temperatures,
ionized impurities and space charge can be neutralized (using free
charge created by photons from LEDs or radioactive sources) and
remain in this state for minutes to hours. This reduces trapping
exponentially and allows low-field drift. Third, a high field in a
sub-Kelvin detector would result in a massive phonon signal from the
drifting carriers, fully correlated with the ionization signal and thereby
eliminating nuclear recoil discrimination. Readout of the charge signal
is typically done with a conventional JFET-based transimpedance
amplifier.

A number of materials that scintillate on their own (i.e., without
doping) continue to do so at low temperatures, including BaF2, BGO,
CaWO4, ZnWO4, PbWO4, and other tungstates and molybdates. In
and of itself, there is little advantage to a low-temperature scintillation
measurement because detecting the scintillation is nontrivial, the
quanta are large, and the detection efficiency is usually poor.
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History

Clearly, energy resolution and low threshold are the advantages. 
First applications considered: coherent scattering of MeV ν, 
neutrinoless double beta decay, dark matter:
Drukier and Stodolsky, “Principles and 

Applications of a Neutral Current 
Detector for Neutrino Physics and 
Astronomy”, PRD 30: 2295 (1984)
Metastable superconducting grains for 

MeV neutrinos

Fiorini and Niinikoski, “Low-Temperature
Calorimetry for Rare Decays”, 
NIM 224:83 (1984)
Neutrinoless double-beta decay and electron decay.

Goodman and Witten, “Detectability of Certain Dark Matter Candidates”, 
PRD 31: 3059 (1985): 
Applies Drukier and Stodolsky to WIMP dark matter detection: low threshold critical

Cabrera, Krauss, and Wilczek, “Bolometric Detection of Neutrinos”, 
PRL 55: 25 (1985)
True bolometric detection.
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History

First demonstrations
Niinikoski et al., “Heat capacity of a silicon 

calorimeter at low temperatures 
measured by alpha-particles”, 
Europhys. Lett. 1:499 (1986)

Wang et al., “Particle detection with 
semiconductor thermistors at low 
temperatures”, 
IEEE Trans. Nucl. Sci. 36: 852 (1989).

X-ray astronomy: provides grating-
spectrometer resolution but with high 
QE; useful for fine structure of X-ray 
lines, velocity structure, esp. 55Fe in 
accretion disks around black holes
Moseley, Mather, and McCammon, 

“Thermal Detectors as X-ray Spectrometers”, 
J. Appl. Phys. 56: 1257 (1984).
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Figure 3. Equivalent electrical circuit for a thermi. 
experiment 

- Io digital scope 

or in our 

By injecting an electric pulse through a small capacitor (Cl), 
it is possible to calibrate the response of the thermistor to the 
deposition of a given energy in the charge carriers. In section 4 we 
describe. how this allows us to estimate the efficiency of the coupling 
of the phonons to the charge carriers. 

4. Dermal ' ion of enerw in the therm istor v o l u a  
In this section we consider the measurements made when 

thermistor b was irradiated directly by the X-ray source, as shown 
in Fig. 2. In this case the phonons produced in the X-ray interaction 
can themselves interact directly with charge carriers. These charge 
carriers can then be electrically collected. 

Figure 4 shows an example of pulses obtained in this 
configuration. The tempeqture of the thermal sink was 18 mK and 
the bias current was 2 nA. 

Figure 4. Pulsesfrom X-rays of BIAm incident on thermistor b at 
18 mK. We chose typical pulses corresponding to the two peaks 
shown in Figure 5 .  The vertical scale is 100 pvldiv, and the 
horizontal scale is I msldiv. 

The rise time of the pulses is limited by stray capacitances 
and indicates a very fast coupling of at least some of the phonons to 
the charge carriers (the coupling time, z, is shorter than 200ps.) 
Making use of our previous charge carrier heat capacity estimate of 
C=3 10-12J K-1. we deduce an effective conductance between 
charge carriers and high energy phonons G=C/z > 1.5 lO-*W K- l .  
This is more than an order of magnitude greater than the effective 
conductance we measured between the charge carriers and thermal 
phonons. 

In figure 5 we show the observed spectrum of pulse heights. 
The peak at 320 pV corresponds to 60 keV X-rays, and the peak at 
120 pV comes from the unresolved 14 and 18 keV X-rays. The 
width of the peaks is larger than the electronic noise. The shape of 
the peaks is also asymmetric, with a tail extending toward lower 
pulse heights. This tail is an indication that there is an energy escape 
mechanism. Note that this spectrum does not give an indication of 
the intrinsic resolution of our thermistors. For a proper 
measurement of the total energy deposition, the thermistor should 
not be thermally clamped. Moreover, we did not use ultra-low noise 
amplifiers, and our setup was subject to strong microphonics. 

THERMALLY CLAMPED THERMISTOR 

43% l8keV 50% 60 keV 
7% 14 keV 

I 

32 

24 - 
18 - 

8 -  

- 8 more 
events - +  

- 0 I m . . I t - .  . . * 
0 8 0  160 240 320 *OO 

Pulse Height (microvolts) 
lgure 5. Pulse height spectrum for a therma& clamped thermisto, 
YAm X-ravs are incident directlv on thermistor bl The NTD Ge 

chip is thermally clamped to ihe heat sink at 18 mK. The 
percentages are deduced from the attenuation in I mm of AI and the 
absorption in the Ge. 

Note finally, as shown in Figure 6, that no significant pulse 
is observed on the other thermistor, showing that the lattice 
temperature does not change appreciably on the time scale shown. 

Figure 6. Simultaneous pulses on thermistor a (lower trace) and 
thermistor b (upper trace) with X-rays incident on b. The small 
signal in a is entirely due to electrical cross talk. 

It is possible to compare the pulse height obtained with 
60keV X-rays to the pulse heights obtained with electrical pulsing 
using a capacitor at the same temperature and bias current. The 
energy deposition is calculated from the energy stored in the 
capacitor using the thermal model described in detail in ref.12. This 
calculation takes into account the correction due to thermal feed- 
back effects14 , and also considers the leakage of energy to the heat 
sink during the pulse rise-time. The results are shown in figure 7. 
At 18 and 60 keV, we expected 260pV and 650pV respectively, and 
observed 120pV and 320pV. Therefore the fast component 
represents about 50% of the total energy deposition. 

T. 0. NIINIKOSKI et al.: HEAT CAPACITY OF A SILICON CALORIMETER ETC. 501 

depth of 1000 A with a concentration of l.5.lO1’ atoms/cm3. The electronic contacts have 
obtained by two 2 pm degenerate Nf implants of lpl atoms/cm3 and by 1 pm thicknesses of 
aluminium deposited on them. Electrical and thermal contact to the chip was obtained with 
two indium wires of about 100 pm diameter and 3 mm length, which are cold welded at one 
end to the aluminium contacts and at the other to a copper frame in thermal contact with the 
mixing chamber of the dilution refrigerator. 

The steady resistance RL of the calorimeter was measured with an a.c. Kelvin bridge. 
The pulses produced in it by absorption of the incoming alpha-particles were detected using 
the bias circuit shown in the inset of fig. 2. The voltage from RL is first amplified by an 
AH0013 OEI integrated circuit with 1.5 nV/Hz* voltage and 10 fA/Hzi current noise, 
respectively, with feedback to give 30 dB gain and (Ot500) kHz band width. Pulses are 
then digitalized, filtered and stored by means of a Camac digitizer with read-out to an 8 bit 
microcomputer. The noise amplitude, in the absence of pulses from the calorimeter, is 
compatible with the noise figure of the amplifier. 

0 2O.L LO.9 61.4 81.9 102.4 
time(ws) 

Fig. 2. - A typical pulse (at 500 mK). In the inset, the input circuit. 

Pulses from the detector have been obtained by placing inside the cryostat and in the 
immediate vicinity of it an implanted ‘“Ra source, in radiactive equilibrium with its alpha- 
emitting daughters, which produces a counting rate of about 4 Hz. Measurements have been 
carried out at various temperatures from 30 t o  960 mK, but in the lower range of this 
interval the relative increases in temperature become so large that the response of the 
system is not linear. The present analysis has, therefore, been limited to measurements 
carried out at  temperatures above 300 mK. 

We would like to note that thermal links have been studied in view of high-rate 
experiments, requiring pulses (fig. 2) faster than those obtained in other searches. The 
preamplifier bias circuit has been chosen accordingly. 

3. Results and their analysis. 

The pulse rise time ranges from 1 to 3 ps, in agreement with the input circuit time 
constants above 600 mK, and slightly larger below. These rise times are almost an order of 
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Application Examples: Thermal Phonons

Neutrinoless Double Beta Decay: CUORE
Te as decay isotope, in TeO2 crystals

Thermometry by neutron transmutation 
doped (NTD) germanium thermistors
NTD converts Ge to Ga using neutron capture 

near a reactor; very uniform doping gives dR/dT
JFET voltage amplifier readout

Source/absorber: 0.75 kg TeO2 crystal, 5x5x5 cm3

12 kg near-term, 200 kg long-term; 10 mK

13

Neutron transmutation doped Ge thermistors

Recipe for a thermistor

1 Stick Ge in front of neutron flux

32Ge
70 + n = 32Ge

71 − K-capture (11.4 d)→ 31Ga
71(acceptor)

32Ge
74 + n = 32Ge

75 − β− (82 m)→ 33Ga
75(donor)

32Ge
76 + n = 32Ge

77 β−(12 h)→ 33As
77 β−(39 h)→ 34Se

77(donor)

2 Wait

3 Anneal

4 Dice

E Haller, J Beeman

Extremely precise doping Holmes JPL

National Institute of Standards and Technology • U.S. Department of Commerce Slide 19/48

NTD Ge thermistor,
glued on

FWHM = 3.1 keV at 2615 keV
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Application Examples: Thermal Phonons

Neutrino Beta Decay Endpoint: MARE
187Re b-decay, E0 = 2.47 keV

Source material: 600x600x250 µm3, 
500 µg AgReO4 xtals

Thermistor: 300x300x1.5 µm3 
Si:P semiconducting

FWHM = 33 eV at 2.6 keV

t = 500 µs (sets count rate → 
decay statistics)
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Applications Examples: CRESST I

Uses “superconducting phase transition” 
thermometer or “transition-edge sensor”
(SPT, TES)
Sharper dR/dT than thermistors → more sensitivity

Thin film fabrication directly on substrate: 
simple W thermometer
Au heater to apply feedback heating

300 g CaWO4 substrate, 10 mK
α ~ 10

15

Transition-edge sensor (TES)

Superconducting transition

α = dlogR
dlogT

Tc

Temperature

= T
R

dR
dTR

es
is

ta
nc

e

Typically, 10 < α < 1000

National Institute of Standards and Technology • U.S. Department of Commerce Slide 23/48

Hilton

15 

CRESST Detectors 
The phonon detector:  

300 g cylindrical CaWO4 

crystal.  Evaporated 

tungsten thermometer with 
attached heater. 

The light detector: 

Ø=40 mm silicon on sapphire wafer.  
Tungsten thermometer with attached  

aluminum phonon collectors and thermal link.  
Part of thermal link used as heater. 

4 

Detector Performance 

•! very precise energy calibration 
•! resolution at low energy: ~ 300 eV (FWHM) 

•! threshold: ~ 1 keV 

example of a background spectrum recorded with one 300 g crystal: 

210Pb (46.5 keV) 
41Ca (3.6 keV) 

Cu K! (8.1 keV) 

300 eV FWHM at
low energy

α = 10 to 1000
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Applications Examples: Gamma-Ray Spectroscopy

Nuclear non-proliferation via gamma-ray spectroscopy.  0.02%@100 keV!

16

γ spectroscopy
Arrays of calorimeters for 200 keV X- and γ- rays

!!"#$"

%&'(
)*+ ,-

National Institute of Standards and Technology • U.S. Department of Commerce Slide 46/48

Tin absorbers
attached to TESs
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Motivation for Athermal Phonon Detectors

17

gamma background

0νββ peak
(2527 keV)

degraded alpha background

endpoint of 
natural 
gamma 
bgnd

keV

For thermal phonon detectors, σE ∝ √C ∝ √M
Does not scale well with mass

In principle, no position information
In practice, enough variation of thermal pulse shape with position to degrade energy 

resolution at higher energies, σE ∝ E, but no information to use to correct!

Problematic backgrounds are usually more prevalent at detector surface
e.g., CDMS II: surface events due to electrons impinging on the detectors, penetrate 

only 10s of µm into 1-cm thick detector
e.g., CUORE: degraded alpha decays overlap ROI for 0νββ decay

Athermal
phonons
can solve
these
problems
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Physics of Athermal Phonons

How to get from the hot bubble of 
ionization to thermal phonons?
Hot bubble radiates phonons like crazy

But there are scattering mechanisms:
Isotopic scattering: lattice ions vary in atomic 

mass, τ = 0.41 µs (ν/1 THz)-4 in Si.
Elastic: phonon energy unchanged, but
direction changes.

Anharmonic scattering: restoring forces 
for ions are not perfectly simple 
harmonic.  τ = 10 µs (ν/1 THz)-5 in Si.
Inelastic: phonon splits into two 
lower energy phonons (and direction changes).

Isotopic decay prevents propagation outside
of phonon bubble until ν < 1 THz (4 meV).

Anharmonic decay promotes downconversion,
causing increase of mean free path to ~ 1 cm 
after ~10 µs, can propagate, “ballistic”.

Many ms before phonons reach thermal 
energies (10 µeV, ~2 GHz).  Lots of time!

18
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Figure 4.1: Phonon mean free path as a function of phonon frequency in Ge and Si crystals.

Figure reproduced following [176] and [177].

isotopic. The time constant for this process goes with the −4
th

power of frequency [175]:

τI ∝
�

1THz

ν

�4

. (4.2)

At ν = 1 THz, the time constant is 0.41µs (for Si). Hence, the phonons created

during an interaction are of very high energy and their mean free path is very short as the

time constant for the isotopic scattering is very short. However, they very quickly undergo

a sequence of anharmonic decays - the produced lower-energy phonons have longer mean

free paths. Within a few microseconds, phonons have decayed to energy below 1 THz. As

shown in Figure 4.1, such phonons have the mean free paths similar to the dimensions of

the detector. Hence, we refer to such phonons as ballistic. These phonons can freely travel

to the surface of the crystal. If they hit the bare surface, they simply reflect; if they hit

the superconducting Al fins on the surface of the detector, they can contribute to the final

phonon signal (see below).
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"#D

4
$ #D

!n

!%
= Q !4"

where " is a dimensionless electron-phonon coupling con-
stant of order unity. Equation !4" describes the spatial diffu-
sion of the electron cloud and the simultaneous spectral
transformation. However, to find the phonon distribution
function in !2" we need to know only the electron density.
Thus, integrating !4" over all electron energies and assuming
the diffusion coefficient to be independent of electron energy,
we arrive at the diffusion equation describing the density of
the electron cloud during the E1!→#D stage of the down-
conversion cascade. The normalized electron density !in
units of 2N0!" for electrons diffusing within a layer of thick-
ness d with normal along the z axis !−d /2&z&d /2" is given
by

n!x,t" =
1

2d'Dt #m=0

(
1

1 + )m,0
cos$m'%1

2
+

z

d
&'

* cos$m'%1
2

+
z0

d
&'exp%−

m2'2Dt

d2 −
!r − r0"2

4Dt
& .

!5"

Here )m,m! is the Kronecker symbol, x= !z ,r", and r= !x ,y" is
the two-dimensional !2D" vector defining the coordinates in
the xy plane, with diffusion starting from x0. Since we are
not interested in the distribution of phonons parallel to the xy
plane we may integrate n!x , t" over x and y to obtain an
averaged phonon distribution Ñ= !1/A"(dr N!# ,x ,x0 , tdc",
where A is the area of the interface. As a result we obtain

Ñ!#,z,z0,tdc" =
1
A

E

#D

8

+#D
3 d

#
m=0

(
,!m2-2"
1 + )m,0

* cos$m'%1
2

+
z

d
&'cos$m'%1

2
+

z0

d
&' !6"

where we denote ,!x"=exp!−x"sinh!x" /x, and define -2

='2Dtdc /2d2, where E is the photon energy, +=3/2'2$3cs
3,

and cs is the mean sound velocity in the superconductor. This
substitution ensures that the energy at the end of the E1
→#D stage remains equal to E, defining . from !3". Note
that the phonon density profile at tdc is sharper than that of
the electrons, since it is the time convolution of the electron
density.

To evaluate tdc we will consider further details of the E1
→E1!→#D stage. Below E1 by definition /ee0/s, where /ee
and /s are the electron-electron !e-e" and electron-phonon
!e-ph" scattering times, respectively. Nevertheless close to E1
each e-e event results in a drop in electron energy by ap-
proximately a factor 2, while in the energy range )E1 ,E1!*
phonon emission results in a much smaller loss of energy
because #D"E1!. Therefore in the spectral interval )E1 ,E1!*
energy relaxation is controlled by the slower e-e interactions,
while the faster e-ph collisions control momentum relaxation
and hence electron diffusion. At energies lower than E1! with
further decrease of the e-e interaction strength, e-ph interac-
tions finally become dominant for both energy and momen-

tum relaxation. During the whole duration of the E1→#D
stage phonons are emitted across the entire spectrum, and
hence the phonon emission time, which determines momen-
tum relaxation, does not depend on the electron energy since
%0#D. In addition the electron group velocity is essentially
constant within this energy range above the Fermi level.
Thus the electron diffusion coefficient D remains constant
and independent of energy, thus justifying the assumptions
made above.

The energy E1! can be evaluated from the condition

/ee!E1!" =
E1!

2#D
/s. !7"

Since an electron with energy E1! takes on average the same
time to lose half its initial energy whether in a single e-e
process, or by emitting several E1! /2#D phonons !with the
emission of each of those phonons taking time /s", we obtain
from !7"

E1! = 21/3E1
2/3#D

1/3 + #D% E1

#D
&2/3

# #D. !8"

In arriving at this result we assume that for %0#D e-e scat-
tering is not affected by disorder and scales as /ee

−1,%2. To
summarize, a phonon bubble is generated during the E1
→#D stage. The first substage E1→E1! is the faster with an
estimated duration of /ee!E1!"!1/4+1/16+ ¯ "=/ee!E1!" /3.
The second substage E1!→#D takes time /ee!E1!" /2 from E1!
to E1! /2 because there are two equally contributing channels
each with the rate /ee!E1!"−1, and a further /ee!E1!" /2 for pho-
non emission to relax the electron energy from E1! /2 to #D.
Thus our result for the duration of the E1→#D stage is

tdc =
4
3

/s%E1

E1!
&2

=
1
3
%4E1

#D
&2/3

/s. !9"

This parameter is important in determining the distance from
an interface over which phonon loss can occur, as discussed
in Sec. III. The whole down-conversion process is summa-
rized in Fig. 1.

FIG. 1. Schematic picture of photoelectron energy down-
conversion in a superconductor.

ELECTRON ENERGY DOWN-CONVERSION IN THIN… PHYSICAL REVIEW B 75, 094513 !2007"

094513-3

isotopic scattering
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Physics of Athermal Phonons

How to detect?  
Absorb them in a superconductor (2∆ ~ 0.1 THz ~ 400 µeV) at the surface

(converts phonons to quasiparticles) and then detect them there using
qp detector (TES, MKID, etc.).  Position resolved detection important!

19

7.5 cm x 1 cm Ge crystal, 0.25 kg

Top view

Zoom in qp’s
in aluminum

film on surface

movie of phonon propagation
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Application Example: CDMS II

CD-AB phonon delay [µs]
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CD-AB phonon partition

A
D
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Collimated 109Cd sources (β, 22 keV γ)

Data from UC Berkeley calibration of T2Z5, née G31
V. Mandic et al., NIM A 520, 171 (2004)

Phonon Energy Partition Phonon Timing

Sound speed ~ 1 cm/µs
Allows one to measure

position using arrival times 
and energy sharing among

4 phonon sensors on surface

20
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Z-position sensitivity:
Surface events produce faster phonon 

pulses

Why?  Surface, esp. metal films, 
promote downconversion to ballistic 
phonons.

Additional position information from 
athermal phonons.

Energy sensitivity is exquisite:
σE as good as 0.1 keV when fabrication 

is well controlled
But position variation causes 

degradation: 
FWHM = 0.4 keV @ 10.4 keV

Application Example: CDMS II

21
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Cryogenic Ionization and Scintillation: Motivation

Or, making quenching your friend
Nuclear recoil discrimination

Dark matter particles (& ν) expected 
to interact primarily with nuclei.

Most backgrounds at low energy 
interact with electrons (Compton 
scattering, low energy electrons)

Use simultaneous measurement 
of phonons and quenched channel 
to identify!

22
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Figure 3.19: Ionization yield as a function of recoil energy for the Ge ZIP T1Z5. The
blue points (upper band) represent electron-recoil events from a calibration with a 133Ba
source. The green points (lower band) represent nuclear-recoil events from a 255Cf neutron
source. Dashed lines indicate the approximate ±2σ boundaries of the bands, as determined
by empirical fits.

not expected to impact our data analysis, since our yield bands are fit empirically and any

localized differences in charge recombination should not affect the accuracy of our recoil

energy scale.

3.5 The dead layer

As described above, ionization yield is an extremely powerful discriminant against

electron recoils in the bulk of the target crystal. Unfortunately, these are not the only

background faced by CDMS. Electron recoils which occur in a ∼ 10µm-thick “dead layer”

near the detector surface show suppressed ionization collection, occasionally giving ioniza-

tion yields low enough for such surface events to be mistaken for nuclear recoils. This effect

was observed in early work with Ge ionization/phonon detectors by Shutt and collabora-

tors in 1992 [186]. Surface events can arise from incident electrons or low-energy X-rays,

which have very short penetration depths, or from Compton scattering within the near-

surface layer. It is these surface events, rather than bulk electron recoils, which constitute

the dominant background of the CDMS experiment (and the related EDELWEISS experi-

ment). The successful rejection of surface events at ever-higher exposures is crucial to the

G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search 5

Fig. 5. Data obtained with one detector module in a cali-
bration measurement with an AmBe neutron source, with the
source placed outside the lead shielding. The solid red lines
mark the boundary of the calculated oxygen recoil band (10%
of events are expected above the upper and 10% below the
lower boundary). The vertical dashed lines indicate the lower
and upper energy bounds of the WIMP acceptance region as
will be introduced in Section 3.

width is dominated by the light channel resolution com-
pared to which the resolution of the phonon channel is
much superior. This is understandable in view of the small
fraction of the deposited energy appearing as light.

We extract the resolution of the light channel as a func-
tion of light energy by fitting the e/γ-band with a Gaus-
sian of energy dependent center and width. We note that,
although the production of scintillation light is governed
by Poisson statistics, the Gaussian model is a very good
approximation in our regions of interest. This is because
the e/γ-events produce a sufficiently large number of pho-
tons for the Poisson distribution to be well approximated
by a Gaussian. On the other hand, for the quenched bands
with low light yields, the Gaussian baseline noise of the
light detector determines the resolution.

The position and width of the bands other than the
e/γ-band can be calculated based on the known quenching
factors discussed above and using the light channel reso-
lutions obtained from the fit to the e/γ-band. In order to
get the width of a quenched band at a certain energy the
light channel resolution for the actual light energy is used.

To validate this calculation for quenched bands, we use
the data from a calibration measurement with an AmBe
neutron source placed outside the Pb/Cu shielding. We
expect the neutrons to mainly induce oxygen nuclear recoil
events. Fig. 5 shows the data obtained by one detector
module in this measurement, together with the calculated
central 80% band for oxygen recoils (10% of the events
are expected above the upper and 10% below the lower
boundary).

Nuclear recoil events up to energies of about 300 keV
are observed, with the spectrum falling off quickly towards
high energies. In neutron-nucleus elastic scattering the re-
coil energy of the nucleus is inversely proportional to its
mass. Thus the highest energy recoils must be oxygen nu-

clei. From the ratio of the mass numbers we then expect
the highest energy of calcium recoils to be around 100 keV.
Above 100 keV, we therefore have purely oxygen recoils,
and the distribution fits well into the calculated oxygen
band. Towards lower energies, the observed events are still
in agreement with the prediction, although an increasing
contribution from calcium recoils slightly shifts the center
of the observed event distribution to lower light yields.

3 The Latest Experimental Run

3.1 Data Set

The latest run of CRESST took place between June 2009
and April 2011. It included a neutron test and γ-calibra-
tions with 57Co and 232Th sources. In total, 18 detector
modules were installed in the cryostat, out of which ten
were fully operated. The remaining modules cannot be
employed for a Dark Matter analysis, principally due to
difficulties in cooling the light detectors. However, seven
additional individual detectors (six phonon and one light
detector) were still operated in order to tag coincident
events (with signals in more than one module).

One of the ten operational modules was equipped with
a test ZnWO4 crystal and we do not include it in this anal-
ysis because of uncertainties in the quenching factors in
this material. Another operational detector module had
unusually poor energy resolution, with practically no sen-
sitivity in the WIMP signal region, and was therefore ex-
cluded from the analysis. The data discussed in this paper
were thus collected by eight detector modules, between
July 2009 and March 2011. They correspond to a total
net exposure (after cuts) of 730 kg days.

3.2 Observed Event Classes

Fig. 6 shows an example of the data obtained by one de-
tector module, presented in the light yield-energy plane.

The e/γ-events are observed around a light yield of 1.
The calculated bands for α’s, oxygen recoils, and tungsten
recoils are shown.1 The spread of a band at each energy is
chosen so that it contains 80% of the events, that is 10%
of the events are expected above the upper boundary and
10% of the events are expected below the lower boundary.
This convention will be used throughout the following dis-
cussion whenever we refer to events being inside or outside
of a band.

Beside the dominant e/γ-background, we identify sev-
eral other classes of events:

Firstly, we observe low energy α’s with energies of
100 keV and less. They can be understood as a conse-
quence of an α-contamination in the non-scintillating
clamps holding the crystals. If the α-particle has lost

1 The calcium band is not shown for clarity. It is located
roughly in the middle between the oxygen and the tungsten
bands.
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Cryogenic Ionization and Scintillation: Motivation

Or, making quenching your friend
Nuclear recoil discrimination

Dark matter particles (& ν) expected 
to interact primarily with nuclei.

Most backgrounds at low energy 
interact with electrons (Compton 
scattering, low energy electrons)

Use simultaneous measurement 
of phonons and quenched channel 
to identify!
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Figure 3.19: Ionization yield as a function of recoil energy for the Ge ZIP T1Z5. The
blue points (upper band) represent electron-recoil events from a calibration with a 133Ba
source. The green points (lower band) represent nuclear-recoil events from a 255Cf neutron
source. Dashed lines indicate the approximate ±2σ boundaries of the bands, as determined
by empirical fits.

not expected to impact our data analysis, since our yield bands are fit empirically and any

localized differences in charge recombination should not affect the accuracy of our recoil

energy scale.

3.5 The dead layer

As described above, ionization yield is an extremely powerful discriminant against

electron recoils in the bulk of the target crystal. Unfortunately, these are not the only

background faced by CDMS. Electron recoils which occur in a ∼ 10µm-thick “dead layer”

near the detector surface show suppressed ionization collection, occasionally giving ioniza-

tion yields low enough for such surface events to be mistaken for nuclear recoils. This effect

was observed in early work with Ge ionization/phonon detectors by Shutt and collabora-

tors in 1992 [186]. Surface events can arise from incident electrons or low-energy X-rays,

which have very short penetration depths, or from Compton scattering within the near-

surface layer. It is these surface events, rather than bulk electron recoils, which constitute

the dominant background of the CDMS experiment (and the related EDELWEISS experi-

ment). The successful rejection of surface events at ever-higher exposures is crucial to the

G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search 5

Fig. 5. Data obtained with one detector module in a cali-
bration measurement with an AmBe neutron source, with the
source placed outside the lead shielding. The solid red lines
mark the boundary of the calculated oxygen recoil band (10%
of events are expected above the upper and 10% below the
lower boundary). The vertical dashed lines indicate the lower
and upper energy bounds of the WIMP acceptance region as
will be introduced in Section 3.

width is dominated by the light channel resolution com-
pared to which the resolution of the phonon channel is
much superior. This is understandable in view of the small
fraction of the deposited energy appearing as light.

We extract the resolution of the light channel as a func-
tion of light energy by fitting the e/γ-band with a Gaus-
sian of energy dependent center and width. We note that,
although the production of scintillation light is governed
by Poisson statistics, the Gaussian model is a very good
approximation in our regions of interest. This is because
the e/γ-events produce a sufficiently large number of pho-
tons for the Poisson distribution to be well approximated
by a Gaussian. On the other hand, for the quenched bands
with low light yields, the Gaussian baseline noise of the
light detector determines the resolution.

The position and width of the bands other than the
e/γ-band can be calculated based on the known quenching
factors discussed above and using the light channel reso-
lutions obtained from the fit to the e/γ-band. In order to
get the width of a quenched band at a certain energy the
light channel resolution for the actual light energy is used.

To validate this calculation for quenched bands, we use
the data from a calibration measurement with an AmBe
neutron source placed outside the Pb/Cu shielding. We
expect the neutrons to mainly induce oxygen nuclear recoil
events. Fig. 5 shows the data obtained by one detector
module in this measurement, together with the calculated
central 80% band for oxygen recoils (10% of the events
are expected above the upper and 10% below the lower
boundary).

Nuclear recoil events up to energies of about 300 keV
are observed, with the spectrum falling off quickly towards
high energies. In neutron-nucleus elastic scattering the re-
coil energy of the nucleus is inversely proportional to its
mass. Thus the highest energy recoils must be oxygen nu-

clei. From the ratio of the mass numbers we then expect
the highest energy of calcium recoils to be around 100 keV.
Above 100 keV, we therefore have purely oxygen recoils,
and the distribution fits well into the calculated oxygen
band. Towards lower energies, the observed events are still
in agreement with the prediction, although an increasing
contribution from calcium recoils slightly shifts the center
of the observed event distribution to lower light yields.

3 The Latest Experimental Run

3.1 Data Set

The latest run of CRESST took place between June 2009
and April 2011. It included a neutron test and γ-calibra-
tions with 57Co and 232Th sources. In total, 18 detector
modules were installed in the cryostat, out of which ten
were fully operated. The remaining modules cannot be
employed for a Dark Matter analysis, principally due to
difficulties in cooling the light detectors. However, seven
additional individual detectors (six phonon and one light
detector) were still operated in order to tag coincident
events (with signals in more than one module).

One of the ten operational modules was equipped with
a test ZnWO4 crystal and we do not include it in this anal-
ysis because of uncertainties in the quenching factors in
this material. Another operational detector module had
unusually poor energy resolution, with practically no sen-
sitivity in the WIMP signal region, and was therefore ex-
cluded from the analysis. The data discussed in this paper
were thus collected by eight detector modules, between
July 2009 and March 2011. They correspond to a total
net exposure (after cuts) of 730 kg days.

3.2 Observed Event Classes

Fig. 6 shows an example of the data obtained by one de-
tector module, presented in the light yield-energy plane.

The e/γ-events are observed around a light yield of 1.
The calculated bands for α’s, oxygen recoils, and tungsten
recoils are shown.1 The spread of a band at each energy is
chosen so that it contains 80% of the events, that is 10%
of the events are expected above the upper boundary and
10% of the events are expected below the lower boundary.
This convention will be used throughout the following dis-
cussion whenever we refer to events being inside or outside
of a band.

Beside the dominant e/γ-background, we identify sev-
eral other classes of events:

Firstly, we observe low energy α’s with energies of
100 keV and less. They can be understood as a conse-
quence of an α-contamination in the non-scintillating
clamps holding the crystals. If the α-particle has lost

1 The calcium band is not shown for clarity. It is located
roughly in the middle between the oxygen and the tungsten
bands.
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Fig. 2. Schematic drawing of a CRESST detector module, con-
sisting of the target crystal and an independent light detector.
Both are read out by transition edge sensors (TES) and are
enclosed in a common reflective and scintillating housing.

2.3 Quenching Factors and Background Discrimination

For each particle interaction, a detector module yields two
coincident signals (one from the phonon and one from the
light detector). While the phonon channel provides a sen-
sitive measurement of the total energy deposition in the
target (approximately independent of the type of interact-
ing particle), the light signal can be used to discriminate
different types of interactions. To this end, we define the
light yield of an event as the ratio of energy measured
with the light detector divided by the energy measured
with the phonon detector. We normalize the energy scale
of the light channel such that 122 keV γ’s from a 57Co
calibration source have a light yield of unity. With this
normalization electron recoils induced either by β sources
or by gamma interactions, generally have a light yield of
about 1. On the other hand, α’s and nuclear recoils are
found to have a lower light yield. We quantify this reduc-
tion by assigning a quenching factor (QF) to each type of
interaction. The QF describes the light output expressed
as a percentage of the light output for a γ of the same
deposited energy.

Some quenching factors can be directly determined
from CRESST data. For example, neutrons detectably
scatter mainly off the oxygen nuclei in CaWO4. The QF
for oxygen can thus be determined from a neutron calibra-
tion run which took place during the data taking discussed
here. The result is

QF O = (10.4± 0.5)%.

Moreover, the quenching factor for low energy α’s can be
found to be about 22%, using α-events in the current data
set. Similarly, the value for lead can be inferred to be
around 1.4%. Both measurements will be discussed below.

Other types of interactions (in particular calcium and
tungsten recoils) are not observed with sufficient statistics

Fig. 3. Illustration of background events due to surface con-
taminations with 210Po.

in CRESST, and their quenching factors must be deter-
mined in dedicated experiments [3]:

QFCa =
�
6.38+0.62

−0.65

�
%

QFW =
�
3.91+0.48

−0.43

�
%.

Corresponding to these different values, there will be char-
acteristic “bands” for the different particles or recoils in
the light yield-energy plane. This allows for an excellent
discrimination between potential signal events (expected
to show up as nuclear recoils) and the dominant radioac-
tive backgrounds (mainly e/γ-events).

Furthermore, it is even partially possible to determine
which type of nucleus is recoiling. Such a discrimination
is possible to the extent to which the different nuclear
recoil bands in the light yield-energy plane can be sepa-
rated within the resolution of the light channel. This then
allows a study of potential WIMP interactions with dif-
ferent target nuclei, in parallel in the same setup. Such a
possibility can be particularly relevant for the verification
of a positive WIMP signal, and is a distinctive feature of
CRESST.

2.4 Scintillating Housing

As mentioned above, the housing of the detector mod-
ules consists mainly of a reflecting and scintillating poly-
meric foil. Making all surfaces in the vicinity of the de-
tectors scintillating is important in discriminating back-
ground events due to contamination of surfaces with α-
emitters. The basic mechanism of this background is il-
lustrated in Fig. 3.

The most important isotope in this context is 210Po,
a decay product of the gas 222Rn. It can be present on or
implanted in the surfaces of the detectors and surround-
ing material. The 210Po nuclei decay to 206Pb, giving a
5.3MeV α-particle and a 103 keV recoiling lead nucleus.
It can happen that the lead nucleus hits the target crystal
and deposits its energy there, while the α-particle escapes.
Due to its low quenching factor, the lead nucleus can often
not be distinguished from a tungsten recoil and thus can
mimic a WIMP interaction.

However, if the polonium mother nucleus was located
on the surface of the target crystal or implanted in it (the
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CRESST Detectors 
The phonon detector:  

300 g cylindrical CaWO4 

crystal.  Evaporated 

tungsten thermometer with 
attached heater. 

The light detector: 

Ø=40 mm silicon on sapphire wafer.  
Tungsten thermometer with attached  

aluminum phonon collectors and thermal link.  
Part of thermal link used as heater. 

light detector = silicon on
sapphire w/TES thermometer

CRESST II
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Cryogenic Ionization and Scintillation: Motivation

Or, making quenching your friend
Electron recoil discrimination

0νββ should produce pure electron recoils

Recall α contamination for TeO2 due to surface contamination

Very weak luminescence seen, much weaker for α particles than for electron recoils.  
Enables rejection of α events.

24

electron recoils: 73 eV/MeV

alphas: 6 eV/MeV
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Cryogenic Ionization and Scintillation: In Practice

Resolution in ionization/scintillation 
cannot match that in phonon channel

Threshold for science set by poorer
channel

25
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Fig. 5. Data obtained with one detector module in a cali-
bration measurement with an AmBe neutron source, with the
source placed outside the lead shielding. The solid red lines
mark the boundary of the calculated oxygen recoil band (10%
of events are expected above the upper and 10% below the
lower boundary). The vertical dashed lines indicate the lower
and upper energy bounds of the WIMP acceptance region as
will be introduced in Section 3.

width is dominated by the light channel resolution com-
pared to which the resolution of the phonon channel is
much superior. This is understandable in view of the small
fraction of the deposited energy appearing as light.

We extract the resolution of the light channel as a func-
tion of light energy by fitting the e/γ-band with a Gaus-
sian of energy dependent center and width. We note that,
although the production of scintillation light is governed
by Poisson statistics, the Gaussian model is a very good
approximation in our regions of interest. This is because
the e/γ-events produce a sufficiently large number of pho-
tons for the Poisson distribution to be well approximated
by a Gaussian. On the other hand, for the quenched bands
with low light yields, the Gaussian baseline noise of the
light detector determines the resolution.

The position and width of the bands other than the
e/γ-band can be calculated based on the known quenching
factors discussed above and using the light channel reso-
lutions obtained from the fit to the e/γ-band. In order to
get the width of a quenched band at a certain energy the
light channel resolution for the actual light energy is used.

To validate this calculation for quenched bands, we use
the data from a calibration measurement with an AmBe
neutron source placed outside the Pb/Cu shielding. We
expect the neutrons to mainly induce oxygen nuclear recoil
events. Fig. 5 shows the data obtained by one detector
module in this measurement, together with the calculated
central 80% band for oxygen recoils (10% of the events
are expected above the upper and 10% below the lower
boundary).

Nuclear recoil events up to energies of about 300 keV
are observed, with the spectrum falling off quickly towards
high energies. In neutron-nucleus elastic scattering the re-
coil energy of the nucleus is inversely proportional to its
mass. Thus the highest energy recoils must be oxygen nu-

clei. From the ratio of the mass numbers we then expect
the highest energy of calcium recoils to be around 100 keV.
Above 100 keV, we therefore have purely oxygen recoils,
and the distribution fits well into the calculated oxygen
band. Towards lower energies, the observed events are still
in agreement with the prediction, although an increasing
contribution from calcium recoils slightly shifts the center
of the observed event distribution to lower light yields.

3 The Latest Experimental Run

3.1 Data Set

The latest run of CRESST took place between June 2009
and April 2011. It included a neutron test and γ-calibra-
tions with 57Co and 232Th sources. In total, 18 detector
modules were installed in the cryostat, out of which ten
were fully operated. The remaining modules cannot be
employed for a Dark Matter analysis, principally due to
difficulties in cooling the light detectors. However, seven
additional individual detectors (six phonon and one light
detector) were still operated in order to tag coincident
events (with signals in more than one module).

One of the ten operational modules was equipped with
a test ZnWO4 crystal and we do not include it in this anal-
ysis because of uncertainties in the quenching factors in
this material. Another operational detector module had
unusually poor energy resolution, with practically no sen-
sitivity in the WIMP signal region, and was therefore ex-
cluded from the analysis. The data discussed in this paper
were thus collected by eight detector modules, between
July 2009 and March 2011. They correspond to a total
net exposure (after cuts) of 730 kg days.

3.2 Observed Event Classes

Fig. 6 shows an example of the data obtained by one de-
tector module, presented in the light yield-energy plane.

The e/γ-events are observed around a light yield of 1.
The calculated bands for α’s, oxygen recoils, and tungsten
recoils are shown.1 The spread of a band at each energy is
chosen so that it contains 80% of the events, that is 10%
of the events are expected above the upper boundary and
10% of the events are expected below the lower boundary.
This convention will be used throughout the following dis-
cussion whenever we refer to events being inside or outside
of a band.

Beside the dominant e/γ-background, we identify sev-
eral other classes of events:

Firstly, we observe low energy α’s with energies of
100 keV and less. They can be understood as a conse-
quence of an α-contamination in the non-scintillating
clamps holding the crystals. If the α-particle has lost

1 The calcium band is not shown for clarity. It is located
roughly in the middle between the oxygen and the tungsten
bands.
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Application Example: CDMSLite, Coherent ν Scattering

Ionization performance limits event-by-event rejection to E > 10 keVrecoil

Can we get around this?

Yes, sort of, in two ways, using quenching:
In phonon-mediated detectors with an electric field applied, all events have Luke-

Neganov phonon (“drift heating”) contribution:

Normally, we use ionization signal
to measure and subtract (which 
further degrades performance!)

Paul Luke pointed out that one could 
apply a high field to make drift 
heating dominant and use thermal 
phonons to measure.  Beats 
electronics noise in ionization 
(which typically limits baseline σE).
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in Ge,
~3 eV for ERs, 
~9 eV for NRs

~3 eV 
for CDMS
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Application Example: CDMSLite, Coherent ν Scattering

In principle, lose nuclear recoil discrimination, but aided in two ways:
Different drift heating for electron and nuclear recoils “stretches out” ER bgnd: ER 

bgnd rate effectively decreased by QF.

Take data at different biases: ER bgnd and NR signal behave differently.
solid: 0V bias
dashed: 75V bias
cyan: noise triggers
green: WIMP signal
blue: constant ER bgnd
black: WIMP signal 

+ constant ER bgnd
red: exponential increasing 

ER bgnd + constant ER bgnd

Constant + exponential ER bgnd
indistinguishable from WIMP at
0V bias, very different at 75V bias because
of different stretching of WIMP and ER signals in phonon energy

SuperCDMS planning high bias running, coherent ν scattering expt in the 
works (Figueroa, Pyle, Mahapatra et al)
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3

as shown in Fig. 1. Consequently, the threshold at which we expect good fiducial-

volume definition in the interdigitated CDMS detectors, Pt > 750 eV, corresponds

to electron recoil energy ER > 30 eVee. Of course, when operating in this mode

event-by-event electron/neutron recoil discrimination is impossible.
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Fig. 1 (Color online) left:Luke-Neganov Gain for various Vb and recoil type. right: total phonon

rate estimates for 2 hypothetical signals. At 0 V bias (solid curves), an exponentially increasing

low energy plus constant electronic background (red) behaves identically to the sum (black) of

a WIMP signal (green) and a flat electronic background (blue). At 75 V, these same two cases

(same colors but dashed) are easily distinguishable. All cases include contributions from noise-

induced triggers (cyan).

Due to the dependence on yield of the Luke-Neganov gain, for nuclear recoils

this gain factor is suppressed by ∼×5 in the limit of large Vb. Unfortunately, this

means that the fiducial volume threshold recoil energy corresponds to a nuclear-

recoil energy ER > 150 eVne, resulting in significant degradation of sensitivity for

WIMP mass Mχ < 2 GeV/c
2
.

On the bright side, this variation in Luke gain with particle type means that

an electron recoil background is preferentially pushed to higher energies, ener-

gies which are not sensitive to a low mass WIMP signal. This effect is clearly

seen in Fig. 1 where the black lines correspond to a benchmark total recoil rate

spectrum on a detector for a Mχ = 8 GeV/c
2

and σSI = 5.0× 10
−42

cm
2

WIMP

(green) plus flat electron-recoil background of 2 keV
−1
r kg

−1
day

−1
(blue) which is

approximately the experimentally measured low-energy electronic background of

the CDMS II experiment
9
. At Vb = 0 V (solid lines), the benchmark WIMP inter-

action rate is dominated at all energies by background. By contrast, at Vb = 75 V,

the flat electron recoil background is relatively suppressed to the point that for

Pt < 4 keVt the WIMP signal dominates.

This natural electronic background suppression means that the sensitivity of a

Vb = 75 V Ge WIMP search experiment without background subtraction will be

σSI ∼ 1.8×10
−42

cm
2

for Mχ = 8 GeV/c
2
, ∼50× lower than the CoGeNT signal

region, assuming no exponential increase in the electron recoil background at
low energy.
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Cryogenic Ionization and Scintillation: In Practice

“Neutralization”
77K germanium ionization spectrometers:

large numbers of thermally excited carriers because 
thermal energy ~ donor/acceptor binding energy (~10 meV)

high voltage (few kV) applied to sweep all thermally 
generated carriers out: depleted

ionized impurity sites would act as traps, but v. high 
E-field prevents trapping

sub-Kelvin ionization collection:
No thermal carriers: kT ≪ 10 meV.  Depletion unneccessary.

Only a few V need to be applied
But some donors/acceptors are ionized:

e.g., for p-type, Na ≫ Nd, so Nd electrons fall from donors to acceptors
creating Nd ionized impurities: traps for drifting charge

Empirically, find these traps can be “neutralized” by creating 
free charges with radioactive source exposure or LED

“Neutralized state” remains for extended periods, esp. if 
detectors regularly grounded and flashed with LED.
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CHAPTER 4. NTD GE-BASED, THERMAL-PHONON-MEDIATED BLIP
DETECTORS

158

bulk, p-type Ge

!v

!c

unfilled electron states

unfilled hole states
(filled electron states)

= !a! f

!d

!  = 0.743 eVg

Figure 4.13: Simplified band structure of germanium. The acceptor and donor levels are indicated.

Neutralization degrades with time, presumably due to liberation of trapped charges by
scattering with drifting charges. In germanium, restoration of neutralization is accomplished by
grounding the detectors for a brief period; particle interactions create the necessary free charge to
refill the traps. The Run 19 BLIPs, with α-Si/Al-Schottky electrodes, show no signs of degraded
ionization collection with a 50-minute-biased/5-minute-grounded cycle. This has not been opti-
mized, so it may be possible to increase the biased period or decrease the grounded period. It is
interesting to note that the required grounded fraction is, in general, independent of the average
event rate. For example, at SUF vs. the surface, there are fewer events during the grounded pe-
riod, creating less free charge, but there are also fewer events during the biased period, so fewer
impurities become ionized by scattering with drifting charges.

Neganov-Luke Correction, Ionization “Energy” and Yield

As noted above, charges drifting across a detector crystal under influence of the applied
electric field reach a terminal velocity. The work being done on the charges by the field is dissipated
in the form of phonons emitted by the drifting charges, which contribute to the phonon signal:

EP = ER + eVbNQ (4.18)

where ER is the recoil energy, the energy deposited by the particle interaction, Vb is the bias voltage
across the detector, and NQ is the number of charge pairs created. The additional phonon energy
generated is the number of charge pairs created and drifted across the crystal multiplied by the

~10 meV

~10 meV
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Cryogenic Ionization: Interdigitated Electrodes

Surface events (fast phonon signal) also have suppressed ionization: 
can be misidentified as nuclear recoils.
Phonon pulse shape provides ~5 x 10-3 misid probability, but better is needed.

Interleaved ionization electrodes provide surface event rejection

Interleaved ionization electrodes causes different 
distribution of ionization signals among electrodes
for surface and bulk events

High field near surface increases ionization yield 
for surface events
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0V -V 0V -V 0V

negative
version

on other face

M. Pyle

ionization electrode configuration

phonon sensor configuration
Figure 4: A Finite Element Model (FEM) field calculation for iZIP with azimuth symmetry about
the R=0 axis. Shown are the electric field lines (red) and equipotential surfaces (blue) for the case
of +2 V (-2 V) applied to top (bottom) electrodes (marked with +’s and -’s) and phonon sensors
all at 0 V (marked with 0’s). The ionization fiducial volume (non-shadowed area) is defined by the
inner ionization electrodes, and includes up to 70% of the total volume.

Figure 5: Magnified cross section view of electric
field lines (red) and equipotential contours (blue)
near one face of the detector (Z=0). The ioniza-
tion lines (yellow) are narrow and the phonon
sensors (green) are wider.

is 1.1 mm. The two electrodes are biased at
+2 V and -2 V, respectively, while the phonon
sensors stays very near 0 V. The resulting electric
field in the bulk region is ∼0.5 V/cm, while the
field near the surface is almost completely trans-
verse. The two ionization electrodes are instru-
mented with charge-sensitive amplifiers, while
the ground electrode (phonon sensors) is not. As
shown in Figs. 4 & 5, for events occurring in
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trons and holes travel to the two ionization elec-
trodes, and two symmetric total ionization sig-
nals appear on the instrumented electrodes. For
surface events, however, the carrier species that
would nominally drift to the opposite-sign elec-
trode is instead collected by the ground electrode
(phonon sensor) and thus the signals on the two
instrumented electrodes are highly asymmetric.
The 1.1-mm gap optimizes the tradeoff between
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all at 0 V (marked with 0’s). The ionization fiducial volume (non-shadowed area) is defined by the
inner ionization electrodes, and includes up to 70% of the total volume.

Figure 5: Magnified cross section view of electric
field lines (red) and equipotential contours (blue)
near one face of the detector (Z=0). The ioniza-
tion lines (yellow) are narrow and the phonon
sensors (green) are wider.

is 1.1 mm. The two electrodes are biased at
+2 V and -2 V, respectively, while the phonon
sensors stays very near 0 V. The resulting electric
field in the bulk region is ∼0.5 V/cm, while the
field near the surface is almost completely trans-
verse. The two ionization electrodes are instru-
mented with charge-sensitive amplifiers, while
the ground electrode (phonon sensors) is not. As
shown in Figs. 4 & 5, for events occurring in
the bulk of the crystal, equal numbers of elec-
trons and holes travel to the two ionization elec-
trodes, and two symmetric total ionization sig-
nals appear on the instrumented electrodes. For
surface events, however, the carrier species that
would nominally drift to the opposite-sign elec-
trode is instead collected by the ground electrode
(phonon sensor) and thus the signals on the two
instrumented electrodes are highly asymmetric.
The 1.1-mm gap optimizes the tradeoff between

3

x [mm]
-2 -1 0 1 2

2

1

0

z 
[m

m
]

Figure 1: The photolithographic mask for the
double-sided iZIP design (see magnified view of
lower mask in Fig. 2). The top side is sensitive to
the event x position and the bottom side to the
event y position. This double-sided interleaved
ionization and phonon design has eight phonon
sensors and four ionization sensors (see Fig. 3)
symmetrically positioned on each side.

collection enable reconstruction of x, y, z posi-
tion: x using the sensors on the top side that
are segmented perpendicular to the x axis, y us-
ing the bottom side, and z by comparing top side
to bottom side signals.

The ionization collection field is applied by
electrodes on the two sides of the detector in-
terleaved with the phonon sensors. The gap be-
tween these electrodes and the phonon sensors

Figure 2: Magnified views of Fig. 1 (bottom)
where circular strings of phonon sensors (blue)
which have an average width of 200µm are inter-
leaved between ionization electrodes (red) which
are 8 µm in width. The center-to-center spac-
ing between the ionization and phonon strings is
1.1 mm. The central insert shows a magnified
version of a single phonon sensor element con-
sisting of a W TES (220µm long by 2-3µm wide)
connected to Al phonon collector fins.

Figure 3: Schematic of new iZIP design showing
geometry of the four phonon channels on each
face. There are two circular ionization chan-
nels on each face, the inner corresponding to the
union of the two inner phonon channels and the
outer to the union of the two outer phonon chan-
nels . As shown in Fig. 1, the ionization and
phonon sensors are interleaved.
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Cryogenic Ionization: Interdigitated Electrodes

Interleaved ionization electrodes provide surface event rejection
High field at

surfaces increases
ionization yield

Surface events 
share charge 
asymmetrically

Phonon energy 
sharing and timing 
z position

Also used by
EDELWEISS II
w/thermal 
phonon sensing

History:
First suggested by
Paul Luke.  Tested for CDMS, but
not much effort put in.  Demonstrated by EDELWEISS, then retested by CDMS.  
Now in use by both.
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iZIP Comparison: G3D-Prototype versus G41-Production

(1) Ionization Yield Discrimination: (1:1000 now 1:500, still x20 better than CDMS II)

  

(2) Ionization Symmetry Discrimination: (bulk symmetry band ~x3 better)

   

(3) Phonon Partition and Timing Discrimination: (separation ~x3 better)
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Truth in Advertising

Ge ionization spectrometers 
(p-type point contact, Collar et al) 
can offer excellent low-energy 
resolution, electronics 
FWHM = 160 eV via low 
capacitance and modern FET
technology

Ge ionization spectrometers show
comparable energy to, e.g., TeO2, 
for 0νββ
FWHM = 3-4 keV at 2039 keV

But, restricted to Ge; phonon-
mediated detectors allow wide
range of substrates

31

•! resurrected an old detector concept and made it work (P. S. Barbeau et al., J. Cosmol. Astropart. 

Phys. 09 (2007) 009.) 

•! improvements after ~20 year wait 

–! P-Type detector with proper charge collection and less sensitivity to Low-E backgrounds 

–! Modern FET technology = lower noise (160 eV FWHM Pulser) 

•! Energy resolution and mass of a conventional HPGe with the noise and threshold of 

a tiny x-ray detector. 

Capacitance and  

noise drop with  

size of electrode  

PPC detectors (hello again) 
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Conclusions

Cryogenic detectors have a number of advantages that make them 
appropriate for applications in non-accelerator particle and nuclear 
physics:
excellent energy resolution
low thresholds

wide applicability to different substrates
ability to combine with “quenched” signals to provide discrimination power

In many cases, the challenge of operation is worth the qualitatively new 
physics that can be studied!
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