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state is always Iπ = 0+. The ββ decay rate is a steep function of the energy carried by the outgoing leptons
(i.e. of the decay Q-value). Hence, transitions with larger Q-value are easier to observe. For this reason
in Table 1 I list all candidate nuclei with Q values larger than 2 MeV that are particularly well suited for
the study of the ββ decay.

There has been a significant progress recently in the accuracy of the atomic mass determination using
various trap arrangements. In many cases the Q-values are determined with accuracy better than 1 keV,
making the search for the all important 0νββ decay mode easier; in Table 1 these more recent Q-value
determinations are shown, together with the corresponding references.

In both modes of the ββ decay the rate can be expressed as a product of independent factors that
depend on the atomic physics (the so called phase-space factors G0ν and G2ν) that include also the Q-value
dependence as well as the fundamental physics constants, nuclear structure (the nuclear matrix elements
M0ν and M2ν), and for the 0νββ mode the possible particle physics parameters (the effective neutrino
mass ⟨mββ⟩ in the simplest case). Thus

1

T 0ν
1/2

= G0ν |M0ν |2|⟨mββ⟩|2 ;
1

T 2ν
1/2

= G2ν |M2ν |2 . (2)

Table 1: Candidate nuclei for ββ decay with Q > 2 MeV

Transition Q-value Ref. (G2ν)−1 (G0ν)−1

(keV) (y × MeV−2) (y × eV2)
48
20Ca → 48

22Ti 4273.6± 4 7) 9.7 ×1016 4.1×1024

76
32Ge → 76

34Se 2039.006 ± 0.050 8) 2.9×1019 4.1×1025

82
34Se → 76

36Kr 2995.50 ± 1.87 7) 8.8×1017 9.3×1024

96
40Zr → 96

42Mo 3347.7 ± 2.2 7) 2.0×1017 4.5×1024

100
42 Mo → 96

44Ru 3034.40 ± 0.17 9) 4.1×1017 5.7×1024

110
46 Pd → 96

48Cd 2017.85 ± 0.64 10) 9.6×1018 5.7×1025

116
48 Cd → 116

50 Sn 2813.50 ± 0.13 11) 4.8×1017 5.3×1024

124
50 Sn → 124

52 Te 2287.80 ± 1.52 7) 2.3×1018 9.5×1024

130
52 Te → 130

54 Xe 2527.01 ± 0.32 12) 8.0×1017 5.9×1024

136
54 Xe → 136

56 Ba 2458.7 ± 0.6 13) 7.9×1017 5.5×1024

150
60 Nd → 150

62 Sm 3371.38 ± 0.20 14) 3.2×1016 1.3×1024

The values of G0ν and G2ν are also listed in Table 1. The entries there are taken from Ref. 6), and
are not corrected for the small changes in Q and gA since that time. Also, since by convention the nuclear
matrix elements M0ν are dimensionless, the nuclear radius appears in them as a multiplicative factor. To
compensate for it, the phase-space factor G0ν is proportional to R−2, where R = r0 × A1/3 is the nuclear
radius. In Table 1 the value r0 = 1.2 fm was used. (Note that, obviously, the values of the phase-space
factors depend on the convention used for r0 and gA. One has to keep that issue in mind when using the
Eq. (2) to relate the half-lifes and nuclear matrix elements (see e.g. 15,?)).)

Double beta transitions are possible and potentially observable because nuclei with even Z and N are
more bound than the odd-odd nuclei with the same A = N + Z. A typical example is shown in Fig. 1.
With one exception, all nuclei in Table 1 have an analogous mass pattern. The one exception is 48Ca
where the intermediate nucleus 48Sc can be in principle reached by the β− decay of 48Ca with Q= 278
keV. However, the ground state of 48Sc is 6+ and the first excited state at 131 keV is 5+. β decays with a
large nuclear spin change are heavily suppressed; in this particular case the β− decay of 48Ca has not been
observed as yet, while the 2νββ decay has been observed.

The two-neutrino mode (2νββ) is just an ordinary beta decay of two bound neutrons occurring simul-
taneously since the sequential decays are forbidden by the energy conservation law. For this mode, clearly,
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Phase space factor Nuclear matrix element

Decay half-life Effective Majorana ν mass:

‣ For mββ = 15 meV estimated half lives  
1027 - 1028 years, depending on the 
nuclear system

dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.
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2νββ

0νββ

‣ Hypothetical ββ decay mode allowed if neutrinos are Majorana 
particles, i.e  �̄i � �i

‣ Observation of 0νββ  would mean 
- Lepton number violation 
- Neutrinos are Majorana particles 
- Rate measures (effective) electron 

neutrino mass

Neutrino-less Double Beta Decay
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Double beta decay 

•  Neutrinoless double beta decay  
–  The nature of neutrinos, Dirac or Majorana 
–  lepton number violation 

•  Extremely rare events T > 1024 year. 
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matrix element, and m⇥⇥ is the e⇥ective Majorana mass defined as

m⇥⇥ �

�����

3⇥

i=1

U2
ei mi

����� . (2.2)

The particle physics information is contained in m⇥⇥. The phase space factor,
G0⌅(Q, Z), is calculable. Calculation of the nuclear matrix element, M0⌅ , is a
challenging problem in nuclear theory (discussed further in Sect. 2.1). Experi-
ments attempt to measure T 0⌅⇥⇥

1/2 , and in the absence of a signal, they set a lower
limit. Combining the measurement and the calculations, the value of m⇥⇥ is de-
duced or an upper limit is set.

If neutrinos are Majorana particles, measuring or constraining the e⇥ective
Majorana mass provides information on the neutrino mass scale and hierarchy.
This is possible because there is a relationship between the e⇥ective Majorana
mass and the mass of the lightest neutrino. The relationship depends on whether
the hierarchy is normal or inverted because which neutrino mass eigenstate is the
lightest depends on which hierarchy is realized in nature, as indicated in Fig. 1.3.
For the normal hierarchy, m1 is the lightest and therefore

m⇥⇥ � |U2
e1m1 + U2

e2m2 + U3
e3m3|

=

����U
2
e1m1 + U2

e2

⇤
�m2

12 + m2
1 + U2

e3

⇤
|�m2

13| + m2
1

����

=

����cos2 ⇥12 cos2 ⇥13e
i�1m1 + sin2 ⇥12 cos2 ⇥13e

i�2

⇤
�m2

12 + m2
1

+ sin2 ⇥13e
�2i⇤

⇤
|�m2

13| + m2
1

���� .

(2.3)

A similar expression is easily derived for the inverted hierarchy in which m3 is the
lightest mass eigenvalue. Plugging in the measured values of the neutrino mixing
angles and mass-squared di⇥erences from Table 1.1, a value for m⇥⇥ is obtained
for each value of the lightest neutrino mass, m1 for the normal hierarchy or m3

for the inverted hierarchy, and for a given set of values for the phases. Figure 2.4
shows the range of allowed values for m⇥⇥ for each value of the lightest neutrino
mass, obtained by allowing the unknown phases to vary over their possible values
from 0 to 2⌅. There are distinct bands of allowed m⇥⇥ depending on the hierar-
chy, though the bands overlap in the quasi-degenerate mass regime. Neutrinoless
double beta decay experiments set upper limits on m⇥⇥ and therefore exclude a
region from the top of Fig. 2.4. In this way, 0⇤�� decay experiments can rule
out the quasi-degenerate mass regime under the assumption that neutrinos are
Majorana particles. Future 0⇤�� decay experiments may have the sensitivity to
rule out the inverted hierarchy.

Direct counting experiments search for double beta decay by measuring the
sum of the electron energies and, in some experiments, the energy of the nuclear

Sum of electrons energy 

Ke Han, Berkeley Lab 

ν mass from double beta decay INT Workshop Feb. 2010

0νββ decay

>> Nuclear 
Process

(A, Z) (A, Z+2)

W- W-

e- e-

νi (R) νi (L)Uei Uei

Requires:
• neutrino to have non-zero mass

• “wrong-handed” helicity admixture ~ mi/Eνi

Any process that allows 0νββ to occur requires 
Majorana neutrinos with non-zero mass. 
Schechter and Valle, 1982

• Lepton number violation
• No experimental evidence that Lepton 
number must be conserved
 (i.e. general SM principles, such as electroweak-
isospin conservation and renormalizability)

If 0νββ decay is observed ⇒ neutrinos are Majorana particles

                                lepton number is violated  

Monday, February 8, 2010
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Source internal to detector 

Plus: event topology, background 
rejection, multiple isotopes possible. 
Cons: detector mass, resolution, 
acceptance. 
Technology: typically tracking 
detectors.

Source external to detector 

Plus: detector mass, energy resolution, 
acceptance 
Cons: event topology, background rejection 
Technology: calorimeters (bolometers, 
ionization, scintillation), tracking

May prove invaluable to test models  
once 0νββ is discovered

Typically aimed at 0νββ discovery

Example: SuperNEMO Example: MAJORANA, EXO, CUORE, SNO+, 
Kamland-Zen, etc.

Nemo

Experimental approaches to 0νββ
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Figure 1.4: The topological signature in NEXT is a “spaghetti with two meat balls”,
that is, a track that ends in two “blobs” of energy, corresponding to ranging-out elec-
trons. The trajectory of electrons contains no information, being dominated by multiple
scattering in the dense gaseous xenon.
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Tecnology: 
Pressurized TPC 
(10-16 atm)

Cabling 

Texas A&M Seminar, Jan 31, 2013 38 Ke Han, Berkeley Lab 
CUORE SNO+

NEXT
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Beyond CUORE: towards covering the IHE

Goal of next generation 
experiments

K. Heeger, Yale University WINP, February 5, 2015

Beyond CUORE: 130Te Enrichment 
• Natural next step for CUORE

– Increase # of parent nuclei, not the detector mass (# of 
background events)

• 130Te enrichment is relatively cheap at $17K/kg
– Compared to 76Ge enrichment at $100/g

• 500 gram of enriched 130Te metal is sent to SICCAS for 
enriched crystal growth.
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FN Nuclear figure of merit:  nuclear matrix element x phase 
space factor

ε Detection efficiency

η Isotopic abundance

M Detector total mass [kg]

t Live time [year]

b Background [< 0.01/kg/keV/
y]δE Energy resolution [keV]
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Current gen.  
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Need very large fiducial
mass  (tons) of isotopically
separated material 
(except for 130Te)
[using natural material typically 
means that 90% of the source
produced background but not signal]

This is expensive and provides 
encouragement to use the
material in the best 
possible way:

For no For no bkgndbkgnd

For statistical For statistical bkgndbkgnd subtractionsubtraction

NtTm /1/1 0
2/1 vv QEE

Q

� � 4/10
2/1 /1/1 NtTm vv QEE

Q

5.63.367150Ndĺ150Sm
8.92.479136Xeĺ136Ba
34.52.533130Teĺ130Xe
5.642.228124Snĺ124Te
7.52.802116Cdĺ116Sn
11.82.013110Pdĺ110Cd
9.63.034100Moĺ100Ru
2.83.35096Zrĺ96Mo
9.22.99582Seĺ82Kr
7.82.04076Geĺ76Se
0.1874.27148Caĺ48Ti

Candidate       Candidate       Q  Q  AbundAbund..
((MeVMeV)) (%)(%)
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Beyond CUORE: effect of alpha background rejection

14

1000 2000 3000 4000 5000 6000 7000
10−2

10−1

100

101

102

103

Energy[keV]

R
at

e[
co

un
ts

/to
n/

y]

 

 
Crystals surface
Crystals surface with α rejection
Copper surface
Copper surface with α rejection

1000 2000 3000 4000 5000 6000 7000
10−2

10−1

100

101

102

103

Energy[keV]

R
at

e[
co

un
ts

/to
n/

y]

 

 
Crystals surface
Crystals surface with α rejection
Copper surface
Copper surface with α rejection

Fig. 6: Effect of a background rejection for 238U (top) and
232Th (bottom) contaminations on TeO2 crystal surfaces and
copper surfaces. The spectra have been obtained simulating
a surface contamination with an exponential depth profile
and the mean depth of 5 µm. Solid histograms correspond to
the total simulated background contribution from the given
source (crystal or copper) while in the dashed histograms
the a contribution is removed.

We recall that the background rates shown in Table 7 are
obtained assuming a 99.9% rejection of a-induced counts
and an anticoincidence cut among the detectors. Surface con-
taminations in the light detectors are not considered because
they would give rise to coincident events, which are easily
tagged and rejected.

4.1.5 2nbb induced background

The background sources described above (external sources
or radioactive contaminants in the setup) could theoretically
be reduced to zero, even though the technical challenges
would be substantial. However there is a background source
for any 0nbb search that is always present: the 2nbb decay
of the candidate isotope itself.

The end point of the 2nbb spectrum can contribute sub-
stantially to the background in the ROI as the energy resolu-
tion of the experiment becomes larger. However, as already
shown in Table 1, in detectors with good energy resolutions
like bolometers, the ratio of 2nbb to 0nbb event rate, as-
suming |m

ee

| in the IH region, is negligible.
On the other hand, a drawback in the use of bolometers

comes from their slow response time. Accidental pile-up of
2nbb events can produce a contribution to background in
the ROI at a detectible level, thus limiting the sensitivity of
an experiment [53, 74]. Two events produced in the same
detector by two random 2nbb decays within a time window
smaller than the typical time response of the detector can
produce a signal that mimics a 0nbb decay.

In order to study the effects of 2nbb pile-up in bolo-
metric detectors in detail, we used a software tool devel-
oped for the CUORE experiment [75] that simulates signal
pulses and noise samples of TeO2 bolometers, including the
effects generated by operating temperature drifts, nonlinear-
ities, and pile-up. The signal shape is reproduced by means
of a thermal model [76] with a pulse amplitude randomly
extracted from a theoretical 2nbb spectrum [77]. The pulse
is then superimposed on a noise baseline, sampled according
to measured noise power spectra of real TeO2 detectors. The
pile-up rate is artificially increased so that two 2nbb pulses
always pile-up within a time window between 0 and 100 ms.
The simulated pile-up pulses are then processed as real data.

The analysis shows that standard pulse shape analysis
cuts, already developed for CUORE, give a pile-up rejec-
tion efficiency of 100% down to DT = 5 ms and, for the
best performing channel, down to DT = 1 ms. In Table 8
we summarize the 2nbb pile-up-induced background for
the four bb candidates considered in this paper. The re-
sults for scintillating crystals are an extrapolation of what
was obtained for TeO2 crystals using the simulation frame-
work described above. The pile-up rate is evaluated for 90%
enrichment, a 5⇥5⇥5 cm3 crystal, and for a minimum pulse
separation times of DT = 1 ms. The background is expressed
in cnts/ton/y in a ROI of 5 keV.

Further improvement could be obtained by exploiting
the faster time response of light detectors; the pulse rise time
of bolometric light detectors is already a factor ⇠5 smaller
than the rise time of bolometric signals. For example, the
case of 100Mo, which is the most problematic among the iso-
topes in Table 8, given the relatively small T2n

1/2, has been ex-
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Fig. 6: Effect of a background rejection for 238U (top) and
232Th (bottom) contaminations on TeO2 crystal surfaces and
copper surfaces. The spectra have been obtained simulating
a surface contamination with an exponential depth profile
and the mean depth of 5 µm. Solid histograms correspond to
the total simulated background contribution from the given
source (crystal or copper) while in the dashed histograms
the a contribution is removed.

We recall that the background rates shown in Table 7 are
obtained assuming a 99.9% rejection of a-induced counts
and an anticoincidence cut among the detectors. Surface con-
taminations in the light detectors are not considered because
they would give rise to coincident events, which are easily
tagged and rejected.

4.1.5 2nbb induced background

The background sources described above (external sources
or radioactive contaminants in the setup) could theoretically
be reduced to zero, even though the technical challenges
would be substantial. However there is a background source
for any 0nbb search that is always present: the 2nbb decay
of the candidate isotope itself.

The end point of the 2nbb spectrum can contribute sub-
stantially to the background in the ROI as the energy resolu-
tion of the experiment becomes larger. However, as already
shown in Table 1, in detectors with good energy resolutions
like bolometers, the ratio of 2nbb to 0nbb event rate, as-
suming |m

ee

| in the IH region, is negligible.
On the other hand, a drawback in the use of bolometers

comes from their slow response time. Accidental pile-up of
2nbb events can produce a contribution to background in
the ROI at a detectible level, thus limiting the sensitivity of
an experiment [53, 74]. Two events produced in the same
detector by two random 2nbb decays within a time window
smaller than the typical time response of the detector can
produce a signal that mimics a 0nbb decay.

In order to study the effects of 2nbb pile-up in bolo-
metric detectors in detail, we used a software tool devel-
oped for the CUORE experiment [75] that simulates signal
pulses and noise samples of TeO2 bolometers, including the
effects generated by operating temperature drifts, nonlinear-
ities, and pile-up. The signal shape is reproduced by means
of a thermal model [76] with a pulse amplitude randomly
extracted from a theoretical 2nbb spectrum [77]. The pulse
is then superimposed on a noise baseline, sampled according
to measured noise power spectra of real TeO2 detectors. The
pile-up rate is artificially increased so that two 2nbb pulses
always pile-up within a time window between 0 and 100 ms.
The simulated pile-up pulses are then processed as real data.

The analysis shows that standard pulse shape analysis
cuts, already developed for CUORE, give a pile-up rejec-
tion efficiency of 100% down to DT = 5 ms and, for the
best performing channel, down to DT = 1 ms. In Table 8
we summarize the 2nbb pile-up-induced background for
the four bb candidates considered in this paper. The re-
sults for scintillating crystals are an extrapolation of what
was obtained for TeO2 crystals using the simulation frame-
work described above. The pile-up rate is evaluated for 90%
enrichment, a 5⇥5⇥5 cm3 crystal, and for a minimum pulse
separation times of DT = 1 ms. The background is expressed
in cnts/ton/y in a ROI of 5 keV.

Further improvement could be obtained by exploiting
the faster time response of light detectors; the pulse rise time
of bolometric light detectors is already a factor ⇠5 smaller
than the rise time of bolometric signals. For example, the
case of 100Mo, which is the most problematic among the iso-
topes in Table 8, given the relatively small T2n

1/2, has been ex-

Simulation of surface contamination with an exponential depth profile 
and a mean depth of 5 μm. Dashed histograms are without α's

 238U 232Th

CUORE Collaboration Eur.Phys.J. C74 (2014) 10, 3096 
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CUPID: Cuore Upgrade with Particle ID
Te-130 enrichment

Particle ID

Bolometer R&D: 

• CALDER 
• Cherenkov/TeO2  
• LUCIFER 
• LUMINEU  

2

to assemble the detector in ultra radiopure environments.
The success of this effort has been recently demonstrated
by the CUORE-0 experiment, an array of 52 bolometers that
reached an a background index of 0.019±0.002 counts/(keVkgy),
a factor 6 less than Cuoricino [7]. The background in CUORE,
however, is still foreseen to be dominated by a particles,
limiting the sensitivity to the 0nbb half-life to around 1026

years in 5 years of data taking. This corresponds to an effec-
tive neutrino Majorana mass that ranges, depending on the
choice of the nuclear matrix element, from 40 to 100 meV,
values that are quite far from covering the entire interval
of masses corresponding to the inverted hierarchy scenario,
that ranges from 10 to 50 meV [1].

The background can be reduced by detecting the small
amount of Cherenkov light that is emitted by interacting par-
ticles in TeO2 crystals. In fact, at the energy scale of interest
for 0nbb , the b s (signal) are above threshold for Cherenkov
emission, while a particles (background) are not [8]. In a
previous paper [9] we operated a 117 g TeO2 bolometer sur-
rounded by a 3M VM2002 reflecting foil, monitoring a crys-
tal face with a germanium bolometer acting as light detec-
tor. In coincidence with the heat released in the TeO2 we
were able to detect the light emitted by b/g particles, which
amounted to 173 eV at 2528 keV. The crystal was doped
with natural samarium, which contains 147Sm, an a-unstable
isotope with Q = 2310 keV. The light detected from these
decays was compatible with zero, confirming that at the 0nbb
energy scale no light is emitted by as. Finally, room temper-
ature tests confirmed that the light emitted by particles inter-
acting in TeO2 can be ascribed to the sole Cherenkov emis-
sion, excluding a contribution from the scintillation [10].

In this paper we present the results of a test conducted on
a CUORE bolometer, i.e. a 750 g crystal, 6 times larger than
that used in our previous work and without samarium dop-
ing. The results confirm that the a discrimination in CUORE
is possible, but the light signal is small and requires light de-
tectors with higher sensitivity than that provided by bolome-
ters.

2 Experimental setup

The TeO2 crystal comes from samples of the CUORE batches
used to check the radiopurity and the bolometric performances
during the production [11], and therefore is identical to the
crystals that are currently being mounted in CUORE. The
crystal is a 5⇥ 5⇥ 5 cm3 cube with translucent faces, two
opposite of which have a better polishing quality, close to
optical polishing grade. All faces are surrounded by the VM2002
light reflector except for an optical one that is monitored by
a 5 cm in diameter, 300 µm thick germanium light detector
(LD) [12] (Fig. 1). Both the TeO2 crystal and the germa-
nium are operated as bolometers, using a neutron transmu-
tation doped germanium (NTD-Ge) thermistor as tempera-

Fig. 1: The TeO2 crystal in the copper holder, surrounded by
a 3M VM2002 light reflector and monitored by the germa-
nium bolometric light detector.

ture sensor [13]. The detectors are held in a copper structure
by means of teflon (PTFE) supports, anchored to the mix-
ing chamber of a dilution refrigerator. The setup is operated
in the CUORE/LUCIFER R&D cryostat, in the Hall C of
LNGS [14].

As in Ref. [9], the read-out of the thermistor is performed
using the Cuoricino electronics [15]. The analog signals are
filtered by 6-pole active Bessel filters [16] and then fed into
an 18-bit National Instrument PXI analog-to-digital converter
(ADC), the same system being used in CUORE-0. The fil-
ter cutoff and the ADC sampling frequency are set to 12 Hz
and 125 Hz for the TeO2, respectively, and to 120 Hz and
2000 Hz for the LD, respectively. The trigger is software
generated on each bolometer. When it fires, waveforms 5 s
long on the TeO2 and 250 ms long on the LD are saved on
disk. Additionally, when the trigger fires on the TeO2, the
waveform on the LD is acquired irrespective of its own trig-
ger.

To maximize the signal to noise ratio, the waveforms are
processed offline with the optimum filter algorithm [17, 18].
On the TeO2 the pulse is identified with a peak finder algo-
rithm, and the amplitude is evaluated as the maximum of the
peak. On the LD, to eliminate noise artifacts at the threshold,
the pulse amplitude is evaluated at the characteristic time de-
lay of the LD response with respect to the pulse on the TeO2,
which is estimated in calibration runs using events generated
by particles interacting in both detectors (for more details
see Ref. [19]).

The light detector is exposed to a permanent 55Fe source,
providing 5.9 and 6.5 keV calibration X-rays. The typical
rise and decay times of the pulses are 2.6 and 6 ms, respec-
tively, while the energy resolution at the iron peaks and at
the baseline is 135 and 72 eV RMS, respectively. To cali-
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to assemble the detector in ultra radiopure environments.
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a CUORE bolometer, i.e. a 750 g crystal, 6 times larger than
that used in our previous work and without samarium dop-
ing. The results confirm that the a discrimination in CUORE
is possible, but the light signal is small and requires light de-
tectors with higher sensitivity than that provided by bolome-
ters.

2 Experimental setup

The TeO2 crystal comes from samples of the CUORE batches
used to check the radiopurity and the bolometric performances
during the production [11], and therefore is identical to the
crystals that are currently being mounted in CUORE. The
crystal is a 5⇥ 5⇥ 5 cm3 cube with translucent faces, two
opposite of which have a better polishing quality, close to
optical polishing grade. All faces are surrounded by the VM2002
light reflector except for an optical one that is monitored by
a 5 cm in diameter, 300 µm thick germanium light detector
(LD) [12] (Fig. 1). Both the TeO2 crystal and the germa-
nium are operated as bolometers, using a neutron transmu-
tation doped germanium (NTD-Ge) thermistor as tempera-

Fig. 1: The TeO2 crystal in the copper holder, surrounded by
a 3M VM2002 light reflector and monitored by the germa-
nium bolometric light detector.

ture sensor [13]. The detectors are held in a copper structure
by means of teflon (PTFE) supports, anchored to the mix-
ing chamber of a dilution refrigerator. The setup is operated
in the CUORE/LUCIFER R&D cryostat, in the Hall C of
LNGS [14].

As in Ref. [9], the read-out of the thermistor is performed
using the Cuoricino electronics [15]. The analog signals are
filtered by 6-pole active Bessel filters [16] and then fed into
an 18-bit National Instrument PXI analog-to-digital converter
(ADC), the same system being used in CUORE-0. The fil-
ter cutoff and the ADC sampling frequency are set to 12 Hz
and 125 Hz for the TeO2, respectively, and to 120 Hz and
2000 Hz for the LD, respectively. The trigger is software
generated on each bolometer. When it fires, waveforms 5 s
long on the TeO2 and 250 ms long on the LD are saved on
disk. Additionally, when the trigger fires on the TeO2, the
waveform on the LD is acquired irrespective of its own trig-
ger.

To maximize the signal to noise ratio, the waveforms are
processed offline with the optimum filter algorithm [17, 18].
On the TeO2 the pulse is identified with a peak finder algo-
rithm, and the amplitude is evaluated as the maximum of the
peak. On the LD, to eliminate noise artifacts at the threshold,
the pulse amplitude is evaluated at the characteristic time de-
lay of the LD response with respect to the pulse on the TeO2,
which is estimated in calibration runs using events generated
by particles interacting in both detectors (for more details
see Ref. [19]).

The light detector is exposed to a permanent 55Fe source,
providing 5.9 and 6.5 keV calibration X-rays. The typical
rise and decay times of the pulses are 2.6 and 6 ms, respec-
tively, while the energy resolution at the iron peaks and at
the baseline is 135 and 72 eV RMS, respectively. To cali-
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Fig. 2: Energy spectrum acquired by the TeO2 crystal. All
the labeled peaks are gs, except for the single and dou-
ble escape peaks of the 2615 keV g from 208Tl, which are
e� + e+ + g and e� + e+ events, respectively, and for the
events around 5.4 MeV, which are generated by the a-decay
of 210Po in the crystal.

brate the TeO2 and to generate events in the 0nbb region,
the setup is illuminated by a 232Th source placed outside the
cryostat. The rise and decay times of the TeO2 pulses are
40 and 532 ms, respectively, values that are similar to the
CUORE-0 ones [7].

The energy resolution at the 2615 keV 208Tl peak from
the thorium source is 11.5 keV FWHM, worse than the 5.7 keV
FWHM obtained averaging all the CUORE-0 bolometers.
This might be due to the different working temperature, which
was chosen higher than in CUORE-0 (20 mK instead of
10 mK) in order to improve the energy resolution of the light
detector (see Ref. [12] for details). The worse energy resolu-
tion of the TeO2 bolometer does not affect our results, since
the attention is focused on the light signal.

3 Results

The energy spectrum acquired from the TeO2 bolometer in
6.86 days of data taking is shown in Fig. 2. The peak around
5400 keV is due to the a-decay of 210Po, a natural contami-
nation of the TeO2 crystal observed also in the 117 g detec-
tor and in CUORE-0. The remaining peaks are gs from the
232Th source, except for the peak at 1461 keV, which is a g
from 40K contamination of the cryostat. Both the single (SE)
and double escape (DE) peaks of the 2615 keV g from 208Tl
are visible. The presence of the DE peak is of particular in-
terest because it is a single site production of a e� and of a
e+, a process similar to the 0nbb .

The light detected versus calibrated heat in the TeO2
crystal is shown in Fig. 3. The distribution of the light cor-
responding to each peak in Fig. 2 (blue dots in the figure) is
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Fig. 3: (Color online) Detected light versus calibrated heat
in the TeO2 bolometer for all the acquired events (gray) and
for the events belonging to the peaks labeled in Fig 2 (blue).
The mean light is clearly energy dependent for the g peaks
(red circles below 3 MeV) and compatible with zero for the
a-decay of the 210Po (pink circle at 5.4 MeV).

fitted with a Gaussian, the mean of which is overlaid onto
the figure. The mean light from the a-decay of 210Po is
found to be < La >= �3.9±14.5 eV, i.e. compatible with
zero. The mean light from the g peaks is fitted with a line
< Lb/g >= LY · (Energy�Eth), with Eth = 280 ± 60 keV
and LY = 45± 2 eV/MeV. The standard deviations of the
light distributions are found compatible with the baseline
noise of the LD, which therefore appears as the dominant
source of fluctuation, hiding any possible dependence on the
position of the interaction in the TeO2 crystal or statistical
fluctuations of the number of photons. As in our previous
work, the light from the DE peak is compatible with the
light from gs, indicating that the fitted line can be used to
predict the amount of light detectable from 0nbb events.
We compute 101.4± 3.4 eV of light for a b/g event with
0nbb energy, 72 eV less than the light detected at the same
energy in the 117 g detector.

The detected light at the 0nbb is small, at the same
level of the LD noise, and does not allow one to perform an
event by event rejection of the a background. As indicated
in Ref. [8], the emitted Cherenkov light amounts to several
hundreds of eV, a much higher value than what we detect.

To increase the light collection efficiency, we applied
different modifications to the setup: 1) we changed the VM
2002 light reflector to aluminum foils. Aluminum is expected
to have higher reflectivity in the UV band, the region where
the Cherenkov emission is more intense. Nevertheless, the
amount of light detected is 25% less than in the case of VM
2002; 2) we removed the VM 2002, which is a specular light
reflector, and wrapped the crystal with teflon tape, which is
a light diffusor. The amount of light detected is compatible
with the VM 2002 measurement; 3) we changed the LD to

Cherenkov light from a full 750g TeO2 crystal

101+/- 3.4 eV of light for a β/γ event with energy 0νββ value
R&D on improved light detectors currently ongoing:  

MKIDs, TES, Neganov-Luke assisted, MMCs

Raul Hennings-Yeomans                                                                                                                                                           CPAD 2015 7

We need to discriminate between α and β/γ at 5σ, ie 99.9% rejection α’s with 90% efficiency. 
For a light yield of 100 eV implies resolution need of better than 20eV.



Scintillating crystals
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Table 2: Summary of the a vs. b/g discrimination power (DP, see Eq. (8)) obtained for several scintillating bolometers
and for TeO2 bolometers. Results for three techniques are shown: the double readout of the heat and the scintillation light,
the pulse shape analysis, and the readout of the Cherenkov light. All results were obtained at the 2615 keV 208Tl line. For
the Cherenkov light readout, the values of the discrimination power reported here are lower than the separations calculated
in [49] and [61] due to a different definition of DP.

Bolometer Scintillation Pulse shape Cherenkov Ref.

ZnSe 9 15 - [50]
CdWO4 15 - - [52]
ZnMoO4 8-17 8-20 - [55–57]

TeO2 - - 1-1.5 [49, 61]
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Fig. 4: Light vs. heat scatter plots of recently tested bolometers. The different nature of the light signal should be noted.
CdWO4 (a), ZnMoO4 (b), and ZnSe (c) are scintillating bolometers where the light signal is given by the scintillation induced
by particle interactions. TeO2 (d) does not scintillate, however Cherenkov light is produced by b /g interactions (circles) and
not by a ones (triangles). Pictures are readapted with authors consensus from the following papers: [52] (a), [55] (b), [50]
(c) and [61] (d).
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Particle ID via Pulse Shape with Aluminum coating

NbSi sensorAluminum film

J. Low Temp. Phys (2012) 167:1029-1034

Quasiparticles “recombination” time:

(dashed red line) and phase (solid red line) that rolls off to
the equilibrium value around 8 kHz.

The difference in noise levels is equal to the difference
in responsivity: rA=r! ! 0:23 ("13 dB), measured for this
sample. In addition, we estimate, based on 20 pW optical
power absorbed by the resonator, a phase noise level of
"94 dBc=Hz due to photon shot noise, which is close to
the observed value. Thus we conclude that the excess noise
is due to variations in f#E$ induced by the photon flux. In
order to eliminate the system and resonator noise, we
calculate the phase-amplitude cross-power spectral density
(solid green line). We find that its spectrum is real, indicat-
ing that variations in f#E$ appear as fluctuations in the
amplitude and phase without relative time delay and that
the data follow a Lorentzian spectrum with a single time.
The time measured in the pulse response (23:0% 0:5 "s)
agrees with the one determined from the noise spectrum
(21:7% 0:3 "s). We have checked at several bath tempera-
tures and found, also for aluminum samples, only a single
time. We conclude that the relaxation time is the single
dominant time in the recovery of equilibrium.

The measured relaxation times for temperatures down to
50 mK are displayed in Fig. 3. The data shown are repre-
sentative for the relaxation times found in all samples of
different films. In the high temperature regime (T=Tc *
0:175), the relaxation times increase for decreasing bath
temperature in a similar manner for both tantalum and
aluminum samples until a new regime is entered around
T=Tc & 0:15. The tantalum samples clearly show a non-
monotonic temperature dependence, exhibiting a maxi-

mum near T=Tc & 0:15. Two aluminum films show a less
pronounced nonmonotonic temperature dependence. We
do not see a nonmonotonic temperature dependence in
samples of aluminum with the lowest level of disorder
(highest RRR). Below T=Tc & 0:1, the relaxation times
become temperature-independent at a plateau value of
25–35 "s for Ta, 390 "s for 100 nm thick Al on Si,
600 "s for 250 nm thick Al on Si, and 860 "s for
250 nm thick Al on sapphire.

The relaxation times for aluminum are measured in half-
wavelength resonators where the central line is isolated
from the ground plane. For the directly connected quarter-
wavelength resonators, a length dependence was found.
For tantalum, the values are found to be length-
independent in both cases. Consequently, the data shown
are not influenced by quasiparticle outdiffusion. Also, the
relaxation times remain unchanged when, instead of an
optical pulse, a microwave pulse at frequency !0 is used.
In this method, only quasiparticle excitations near the gap
energy are created by the pair-breaking current. This ob-
servation leads us to believe that the observed decay is due
to recombination of quasiparticles with energies near the
gap.

The exponential temperature dependence for T=Tc *
0:175 is consistent with the theory of recombination by
electron-phonon interaction [4]. The dotted lines in Fig. 3
follow the expression for the recombination time
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with #0 a material-specific electron-phonon scattering
time. We find for 150 nm Ta on Si #0 ! 42% 2 ns and
for 250 nm Al on Si #0 ! 687% 6 ns. The deviation from
the exponential rise and the low temperature behavior is
incompatible with the established theory for electron-

FIG. 3. The relaxation times as a function of reduced bath
temperature for 150 nm Ta on Si (!, "), 100 nm Al on Si (4),
250 nm Al on Si (5), and 250 nm Al on sapphire (#) samples.
The inset shows the same data on a linear scale. The dotted lines
are fits to the data using Eq. (4).

FIG. 2 (color online). The power spectral density of phase
(solid line) and amplitude (dashed line) in equilibrium (blue)
and under a continuous photon flux (red) at a bath temperature of
310 mK. The cross-power spectral density (solid green) under a
continuous photon flux follows a single pole Lorentzian spec-
trum S / '1( #2$f#$2)"1, with a characteristic time of 21:7%
0:3 "s (solid black). The response time of the resonator is
0:5 "s.

PRL 100, 257002 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
27 JUNE 2008

257002-3

for example, for 1μm of Al on sapphire τrec~1.5 μsec from J. 
Shnagl NIMA 444 (2000)245-248
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in responsivity: rA=r! ! 0:23 ("13 dB), measured for this
sample. In addition, we estimate, based on 20 pW optical
power absorbed by the resonator, a phase noise level of
"94 dBc=Hz due to photon shot noise, which is close to
the observed value. Thus we conclude that the excess noise
is due to variations in f#E$ induced by the photon flux. In
order to eliminate the system and resonator noise, we
calculate the phase-amplitude cross-power spectral density
(solid green line). We find that its spectrum is real, indicat-
ing that variations in f#E$ appear as fluctuations in the
amplitude and phase without relative time delay and that
the data follow a Lorentzian spectrum with a single time.
The time measured in the pulse response (23:0% 0:5 "s)
agrees with the one determined from the noise spectrum
(21:7% 0:3 "s). We have checked at several bath tempera-
tures and found, also for aluminum samples, only a single
time. We conclude that the relaxation time is the single
dominant time in the recovery of equilibrium.

The measured relaxation times for temperatures down to
50 mK are displayed in Fig. 3. The data shown are repre-
sentative for the relaxation times found in all samples of
different films. In the high temperature regime (T=Tc *
0:175), the relaxation times increase for decreasing bath
temperature in a similar manner for both tantalum and
aluminum samples until a new regime is entered around
T=Tc & 0:15. The tantalum samples clearly show a non-
monotonic temperature dependence, exhibiting a maxi-

mum near T=Tc & 0:15. Two aluminum films show a less
pronounced nonmonotonic temperature dependence. We
do not see a nonmonotonic temperature dependence in
samples of aluminum with the lowest level of disorder
(highest RRR). Below T=Tc & 0:1, the relaxation times
become temperature-independent at a plateau value of
25–35 "s for Ta, 390 "s for 100 nm thick Al on Si,
600 "s for 250 nm thick Al on Si, and 860 "s for
250 nm thick Al on sapphire.

The relaxation times for aluminum are measured in half-
wavelength resonators where the central line is isolated
from the ground plane. For the directly connected quarter-
wavelength resonators, a length dependence was found.
For tantalum, the values are found to be length-
independent in both cases. Consequently, the data shown
are not influenced by quasiparticle outdiffusion. Also, the
relaxation times remain unchanged when, instead of an
optical pulse, a microwave pulse at frequency !0 is used.
In this method, only quasiparticle excitations near the gap
energy are created by the pair-breaking current. This ob-
servation leads us to believe that the observed decay is due
to recombination of quasiparticles with energies near the
gap.

The exponential temperature dependence for T=Tc *
0:175 is consistent with the theory of recombination by
electron-phonon interaction [4]. The dotted lines in Fig. 3
follow the expression for the recombination time
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time. We find for 150 nm Ta on Si #0 ! 42% 2 ns and
for 250 nm Al on Si #0 ! 687% 6 ns. The deviation from
the exponential rise and the low temperature behavior is
incompatible with the established theory for electron-
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temperature for 150 nm Ta on Si (!, "), 100 nm Al on Si (4),
250 nm Al on Si (5), and 250 nm Al on sapphire (#) samples.
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are fits to the data using Eq. (4).

FIG. 2 (color online). The power spectral density of phase
(solid line) and amplitude (dashed line) in equilibrium (blue)
and under a continuous photon flux (red) at a bath temperature of
310 mK. The cross-power spectral density (solid green) under a
continuous photon flux follows a single pole Lorentzian spec-
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(dashed red line) and phase (solid red line) that rolls off to
the equilibrium value around 8 kHz.

The difference in noise levels is equal to the difference
in responsivity: rA=r! ! 0:23 ("13 dB), measured for this
sample. In addition, we estimate, based on 20 pW optical
power absorbed by the resonator, a phase noise level of
"94 dBc=Hz due to photon shot noise, which is close to
the observed value. Thus we conclude that the excess noise
is due to variations in f#E$ induced by the photon flux. In
order to eliminate the system and resonator noise, we
calculate the phase-amplitude cross-power spectral density
(solid green line). We find that its spectrum is real, indicat-
ing that variations in f#E$ appear as fluctuations in the
amplitude and phase without relative time delay and that
the data follow a Lorentzian spectrum with a single time.
The time measured in the pulse response (23:0% 0:5 "s)
agrees with the one determined from the noise spectrum
(21:7% 0:3 "s). We have checked at several bath tempera-
tures and found, also for aluminum samples, only a single
time. We conclude that the relaxation time is the single
dominant time in the recovery of equilibrium.

The measured relaxation times for temperatures down to
50 mK are displayed in Fig. 3. The data shown are repre-
sentative for the relaxation times found in all samples of
different films. In the high temperature regime (T=Tc *
0:175), the relaxation times increase for decreasing bath
temperature in a similar manner for both tantalum and
aluminum samples until a new regime is entered around
T=Tc & 0:15. The tantalum samples clearly show a non-
monotonic temperature dependence, exhibiting a maxi-

mum near T=Tc & 0:15. Two aluminum films show a less
pronounced nonmonotonic temperature dependence. We
do not see a nonmonotonic temperature dependence in
samples of aluminum with the lowest level of disorder
(highest RRR). Below T=Tc & 0:1, the relaxation times
become temperature-independent at a plateau value of
25–35 "s for Ta, 390 "s for 100 nm thick Al on Si,
600 "s for 250 nm thick Al on Si, and 860 "s for
250 nm thick Al on sapphire.

The relaxation times for aluminum are measured in half-
wavelength resonators where the central line is isolated
from the ground plane. For the directly connected quarter-
wavelength resonators, a length dependence was found.
For tantalum, the values are found to be length-
independent in both cases. Consequently, the data shown
are not influenced by quasiparticle outdiffusion. Also, the
relaxation times remain unchanged when, instead of an
optical pulse, a microwave pulse at frequency !0 is used.
In this method, only quasiparticle excitations near the gap
energy are created by the pair-breaking current. This ob-
servation leads us to believe that the observed decay is due
to recombination of quasiparticles with energies near the
gap.

The exponential temperature dependence for T=Tc *
0:175 is consistent with the theory of recombination by
electron-phonon interaction [4]. The dotted lines in Fig. 3
follow the expression for the recombination time
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with #0 a material-specific electron-phonon scattering
time. We find for 150 nm Ta on Si #0 ! 42% 2 ns and
for 250 nm Al on Si #0 ! 687% 6 ns. The deviation from
the exponential rise and the low temperature behavior is
incompatible with the established theory for electron-

FIG. 3. The relaxation times as a function of reduced bath
temperature for 150 nm Ta on Si (!, "), 100 nm Al on Si (4),
250 nm Al on Si (5), and 250 nm Al on sapphire (#) samples.
The inset shows the same data on a linear scale. The dotted lines
are fits to the data using Eq. (4).

FIG. 2 (color online). The power spectral density of phase
(solid line) and amplitude (dashed line) in equilibrium (blue)
and under a continuous photon flux (red) at a bath temperature of
310 mK. The cross-power spectral density (solid green) under a
continuous photon flux follows a single pole Lorentzian spec-
trum S / '1( #2$f#$2)"1, with a characteristic time of 21:7%
0:3 "s (solid black). The response time of the resonator is
0:5 "s.
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achieve the required sensitivity, we have taken the ap-
proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.

B. Detector design and expected performance

This section focuses on the details of our design choices
for this experiment. For more background material on low-
temperature detectors, we suggest the following: a com-
prehensive overview of the applications can be found in
[34]; specifics on operation and capabilities are reviewed in
[35], and details of TES physics are reviewed in [36].

The threshold for a bolometer is a function of its base-
line energy resolution. A dimensionless measure of the
sensitivity of a resistive thermometer at a temperature T
and resistance R is the quantity !, defined as ! ! T

R
dR
dT .

The energy resolution of a TES bolometer is approxi-
mately [37]

!Erms ¼ "E #

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBT

2Ctot

!

ffiffiffiffiffiffiffiffiffiffiffiffiffi
#þ 1

2

svuut
; (7)

where kB is the Boltzmann constant, Ctot is the total heat
capacity of the bolometer, and # is the exponent of the
temperature dependence of the thermal conductivity be-
tween the bolometer and the refrigerator. To unambigu-
ously detect events above the noise from the detector, we
set the experimental threshold to 7:5"E. For a 10 eV
threshold, we then need a detector with "E < 1:33 eV, or
expressed in terms of the full width at half maximum,
!EFWHM ¼ 2

ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
"E < 3:14 eV.

Assuming a conduction path to the cold bath of the
refrigerator dominated by Kapitza resistance, # ¼ 4, and
with a temperature T ¼ 15 mK, a 10 eV threshold could be
attained with a heat capacity Ctot % 200 pJ=K. However,
this model is not complete, as it assumes a perfectly
isothermal bolometer. In practice, the various internal
heat capacity systems of the bolometer are decoupled
from each other through internal conductances, and ther-
malization times of each separate heat capacity must also
be taken into account. These internal decouplings intro-
duce various sources of noise, degrading the energy reso-
lution of the bolometer and consequently requiring a
smaller heat capacity to attain the desired threshold.

Figure 1 shows a schematic of the model. The bolometer
is connected to the cold bath at temperature Tb through a
weak thermal conductanceGpb. The total heat capacity can
be described by Ctot ¼ CSi þ CTES þ Cexcess, where CSi /
T3 is the theoretical heat capacity of Si given by Debye
theory, CTES / T is the TES heat capacity dominated by
the metal electron system, and Cexcess is the heat capacity
of impurity bands and two-level systems in the crystal.

The TES phonon system is assumed to be at the same
temperature as the silicon phonon system, since the sub-
micron thickness of the TES makes it incapable of sustain-
ing its own thermal phonon population. The TES electron
system is coupled to the phonon system through its
electron-phonon coupling conductance Gep.
There are two reasons for choosing a TES as the

thermometer for this design. First, in order to get the
high-energy resolution, the thermometer must be very
well-coupled to the absorber. The use of a Mo/Au TES
uses the high electron-phonon coupling in Au to achieve
this (Gep in Fig. 1). Second, we want very good control of

the heat capacity of the bolometer. In a TES, the heat
capacity is dominated by the electron system and is orders
of magnitude above the TES phonon system’s heat ca-
pacity. This makes the purity requirements on the TES
from a heat capacity perspective fairly relaxed. Indeed,
heat capacity measurements in TES devices routinely fall
within expectations calculated from bulk elemental prop-
erties [38].
Impurities and defects in the Si substrate can lead to

impurity bands and two-level systems in the crystal
which add to the total heat capacity of the system. The
size of this excess heat capacity and its equilibration time
with the phonon system depends on the specific mecha-
nism involved [39]. Si and Ge crystals can be acquired
with impurity levels of &1015 and 1010 atoms=cm3 [40],
respectively. At these levels the heat capacity Cexcess and/
or the thermal conductance Gexcess could be low enough
to render them negligible for our purposes. Ge clearly
holds a large advantage in this regard, but its lower
maximum recoil energy for coherent neutrino scatters

FIG. 1 (color online). Schematic of bolometer model.
The refrigerator acts as a cold bath at temperature Tb. The Si
heat capacity is connected by a thermal conductance Gpb to the

bath. The TES is connected by the electron-phonon conductance
Gep to the Si. A potential excess heat capacity with its coupling

are shown in dashed outlines. For this study we have assumed
Cexcess and/or Gexcess can be made small enough to become
negligible.
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β: determined by thermal conductivity 
between the TES and absorber/heat-bath

Ctot = Cbolo (~T3) + CTES (~T) + 
Cother (e.g. caused by impurities in the crystal)

J Low Temp Phys (2008) 151: 82–93 83

schemes to resolve the position and energy within a single pixel containing several
readouts [9].

There are several excellent reviews about TES physics in the literature [10] and
references therein, and in particular Transition Edge Sensors by Irwin and Hilton [11],
which include detailed discussions on fundamental noise issues and what is known
about “excess” noise terms. In this summary we will introduce the basic concepts,
and compare the fundamental resolution limits between TESs and STJs (also KIDs).
Then we will summarize the design constraints for distributed TES to avoid phase
separation, as well as noise contributions from phase separation degrees of freedom.
Throughout we will use as examples the tungsten TES systems developed at Stanford.

2 TES Operation

The readout scheme for TESs is shown in Fig. 1 (left). The shunt resistor Rs is much
smaller than the TES resistance RW at bias and carries most of the constant bias
current, so that the device is effectively voltage biased. At Stanford, the TESs are
made from 40 nm thick thin-films of tungsten deposited on silicon or germanium
substrates. These films have a sharp superconducting to normal transition in the range
between 70 mK and 130 mK with a transition width of less than 1 mK. We developed
a technique for tuning the Tc downward using the implantation of magnetic atoms in
carefully controlled dosages [12], which allows optimizing the performance of the de-
tectors with a Tc near the target of 70 mK, while !Tc remains less than 1 mK wide.

Fig. 1 (Color online) Left: Schematic of electrical circuit using a SQUID array to readout the tung-
sten electrothermal feedback transition-edge sensor (W ETF-TES). Right: Range of applications from
IR-optical-UV (top), through x-ray (middle) to gamma and WIMP searches (bottom)

achieve the required sensitivity, we have taken the ap-
proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.
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This section focuses on the details of our design choices
for this experiment. For more background material on low-
temperature detectors, we suggest the following: a com-
prehensive overview of the applications can be found in
[34]; specifics on operation and capabilities are reviewed in
[35], and details of TES physics are reviewed in [36].

The threshold for a bolometer is a function of its base-
line energy resolution. A dimensionless measure of the
sensitivity of a resistive thermometer at a temperature T
and resistance R is the quantity !, defined as ! ! T

R
dR
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The energy resolution of a TES bolometer is approxi-
mately [37]
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where kB is the Boltzmann constant, Ctot is the total heat
capacity of the bolometer, and # is the exponent of the
temperature dependence of the thermal conductivity be-
tween the bolometer and the refrigerator. To unambigu-
ously detect events above the noise from the detector, we
set the experimental threshold to 7:5"E. For a 10 eV
threshold, we then need a detector with "E < 1:33 eV, or
expressed in terms of the full width at half maximum,
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"E < 3:14 eV.
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refrigerator dominated by Kapitza resistance, # ¼ 4, and
with a temperature T ¼ 15 mK, a 10 eV threshold could be
attained with a heat capacity Ctot % 200 pJ=K. However,
this model is not complete, as it assumes a perfectly
isothermal bolometer. In practice, the various internal
heat capacity systems of the bolometer are decoupled
from each other through internal conductances, and ther-
malization times of each separate heat capacity must also
be taken into account. These internal decouplings intro-
duce various sources of noise, degrading the energy reso-
lution of the bolometer and consequently requiring a
smaller heat capacity to attain the desired threshold.

Figure 1 shows a schematic of the model. The bolometer
is connected to the cold bath at temperature Tb through a
weak thermal conductanceGpb. The total heat capacity can
be described by Ctot ¼ CSi þ CTES þ Cexcess, where CSi /
T3 is the theoretical heat capacity of Si given by Debye
theory, CTES / T is the TES heat capacity dominated by
the metal electron system, and Cexcess is the heat capacity
of impurity bands and two-level systems in the crystal.

The TES phonon system is assumed to be at the same
temperature as the silicon phonon system, since the sub-
micron thickness of the TES makes it incapable of sustain-
ing its own thermal phonon population. The TES electron
system is coupled to the phonon system through its
electron-phonon coupling conductance Gep.
There are two reasons for choosing a TES as the

thermometer for this design. First, in order to get the
high-energy resolution, the thermometer must be very
well-coupled to the absorber. The use of a Mo/Au TES
uses the high electron-phonon coupling in Au to achieve
this (Gep in Fig. 1). Second, we want very good control of

the heat capacity of the bolometer. In a TES, the heat
capacity is dominated by the electron system and is orders
of magnitude above the TES phonon system’s heat ca-
pacity. This makes the purity requirements on the TES
from a heat capacity perspective fairly relaxed. Indeed,
heat capacity measurements in TES devices routinely fall
within expectations calculated from bulk elemental prop-
erties [38].
Impurities and defects in the Si substrate can lead to

impurity bands and two-level systems in the crystal
which add to the total heat capacity of the system. The
size of this excess heat capacity and its equilibration time
with the phonon system depends on the specific mecha-
nism involved [39]. Si and Ge crystals can be acquired
with impurity levels of &1015 and 1010 atoms=cm3 [40],
respectively. At these levels the heat capacity Cexcess and/
or the thermal conductance Gexcess could be low enough
to render them negligible for our purposes. Ge clearly
holds a large advantage in this regard, but its lower
maximum recoil energy for coherent neutrino scatters
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heat capacity is connected by a thermal conductance Gpb to the
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Cexcess and/or Gexcess can be made small enough to become
negligible.
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Figure 1: The transition of a superconducting film (a Mo/Cu proximity bilayer) from the normal to the
superconducting state near 96 mK. The sharp phase transition suggests its use as a sensitive thermometer.

TES by the current can lead to thermal runaway, and small fluctuations in bath temperature significantly
degrade performance. Furthermore, variations in the transition temperature between multiple devices in an
array of TES detectors can make it impossible to bias them all at the same bath temperature. As will be
explained in Sect. 2.5, when the TES is instead voltage-biased and read out with a current amplifier, the
devices can easily be stably biased and they self-regulate in temperature within the transition with much
less sensitivity to fluctuations in the bath temperature [13]. The introduction of voltage-biased operation
with SQUID current readout has led to an explosive growth in the development of TES detectors in the past
decade.

The potential of TES detectors is now being realized. TES detectors are being developed for measure-
ments across the electromagnetic spectrum from millimeter [14, 15, 16] through gamma rays [17, 18] as well
as with weakly interacting particles [19] and biomolecules [20, 21, 22]. They have contributed to the study
of dark matter and supersymmetry [23, 24], the chemical composition of materials [25], and the new field
of quantum information [26]. They have extended the usefulness of the single-photon calorimeter all the
way to the near infrared [27], with possible extension to the far infrared. They are being used in the first
multiplexed submillimeter, millimeter-wave, and x-ray detectors for spectroscopy and astronomical imaging
[28, 29, 15, 16, 30].

2 Superconducting transition-edge sensor theory

We now describe the theory of a superconducting transition-edge sensor. We describe the physics of the
superconducting transition (2.1), summarize the equations for TES small-signal theory (2.2), and analyze
the bias circuit for a TES and its electrical and thermal response (2.3), the conditions for the stability of a TES
(2.4), the consequences of negative electrothermal feedback (2.5), thermodynamic noise (2.6), unexplained
noise (2.7), and the effects of operation outside of the small-signal limit (2.8). Particular implementations
of both TES single pixels and arrays, including performance results, will be described in Sects. 3 and 4.

2.1 The superconducting transition

In this work, we discuss sensors based on traditional “low-Tc” superconductors (often those with transition
temperatures below 1K). Other classes of superconductors, including the cuprates such as yttrium-barium-
copper-oxide, are also used in thermal detectors. Transition-edge sensors based on these “high-Tc” materials
have much lower sensitivity and much higher saturation levels than those that are discussed here.

3
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In this work, we report the fabrication and characterization of Pd/Ti bilayers in view of application 
to TESs for photon counting. The electrical and thermal properties of Pd/Ti TES are compared to that 
of Au/Ti TES.  

Experimental
TES were fabricated on double side polished Si wafers covered on both sides by 500 nm thick SiN 
layer grown by LPCVD. The pressure in the evaporation chamber was lower than 2x10-7 mbar before 
deposition. The substrate temperature Ts was settled at 100 °C. Ti films have been prepared by starting 
from a 99.99+% bulk Ti. The distance between crucible and substrate was 10 cm and the deposition 
rate was about 1.5 nm/sec for Ti, Au and Pd. The fabrication process consisted of three steps. First, 
10-15 nm of Ti was deposited on SiN substrate in order to improve the adhesion of the Pd or Au layer
(second step). The last step was the deposition of the superconducting Ti film. Previous work [7]
shows that inverting the traditional order superconductor-normal metal undesirable effects on the 
reproducibility of the Tc can be avoided.

The devices were fabricated by standard photolithographic process. For Ti/Au TES the unwanted 
material was usually removed using chemical wet etching. Ti/Pd TESs  and few samples of Ti/Au 
were etched by RIE (Ti) and ion-milling (Au, Pd). The superconducting wiring of Al, with thickness 
between 100 and 150 nm, was defined by lift-off technique combined with rf-sputtering of the 
superconducting films. 

The sensor resistance was measured using four wire readout and a lock-in amplifier with typical 
sinusoidal excitation current of 0.2-1ȝA and a frequency of 37 Hz.

Results and discussion
In figure 1 the resistance R vs temperature T curve of a Pd/Ti TES, at a bias current Ib=0.2 µA, is 
shown. 

Figure 1. The resistance R vs temperature T curve of a Pd/Ti TES at a bias current Ib=0.2 µA and the 
logarithmic derivative Į=T/R(dR/dT). 

The film thicknesses of Pd and Ti are 16 nm and 65 nm respectively. The area of the TES is 20 ȝm 
x 20 ȝm. The logarithmic derivative of R-T curve, Į = T/R(dR/dT), has a peak value of 1180. The 
transition is rather narrow (~ 0.5 mK), a sign of the good quality of the TES edges. In fact
imperfections along the outer edges can reduce the proximity between normal metal and 
superconductor and as result the superconducting transition of a TES is relatively wide with 
undesirable features [8].

2
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achieve the required sensitivity, we have taken the ap-
proach suggested by Niinikoski of using arrays of small
Si bolometers. We chose, however, to follow the approach
in [26] and use transition-edge sensors (TES) as the tem-
perature readout. We took these ideas and optimized the
design for this sterile neutrino search.

B. Detector design and expected performance

This section focuses on the details of our design choices
for this experiment. For more background material on low-
temperature detectors, we suggest the following: a com-
prehensive overview of the applications can be found in
[34]; specifics on operation and capabilities are reviewed in
[35], and details of TES physics are reviewed in [36].

The threshold for a bolometer is a function of its base-
line energy resolution. A dimensionless measure of the
sensitivity of a resistive thermometer at a temperature T
and resistance R is the quantity !, defined as ! ! T
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The energy resolution of a TES bolometer is approxi-
mately [37]
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where kB is the Boltzmann constant, Ctot is the total heat
capacity of the bolometer, and # is the exponent of the
temperature dependence of the thermal conductivity be-
tween the bolometer and the refrigerator. To unambigu-
ously detect events above the noise from the detector, we
set the experimental threshold to 7:5"E. For a 10 eV
threshold, we then need a detector with "E < 1:33 eV, or
expressed in terms of the full width at half maximum,
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"E < 3:14 eV.

Assuming a conduction path to the cold bath of the
refrigerator dominated by Kapitza resistance, # ¼ 4, and
with a temperature T ¼ 15 mK, a 10 eV threshold could be
attained with a heat capacity Ctot % 200 pJ=K. However,
this model is not complete, as it assumes a perfectly
isothermal bolometer. In practice, the various internal
heat capacity systems of the bolometer are decoupled
from each other through internal conductances, and ther-
malization times of each separate heat capacity must also
be taken into account. These internal decouplings intro-
duce various sources of noise, degrading the energy reso-
lution of the bolometer and consequently requiring a
smaller heat capacity to attain the desired threshold.

Figure 1 shows a schematic of the model. The bolometer
is connected to the cold bath at temperature Tb through a
weak thermal conductanceGpb. The total heat capacity can
be described by Ctot ¼ CSi þ CTES þ Cexcess, where CSi /
T3 is the theoretical heat capacity of Si given by Debye
theory, CTES / T is the TES heat capacity dominated by
the metal electron system, and Cexcess is the heat capacity
of impurity bands and two-level systems in the crystal.

The TES phonon system is assumed to be at the same
temperature as the silicon phonon system, since the sub-
micron thickness of the TES makes it incapable of sustain-
ing its own thermal phonon population. The TES electron
system is coupled to the phonon system through its
electron-phonon coupling conductance Gep.
There are two reasons for choosing a TES as the

thermometer for this design. First, in order to get the
high-energy resolution, the thermometer must be very
well-coupled to the absorber. The use of a Mo/Au TES
uses the high electron-phonon coupling in Au to achieve
this (Gep in Fig. 1). Second, we want very good control of

the heat capacity of the bolometer. In a TES, the heat
capacity is dominated by the electron system and is orders
of magnitude above the TES phonon system’s heat ca-
pacity. This makes the purity requirements on the TES
from a heat capacity perspective fairly relaxed. Indeed,
heat capacity measurements in TES devices routinely fall
within expectations calculated from bulk elemental prop-
erties [38].
Impurities and defects in the Si substrate can lead to

impurity bands and two-level systems in the crystal
which add to the total heat capacity of the system. The
size of this excess heat capacity and its equilibration time
with the phonon system depends on the specific mecha-
nism involved [39]. Si and Ge crystals can be acquired
with impurity levels of &1015 and 1010 atoms=cm3 [40],
respectively. At these levels the heat capacity Cexcess and/
or the thermal conductance Gexcess could be low enough
to render them negligible for our purposes. Ge clearly
holds a large advantage in this regard, but its lower
maximum recoil energy for coherent neutrino scatters

FIG. 1 (color online). Schematic of bolometer model.
The refrigerator acts as a cold bath at temperature Tb. The Si
heat capacity is connected by a thermal conductance Gpb to the

bath. The TES is connected by the electron-phonon conductance
Gep to the Si. A potential excess heat capacity with its coupling

are shown in dashed outlines. For this study we have assumed
Cexcess and/or Gexcess can be made small enough to become
negligible.
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Example of Ti/Pd bilayer TES

Figure 2. (a) The transition temperature of the Pd/Ti film (Tc) on Ti film transition temperature (Tc0) is 
plotted against Pd thickness (dn) on Ti thickness (ds). The solid curves are evaluated by equation (1) 
with different transmission coefficient t. (b) Normalised transition temperature of Au/Ti vs Au 
thickness (dn) on Ti thickness (ds) for our data (full circles) and data from [7] (open circles).   

In the ¿Jure 2 (a) the critical temperature (Tc) of Pd/Ti bilayers on critical temperature of Ti film 
(Tc0) is plotted vs dn/ds where dn is the normal film thickness and ds the superconducting film 
thickness.  The fitting curves in figure 2 (a) are calculated by the equations of Usadel’s model [9]:
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where Tc0 is the critical temperature of the superconducting film, t, ranging between 0 and 1, is the 
transmission coef¿FLHQW�DW�WKH�LQWHUIDFH�EHWZHHQ�WKH�VXSHUFRQGXFWRU�DQG�QRUPDO�PHWDO��Ȝf is the Fermi 
wavelength, Ns and Nn are the densities of electronic states for the superconducting and normal films 
respectively and Vn the electrical conductance of normal layer. As Tc0 we take the transition 
temperature Tc = 380 mK of a Ti film with a thickness of 65 nm. Ȝf = 1.12 nm obtained by the best  fit 
of experimental data with (1) is in the range of Ȝf reported in literature (0.45 nm and 3.6 nm) [10]. For 
Ti and Pd, from the literature, we have Ns = 1.81x1047 1/Jm3 [11] and Nn = 6.41x1047 1/Jm3 [10]
respectively. The electrical conductivity of Pd, Vn = 2x105 ȍ-1cm-1, has been obtained as difference 
between the electrical conductance of the Pd/Ti bilayer and that one of the Ti layer. In ref. [12] the
authors estimate for sputtered Pd in Pd/Nb multilayer a similar value of Vn. The data in figure 2 (a) are
fitted by (1) with different transmission coefficient indicating a different transparency of the Pd/Ti 
interface. Furthermore, this spread in the experimental data could be due to differences in the vacuum 
pressure before the deposition of Ti that causing a different contamination level in the first atomic 
layer of Ti gives up an lower interface transparency. 

Figure 2 (b) shows the normalised critical temperature of Au/Ti against dn/ds , for our data (full 
circles) and data from [13] (open circles) together with the linear fit Tc/Tc0 = 1-0.54 dn/ds. By 
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Figure 2. (a) The transition temperature of the Pd/Ti film (Tc) on Ti film transition temperature (Tc0) is 
plotted against Pd thickness (dn) on Ti thickness (ds). The solid curves are evaluated by equation (1) 
with different transmission coefficient t. (b) Normalised transition temperature of Au/Ti vs Au 
thickness (dn) on Ti thickness (ds) for our data (full circles) and data from [7] (open circles).   

In the ¿Jure 2 (a) the critical temperature (Tc) of Pd/Ti bilayers on critical temperature of Ti film 
(Tc0) is plotted vs dn/ds where dn is the normal film thickness and ds the superconducting film 
thickness.  The fitting curves in figure 2 (a) are calculated by the equations of Usadel’s model [9]:
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where Tc0 is the critical temperature of the superconducting film, t, ranging between 0 and 1, is the 
transmission coef¿FLHQW�DW�WKH�LQWHUIDFH�EHWZHHQ�WKH�VXSHUFRQGXFWRU�DQG�QRUPDO�PHWDO��Ȝf is the Fermi 
wavelength, Ns and Nn are the densities of electronic states for the superconducting and normal films 
respectively and Vn the electrical conductance of normal layer. As Tc0 we take the transition 
temperature Tc = 380 mK of a Ti film with a thickness of 65 nm. Ȝf = 1.12 nm obtained by the best  fit 
of experimental data with (1) is in the range of Ȝf reported in literature (0.45 nm and 3.6 nm) [10]. For 
Ti and Pd, from the literature, we have Ns = 1.81x1047 1/Jm3 [11] and Nn = 6.41x1047 1/Jm3 [10]
respectively. The electrical conductivity of Pd, Vn = 2x105 ȍ-1cm-1, has been obtained as difference 
between the electrical conductance of the Pd/Ti bilayer and that one of the Ti layer. In ref. [12] the
authors estimate for sputtered Pd in Pd/Nb multilayer a similar value of Vn. The data in figure 2 (a) are
fitted by (1) with different transmission coefficient indicating a different transparency of the Pd/Ti 
interface. Furthermore, this spread in the experimental data could be due to differences in the vacuum 
pressure before the deposition of Ti that causing a different contamination level in the first atomic 
layer of Ti gives up an lower interface transparency. 

Figure 2 (b) shows the normalised critical temperature of Au/Ti against dn/ds , for our data (full 
circles) and data from [13] (open circles) together with the linear fit Tc/Tc0 = 1-0.54 dn/ds. By 
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CDMS-II

Tc tunning through  56Fe+ implantation

CRESST

Large quantity (hundreds) production: 

- Minimize # TES and SQUIDs on detector 

- Simplify and tune thermal coupling TES/
crystal-absorber 

- Could the TES sit on the thermal bath? 

- SQUIDs can be readout in arrays al large as 
up to 10,000

Low Tc TES fabrication: 

- CDMS W-TES through ion 
implantation, cryogenic testing 

- CRESST W-alpha phase TES 

- Or we can utilize superconducting 
bilayers as TES (proximity effect)

Raul Hennings-Yeomans                                                                                                                                                           CPAD 2015 

TES scalability and low Tc

W-alpha phase for low Tc
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For example, from the AMORE collaborationSet-up of 2012 

• 2cm diameter, 200nm thickness gold 
film is evaporated on the center of the 
crystal top surface. 

• Meander chip is placed on the brass 
support and it is connected to the 
gold film by ~10 gold wires of 25um 
diameter. 

Slide from Geon-Bo Kim, 
AMORE collaboration (using 
MMC and CaMoO4)

Thursday, January 24, 13Raul Hennings-Yeomans                                                                                                                                                           CPAD 2015 

AMORE prototype from 2012: Au patch coupled via 
gold wires to a floating MMC - scalability

14

For CUPID we need O(1000) channels
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FIG. 1. Left: TeO2 crystal surrounded by a reflective foil and
mounted in its copper holder. A small CdWO4 crystal carry-
ing the TES is attached onto the large TeO2. Right: Light de-
tector, also mounted in a copper structure. The temperature
sensors can be identified on the surfaces of both detectors.

II. EXPERIMENTAL SET-UP

The TeO2 crystal used in this work is a cylinder (40 mm
diameter and height, 285 g in weight). The cylindrical
surface of the crystal is mechanically roughened to in-
crease the collection of Cherenkov light [18]. The two flat
surfaces are polished, close to optical grade. The crystal
is operated as a bolometer at about 10mK and read out
by a W-TES. TESs are highly sensitive thermometers
which allow to detect tiny temperature excursions �T
O(µK) due to particle interactions in the crystal, thereby
causing a change in the resistance of the TES �R. In our
case, the TES consists of a thin tungsten film (200 nm)
stabilized in its transition between the normal conduct-
ing and the superconducting phase by a dedicated heater.
Since a direct evaporation onto the TeO2 crystals did not
succeeded and would have required an investigation of
suitable process parameters, a composite detector design
was used instead [19]: a small (20x10x2)mm3 cadmium
tungstate carrier crystal (CdWO4), equipped with the
W-TES, was attached onto one of the flat surfaces of the
TeO2 by vacuum grease (DowCorning UHV). The reason
for choosing a CdWO4 crystal as carrier of the W-TES
is discussed in section III.

The polished side of the TeO2 crystal is facing a cryo-
genic light detector of CRESST-II type [17], which con-
sists of a thin sapphire disc (thickness of 460µm) with
a diameter of 40mm, equal to the diameter of the crys-
tal. Since pure sapphire is optically transparent a 1µm
thick layer of silicon is epitaxially grown onto the sap-
phire disc. Light detectors of this type we refer to as
SOS (Silicon on Sapphire). Also the light absorber is
read out by a W-TES, optimized for light detection. The
crystal and the light detector are enclosed in a reflective
housing (VM2002 Radiant Mirror Film).

To study the discrimination capability of e/�-events

TABLE I. Calculated phonon group velocities for acoustic
transversal and acoustic longitudinal phonon modes in TeO2,
CaWO4 and Al2O3. Since values for CdWO4 are absent in
literature CaWO4 is listed instead. For each interface only
the phonons travelling along the crystal axis normal to the
interface are considered. The Debye temperature ⇥D is listed
for every crystal.

Material vTA vLA ⇥D Ref.
[km/s] [km/s] [K]

TeO2 2.2 3.2 232 [23], [24]
CaWO4 2.45 4.76 335 [25], [26]
Al2O3 6.1 11.2 1041 [22], [24]

from ↵-particles a degraded ↵-source of 238U is facing
the flat surface of the TeO2 crystal which also carries the
TES. The source is aligned in a way to avoid any line of
sight to the TES and to the surrounding.

The measurement was carried out in the test facility
of the Max-Planck-Institute for Physics Munich. The fa-
cility is located at Laboratori Nazionali del Gran Sasso
(LNGS), a deep underground site in central Italy. This
set-up consists of a dilution refrigerator which is sur-
rounded by about 20 cm of low background lead to shield
the environmental e/�-radioactivity. A platform at-
tached by a spring to the mixing chamber of the dilu-
tion unit mechanically decouples the detector from the
cryogenic facility in order to reduce microphonic noise.
The readout of the TES is realized via a commercial
dc-SQUID electronics (Applied Physics Systems). The
hardware triggered signals are sampled in a 409ms win-
dow with a sampling rate of 10 kHz. Both detectors are
always read out simultaneously, independent of which
channel triggered.

More detailed descriptions of the DAQ, the control of
detector stability as well as the pulse height evaluation
and energy calibration procedures are given in [20, 21].

III. DETECTOR PERFORMANCE

In this section we report on pulse-shape parameters
and energy resolution of the TeO2 bolometer and its light
detector.

A. TeO2 Crystal

Signals of the W-TES caused by interactions in the
TeO2 bolometer are very small in comparison to other
inorganic scintillating materials read out by a W-TES of
the same type as the one used in this work. This behavior
can be attributed to the acoustic mismatch between TeO2

and the CdWO4 crystal carrying the W-TES: a particle
interaction in an inorganic anisotropic single crystal as
e.g. TeO2 creates high frequency phonons O(THz) with

• 280g TeO2 crystal, 40mm diameter and 
height 

• A small (20x10x2)mm3 CdWO4 carrier 
crystal, equipped with the W-TES was 
attached on one of the flat surfaces of the 
TeO2 by vacuum grease 

• Light Detector CRESST-II type, saphire 
disc (Silicon on Saphire) readout by W-
TES 

• Light Detector reached RMS baseline 
σ=24eV, although CRESST-II has 
obtained σ=5eV 

CRESST-II technology as Light Detector for TeO2

K. Schaffner et al. Astroparticle Physics (2015), pp. 30-36

Absorber signal and sensor bandwidth mismatch minimization may improve energy resolution in this 
type of detectors as predicted by model in Pyle et al. arXiv:1503.01200
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for one of our implants (5.00!1012 cm"2 at 50 keV!, show-
ing the concentration of implanted 56Fe# ions versus depth
into the tungsten film, is presented in Fig. 1. The plot in Fig.
1 was calculated using PROFILE CODE™, a software simula-
tion package purchased from Implant Sciences, Inc. The
sputtering target used to deposit all of our tungsten films
contains a residual impurity concentration of 0.9 ppm Fe. In
our study, this Fe concentration would correspond to an
equivalent 50 keV Fe-atom dose of "1.3!1011 cm"2.

In Fig. 2, we plot the measured film Tc versus ion dose
for 50 keV 56Fe# implanted into a 350-Å-thick tungsten film
with unimplanted superconducting Tc of (135$2) mK. In
Fig. 3, we plot the Tc data in an alternate form; we plot Tc
#control sample!–Tc #implanted sample! versus peak 56Fe#

concentration in atomic ppm, calculated for each of the mea-
sured implant doses, and for the one control sample. Our
control sample was not implanted; it contained only the 0.9
ppm Fe contributed from the high-purity W sputtering target.
A quadratic fit to the combined data provides an empirical
relationship between $Fe%, the peak concentration of Fe ions
in our W samples, and &Tc , the resulting shift in the transi-
tion temperature:

&Tc%"3.16#1.66$Fe%"0.00 457$Fe%2,

where &Tc%Tc #control sample!–Tc #implanted sample! is
measured in mK and $Fe% is in ppm, atomic fraction.

We have demonstrated the Tc-tuning process on several
additional W films with unimplanted Tc’s of 70–150 mK. In
the simplest approach, we used the data shown in Fig. 2 to
determine the dose of 56Fe# needed to shift the Tc of a given
film the desired amount. We assumed a straight-line fit to the
low-dose data plotted in Fig. 2, then shifted the y intercept of
that line up or down to match the Tc of the new unimplanted
control sample. The slope (%1.5 mK/ppm! was not adjusted
because the 56Fe#-implanted energy for all samples was held
at 50 keV. The ion dose necessary to shift Tc by a prescribed
amount was then read from the x axis of the intercept-
adjusted graph. Using this simple approach, we have suc-
cessfully tuned several films to within a few mK of a speci-
fied target Tc . Most importantly, for all of our samples, the
narrow superconducting transition widths of "1 mK were
maintained even after the Tc-tuning procedure was com-
pleted.

In Fig. 4, we show the 135 mK film data, along with a fit
to the theoretical prediction of Abrikosov and Gor’kov #AG!
for the general dependence of Tc on magnetic-impurity con-
centration. Based on the AG model,4 we assume an antisym-
metric exchange coupling between the magnetic impurity
ions #Fe! and the lattice host atoms in our W films. We
assume a one-electron Hamiltonian is sufficient to describe
the W system. We also assume the Fe concentration is suf-
ficiently low that a dilute-limit approximation is valid, and
that the presence of impurity atoms results only in the scat-
tering of W conduction electrons. That is, we assume no
coupling exists between one impurity atom and another. Fi-
nally, we assume the pair potential for Cooper pairs in the W
film is position independent. For reference, the coherence
length in our superconducting W films is '0"0.3 (m, which
is much greater than the film thickness "350 Å. In the AG
model, the interaction between a W-atom electron and an
iron impurity can be represented by a perturbing Hamil-
tonian term of the form:

Hperturbation%K#re"ri!Se•Si ,

FIG. 1. Calculated Fe concentration vs depth into the W film for one Fe-ion
implantation dose used in our study.

FIG. 2. Measured superconducting transition temperature for 350-Å-thick
tungsten films implanted with 56Fe# at 50 keV kinetic energy.

FIG. 3. Measured Tc suppression for tungsten samples as a function of peak
Fe concentration in our tungsten films. The control sample with 0.9 ppm
$Fe% had a Tc of 135$2 mK. The plotted points include the $Fe%%0.9 ppm
from the sputtering target. The fitted curve is a quadratic.

6976 J. Appl. Phys., Vol. 86, No. 12, 15 December 1999 Young et al.

J. Appl. Phys., Vol. 86, No. 12, 15 December 1999
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Tc tunning in W for TES applications in CDMS

Measured superconducting transition temperature for 350 A-thick 
W films implanted with Fe-56 ions at 50 keV kinetic energy
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Tc calculation for a SC/metal bilayer using Usadel theory

Fig. 1. Plot of the magnitude of ! versus x for a NS bilayer.
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The "rst term in the bracket gives the integral that
appears in the BCS gap equation that determines
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, the transition temperature of the bare super-
conductor. Eq. (6) can thus be rewritten as a sup-
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This integral result can be well approximated by
the expression
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as long as the pre-exponential (quantity in
brackets) is less than approximately 0.8. For most
bilayers the "lms are thick enough so that in Eq. (8)
the "rst term in the bracket can be neglected.

It is more convenient and physical to express the
interface conductivity in terms of a transmission
coe$cient t of the Landauer conductance formula
G

#!$
"2tN

'(
G

!
, where N

'(
"A/('

&
/2)" is the num-

ber of conductance channels, and '
&

is the Fermi
wavelength. Although t is considered an adjustable
parameter that depends on the details of the inter-
face layer, in practice for most clean metals and
interfaces it will have a value of order one.

In summary, the transition temperature can be
written as
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For a MoCu bilayer, presently our preferred TES
material [4], we calculate d

$
"1.18 "m and

n
!
/n

"
"0.431, where we have used

n
!
"0.125"10"( states/eVcm(, n

"
"0.29"10"(

states/eVcm(, ¹
&$

"1.01 K, and '
&
"0.462 nm.

The nominal value of '
&
for Cu is used since Cu is

better described as a Fermi metal. We "nd that our
experimental data is well described by this formula
with a transmission factor t"0.21. We also note

J.M. Martinis et al. / Nuclear Instruments and Methods in Physics Research A 444 (2000) 23}27 25

SECTION I.

For a MoCu bilayer, d0=1.18μm, nn/ns=0.431, λf=0.464nm. 
From data they obtained t=0.21 

For thin films:

NIM A Vol. 444 (2000) 23-27

Thursday, January 24, 13
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FIGURE 3.1 Obtained critical temperature as a function of Au/Ti thickness ratio. The
solid line is the assumed correct calibration for a clean evaporation system. There are
several devices where no transition was seen (down to 50 mK) which are not shown
in this plot. Old data refers to results reported in article B.II.

that there may be some outgassing during metal deposition that degrades the film
quality. We have tested this hypothesis by fabricating identical detectors on two
chips with different resist brands in the same evaporation run, and the obtained
critical temperatures were different. Other possible source for the variations can be
small changes in the details of the fabrication process steps.

Most of our pixels have had Ti thickness around 40 nm and the thickness ratio
was tuned by changing Au thickness. This results in relatively large variation in
detector resistance, and in hindsight it might have been better to use a fixed Au
thickness. Only very recently we have begun to use thicker layers to reduce the
resistance of the detectors, in order to meet the L/R time constant requirements of
the SQUID readout of our new ADR setup. The slice TES data in figure 3.1 has Ti
thicknesses up to 70 nm.

Although we usually talk of bilayers, our TES design actually consists of four
layers. The bottom layer is a few nm thick Ti film to improve adhesion to the sub-
strate. Second layer is the thick Au film. The main Ti film is deposited next and it is
covered by a 10 nm thick layer of Au that passivates the TES surface and helps in
obtaining good electrical contact to the bias lines and the absorber. We have found
that if the main Ti layer is deposited before Au, it seems to getter impurities during
the time it takes to change the evaporation target in the evaporator. Impurities in
the interface between Ti and Au weaken the proximity effect and we had trouble

Although it may not represent our particular fab, eg Au/Ti
Kinnunnen PhD Thesis

Although experimentally is a very challenging task
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Towards Low Tc sensors

At ANL with sputtering chamber on the back
Cryogen free DR and Co-60 
thermometry down to ~7mK

Iridium bilayers

Collaborators at ANL: Val Novosad, Gensheng Wang, and Volodymir Yefremenko

Sample production at ANL and testing at Berkeley
Collaborating at ANL with G. Wang, V. Novosad, V. Yefremenko and C. Chang

Dicing at Beeman’s Lab

1 x 3 mm2
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Raul Hennings-Yeomans                                                                                                                                                           CPAD 2015 20



Temperature [K]
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

R
es

is
ta

nc
e 

[O
hm

]

0.00

0.05

0.10

0.15

0.20

0.25

BridgeLog.Chan06_R_Ohm.Chan06_R_Ohm:FridgeLog.MCRuO2_T_K {FridgeLog.MCRuO2_T_K>0 && FridgeLog.MCRuO2_T_K<0.150 && BridgeLog.Chan06_R_Ohm>0}

Tc = 60 mK 
Channel 06

(MCRuO2)

Ir at 600 oC / Au 
Ir = 80 nm 
Au = 120 nm

Raul Hennings-Yeomans                                                                                                                                                           CPAD 2015 21



Ir@500C/Au bilayer Tc as a function of Au thickness

Raul Hennings-Yeomans                                                                                                                                            APS April Mtg 2015

100nm Ir deposited at 500C
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Ir/Au bilayer Tc as a function of Ir temp

Raul Hennings-Yeomans                                                                                                                                            APS April Mtg 2015

100nm Ir annealed at different temperatures
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Ir/Au at Room Temperature was discarded

Raul Hennings-Yeomans                                                                                                                                            APS April Mtg 2015

100nm Ir at room temp

                                         

100-260nm Gold 
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Our lowest Ir/Au bilayer Tc=21.4 mK

Raul Hennings-Yeomans                                                                                                                                            APS April Mtg 2015
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A promising new bilayer for Low Tc TES: Ir/Pt

80nm Ir at varying temp

20nm Pt at room temp

Tc dependence on Iridium deposition temperature  for an Ir/Pt

Normal resistance ~10x of IrAu for same Tc
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Ir/Pt at room temperature

80nm Ir at varying temp

20nm Pt at room temp

Tc dependence on Platinum thickness

Room tempearature deposition of TES would make 
application to large crystals possible
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• TES technology for Double Beta Decay may be applicable in order to improve 
energy resolution and reduce backgrounds 

• TES as light detectors for macro-bolometers in large quantities O(1000) remains 
to be demonstrated for the future of double beta decay with bolometers 

• Low Tc material for TES with fast fabrication time may be achievable utilizing 
Iridium/Gold and Iridium/Platinum 

• Ir/Au only works if we heat Ir and let it anneal to room temperature before 
depositing Au at room temperature 

• We have found a new promising bilayer, Ir/Pt that works both with Ir annealing 
and at room temperature. It also shows large R(normal) compared to Ir/Au 
(~10x). 

• Large Tc suppression (reproducibility) remains an issue without dedicated film 
deposition chambers 

• SQUID multiplexing may be required, although the channel number has been 
already accomplished by other experiments in CMB community

Summary
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