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Cryogenics: when sensitivity matters
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Applications of cryogenic detectors

3

CMB, Planck Satellite Dark Matter, CRESST experiment

X-rays Neutrinos, CUORE experiment
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Cooling mechanism
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• 4He (Bose) / 3He (Fermi) mixture

• Phase separation below 0.87 K

‣ Phase rich in 4He
‣ Phase rich in 3He

• Work: pump 3He gas through the 
4He condensate (evaporation)

• Evaporation absorbs heat

‣ Cooling power

Kelvin temperature is easily reached with Liquid He or Pulse tubes 
The interesting part is from K to 0.01 K: dilution mechanism
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Cryolab @ Sapienza U.

5Experimental volume is few to tens of litre, typically 
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Most popular cryogenic sensors
High impedance: semiconducting thermistor

Low impedance: superconducting TES and KIDs

22 2. TeO2 bolometric detectors for 0‹DBD search

Melt-doped Ge crystals cannot achieve the necessary uniformity due to the e�ect of
dopant segregation. The only technique available for producing uniform doping is
NTD: Ge wafers are bombarded with thermal neutron beams that, inducing nuclear
reactions, create donor (As and Se) and acceptor (Ga) impurities. The natural
abundances of Germanium are such that this doping technique allows to obtain the
right dopant concentration, which determines the sensor performances. Wafers are
then cut into pieces, each of them is a thermistor and its resistance can be expressed
as:

R = R0 exp
3
T0
T

4“
(2.14)

where R0 depends on the geometry and is roughly R0 = fl0 l/S, being l and S the
length and the section of the piece respectively. The parameters R0, T0 and “ are
determined experimentally. The measurement is made coupling the sensor to a low
temperature heat sink using an high conductivity epoxy, so that the electrothermal
feedback is negligible (see next section). The heat sink temperature is then varied
(15-50 mK) while a steady current flows through the thermistor. Using a calibrated
thermometer the parameters can be extracted from a fit to the R(T ) characteristic.
Typical parmeters of CUORE NTD’s are:

R0 = 1.15 � , T0 = 3.35 K and “ = 1/2 (2.15)

Using these values we can calculate the static resistance (RS) at the working
temperature TS = 10 mK to be approximately 100 M �.

2.2 Bolometer operation

To measure the resistance variation the thermistor is biased with the circuit shown
in figure 2.3(a). A bias voltage VB is produced by a voltage generator closed on a
load resistor that is put in series with the thermistor. The load resistance RL is
chosen much higher than the thermistor resistance Rbol so that the current in the
circuit I is constant and the voltage across the thermistor Vbol is proportional to
Rbol:

Vbol(T ) = I ·Rbol(T ) . (2.16)

This current produces a power dissipation P = V I that in turns heat the thermistor
decreasing its resistance, this phenomenon is known as “electrothermal feedback”.
In static conditions the thermistor temperature TS is

TS = Ths + P
K

(2.17)

where Ths is the temperature of the heat sink and K is the conductance to it. The
R≠ P dependence is depicted in figure 2.3(b). The electrothermal feedback makes
the I ≠ V relation deviate from linearity and leads to a non-ohmic behavior (see
figure 2.4(a)). Increasing the bias current the slope of the curve increases until it
crosses the so called inversion point (IP) and then decreases. In static conditions
the thermistor electric and thermal parameters are described by a point on the load
curve.

Figure 10: Constant current biasing of thermistors (left). Temperature dependence of the thermis-
tor resistivity for a T0 of 3K (blue) and 10K (red) (right).

10 eV, possibly approaching the thermodynamical limit. As shown in § 5.2, the detector speed –
i.e. the detector signal bandwidth, or its rise time τR – is another parameter guiding the design.
Furthermore, neutrino mass experiments with LTDs need to use large arrays of detectors. This
calls for ease of both fabrication and signal read-out. Along with the selection of the absorber
material containing the source, the above are the main guidelines for the design of an LTD based
neutrino mass experiment. The choice of the sensor technology is one of the first steps in the design.
To date, only three technologies have been exploited. These are the semiconductor thermistors,
the transition edge sensors, and the magnetic metallic sensors, and they will be briefly discussed
here (more details can be found in [60]). The possibility of employing other technologies, such as
the one of superconducting microwave microresonators, is also investigated but its perspectives are
not clear yet [70]. The application of LTDs to the spectroscopy of 187Re and 163Ho decays fully
overlaps the range of use of microcalorimeters developed for soft X-ray spectroscopy; therefore, in
the following the discussion will be restricted to thermal sensors for X-ray detection.

Semiconductor thermistors. These sensors are resistive elements with a heavy dependence of the
resistance on the temperature. Usually, they consist of small crystals of germanium or silicon with
a dopant concentration slightly below the metal-to-insulator transition [51]. The sensor low tem-
perature resistivity is governed by variable range hopping (VRH) conduction and it is often well
described by the expression ρ(T ) = ρ0 exp(T0/T )1/2, where T0 and ρ0 are parameters controlled by
the doping level [71] (Fig. 10). Semiconductor thermistors are high impedance devices – 1-100MΩ
– and are usually parameterized by the sensitivity A, defined as −d logR/d log T , which typically
ranges from 1 to 10. Semiconductor thermistors can be realized also in amorphous film form,
like NbSi. Silicon thermistors are fabricated using multiple ion implantation in high purity silicon
wafers to introduce the dopants in a thin box-like volume defined by photolithographic techniques.
Germanium thermistors are fabricated starting from bulk high purity germanium crystals doped
by means of neutron irradiation (nuclear transmutation doping, NTD) [72, 73]. Single NTD germa-
nium sensors are obtained by dicing and further processing using a combination of craftsmanship
and thin film techniques. In early times, the weak coupling to the heat sink was provided by the
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Figure 11: Constant voltage biasing of a TES (left). Temperature dependence of the TES resistivity
at Tc (right)

electrical leads used for the read-out; nowadays, microelectronic planar technologies and silicon
micro-machining are used to suspend the sensors on thin silicon nitride membranes or thin sili-
con beams. Thermistors are read-out in a constant current biasing configuration which allows to
convert the thermal signal ∆T in a voltage signal ∆V (Fig. 10). Because of their high impedance,
thermistors are best matched to JFETs. Semiconductor thermistor present few drawbacks. First
of all their high impedance requires the JFET front end to be placed as close as possible – cen-
timeters – to the devices to minimize microphonic noise, and bandwidth limitations due to signal
integration on parasitic electrical capacitance. Since commonly used silicon JFET must operate
at temperatures not lower than about 110K, this becomes quickly a technical challenge when in-
creasing the number of detectors. Secondly, it has been experimentally observed that conductivity
of semiconductor thermistors deviates from linearity at low temperatures [74, 75]. The deviation is
understood in terms of a finite thermal coupling between electrons and phonons, whose side effect
is to intrinsically limit the signal rise times to hundreds of microseconds for temperatures below
0.1K. Semiconductors are now an established and robust technology, and arrays of microcalorime-
ters based on these devices have been widely used for X-ray spectroscopy [60] achieving energy
resolutions lower than 5 eV with tin or HgTe absorbers.

Superconducting transition edge sensors (TESs). TES are also resistive devices made out of thin
films of superconducting materials whose resistivity changes sharply from 0 to a finite value in a very
narrow temperature interval around the critical temperature Tc (Fig. 11). The superconducting
material can be an elemental superconductor (such as tungsten or iridium), although it is more often
a bilayer made of a normal metal and a superconductor. With bilayers, the Tc of the superconductor
is reduced by the proximity effect and can be controlled by adjusting the relative thicknesses of
the two layers. Common material combinations used to fabricate TES bilayer with a Tc between
0.05 and 0.1K are Mo/Au, Mo/Cu, Ti/Au or Ir/Au. TES fabrication exploits standard thin
film deposition techniques, photolithographic patterning, and micro-machining. Sensors can be
designed to have, at the operating point, a sensitivity A as high as 1000 and a resistance usually
less than 1Ω. The most common ways to isolate TES microcalorimeters from the heat sink are
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Figure 8. (a) A spectrum of Mn Kα x-rays from an 55Fe source with one of pixels with a “T”-shaped stem and a BiAu
absorber, with discrimination on TES temperature. The instrumental function is consistent with a Gaussian response
with a resolution of 1.8 eV FWHM. The dashed line shows the intrinsic line shape from Hölzer et al.,3 with correction and
extension provided by Hölzer via private communication. (b) Plot of the pulse rise time versus pulse height for MnKα

x-rays before reducing the high-frequency cut-off, revealing a slight correlation.

The linearity of these detectors is shown in Fig. 7. We have plotted the pulse height as determined from
an optimal digital filter as a function of energy. In general the filtered pulse height is typically a more linear
function of energy than the raw pulse height.16 The slope at the origin is less than 10% steeper than the slope at
6 keV, and therefore the use of the integrated NEP as an estimate of the resolution in a scan of biases voltages
is valid.

3. GOLD/BISMUTH ABSORBERS
Using the combination of Bi and Au we can tune the heat capacity of the absorber over a wide range while
maintaining a constant QE. In our first arrays using electroplated bismuth, we electroplated only 0.5 µm of Au
on a 0.2 µm evaporated Au seed layer, then electroplated 6 µm of bismuth on top of the Au. These absorbers
have a heat capacity of 0.4 pJ/K. The electroplated bismuth has larger grains (5-10 µm) and a factor of 10
lower electrical resistivity than our evaporated bismuth films. We measured 2.1 ±0.1 eV FWHM at 6 keV with
such a device; the noise level and slope of the gain curve suggest that 1.6-eV resolution should be possible at
low energies. When the data are screened such that events are kept only if they occur while the TES operating
temperature is within a small acceptance range (as determined from the DC level of the signal current), leaving
approximately one quarter of the total counts, the resolution improves to 1.8 ±0.2 eV FWHM at 6 keV, as shown
in Fig. 8(a). The TES temperature is determined from the DC signal current just before the x-ray is absorbed.
This exercise highlights both the high intrinsic resolution of the device as well as the need to improve upon the
stability of the laboratory test platform if resolutions better than 2 eV are to be measured.

The first arrays we made using these new absorber designs were actually identical to the Au/Bi devices just
described except that both the Au and Bi were evaporated. In that case, the resolution was no better than 4-eV
FWHM, and the line shape was distinctly non-Gaussian, with a long shoulder to low energy.2 Thus it is the
combination of the novel absorber designs with the high-quality absorbers possible through electroplating that
has been the critical breakthrough.

In Fig. 8(b) we show a plot of the rise time versus pulse height in the sensors with electroplated Au/Bi
absorbers. There is a very slight negative correlation, indicating that the equilibration time in the absorber
might not be completely negligible. The effect is removed by reducing the high frequency cut-off of the optimal
filter to 10 kHz, without any significant loss of sensitivity. The Au of these devices had a residual resistivity
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Most popular cryogenic sensors
High impedance: semiconducting thermistor

Low impedance: superconducting TES and KIDs
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where R0 depends on the geometry and is roughly R0 = fl0 l/S, being l and S the
length and the section of the piece respectively. The parameters R0, T0 and “ are
determined experimentally. The measurement is made coupling the sensor to a low
temperature heat sink using an high conductivity epoxy, so that the electrothermal
feedback is negligible (see next section). The heat sink temperature is then varied
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Using these values we can calculate the static resistance (RS) at the working
temperature TS = 10 mK to be approximately 100 M �.

2.2 Bolometer operation

To measure the resistance variation the thermistor is biased with the circuit shown
in figure 2.3(a). A bias voltage VB is produced by a voltage generator closed on a
load resistor that is put in series with the thermistor. The load resistance RL is
chosen much higher than the thermistor resistance Rbol so that the current in the
circuit I is constant and the voltage across the thermistor Vbol is proportional to
Rbol:

Vbol(T ) = I ·Rbol(T ) . (2.16)

This current produces a power dissipation P = V I that in turns heat the thermistor
decreasing its resistance, this phenomenon is known as “electrothermal feedback”.
In static conditions the thermistor temperature TS is

TS = Ths + P
K
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where Ths is the temperature of the heat sink and K is the conductance to it. The
R≠ P dependence is depicted in figure 2.3(b). The electrothermal feedback makes
the I ≠ V relation deviate from linearity and leads to a non-ohmic behavior (see
figure 2.4(a)). Increasing the bias current the slope of the curve increases until it
crosses the so called inversion point (IP) and then decreases. In static conditions
the thermistor electric and thermal parameters are described by a point on the load
curve.

Figure 10: Constant current biasing of thermistors (left). Temperature dependence of the thermis-
tor resistivity for a T0 of 3K (blue) and 10K (red) (right).

10 eV, possibly approaching the thermodynamical limit. As shown in § 5.2, the detector speed –
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here (more details can be found in [60]). The possibility of employing other technologies, such as
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Figure 11: Constant voltage biasing of a TES (left). Temperature dependence of the TES resistivity
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electrical leads used for the read-out; nowadays, microelectronic planar technologies and silicon
micro-machining are used to suspend the sensors on thin silicon nitride membranes or thin sili-
con beams. Thermistors are read-out in a constant current biasing configuration which allows to
convert the thermal signal ∆T in a voltage signal ∆V (Fig. 10). Because of their high impedance,
thermistors are best matched to JFETs. Semiconductor thermistor present few drawbacks. First
of all their high impedance requires the JFET front end to be placed as close as possible – cen-
timeters – to the devices to minimize microphonic noise, and bandwidth limitations due to signal
integration on parasitic electrical capacitance. Since commonly used silicon JFET must operate
at temperatures not lower than about 110K, this becomes quickly a technical challenge when in-
creasing the number of detectors. Secondly, it has been experimentally observed that conductivity
of semiconductor thermistors deviates from linearity at low temperatures [74, 75]. The deviation is
understood in terms of a finite thermal coupling between electrons and phonons, whose side effect
is to intrinsically limit the signal rise times to hundreds of microseconds for temperatures below
0.1K. Semiconductors are now an established and robust technology, and arrays of microcalorime-
ters based on these devices have been widely used for X-ray spectroscopy [60] achieving energy
resolutions lower than 5 eV with tin or HgTe absorbers.

Superconducting transition edge sensors (TESs). TES are also resistive devices made out of thin
films of superconducting materials whose resistivity changes sharply from 0 to a finite value in a very
narrow temperature interval around the critical temperature Tc (Fig. 11). The superconducting
material can be an elemental superconductor (such as tungsten or iridium), although it is more often
a bilayer made of a normal metal and a superconductor. With bilayers, the Tc of the superconductor
is reduced by the proximity effect and can be controlled by adjusting the relative thicknesses of
the two layers. Common material combinations used to fabricate TES bilayer with a Tc between
0.05 and 0.1K are Mo/Au, Mo/Cu, Ti/Au or Ir/Au. TES fabrication exploits standard thin
film deposition techniques, photolithographic patterning, and micro-machining. Sensors can be
designed to have, at the operating point, a sensitivity A as high as 1000 and a resistance usually
less than 1Ω. The most common ways to isolate TES microcalorimeters from the heat sink are
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Figure 8. (a) A spectrum of Mn Kα x-rays from an 55Fe source with one of pixels with a “T”-shaped stem and a BiAu
absorber, with discrimination on TES temperature. The instrumental function is consistent with a Gaussian response
with a resolution of 1.8 eV FWHM. The dashed line shows the intrinsic line shape from Hölzer et al.,3 with correction and
extension provided by Hölzer via private communication. (b) Plot of the pulse rise time versus pulse height for MnKα

x-rays before reducing the high-frequency cut-off, revealing a slight correlation.

The linearity of these detectors is shown in Fig. 7. We have plotted the pulse height as determined from
an optimal digital filter as a function of energy. In general the filtered pulse height is typically a more linear
function of energy than the raw pulse height.16 The slope at the origin is less than 10% steeper than the slope at
6 keV, and therefore the use of the integrated NEP as an estimate of the resolution in a scan of biases voltages
is valid.

3. GOLD/BISMUTH ABSORBERS
Using the combination of Bi and Au we can tune the heat capacity of the absorber over a wide range while
maintaining a constant QE. In our first arrays using electroplated bismuth, we electroplated only 0.5 µm of Au
on a 0.2 µm evaporated Au seed layer, then electroplated 6 µm of bismuth on top of the Au. These absorbers
have a heat capacity of 0.4 pJ/K. The electroplated bismuth has larger grains (5-10 µm) and a factor of 10
lower electrical resistivity than our evaporated bismuth films. We measured 2.1 ±0.1 eV FWHM at 6 keV with
such a device; the noise level and slope of the gain curve suggest that 1.6-eV resolution should be possible at
low energies. When the data are screened such that events are kept only if they occur while the TES operating
temperature is within a small acceptance range (as determined from the DC level of the signal current), leaving
approximately one quarter of the total counts, the resolution improves to 1.8 ±0.2 eV FWHM at 6 keV, as shown
in Fig. 8(a). The TES temperature is determined from the DC signal current just before the x-ray is absorbed.
This exercise highlights both the high intrinsic resolution of the device as well as the need to improve upon the
stability of the laboratory test platform if resolutions better than 2 eV are to be measured.

The first arrays we made using these new absorber designs were actually identical to the Au/Bi devices just
described except that both the Au and Bi were evaporated. In that case, the resolution was no better than 4-eV
FWHM, and the line shape was distinctly non-Gaussian, with a long shoulder to low energy.2 Thus it is the
combination of the novel absorber designs with the high-quality absorbers possible through electroplating that
has been the critical breakthrough.

In Fig. 8(b) we show a plot of the rise time versus pulse height in the sensors with electroplated Au/Bi
absorbers. There is a very slight negative correlation, indicating that the equilibration time in the absorber
might not be completely negligible. The effect is removed by reducing the high frequency cut-off of the optimal
filter to 10 kHz, without any significant loss of sensitivity. The Au of these devices had a residual resistivity
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Hopping conduction
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Figure 2.2. Schematic representation of the hopping conduction mechanism

behavior of the solid and there is a critical concentration that characterizes the
transition from metal to insulator. The region near this concentration is named
metal-insulator transition region (MIT) [47], where the material resistivity exhibits
a dependence on the temperature.

At temperatures lower than 10 K the conduction is dominated by the migration
of the charge carries between impurity sites. In this situation electrons are not
localized and the conduction happens when an electron jumps from a donor site to
another, without using the conduction band (hopping mechanism). This migration
is due to the tunnelling through the potential barrier separating the two dopant
sites and it is activated by phonons (see figure 2.2). At even lower temperature, the
energy of the phonons that are responsible for the conduction mechanism is low,
and charge carriers migrate also to far impurity sites with free energy levels that are
close to the Fermi energy. In this conduction regime, called Variable Range Hopping
[48] (VRH), the concentration of minority charge carriers determines the density of
states close to the Fermi level. The MIT is set not only varying the concentration of
dopant but also varying the ratio of acceptor and donor concentrations.

In the VRH conduction regime the resistivity dependence on temperature is
described by the law:

fl(T ) = fl0 exp
3
T0
T

4“
(2.12)

where fl0, T0 depend on the doping concentration and “ = 1/2. The expression of the
logarithmic sensitivity can be easily derived from the above equation using (2.10):

÷ = “
3
T0
T

4“
. (2.13)

2.1.4 NTD-Ge thermistors

The thermal sensor used in CUORICINO and CUORE bolometers is a Neutron Trans-
mutation Doped (NTD) germanium thermistor operating in the VRH regime [49].

Semiconductor gap = 2 eV
Room T:         300 K = 0.027 eV

Doped semiconductor to tune the 
temperature of metal-insulator 
transition (MIT). 

Mott’s model:

7

where T0 depends on the Ge-NTD doping level and ⇢0

on the doping level and on the sensor geometry. As
a consequence, a fluctuation of the doping level will
strongly a↵ect the sensitivity of the thermometer, the
target value are T0=4.2 K and ⇢0=1.5 ⌦, having a sen-
sor sensitivity of about 1 M⌦/µK.

!

Fig. 7: Six out of 9 Ge wafers, ↵ =65.5 mm and thick-
ness 3.25 mm, installed in an Al holder before neu-
tron irradiation at the MIT Nuclear Reactor Labora-
tory (MA, USA).

An accurate and precise measurement of the flux
and neutron dose to which the Ge wafers are exposed is
of paramount importance for the success of the exper-
iment, these values will depend the detector response
and resolution. The entire neutron dose should not ex-
ceed 2% of the nominal value, which is estimated to be
at the level of 4⇥1018 n/cm3.

To achieve such high accuracy and precision nomi-
nal neutron dose, we decided to irradiate: 3 wafers at
±7% of the target dose, 2 wafers at ±3%, 1 wafer at
+2% and 3 wafers at the nominal value. This choice
was driven by the fact that the Nuclear Reactor facil-
ity could ensure dose within 5% of the target value. At
last, a final fine tuning of the neutron dose was carried
out at the LENA Nuclear Research Reactor Laboratory
(Pavia, Italy), where the most intense neutron flux is
about 3 orders of magnitude lower than the MIT one,
thus allowing a more accurate neutron irradiation. A
detailed mapping of the LENA reactor neutron fluxes
was performed [24,25] before irradiating the sensors,
this allowed us to select the irradiation channel more
suitable for our purposes, thus with a ratio thermal/fast
neutron flux of about 20.

On the two wide area sides of the Ge wafer a 4000 Å

gold layer is deposited, which serves as sensor Ohmic
contacts, see Fig. 8. After the deposition the wafer is
diced in sensors of the desired size. The final sensor
dimensions for the ZnSe and LDs are 3⇥2.8⇥1 mm3 and
2⇥2.8⇥0.5 mm3, respectively, see Fig. 9, where 2.8 mm
is the distance between the two golden pads.

Fig. 8: Doped Ge wafer with a 4000 Å gold deposition.
The Au on the two wide area of the wafers serve as
Ohmic contacts for reading-out the sensor.

3.0 mm

1 mm
3.0 mm

0.5 mm

Fig. 9: Ge Neutron Transmutation Doped sensors
for ZnSe (right) and light detector (left). The di-
mensions for the two sensors are 3⇥2.8⇥1 mm3 and
2⇥2.8⇥0.5 mm3, respectively

The sensors before their coupling to the absorbers
are equipped with gold wires. A dedicated ball-bonding
machine was used for the bonding of gold wires of 25 µm
of diameter on the golden ohmic contacts.

neutron-transmutation-doped 
germanium (NTD-Ge)
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Thermistor readout
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• The thermistor resistance depends on the temperature as: 
 
 
 
using parameters of CUORE experiment (R0 = 1.15 Ω, T0 = 3.35 K 
and γ = 1/2): 
  

• The signal is detected biasing the resistance and reading the voltage 
V(t) across it: 
 
 
 
 
 

• V(t) is then amplified, filtered and digitised.

R (10 mK) ~100 MΩ

VB
RL

R(t)cp V(t) signal

Load resistance
 ~ 54 GΩ 

Bias Voltage
 ~ 5 V

Read-out wires 
capacitance
 ~ 300 pF

Thermistor
~ 100 MΩ
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Bolometric technique in CUORE
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‣ natTeO2 crystals (low heat capacitance) 
source embedded in the detector

‣ NTD-Ge thermistor:  
R(T) = 100 - 1000 kΩ @ 10 mK

‣ Resolution @0νββ energy (2528 keV): 
ΔE = 5 keV FWHM

‣ Detection efficiency ~ 80%
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Double β decay

13

2νββ 0νββ

Total energy in electrons

co
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0νββ is possible only in few natural isotopes, 
e.g.: 130Te, 76Ge, 136Xe,100Mo,82Se.

Present half-life limits are:  τ  > 1025-26 years. 
Several nuclei (100 - 1000 kg) are needed. 

Almost Zero background is needed. 

β-decay 
0νββ-decay 

only if νs are Majorana
ββ-decay



• Hosted at Gran Sasso lab  
 in Italy.

• 988 natTeO2 bolometers 
19 towers, 13 floors.

• Active mass: 742 kg.

• Isotope mass: 206 kg 130Te.

• Expected background:  
10-2 c/keV/kg/year

• Sensitivity to 0νββ in 5y  
T1/2 = 9 x 1025 y @90% C.L.

• Sensitivity to mββ in 5y: 
50 - 130 meV @90% C.L.

Cryogenic Underground Observatory  
for Rare Events

year
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Arrays of TeO2 bolometers
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CUORE detector before cool down
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Most popular cryogenic sensors
High impedance: semiconducting thermistor

Low impedance: superconducting TES and KIDs

22 2. TeO2 bolometric detectors for 0‹DBD search

Melt-doped Ge crystals cannot achieve the necessary uniformity due to the e�ect of
dopant segregation. The only technique available for producing uniform doping is
NTD: Ge wafers are bombarded with thermal neutron beams that, inducing nuclear
reactions, create donor (As and Se) and acceptor (Ga) impurities. The natural
abundances of Germanium are such that this doping technique allows to obtain the
right dopant concentration, which determines the sensor performances. Wafers are
then cut into pieces, each of them is a thermistor and its resistance can be expressed
as:

R = R0 exp
3
T0
T

4“
(2.14)

where R0 depends on the geometry and is roughly R0 = fl0 l/S, being l and S the
length and the section of the piece respectively. The parameters R0, T0 and “ are
determined experimentally. The measurement is made coupling the sensor to a low
temperature heat sink using an high conductivity epoxy, so that the electrothermal
feedback is negligible (see next section). The heat sink temperature is then varied
(15-50 mK) while a steady current flows through the thermistor. Using a calibrated
thermometer the parameters can be extracted from a fit to the R(T ) characteristic.
Typical parmeters of CUORE NTD’s are:

R0 = 1.15 � , T0 = 3.35 K and “ = 1/2 (2.15)

Using these values we can calculate the static resistance (RS) at the working
temperature TS = 10 mK to be approximately 100 M �.

2.2 Bolometer operation

To measure the resistance variation the thermistor is biased with the circuit shown
in figure 2.3(a). A bias voltage VB is produced by a voltage generator closed on a
load resistor that is put in series with the thermistor. The load resistance RL is
chosen much higher than the thermistor resistance Rbol so that the current in the
circuit I is constant and the voltage across the thermistor Vbol is proportional to
Rbol:

Vbol(T ) = I ·Rbol(T ) . (2.16)

This current produces a power dissipation P = V I that in turns heat the thermistor
decreasing its resistance, this phenomenon is known as “electrothermal feedback”.
In static conditions the thermistor temperature TS is

TS = Ths + P
K

(2.17)

where Ths is the temperature of the heat sink and K is the conductance to it. The
R≠ P dependence is depicted in figure 2.3(b). The electrothermal feedback makes
the I ≠ V relation deviate from linearity and leads to a non-ohmic behavior (see
figure 2.4(a)). Increasing the bias current the slope of the curve increases until it
crosses the so called inversion point (IP) and then decreases. In static conditions
the thermistor electric and thermal parameters are described by a point on the load
curve.

Figure 10: Constant current biasing of thermistors (left). Temperature dependence of the thermis-
tor resistivity for a T0 of 3K (blue) and 10K (red) (right).

10 eV, possibly approaching the thermodynamical limit. As shown in § 5.2, the detector speed –
i.e. the detector signal bandwidth, or its rise time τR – is another parameter guiding the design.
Furthermore, neutrino mass experiments with LTDs need to use large arrays of detectors. This
calls for ease of both fabrication and signal read-out. Along with the selection of the absorber
material containing the source, the above are the main guidelines for the design of an LTD based
neutrino mass experiment. The choice of the sensor technology is one of the first steps in the design.
To date, only three technologies have been exploited. These are the semiconductor thermistors,
the transition edge sensors, and the magnetic metallic sensors, and they will be briefly discussed
here (more details can be found in [60]). The possibility of employing other technologies, such as
the one of superconducting microwave microresonators, is also investigated but its perspectives are
not clear yet [70]. The application of LTDs to the spectroscopy of 187Re and 163Ho decays fully
overlaps the range of use of microcalorimeters developed for soft X-ray spectroscopy; therefore, in
the following the discussion will be restricted to thermal sensors for X-ray detection.

Semiconductor thermistors. These sensors are resistive elements with a heavy dependence of the
resistance on the temperature. Usually, they consist of small crystals of germanium or silicon with
a dopant concentration slightly below the metal-to-insulator transition [51]. The sensor low tem-
perature resistivity is governed by variable range hopping (VRH) conduction and it is often well
described by the expression ρ(T ) = ρ0 exp(T0/T )1/2, where T0 and ρ0 are parameters controlled by
the doping level [71] (Fig. 10). Semiconductor thermistors are high impedance devices – 1-100MΩ
– and are usually parameterized by the sensitivity A, defined as −d logR/d log T , which typically
ranges from 1 to 10. Semiconductor thermistors can be realized also in amorphous film form,
like NbSi. Silicon thermistors are fabricated using multiple ion implantation in high purity silicon
wafers to introduce the dopants in a thin box-like volume defined by photolithographic techniques.
Germanium thermistors are fabricated starting from bulk high purity germanium crystals doped
by means of neutron irradiation (nuclear transmutation doping, NTD) [72, 73]. Single NTD germa-
nium sensors are obtained by dicing and further processing using a combination of craftsmanship
and thin film techniques. In early times, the weak coupling to the heat sink was provided by the
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Figure 11: Constant voltage biasing of a TES (left). Temperature dependence of the TES resistivity
at Tc (right)

electrical leads used for the read-out; nowadays, microelectronic planar technologies and silicon
micro-machining are used to suspend the sensors on thin silicon nitride membranes or thin sili-
con beams. Thermistors are read-out in a constant current biasing configuration which allows to
convert the thermal signal ∆T in a voltage signal ∆V (Fig. 10). Because of their high impedance,
thermistors are best matched to JFETs. Semiconductor thermistor present few drawbacks. First
of all their high impedance requires the JFET front end to be placed as close as possible – cen-
timeters – to the devices to minimize microphonic noise, and bandwidth limitations due to signal
integration on parasitic electrical capacitance. Since commonly used silicon JFET must operate
at temperatures not lower than about 110K, this becomes quickly a technical challenge when in-
creasing the number of detectors. Secondly, it has been experimentally observed that conductivity
of semiconductor thermistors deviates from linearity at low temperatures [74, 75]. The deviation is
understood in terms of a finite thermal coupling between electrons and phonons, whose side effect
is to intrinsically limit the signal rise times to hundreds of microseconds for temperatures below
0.1K. Semiconductors are now an established and robust technology, and arrays of microcalorime-
ters based on these devices have been widely used for X-ray spectroscopy [60] achieving energy
resolutions lower than 5 eV with tin or HgTe absorbers.

Superconducting transition edge sensors (TESs). TES are also resistive devices made out of thin
films of superconducting materials whose resistivity changes sharply from 0 to a finite value in a very
narrow temperature interval around the critical temperature Tc (Fig. 11). The superconducting
material can be an elemental superconductor (such as tungsten or iridium), although it is more often
a bilayer made of a normal metal and a superconductor. With bilayers, the Tc of the superconductor
is reduced by the proximity effect and can be controlled by adjusting the relative thicknesses of
the two layers. Common material combinations used to fabricate TES bilayer with a Tc between
0.05 and 0.1K are Mo/Au, Mo/Cu, Ti/Au or Ir/Au. TES fabrication exploits standard thin
film deposition techniques, photolithographic patterning, and micro-machining. Sensors can be
designed to have, at the operating point, a sensitivity A as high as 1000 and a resistance usually
less than 1Ω. The most common ways to isolate TES microcalorimeters from the heat sink are
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Figure 8. (a) A spectrum of Mn Kα x-rays from an 55Fe source with one of pixels with a “T”-shaped stem and a BiAu
absorber, with discrimination on TES temperature. The instrumental function is consistent with a Gaussian response
with a resolution of 1.8 eV FWHM. The dashed line shows the intrinsic line shape from Hölzer et al.,3 with correction and
extension provided by Hölzer via private communication. (b) Plot of the pulse rise time versus pulse height for MnKα

x-rays before reducing the high-frequency cut-off, revealing a slight correlation.

The linearity of these detectors is shown in Fig. 7. We have plotted the pulse height as determined from
an optimal digital filter as a function of energy. In general the filtered pulse height is typically a more linear
function of energy than the raw pulse height.16 The slope at the origin is less than 10% steeper than the slope at
6 keV, and therefore the use of the integrated NEP as an estimate of the resolution in a scan of biases voltages
is valid.

3. GOLD/BISMUTH ABSORBERS
Using the combination of Bi and Au we can tune the heat capacity of the absorber over a wide range while
maintaining a constant QE. In our first arrays using electroplated bismuth, we electroplated only 0.5 µm of Au
on a 0.2 µm evaporated Au seed layer, then electroplated 6 µm of bismuth on top of the Au. These absorbers
have a heat capacity of 0.4 pJ/K. The electroplated bismuth has larger grains (5-10 µm) and a factor of 10
lower electrical resistivity than our evaporated bismuth films. We measured 2.1 ±0.1 eV FWHM at 6 keV with
such a device; the noise level and slope of the gain curve suggest that 1.6-eV resolution should be possible at
low energies. When the data are screened such that events are kept only if they occur while the TES operating
temperature is within a small acceptance range (as determined from the DC level of the signal current), leaving
approximately one quarter of the total counts, the resolution improves to 1.8 ±0.2 eV FWHM at 6 keV, as shown
in Fig. 8(a). The TES temperature is determined from the DC signal current just before the x-ray is absorbed.
This exercise highlights both the high intrinsic resolution of the device as well as the need to improve upon the
stability of the laboratory test platform if resolutions better than 2 eV are to be measured.

The first arrays we made using these new absorber designs were actually identical to the Au/Bi devices just
described except that both the Au and Bi were evaporated. In that case, the resolution was no better than 4-eV
FWHM, and the line shape was distinctly non-Gaussian, with a long shoulder to low energy.2 Thus it is the
combination of the novel absorber designs with the high-quality absorbers possible through electroplating that
has been the critical breakthrough.

In Fig. 8(b) we show a plot of the rise time versus pulse height in the sensors with electroplated Au/Bi
absorbers. There is a very slight negative correlation, indicating that the equilibration time in the absorber
might not be completely negligible. The effect is removed by reducing the high frequency cut-off of the optimal
filter to 10 kHz, without any significant loss of sensitivity. The Au of these devices had a residual resistivity
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3.2 eV
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superconductivity
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Conductivity - Drude model

• J  current density

• E electric field

• n electron density

• q electron charge

• m electron mass

• τ mean free time 
between collisions 
with phonons
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Superconductivity for dummies

19

• Many materials at cryogenic temperatures have zero DC impedance.

• The phenomenon arises below a critical temperature, T <  Tc.

• Below this temperature electrons do  
not scatter on the lattice anymore  
and are bound in Cooper Pairs: 

‣ Binding energy is small  
~ 0.4 meV  in aluminum. 

‣ Opposite electrons spins  
forming a Bose condensate

‣ Single wave function  
over the condensate.
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List of superconductors (Wikipedia)

Then there are compounds, like YBCO  with Tc = 95 K   
(high -Tc superconductivity)

20



TES: Transition Edge 
Sensors
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TES working principle
• Measure the temperature variations with a superconductor due to an 

energy release E in an absorber of capacitance C:

• Superconductor stabilized in temperature at the  
onset of the superconducting - conducting transition

• Measure tiny 
resistance variations

• The steeper the R vs T 
the higher the sensitivity

ΔT =
E
C

22

2.2.1 Transition Edge Sensors

Figure 5: Resistance as a function of temperature for the TES on light detector Petrus
operated (at DAQ channel 38) in CRESST-II phase 2. The black line is an
interpolation of the measured data, the red dot marks the detector’s operating
point. The red line outlines the linear detector response for small temperature
changes.

The sensor of choice to detect these minute temperature changes at very low tem-
peratures is the transition edge sensor. In the case of CRESST, thin tungsten films
evaporated onto the absorber crystals are stabilized in the transition between the normal-
conducting and superconducting states. Figure 5 shows the transition curve (resistance
as a function of temperature) for a CRESST-II light detector. In a small temperature
range, the resistance changes dramatically. For su�ciently small temperature changes
around the operating point (marked in red), the resistance changes linearly with tem-
perature.

2.2.2 Thermal Pulse Shape Model

The pulse shape and signal time scales in a cryogenic calorimeter can be understood in
terms of the detector parameters through a detailed thermal model introduced in [44].
This model describes the evolution of the signal as follows.

In a particle interaction, very high frequency optical phonons are created in the ab-
sorber crystal. After few nanoseconds, these decay to acoustical phonons with frequencies
around half the Debye frequency. They subsequently decay through lattice anharmonici-
ties, a process with a decay rate proportional to the fifth power of the phonon frequency.
This causes the decay to get progressively slower, and during the timescale of detection
the phonons have to a good approximation constant frequencies on the order of a few
hundred gigahertz. Phonons of these frequencies are dominant in a thermal distribution

13

• Tungsten

Figure 3.1. Resistance vs Temperature for a typical TES used in this thesis. This TES

was unreleased, but was fabricated along-side fully functional bolometers. We monitored

temperature with a Lakeshore GRT and measured the resistance with a four-point resistance

bridge. For this film, � ⌅ 263, Rnormal = 1.04⇥, and Tc = 0.597K

� ⇥ d(logR)

d(log T )
=

T

R

dR

dT

characterizes the slope of this temperature dependence (Richards [1994]). While NTD-

Ge bolometers have a negative � of order unity, TES bolometers have a positive � between

50 and 500.

Figure 3.1 shows the sharp change in resistance of a non-released TES vs temperature

in the vicinity of the transition. In this measurement, we induced a gradual temperature

drift in the entire mK-stage and monitored it with a Lakeshore Germanium Resistance

Thermometer (GRT). We read both the GRT and TES resistances with a Bridge circuit

to keep the power dissipated from the measurements far less than the power transmitted

down the vespel legs of the mK-stage. Chapter 6 discusses the dewar design.

When biased into it’s transition, small increases in optical loading Popt induce small

increases in the temperature of the TES. But thanks to the large positive �, these small
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TES readout circuit, a fixed bias current IB is split between the variable TES resistance
and a fixed reference resistance (the shunt resistance RS). The current through the
shunt resistance is measured by the SQUID, allowing a relative measurement of the TES
resistance.

Figure 11: SQUID readout circuit of a single TES.

An inherent feature of this readout technique is an unavoidable amount of heating
(referred to as self-heating) generated in the TES by the measurement current. Since this
heating depends on the TES resistance, electrothermal feedback can lead to hysteresis
e↵ects. An example is a slow sweep of the bath temperature with fixed bias current:
cooling down, the TES is warmed by self-heating, and stays normal-conducting while
the bath cools down further. The TES then falls to the bath temperature after it passes
its transition temperature. Warming up, self-heating sets in only when the bath reaches
the transition temperature. Therefore, the TES resistance depends on the history of the
system (i.e. the history of the bath temperature), which is called a hysteresis e↵ect.
To quantitatively understand the resulting e↵ects, the following model is considered:

the TES is treated as a resistance R(T ) varying with temperature, coupled to the heat
bath with a thermal conductance g. The heating power in the TES follows from the
current splitting as

P
h = R(T ) · I2TES =

R(T ) · I2
B⇣

1 + R(T )

RS

⌘2
(11)

while the cooling power through the thermal link is

P
c = g · (T � Tb) (12)

with the bath temperature Tb. In reality, the TES resistance depends also on current.
High currents through a superconducting film lead to penetration of magnetic fields
which destroy superconductivity. Here, any such “critical current e↵ects” are ignored.
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TES readout
• Negative feedback circuit with constant current IB and  

shunt resistor RS for temperature stabilisation

1) The higher the TES resistance R(T) 

2) the lower the current and Joule heating

3) the lower the T and thus R(T)

• Current variations in RS converted to  
magnetic field variations

• Magnetic field variations measured with  
a Superconducting Quantum Interference Device

• Complicated but very low noise (record energy resolution and threshold).

23
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TES signal

• Signal amplitude in Volts proportional to the energy released E

• Weak coupling to the thermal bath G

• Long relaxation times ~ C/G
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Heat bath

Thermometer
electrons
Thermometer
phonons

Crystal 
phonons

TB

Pe(t)

Pc(t)

Geb

Gcb Gep
Gec

GK

Te, Ce

Tc, Cc

}
Figure 6: Thermal model of the detector. Refer to the text for a detailed definition of

all quantities.

Gcb, that between the thermometer electrons and the thermal bath is Geb. In case of
the thermometer, in principle the phonon temperature and the electron temperature
have to be considered separately. For the purposes of the model here, the phonon heat
capacity of the thermometer can be neglected as it is much smaller than the electronic
one. Therefore, the electron-phonon coupling Gep and the Kapitza coupling between
thermometer and crystal phonons GK can be added reciprocally to the e↵ective coupling
Gec between thermometer electrons and the crystal.
Before the energy deposition, both thermometer and absorber crystal are in thermal

equilibrium with the heat bath:

Te(t = 0) = Tc(t = 0) = TB. (8)

The detected signal is the temperature rise of the thermometer electrons:

�Te(t) = Te(t)� TB. (9)

The solution for the coupled system of equations 6 and 7 given the conditions 1 and
2 has the form:

�Te(t) = ⇥(t) ·
⇣
An

⇣
e�t/⌧n � e�t/⌧in

⌘
+At

⇣
e�t/⌧t � e�t/⌧n

⌘⌘
. (10)
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Figure 30: Detector characteristics of Daisy. Left: transition measurement at 100 nA,
with the operating point (depth found from the amplitude of the highest
saturated test pulse) marked in red. Right: standard event obtained from
averaging 122 keV pulses. A fit with the thermal pulse model of section 2.2.2
yields a rise time of 1.33 ms.

IB R0/RS R1/RS T+ � T0 g

10 µA 2.64 5.04 0.7 mK 14.2 nW/K

Table 2: Detector characteristics of Daisy as operated in CRESST-II phase 2 from a
transition measurement at the end of CRESST-II phase 2. Additionally, the
depth of the operation point was found from the saturated amplitude of the
highest test pulse, and the thermal coupling was obtained through the rise time
of the standard event.

Following the derivation for the light detector thermometer in appendix A of [54], the
electronic heat capacity of the 8 mm⇥ 6 mm⇥ 0.2 µm tungsten film is

Cth = 6350
eV

mK2
· T0.

With an operating temperature of T0 = 18.6 mK and a rise time ⌧rise = 1.33 ms, the
coupling follows as g = 14.2 nW/K.
With these detector characteristics summarized in table 2, the model gives a value of

↵ = 0.0246, together with Asat = 21.8 V and 1/ = 1872 keV from the fixed spectrum
endpoints. The predicted amplitude-energy relation with these numbers (and spectrum
endpoints fixed) is shown as the dashed red line in figure 31. There is a qualitative
agreement between the model and the data. The observed non-linearity has the same
sign as the prediction, which could indicate that the mechanism behind the non-linearity
is understood. Still, the model underestimates the non-linearity by a factor of five.
Further refinements of the self-heating model are conceivable to improve the energy
reconstruction of saturated pulses.
In reality, the pulse profile is more complicated than assumed, which has a strong
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Process under observation
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Detection principle

4

Difficult to have both in the same experiment!

cross section σ < 10−40 cm2

large number of targets 
(large target mass)

energy < 1 keV

low-energy  
detection threshold

dN/dE

1 keV E

Dark Matter (DM) 
or neutrino ( )ν

observable:  
kinetic energy of nuclear recoiltarget nucleus
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Dark Matter with CRESST
• Array of CaWO4 absorbers read by TES

• Operated at the Gran Sasso Laboratories 
in Italy.

• Leader in the low energy region of  
Dark Matter (energy threshold of ~30 eV)
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CEνNS with NUCLEUS

NUCLEUS will measure  
this process with 10% precision.

10 g of detectors with TES to observe 
neutrinos from a nuclear power plant  
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minimize the computing time and is then transformed back
to the time domain. The result is normalized so that it
reproduces the unfiltered pulse height at the pulse’s
maximum (see Fig. 6, left). The energy reconstruction
by the optimum filter agrees with that of the truncated
template fit on a 1% level in the linear region (up to 600 eV)
and deviates significantly above as expected due to a
different pulse shape caused by saturation (see Fig. 4,
inset). Below the truncation limit, a maximal deviation of
2.8% is observed which is considered as systematic error of
the energy calibration. The baseline energy resolution
after filtering is found to be σb ¼ ð3.74# 0.21Þ eV. This
compares to a value of ð6.42# 0.92Þ eV without
filtering, showing a clear improvement (see Fig. 6, right).
Accordingly, this effect reduces the energy threshold. This
improvement can be exploited using a data acquisition
system which continuously streams the detector output, so
that the pulse triggering can be done in postprocessing,
when signal and noise power spectra are known.
The functionality of such a software trigger based on the

optimum filter is illustrated in Fig. 7. A small artificial
pulse is superimposed on a randomly selected baseline
sample, drawn in the upper frame. The lower frame shows

the optimum filter output. The artificially added pulse
clearly is seen above a given threshold (dotted line), while
the random noise, which has a different pulse shape, is
suppressed.
In the following we discuss how the energy threshold

and the trigger efficiency can be determined in a direct way.
Generally speaking, the threshold on the output of the
optimum filter has to be chosen so as to be sensitive to the
smallest possible energy depositions, while at the same
time suppressing noise triggers sufficiently. Figure 8 (histo-
gram, right axis) shows the filter output of a set of pure
noise samples. In contrast to the determination of the
baseline noise (see above), the pulse position (in time) is
not fixed but the algorithm runs over the noise trace and
returns the maximal filter output. This explains the positive
average reconstructed energy. The bulk of the noise
samples has a reconstructed energy between 10 and
15 eV with a tail up to ∼19 eV. Most probably the latter
is due to small pulses on the noise samples which cannot by
identified by data-quality cuts selecting the noise samples.
This effect is enhanced due to the exponentially increasing
rate towards threshold in this calibration measurement. It is
reasonable to set the trigger threshold just above this
assumed noise population.
We choose a trigger threshold of 13.0 mV and validate

this choice by a study of the trigger efficiency as a function
of energy. Onto the set of baseline samples, template pulses
of various discrete pulse heights (from about 1 to 10 · σb)
are added. The energy-dependent trigger efficiency is the
fraction of the filtered artificial pulse samples which fall
above the threshold. Figure 8 (left axis) shows the results of
this procedure for the discrete pulse heights (crosses). The
resulting curve can be nicely fitted by the function
ptrigðEÞ ¼ 0.5 · ð1þ erf½ðE − EthÞ=ð

ffiffiffi
2

p
σthÞ', where erf is

the Gaussian error function [11]. The validity of the
threshold choice manifests itself as a vanishing trigger
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FIG. 6. Left: Pulse sample and optimum filter output in the time
domain. Right: Comparison of the baseline noise derived by the
TTF (black histogram) and the OFM (red dots). Gaussian fits to
the data are shown.
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FIG. 7. Demonstration of the optimum trigger. Upper plot: A
19.7 eV standard pulse is superimposed on a randomly chosen
noise sample (onset at sample 2000). Lower plot: Output of the
optimum filter applied to the sample. The pulse is clearly
triggered while noise contributions are suppressed sufficiently
below threshold, which is set at a pulse height of 13.0 mV
(see the text).

FIG. 8. Determination of the trigger threshold. Randomly
chosen noise samples are superimposed with template pulses
of different discrete energies (red crosses). The optimum trigger is
applied to these samples yielding the energy-dependent trigger
efficiency (left y axis). The data are fitted by an error function,
giving an energy threshold of Eth ¼ ð19.7# 0.1Þ eV for 50%
efficiency. The width σth ¼ ð3.82# 0.15Þ eV is in agreement
with the variance of the baseline noise. The reconstructed energy
of pure noise samples after filtering is shown in a histogram
(black, right y axis).
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Coherent Elastic ν-Nucleus Scattering, discovered in 2017

QW = N � Z(1� 4 sin2 ✓W ) ⇠ N

http://nucleus.roma1.infn.it

http://nucleus.roma1.infn.it


Quenching factor: NaI example
Amount of recoil energy going into visible energy

29

H
.W

. Joo, et al Astropart Phys, 108 (2019) 50

Cryo-detectors have no quenching:  
entire energy eventually converted to phonons

https://www.sciencedirect.com/science/journal/09276505/108/supp/C


The “Excess” problem

30

P. Adari, et al.: EXCESS workshop: Descriptions of 
rising low-energy spectra SciPost Phys. Proc. 9 (2022) 

001 + D. Delicato et al EPJ C 84 (2024) 353
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Not understood excess background rising at low energies

• Phonon bursts (crystal-support friction) ?
• Lattice relaxations after cool down?
• Phonon leakage from interactions in the supports?
• Neutrons (cosmic ray induced, radioactivity) ?
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superconductivity
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AC Conductivity

• The imaginary term σ2 appears when

• In normal conductors                        which implies  !!!   

• In superconductors   so 

‣    

‣

• i.e. we only have the imaginary term (true at very low temperatures).                            

f = 16 THz

τ → ∞

σ1 = 0

σ2 = − j
nq2

ωm
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�0 =
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Kinetic inductance
• Let’s try to understand what is this imaginary term of the conductivity

The impedance is  

where l and A are the length and sectional area of the conductor, 
respectively.

• This inductance is related to the mass of the charge carries.

The charge carries exhibit an inertia to the variation of the field’s 
direction because they have a mass. 

Inertias manifest themselves in a circuit as inductances, in this case it is  
the kinetic inductance, and is a property of the charge carriers.

It differs from the normal magnetic inductance which is due to the 
geometry of the conductor.

Z =
l
A

1
σ

= jω
l
A

m
nq2

33
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Kinetic Energy
• We can see the phenomenon also by computing the kinetic energy 

stored by the charge carriers 

• Reminding that the current is defined as  
 

• We rewrite the energy as 
 

• In presence of the kinetic inductance, the inertia is due to the kinetic 
energy stored in the charge carriers.

• In presence of the geometric inductance, the inertia is due energy stored 
in the magnetic field.

Ek =
1
2

mv2 nlA

I = nqvA

Ek =
1
2

lm
Anq2

I2 =
1
2

LkI2
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Two fluid model
• In a superconductor, depending on the temperature, part of the electrons 

may not be bound into Cooper Pairs.

• The unpaired electrons are called “quasiparticles” as they are 
superposition states of electrons and holes. 

• Quasiparticles act as a second channel for the current, in parallel with 
the Cooper pairs, with high resistance.

• In DC Rqp is not seen, since the current flows entirely through Cooper 
Pairs, however in AC part of the current can flow through quasiparticles.

35

�L = Lk
�N

N
(16)

To detect this change, the superconductor is inserted in a high Q factor resonant LC circuit with
resonant frequency f0 = 1/2⇡

p
LC where the inductance is the sum of the kinetic and of the

geometric (magnetic) inductances of the conductor

L = Lg + Lk (17)

The fraction of kinetic inductance over the total inductance

↵ =
Lk

L
(18)

is one of the parameters of merit of KIDs:

�L

L
= ↵

�N

N
(19)

When the inductance changes, the resonant frequency changes as:

df0
dL

= � f0
2L

(20)

�f0
f0

= �↵

2

�N

N
(21)

2.2 Surface Resistance

We can think the superconductor as a conductor with zero resistance and inductance Lk. When
Copper pairs are broken, quasiparticles (that we can think as electrons) act as a high value resistor
Rqp in parallel with Lk:

Rqp

Lk

Rqp =
l

A

mqp

nqpq2qp⌧
=

l2mqp

Nqpq2qp⌧
= 2Lk

N

Nqp⌧
(22)

with ⌧ the electron relaxation time and we set mqp = m/2 and qqp = q/2. The total impedance
reads:

Zs = (0 + j!Lk)||Rqp = j!Lk +
!2L2

k

Rqp
(23)

3

Zs = (0 + jωLk) | |RqpI

Cooper pairs

quasiparticles
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Total impedance

36

�L = Lk
�N

N
(16)

To detect this change, the superconductor is inserted in a high Q factor resonant LC circuit with
resonant frequency f0 = 1/2⇡

p
LC where the inductance is the sum of the kinetic and of the

geometric (magnetic) inductances of the conductor

L = Lg + Lk (17)

The fraction of kinetic inductance over the total inductance

↵ =
Lk

L
(18)

is one of the parameters of merit of KIDs:

�L

L
= ↵

�N

N
(19)

When the inductance changes, the resonant frequency changes as:

df0
dL

= � f0
2L

(20)

�f0
f0

= �↵

2

�N

N
(21)

2.2 Surface Resistance

We can think the superconductor as a conductor with zero resistance and inductance Lk. When
Copper pairs are broken, quasiparticles (that we can think as electrons) act as a high value resistor
Rqp in parallel with Lk:

Rqp

Lk

Rqp =
l

A

mqp

nqpq2qp⌧
=

l2mqp

Nqpq2qp⌧
= 2Lk

N

Nqp⌧
(22)

with ⌧ the electron relaxation time and we set mqp = m/2 and qqp = q/2. The total impedance
reads:

Zs = (0 + j!Lk)||Rqp = j!Lk +
!2L2

k

Rqp
(23)

3

Zs = (0 + jωLk) | |Rqp ≃
Rqp≫ωLk

= jωLk +
(ωLk)2

Rqp

Zs = jωLk + Rs

�L = Lk
�N

N
(16)

To detect this change, the superconductor is inserted in a high Q factor resonant LC circuit with
resonant frequency f0 = 1/2⇡

p
LC where the inductance is the sum of the kinetic and of the

geometric (magnetic) inductances of the conductor

L = Lg + Lk (17)

The fraction of kinetic inductance over the total inductance

↵ =
Lk

L
(18)

is one of the parameters of merit of KIDs:

�L

L
= ↵

�N

N
(19)

When the inductance changes, the resonant frequency changes as:

df0
dL

= � f0
2L

(20)

�f0
f0

= �↵

2

�N

N
(21)

2.2 Surface Resistance

We can think the superconductor as a conductor with zero resistance and inductance Lk. When
Copper pairs are broken, quasiparticles (that we can think as electrons) act as a high value resistor
Rqp in parallel with Lk:

Rqp

Lk

Rs Lk

Rqp =
l

A

mqp

nqpq2qp⌧
=

l2mqp

Nqpq2qp⌧
= 2Lk

N

Nqp⌧
(22)
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Original 
impedance

Equivalent 
impedance

�L = Lk
�N

N
(16)

To detect this change, the superconductor is inserted in a high Q factor resonant LC circuit with
resonant frequency f0 = 1/2⇡

p
LC where the inductance is the sum of the kinetic and of the

geometric (magnetic) inductances of the conductor

L = Lg + Lk (17)

The fraction of kinetic inductance over the total inductance

↵ =
Lk

L
(18)

is one of the parameters of merit of KIDs:

�L

L
= ↵

�N

N
(19)

When the inductance changes, the resonant frequency changes as:

df0
dL

= � f0
2L

(20)

�f0
f0

= �↵

2

�N

N
(21)

2.2 Surface Resistance

We can think the superconductor as a conductor with zero resistance and inductance Lk. When
Copper pairs are broken, quasiparticles (that we can think as electrons) act as a high value resistor
Rqp in parallel with Lk:

Rqp

Lk

Rs Lk Lm

Rqp =
l

A

mqp

nqpq2qp⌧
=

l2mqp

Nqpq2qp⌧
= 2Lk

N

Nqp⌧
(22)

3

Total impedance  
(+ magnetic inductance)

Zs = jω(Lk + Lm) + Rs = jωL + Rs



Kinetic Inductance 
Detectors

Non-equilibrium superconducting detectors invented at JPL/Caltech  
Day et al., Nature 425 (2003) 817
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Particle absorption

• Absorbed photons or phonons can break 
Cooper pairs if their energy is larger than 
their binding energy .

• The number of Copper pairs decreases,  
thus Lk increases.

• Quasiparticles are generated, Rqp decreases, 
thus Rs increases.

2Δ

2� ⇠ 400µeV (Al)

38

superconductor  
at T<<TC

�L = Lk
�N

N
(16)

To detect this change, the superconductor is inserted in a high Q factor resonant LC circuit with
resonant frequency f0 = 1/2⇡

p
LC where the inductance is the sum of the kinetic and of the

geometric (magnetic) inductances of the conductor

L = Lg + Lk (17)

The fraction of kinetic inductance over the total inductance

↵ =
Lk

L
(18)

is one of the parameters of merit of KIDs:

�L

L
= ↵

�N

N
(19)

When the inductance changes, the resonant frequency changes as:

df0
dL

= � f0
2L

(20)

�f0
f0

= �↵

2

�N

N
(21)

2.2 Surface Resistance

We can think the superconductor as a conductor with zero resistance and inductance Lk. When
Copper pairs are broken, quasiparticles (that we can think as electrons) act as a high value resistor
Rqp in parallel with Lk:

Rqp

Lk

Rqp =
l

A

mqp

nqpq2qp⌧
=

l2mqp

Nqpq2qp⌧
= 2Lk

N

Nqp⌧
(22)

with ⌧ the electron relaxation time and we set mqp = m/2 and qqp = q/2. The total impedance
reads:

Zs = (0 + j!Lk)||Rqp = j!Lk +
!2L2

k

Rqp
(23)

3
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Resonators

39

Frequency: 

 f0 =
1

2π
g
l

Frequency:  

 f0 =
1

2π LC

Quality factor: 
Q = 2𝜋 x number of cycles before the amplitude of oscillations drops by 1/e  

The higher the Q the higher the precision on f0 

Dissipation: air friction
 Dissipation: parasitic resistance




• To measure the change in L and Rs the superconductor is inserted in a 
high quality factor (Q) resonant circuit

M. Vignati 

Resonant circuit

40

1
Q

= Rs
L
C

f0 =
1

2π LC
2V2

Vgen
≃ 1 −

1

1 + 2jQ
fgen − f0

f0
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Variations
• Circuit constantly biased at the resonant frequency fgen = f0:

• Variation of Rs:

‣ signal from amplitude shift δ(1/Q)

• Variation of Lk:

‣ signal from frequency shift δf0

‣ actually measured as phase shift 
41

1
Q

= Rs
L
C

f0 =
1

2π LC
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KID signal
1. Frequency sweep to measure the transmission past the resonator.

2. Determine the resonant frequency and bias the detector at that frequency.

3. Measure Phase and Amplitude Modulation of the wave transmitted past 
the resonator

42

3

df(t) = Fqptqp

"
tqpe

�t/tqp

(tqp � tph)(tqp � tring)
+

tphe
�t/tph

(tph � tqp)(tph � tring)
+

tringe
�t/tring

(tring � tqp)(tring � tph)

#
, (3)

where Fqp is the pulse integral.
As we explain in next section, we excite the substrate by a

LED pulse whose duration Tex is of the order of few µs, so
the final waveform results from the convolution of Eq. 3 with
a rectangular function of length Tex.

For every acquired signal we fit the df pulse evolution to
the pulse shape described above, fixing tring to the value cor-
responding to the measured Q factor. In this way we obtain
tph that we compare with the MC results. Superposed to the
pulses of Fig. 1 we show the results form the fit for the df(t)
and da(t) signals.

𝛿𝑎

𝛿𝜙

FIG. 1: df and da pulse time evolution following an energy deposi-
tion of 36 keV in the Si substrate. The signals are fitted to the pulse
shape of Eq. 3, taking also into account Tex=1 µs (in red for df and
blue for da). The resulting df fit parameters are shown in the leg-
end. Inset: resonance circle that we calibrate to obtain df and da

components from the real and imaginary parts of the S21 signal.

B. Response to energy absorption

We can relate the energy release in the detector E to the
energy absorbed at every resonator Eabs through an efficiency
factor h , so that Eabs = hE. The efficiency can be factorized
as h = hKIDhpb, where hKID depends on the geometry of the
detector and the transmission coefficients at the interface, and
is the parameter that we shall calculate with the MC simula-
tion, and hpb is the pair-breaking efficiency in Al, that we take
as ⇠0.57 [18]. Now, Fqp in Eq. 3 represent the overall change
in df corresponding to an increment in the quasi-particle pop-
ulation Nqp=Eabs/D = hE/D, that can be calculated from the
Mattis-Bardeen theory in the thin film limit. After some ana-

lytical approximations [19, 20] we can write:

Fqp =
aS2(n ,Tqp)Q

N0V D(Tqp)
hE, (4)

where N0V is the single spin density of states at the Fermi level
(1.72⇥1010 eV�1 µm�3 for Al) multiplied by the active vol-
ume of the resonator, a is the fraction of kinetic inductance
LKI/L, Tqp is the effective temperature of the quasiparticle
system, larger than the sink temperature due to the microwave
power Pµn and

S2(n ,Tqp) = 1+

s
2D

pkBTqp
exp

✓
� hn

2kBTqp

◆
I0

✓
hn

2kBTqp

◆
,

(5)
where kB is the Boltzmann constant, h is the Planck constant
and I0 is the zero-order modified Bessel function of the first
class. The parameters D, a , S2 and Q are measurable quanti-
ties for a given Pµn , therefore from the pulse fit we can obtain
Fqp and determine through Eq. 4 the efficiency h at every
pixel in order to compare with the MC results.

III. EXPERIMENTAL CONFIGURATIONS

We study two different detector configurations with dif-
ferent KID characteristics and layout.

The first prototype (P1 in the following) consist of a single
KID lithographed on a 2⇥2 cm2 380 µm thick Si substrate.
Fig. 2 shows a picture of the detector mounted in the copper
holder (left panel) and a schematic design of the single KID
(right panel). The inductor section is a meander of 30 strips
of 62.5 µm⇥2 mm, with gap of 5 µm between them, and the
capacitor is made by only two fingers. The total active area
is 4.0 mm2 if we include the active region that connects the
inductor to the capacitor. The feedline is a 72 µm width CPW
that cut across the Si substrate from side to side. The pixel
and feedline are made of 60 nm thick Al. Four cylindrical
Teflon supports, one at every corner of the substrate, fix the
detector to a copper holder that is anchored to the cryostat.
The contact area between Si and Teflon is lower than 3 mm2 at
every support. For detailed results of this prototype, see [17].

The second prototype, that we label as P4, is a 2⇥2 cm2

375 µm thick Si substrate with 4 KIDs (see Fig. 2). The res-
onators are lithographed in 60 nm thick Al film, with an induc-
tive meander made of 14 connected strips of 80 µm⇥2 mm
closed by a capacitor made of 5 interdigitated fingers of
1.4 mm⇥50 µm. The active area of the single pixel is
1.15⇥ 2mm2. The feedline is a 420 µm width and 60 nm
thick CPW. The centers of each KID are not distributed sym-
metrically with respect to the central axis of the detector, but

I [A.U.]
6− 4− 2− 0 2 4 6 8

Q
 [A

.U
.]

8−

6−

4−

2−

0

2

4

6

 = 2597.079 MHz
0

f

Q =  147 k

 =  156 k
c

Q

 = 2607 k
i

Q

 [kHz]
0
fFrequency - 

20− 10− 0 10 20

A
m

pl
itu

de
 [d

B]

4−

2−

0

2

4

6

8

10

12

14

16

18

I [A.U.]
6− 4− 2− 0 2 4 6 8

Q
 [A

.U
.]

8−

6−

4−

2−

0

2

4

6  = 2597.079 MHz
0
f

Q =  147 k
 =  156 kcQ
 = 2607 k

i
Q

 [kHz]
0
fFrequency - 

20− 10− 0 10 20

A
m

pl
itu

de
 [d

B
]

4−

2−

0

2

4

6

8

10

12

14

16

18



M. Vignati 

KID Multiplexing
Different resonators can be coupled to the same feedline  

with slightly different resonant frequencies.  
Resonant frequency modified via the capacitor (C) pattern of the circuit. 

 

Multiplexing of 1000 KIDs with a single cryogenic amplifier demonstrated
43
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Pros and cons of KIDs
Why KIDs:

• Ease in fabrication

• Insensitive to microphonics (almost)

• Insensitive to electromagnetic noise (almost)

• Insensitive to temperature instabilities

• Multiplexing (up to 1000 channels / line demonstrated)

Why not: 

• sensitivity lower than TESs  (> 2x worst depending on the application).

44



KIDs in
Particle Physics
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Requirements

46

To improve our neutrino and dark matter experiments we need 

Several detectors

cm2 active area

dm3 active volume

High resolution

below 100 eV

possibly 10 eV

Motivations for KIDs: 
KIDs unique multiplexing

Easy to fabricate
Reproducible

The difficult part: 
KIDs are today  

a factor 5 off from TES
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Phonon mediation

47

Substrate of silicon 
 (5x5cm2 x300µm)

KIDs  (~2mm2 x 60-nm)

Incident particles convert into athermal phonons

Diffused phonons  
can be absorbed  

by the KIDs

supports  

GHz operation limits the maximum sensible area of KIDs to few mm2  
 

Scaling to several cm2:  
indirect detection mediated by phonons

Challenge: collect as many phonons as possible
The smaller the number of pixels the better!
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First phonon mediated KIDs

48

High-speed phonon imaging using frequency-multiplexed kinetic
inductance detectors

L. J. Swenson,1,a! A. Cruciani,1,2 A. Benoit,1 M. Roesch,3 C. S. Yung,4 A. Bideaud,1 and
A. Monfardini1
1Institut Néel, CNRS–Université Joseph Fourier, BP 166, 38042 Grenoble, France
2Dipartimento di Fisica, Universitá di Roma La Sapienza, p.le A. Moro 2, 00185 Roma, Italy
3Institut de Radio Astronomie Millimétrique, 300 rue de la Piscine, 38406 Saint Martin d’Hères, France
4Superconductor Technologies Inc., 460 Ward Drive, Santa Barbara, California 93111, USA

!Received 28 April 2010; accepted 11 June 2010; published online 1 July 2010"

We present a measurement of phonon propagation in a silicon wafer utilizing an array of
frequency-multiplexed superconducting resonators coupled to a single transmission line. The
electronic readout permits fully synchronous array sampling with a per-resonator bandwidth of 1.2
MHz, allowing submicrosecond array imaging. This technological achievement is potentially vital
in a variety of low-temperature applications, including single-photon counting, quantum-computing,
and dark-matter searches. © 2010 American Institute of Physics. #doi:10.1063/1.3459142$

Superconducting microwave resonators are a promising
detection technology for a variety of low-temperature appli-
cations. Electromagnetic resonators have been coupled to
quantum information circuits1 and nanomechanical systems.2

They are also easily integrated with an absorber or an an-
tenna, enabling them to be used for photon-limited as-
tronomy, x-ray spectroscopy, or in dark-matter searches.3,4

Their tunable resonance frequencies, narrow bandwidths,
and compatibility with large-bandwidth cryogenic amplifiers
also admit the possibility of frequency-domain multiplexing.
This wire-sharing technique is widely recognized as being
crucial to realizing large array sizes since the number of
wires accessing the coldest stages of a cryostat is necessarily
limited.5 Frequency-domain multiplexing of a resonator de-
sign known as the kinetic inductance detector !KID"6 has
already been demonstrated at low read-out speeds and used
in millimeter-wavelength astronomy.7–9

Despite their utility, the full potential of superconducting
resonators has remained unrealized. Single-resonator mea-
surements typically use fast commercial electronics which
give a large measurement bandwidth but are not compatible
with array read out. On the other hand, customized array
readouts utilizing programmable digital logic have not
achieved per-resonator bandwidths exceeding %100 Hz.
Here we present the results from a recent experiment which
realizes a large 1.2 MHz per-resonator bandwidth for an ar-
ray of KIDs. The array is used to resolve the propagation of
phonons created by the interaction of a cosmic-ray with the
underlying substrate. Direct application of this phonon imag-
ing sensor is immediately useful for cosmic-ray detection,10

dark matter studies,11 and for characterizing phonon propa-
gation in exotic materials.12 Further, by surmounting the
technological hurdle of array readout with a large per-
resonator bandwidth, this measurement lays the ground work
for developing, for example, a scalable quantum-computing
architecture or single-photon camera based on superconduct-
ing resonators.

The operating principles of KID read out has been pre-
viously discussed.6 Briefly, the resonant frequency of an

electromagnetic resonator is principally set by the geometric
inductance and capacitance. In a superconductor however,
energy cannot only be stored in the electromagnetic field but
also in the kinetic energy of the superconducting pairs. The
resulting reactance is known as the kinetic inductance LK. A
superconducting resonator designed to maximize LK will be
sensitive to the internal superconducting state. Typically,
KIDs are designed to absorb photons or substrate phonons
with energy exceeding the superconducting gap. These can
then break superconducting pairs and produce a measurable
signal.

For the current measurement, a KID geometry known as
the lumped element kinetic inductance detector !LEKID"
was utilized.13 A LEKID consists of a long inductive mean-
der connected to an interdigitated capacitor used to tune the
resonant frequency. An advantage of this geometry is that the
current in the inductive section is uniform, resulting in a
homogenous response to absorbed phonons throughout the
meander. A micrograph of an array is shown in Fig. 1!a". To
fabricate this array, a single 40 nm evaporation of aluminum
deposited on 270 !m thick silicon. The film was then pat-
terned using standard UV lithography followed by wet etch-
ing. After dicing, the sample was affixed inside a supercon-
ducting enclosure and connected to 50 " coplanar
waveguide with wire bonds. The sample holder was subse-
quently mounted in a 100 mK dilution cryostat.

The measured in-phase !I" and quadrature !Q" transmis-
sion amplitudes for a 50 MHz frequency sweep of the array
is shown in Fig. 1!c". The total transmitted amplitude !&S21&"
is shown in Fig. 1!d". From this plot, the average loaded
quality factor QL is 1.3#104, limited by the coupling. By
decreasing the coupling, QL can be increased up to the inter-
nal material-limited quality factor Qi !%105". This affords an
increase in sensitivity at the expense of a decreased dynamic
range. For the current measurement, a large dynamic-range
was desired in order to differentiate between small and large
events. The resonators were thus somewhat over-coupled.

Programmable digital electronics were used to perform
a fully synchronous transmission measurement of the
array. The details of this technique have previously been
discussed.8 For the current measurement, a 12-bit, 100 megaa"Electronic mail: lorenswenson@gmail.com.
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samples per second analog-to-digital converter !ADC" was
used for sampling the transmitted waveform. This was fol-
lowed by digital mixing, low-pass filtering and decimation
resulting in a pair of I and Q values for each resonator. Due
to the slow roll-off of the digital 1.2 MHz low-pass filter
implemented, an inter-resonator spacing of at least #4 MHz
was necessary to eliminate potential interference. Along with
the 50 MHz Nyquist bandwidth of the ADC, the current elec-
tronics were thus able to measure up to 12 resonance in
parallel. Using a faster ADC and improved digital filter,
!100 pixels per transmission line should be achievable with
modern electronics. In order to reduce the high data-rate re-
sulting from fast sampling, an individual trigger for each
resonance was established. On-board memory simulta-
neously captured all of the signals if any trigger was ex-
ceeded. A diagram of the measurement setup can be seen in
Fig. 2.

The resonant frequency for an unloaded LEKID is given
by

f0 =
1

2"$!LK + LG"C!#"
, !1"

where # is the effective surrounding permittivity, and LK,
LG, and C are the resonator’s kinetic inductance, geometric

inductance, and capacitance, respectively.13 A change in the
resonant frequency $f0 may be expressed as $f0
=$LK! f0 /!LK. From this, $f0= !−Cf0

3 /2"$LK. A small linear
shift in the kinetic inductance results in a proportional fre-
quency shift in the resonance feature. In the IQ plane, a small
shift in frequency primarily results in rotation around the
resonance curve. This can be expressed as a rotation angle %
as shown in Fig. 3!a".

Since all the resonators are geometrically identical, ex-
cept for slight differences in the capacitive section intro-
duced to adjust the resonance frequencies, they all posses the
same LK. Hence, for a fixed energy input, all the resonators
will experience the same frequency shift &f . In Fig. 3!b", a
plot of % is shown for a 120 kHz frequency sweep around a
resonance. A fit to the central data in this plot yields the slope
&% /&f . For small %, dividing by &% /&f results in a corre-
sponding &f and is effectively a calibration of the resonance.

During a typical measurement, hundreds of events were
captured over the course of a few hours at a rate of one event
every #5–20 s. An event causing a moderate response from
all 5 pixels is shown in Fig. 4. The decreasing amplitudes in
going from pixel 1 to 5 along with the increasing time delay
corroborates the hypothesis that the cosmic rays are not in-
teracting directly with the resonators but rather create
phonons in the substrate which propagate to the LEKIDs. At
T=100 mK'Tc#1.2 K, thermal phonons do not have suf-
ficient energy to break superconducting pairs and cannot re-
sult in a measurable signal. The phonons which are detected
are thus nonthermalized and posses energies exceeding the
gap energy.

1 2 3 4 5

(a) (b)

(c) (d)

-60 -40 -20 0 20 40 60-60
-40

-20

0

20

40
60

I (mV)

Q
(m

V
)

I

III

II

IV

1

23

4

5

-25
-20
-15
-10

-5
0

A
m

pl
itu

de
(d

B)

1 2 3 4
5

Frequency (GHz)
1.73 1.75 1.77

FIG. 1. !a" Array micrograph. Each line of five pixels was designed to
occupy a 50 MHz bandwidth. The five labeled pixels were used to measure
phonon propagation. !b" 2(2 mm2 LEKID. !c" In-phase !I" and quadrature
!Q" transmission amplitudes. The numeric labels correspond to the pixels in
!a", the arrows indicate the direction of increasing frequency and the star !! "
marks the origin. !d" Total transmitted amplitude for the measurement
shown in !c", calculated using amplitude2=I2+Q2.

Cryostat
4 K

100 mK

Sample

iv
iv

v

LO

LO

DSP
ADC

i ii

iii iv

v

vi

iii
v

viDAC

FIG. 2. Electronic readout. A digital-signal processing card is used to
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!i" high-frequency synthesizer !0.1–8 GHz", !ii" splitter, !iii" mixer, !iv"
attenuator, !v" amplifier, and !vi" low-pass filter.
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FIG. 4. !a" Calibrated high-speed detection of a cosmic event using 5 KIDs.
The individual responses are offset by 100 kHz. The dashed vertical line is
the time that a resonator trigger level was exceeded, in this case by pixel 1.
!b" Zoom of initial rise clearly showing the propagation delay.
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samples per second analog-to-digital converter !ADC" was
used for sampling the transmitted waveform. This was fol-
lowed by digital mixing, low-pass filtering and decimation
resulting in a pair of I and Q values for each resonator. Due
to the slow roll-off of the digital 1.2 MHz low-pass filter
implemented, an inter-resonator spacing of at least #4 MHz
was necessary to eliminate potential interference. Along with
the 50 MHz Nyquist bandwidth of the ADC, the current elec-
tronics were thus able to measure up to 12 resonance in
parallel. Using a faster ADC and improved digital filter,
!100 pixels per transmission line should be achievable with
modern electronics. In order to reduce the high data-rate re-
sulting from fast sampling, an individual trigger for each
resonance was established. On-board memory simulta-
neously captured all of the signals if any trigger was ex-
ceeded. A diagram of the measurement setup can be seen in
Fig. 2.

The resonant frequency for an unloaded LEKID is given
by

f0 =
1

2"$!LK + LG"C!#"
, !1"

where # is the effective surrounding permittivity, and LK,
LG, and C are the resonator’s kinetic inductance, geometric

inductance, and capacitance, respectively.13 A change in the
resonant frequency $f0 may be expressed as $f0
=$LK! f0 /!LK. From this, $f0= !−Cf0

3 /2"$LK. A small linear
shift in the kinetic inductance results in a proportional fre-
quency shift in the resonance feature. In the IQ plane, a small
shift in frequency primarily results in rotation around the
resonance curve. This can be expressed as a rotation angle %
as shown in Fig. 3!a".

Since all the resonators are geometrically identical, ex-
cept for slight differences in the capacitive section intro-
duced to adjust the resonance frequencies, they all posses the
same LK. Hence, for a fixed energy input, all the resonators
will experience the same frequency shift &f . In Fig. 3!b", a
plot of % is shown for a 120 kHz frequency sweep around a
resonance. A fit to the central data in this plot yields the slope
&% /&f . For small %, dividing by &% /&f results in a corre-
sponding &f and is effectively a calibration of the resonance.

During a typical measurement, hundreds of events were
captured over the course of a few hours at a rate of one event
every #5–20 s. An event causing a moderate response from
all 5 pixels is shown in Fig. 4. The decreasing amplitudes in
going from pixel 1 to 5 along with the increasing time delay
corroborates the hypothesis that the cosmic rays are not in-
teracting directly with the resonators but rather create
phonons in the substrate which propagate to the LEKIDs. At
T=100 mK'Tc#1.2 K, thermal phonons do not have suf-
ficient energy to break superconducting pairs and cannot re-
sult in a measurable signal. The phonons which are detected
are thus nonthermalized and posses energies exceeding the
gap energy.
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Position and energy-resolved particle detection using phonon-mediated
microwave kinetic inductance detectors
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We demonstrate position and energy-resolved phonon-mediated detection of particle interactions
in a silicon substrate instrumented with an array of microwave kinetic inductance detectors
(MKIDs). The relative magnitude and delay of the signal received in each sensor allow the location
of the interaction to be determined with . 1mm resolution at 30 keV. Using this position
information, variations in the detector response with position can be removed, and an energy
resolution of rE¼ 0.55 keV at 30 keV was measured. Since MKIDs can be fabricated from a single
deposited film and are naturally multiplexed in the frequency domain, this technology can be
extended to provide highly pixelized athermal phonon sensors for "1 kg scale detector elements.
Such high-resolution, massive particle detectors would be applicable to rare-event searches such as
the direct detection of dark matter, neutrinoless double-beta decay, or coherent neutrino-nucleus
scattering. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4726279]

Next generation rare-event searches such as the
direct detection of dark matter require large target masses
("103 kg) with sub-keV energy resolution. This requires
increasing the mass of current solid-state, cryogenic experi-
ments1,2 by 2 orders of magnitude, while maintaining the
background-free operation of existing detectors. Reducing
the cost and time needed to fabricate and test each detector
element is necessary for such large cryogenic experiments to
be feasible.

Detectors that measure both the athermal phonons and
ionization created by a particle interaction have demon-
strated sufficient background rejection to enable next-
generation experiments.3 Microwave kinetic inductance
detectors (MKIDs)4,5 offer several advantages for providing
athermal phonon sensors in large experiments relative to the
transition edge sensor (TES)-based designs currently in
use.1,2,6 MKIDs can be patterned from a single deposited alu-
minum film, with large (>10 lm) features, significantly
reducing fabrication time and complexity. Since MKIDs are
naturally multiplexed in the frequency domain, hundreds of
sensors can be read out on a single coaxial cable, enabling a
more granular phonon sensor that is expected to provide
enhanced background rejection. In addition to dark matter
direct detection, high-resolution, massive particle detectors
are applicable to the detection of neutrinoless double-beta
decay7 and coherent neutrino-nucleus scattering.8

Previous designs9–11 attempted to absorb the incident
energy in large-area collectors coupled to smaller volume,
distributed MKIDs. Although separating the absorber and
sensor allowed increased sensitivity by concentrating the
absorbed energy, test devices suffered from poor transmis-
sion of quasiparticles from the absorber to sensor. Here, we
present a simplified design that eliminates the absorber by
directly collecting the energy using large-area MKIDs. A

similar design developed independently by Swenson et al.12

has been used to demonstrate time-resolved phonon-medi-
ated detection of high-energy interactions from cosmic rays
and natural radioactivity using MKIDs. We have previously
demonstrated energy-resolved detection of 30 keV x-rays13

using phonon-mediated MKIDs fabricated from high-
resistivity nitride films,14 but the energy resolution was
limited to rE¼ 1.2 keV by systematic variations in the recon-
structed energy with interaction location. In this work, we
present results for devices fabricated from aluminum films
that exhibit improved uniformity. These devices allow the
location of the interaction to be determined and a position-
based correction to be applied, recovering a reconstructed
energy resolution within 40% of the baseline resolution.

To calculate the expected detector resolution, we
assume that the phonons uniformly illuminate the substrate
surface and that incident energy is converted into quasipar-
ticles in the inductive section of the resonators with overall
efficiency gph. In this case, the phonon lifetime, sph, is deter-
mined by the substrate geometry and fraction, gfill, of the
total surface area, Asub, that is covered by MKIDs. To resolve
the rising edge of the phonon signal requires that the quality
factor Q # 104 for resonant frequencies f0 $ 3 GHz to give a
resonator response time sres ¼ Q=pf0 $ 1 ls. For gfill $ 5%
as in existing TES-based designs,3 sph $ 1 ms, while quasi-
particle lifetimes, sqp, in our films are measured to be
10–100 ls. Given these characteristic times, we assume
sres % sqp % sph. The resonator quality factor, Q&1 ¼ Q&1

c
þQ&1

i , depends on both the coupling quality factor, Qc, due
to energy losses through the coupling capacitor and the inter-
nal quality factor, Qi, due to all other losses (e.g., dissipation
due to quasiparticles). For our devices, typically Qi > 106, so
Qc % Qi is required for sufficient sensor bandwidth to
resolve the phonon rise time. We assume that the steady-
state quasiparticle number is dominated by the readout
power,15 Pread, (i.e., thermal quasiparticles or thosea)Electronic mail: davidm@caltech.edu.
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generated by stray pair-breaking radiation are negligible) so
Nqp ¼ greadPreadsqp=D, where D is the superconducting gap
and gread is the efficiency for the readout power to create
quasiparticles in the resonator. While the detailed mecha-
nism for quasiparticle generation from the sub-gap readout
phonons remains unclear,15 in the most conservative case we
can assume gread ¼ 1. Finally, we assume that frequency-
based readout is used with the noise dominated by the
HEMT amplifier with noise temperature, TN.

Given these assumptions, the expected energy resolution
for an MKID-based phonon-mediated detector is:5,13

rE ¼
D

gphbðf0; TÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gread

apt

AsubkbTN

2pf0

N0kpb

sqpS1ðf0; TÞ

s

; (1)

where pt is the probability for a phonon to be transmitted
from the substrate to the MKID, a is the fraction of the total
inductance of the resonators due to kinetic inductance, kpb is
the mean free path for phonons to break Cooper pairs in the
MKID,16,17 and N0 is the single-spin density of states. The
ratio of the frequency to dissipation response is defined as b,
while S1 is a dimensionless factor of order unity describing
the dissipation response at temperature, T.18,19

Figure 1 shows the design of prototype arrays consisting
of 20 lumped-element resonators,20 each with a 70 lm wide
meandered inductor (with total area Aind ¼ 1 mm2) con-
nected to an interdigitated capacitor with 20 lm spacing
between fingers. Devices were fabricated on 1 mm thick,
high-resistivity Si substrates (q $ 5 kX cm), which were
deglazed in dilute hydrofluoric acid (HF) just prior to vac-
uum processing. The resonators were patterned by induc-
tively coupled plasma etching (BCl3/Cl2) of a single, 25 nm
thick aluminum film deposited by dc magnetron sputtering at
ambient temperature. The substrates were mounted to a test-
ing enclosure with GE varnish at the corners of the chip,
with total contact area of 8 mm2. An 129I source was
mounted to illuminate the substrate face opposite the resona-
tors, and the enclosure was cooled to 50 mK in a dilution
refrigerator.

The measured Qc varied from 5% 103 to 5% 104, lead-
ing to a corresponding variation in the responsivity. The rela-
tive responsivity was calibrated using &200 events from
cosmic rays or natural radioactivity that deposited
Z500 keV in the substrate. An example 200 keV interaction
is shown in Fig. 2. At times longer than &100 ls after the
interaction, the initial position-dependent information has
decayed away and the phonons have diffused sufficiently
that they are uniformly distributed throughout the substrate.
The phonon velocity is 6–9 mm/ls, depending on polariza-
tion,21 indicating that the average phonon has traversed the
substrate more than 20 times in this period, and all position-
dependent information has been lost. By matching the ampli-
tude of the pulses’ exponential tails at long times, the relative
responsivity can be determined since all resonators receive
the same flux.3 After calibrating for the responsivity, we
denote the “primary channel” as the resonator showing the
largest response and the “opposite channels” as the group of
resonators showing the smallest response.

As shown in Fig. 2, the pulse shape varies significantly
between the primary and opposite channels. We find that the
measured pulses, p(t), are well described by the sum of two
components plus a noise term: pðtÞ ¼ ApspðtÞ þ AosoðtÞ
þ nðtÞ, where Ap is the amplitude of the prompt component
that decays with the quasiparticle lifetime, Ao is the ampli-
tude of the delayed component that decays with the phonon
lifetime, and n(t) is a noise realization. The pulse shape for
the prompt component and delayed component is given by sp

and so, respectively. The standard optimal filter formalism
then gives the amplitude estimates for each pulse component
for the ith channel as:

Âp;i

Âo;i

 !

¼ M(1

X
Reð~s)p ~piÞJ(1

X
Reð~s)o ~piÞJ(1

0

@

1

A; (2)

where the sum runs over the length of the trace, ~sp;o and ~pi

denote the Fourier transforms of sp,o and pi, J is the power
spectral density of the noise, and

FIG. 1. (a) Array layout. The resonators are arranged in an offset grid and
coupled to a coplanar strip feedline. The numbers denote the ordering of res-
onators by frequency, which were evenly spaced by 10 MHz so that the
entire array fits within 200 MHz of bandwidth around 4.8 GHz. The interac-
tion locations for the event from Fig. 2 determined from the energy parti-
tioning (%) and timing delays (O) are also shown. (b) Geometry for a single
resonator.

FIG. 2. Pulses observed in each resonator for a 200 keV energy deposition.
The pulse heights, giving the phase shift of the signal transmitted past the res-
onator in degrees, have been calibrated to remove responsivity variations, and
a 200 kHz low-pass filter has been applied. The numbers denote the corre-
sponding positions shown in Fig. 1 for the resonators closest to the interaction
site, which have large, prompt responses. The resonators farther from the
interaction have smaller, delayed responses. (inset) Optimal filter fit (solid) to
the pulse in the primary channel. The pulse contains a prompt component
(dashed-dotted) that decays away with the quasiparticle lifetime as well as a
delayed component (dashed) that decays away with the phonon lifetime.

232601-2 Moore et al. Appl. Phys. Lett. 100, 232601 (2012)

Downloaded 19 Oct 2012 to 141.108.13.98. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

M ¼

X
j~spj2J"1

X
Reð~s$p~soÞJ"1

X
Reð~s$p~soÞJ"1

X
j~soj2J"1

0

@

1

A: (3)

The energy of the pulse is then reconstructed from the opti-
mal filter amplitudes as E ¼ E0

P
iðÂp;i þ wÂo;iÞ=ri, where

the latter component is weighted by the ratio of the template
integrals, w ¼

P
so=
P

sp, and the index i runs over the res-
onators. Since the two pulse components measure the quasi-
particle creation rate convolved with the quasiparticle decay
time, w gives the ratio of the total number of quasiparticles
created in these components, noting that the linear convolu-
tion does not affect the ratio. The relative responsivity of
each resonator is given by ri while the overall scaling, E0, is
determined by calibration with x-ray lines of known energy.
Figure 3 shows the reconstructed energy spectrum for
phonon-mediated events from an 129I source.

The frequency and dissipation response of the resonators
with temperature were used to determine a ¼ 0:07560:005
and D ¼ 204621 leV.18,19 Comparing the response versus
temperature to the response from the source indicates that
gph ¼ 0:07060:011. Measurements of the frequency noise
confirm that it is consistent with HEMT noise for TN ¼ 5 K.
The quasiparticle lifetime, sqp ¼ 12:961:2 ls, was deter-
mined from the fall time of the prompt component of
the primary channel pulses. Using these parameters and
Eq. (1), the expected resolution for this device was
rE ¼ ð0:48 keVÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gread=pt

p
, consistent with the measured

baseline resolution for
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gread=pt

p
' 0:8. The phonon lifetime

was determined from the fall time of the opposite channel
pulses to be (50 ls, in agreement with the 1 ms fall times
seen in TES-based detectors3 after accounting for the differ-
ences in substrate geometry and sound speed between the
devices.

Although the baseline resolution is consistent with
expectations, the measured energy resolution at 30 keV is

rE ' 1 keV, indicating that systematic variations in the
pulse shape or amplitude with position are dominating the re-
solution. In addition, non-Gaussian tails of events lie
between the expected spectral peaks. To remove poorly col-
lected events and account for these systematic variations, a
simple position estimator was constructed from the relative
partitioning of energy between sensors for each event.1,22

For i resonators at locations (xi, yi) with energy Ei detected
in each resonator, the “X energy partition” is defined as
Px ¼

P
i xiEi=

P
i Ei, and correspondingly for Y. Figure 4

shows the reconstructed event location using this position es-
timator, which has higher signal-to-noise than the corre-
sponding estimator based on timing delays at 30 keV.
Although further calibrations with collimated sources will be
necessary to precisely determine the position resolution of
the device, a rough estimate can be obtained from the over-
lap of the partition distribution for events with neighboring
primary channels. The widths of these overlap regions indi-
cate a typical position resolution of (0.8 mm at 30 keV.

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

In addition, a position-dependent correction for variations
in the reconstructed energy was applied, similar to the correction
used in existing TES-based detectors.1,22 For each event
with energy partition location (Px; Py), the set of n ¼ 400
events with the closest partition location were selected. The
spectrum for these “nearest neighbor” events was fit to deter-
mine the location of the 29.8 keV peak, and the corrected energy
for the event was determined as Ecorr ¼ ð29:8 keV=Enn

29:8ÞE,
where Enn

29:8 is the location of the peak maximum for the event’s
nearest neighbors. The resulting spectrum is shown in Fig. 3.
The best-fit resolution is rEð30 keVÞ ¼ 0:55 keV. This resolu-
tion is nearly a factor of 2 better than the uncorrected resolution
for all events and is within 40% of the baseline resolution of
rEð0 keVÞ ¼ 0:38 keV.

We are currently scaling this design to 0.25 kg substrates
with Asub ' 100 cm2. Existing TES-based phonon-mediated

FIG. 3. Observed spectrum from an 129I source. The reconstructed energy
before (light histogram) and after (dark histogram) restricting to events inter-
acting in the central portion of the substrate and applying the position-based
correction to the energy are shown. The spectrum is fit to the observed lines
at 29.5 (29.8%), 29.8 (53.1%), 33.6 (10.2%), 34.4 (2.2%), and 39.6 keV
(4.6%), where the numbers in parentheses denote the expected absorbed
intensities in 1 mm of Si. The thick line shows the fit to the total spectrum,
with best fit resolution of rE ¼ 0:55 keV at 30 keV. The location of the
39.6 keV peak indicates there is a (2% non-linearity over the 30–40 keV
range, requiring a non-linear energy calibration similar to existing TES-
based athermal phonon mediated detectors.22 (inset) Fit to the reconstructed
energy spectrum for randomly triggered noise traces giving a baseline reso-
lution of rE ¼ 0:38 keV.

FIG. 4. Reconstruction of the interaction location from the energy partition.
The coloring denotes the primary channel for each pulse. The black lines
indicate the selection of events interacting in the center of the substrate. For
comparison, the device geometry from Fig. 1 is overlaid.

232601-3 Moore et al. Appl. Phys. Lett. 100, 232601 (2012)

Downloaded 19 Oct 2012 to 141.108.13.98. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

Filled shape, larger inductor area ΔE (0 keV) = 380 eV

129I source



M. Vignati 

Improving the energy resolution

50

Amplifier noise  
HEMT: 2 - 6 K

Resonator Q [104-5]

Kinetic  
Inductance fraction

[few % for Al]

Superconductor gap  
[180 μeV for Aluminum         1.2 K]

Phonon efficiency
[few % for Al]
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• Al(14)Ti(33)Al(30nm)  
resonator

• 2x2cm2 x 350μm  
Silicon substrate 

• 25 eV RMS @ 0 eV
• Phonon 𝛆 ~ 10%
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fiber spot

http://www.roma1.infn.it/exp/calder


2nd R&D phase:  
large  volumes
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36x36x10 mm3 absorber with Al KID,  
sensed by a contactless feedline 

Si

J. Goupy et al. arXiv:1906.10397
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Abstract:
• Status of a prototype dark matter detector being developed at Caltech
• Designed for use with crystalline target mass
• Utilizes highly-multiplexable kinetic inductance detectors (KIDs) as phonon sensing pixels
• First-pass single-KID resolution measurement of !". $ eV for in-KID quasiparticle energy

Progress on a KID-Based Phonon-Mediated
Dark Matter Detector

Taylor Aralis, Yen-Yun Chang, Sunil Golwala,
Bruce Bumble, Ritoban Basu Thakur, and Osmond Wen

Contact: taralis@caltech.edu

Taylor Aralis
Presenter

Yen-Yung
Chang

Sunil
Golwala

Motivation
• Using astronomical observations, it can be shown that 85% of matter is dark (non-interacting with EM)
• Direct detection experiments seek to observe dark matter passing through local target masses
• For some targets, dark matter interaction would produce propagating athermal phonons
• Athermal phonons can be observed using detectors such as KIDs
• Direct detection experiments want to maximize search time, mass, and sensitivity while minimizing 

background events
• Backgrounds which cannot be avoided at runtime should be removed during analysis
• Background removal is aided by additional event information, such as the location of the initial 

interaction
• Also of interest is the search for sub-GeV dark matter, where low thresholds (< 1 eV) are required

Design
• 80 MKIDs coupled to 1 coplanar waveguide feedline
• KIDs are aluminum
• Δ() ≈ 0.2 meV

• Feedline is niobium
• Δ-. ≈ 1.5 meV
• Want phonon energy to be absorbed by KIDs, not feedline
• < 1% of phonons are above 2Δ12 (for NTL phonons) [1] 

• 3.0 456 ≤ 89 ≤ 3.5 456
• For CASPER ROACH readout (potential large-scale deployment)

• Overcoupled KIDs
• :; ≪ :=
• :9 ≪ :=
• Need bandwidth > 30 kHz to preserve phonon rise time

• High-resistivity silicon substrate
• 75 mm diameter
• 1 mm thick

Readout
• Flexible GPU and SDR-based readout
• Software developed by Lorenzo Minutolo of Caltech/JPL
• See Lorenzo’s poster (139-49 Session A)

• Uses a server GPU to interface with an Ettus Research SDR
• Low-noise cryogenic HEMT amplifier
• ~ 2.5 K noise temperature

• Plan to precede LNA with parametric amplifier currently being developed between Caltech/JPL
• See Peter Day’s poster (156-306 Session B)
• Quantum-limited performance would give ?-~150 mK at 3 GHz

Device Under Test
• Cooled to ~50 mK in DR
• Can fit 74/80 KID resonances from our current device
• 31 have good fits to Mattis-Bardeen theory
• Describes resonance change with temperature
• Gives kinetic inductance fraction (A) and band gap (Δ)

Energy Resolution
• Readout is designed to be cryogenic-amplifier-noise limited
• TLS noise is subdominant due to large resonator size, high power-handling capacity, and expected 

signal timescale (~1 Bs arrival and < ~1 ms fall)
• G-R noise is subdominant due to a lack of continuous quasiparticle creation mechanisms

• Expect dissipation change to dominate signal
• Measured using a new in-array self-calibration technique
• See Yen-Yung Chang’s poster (94-407 Session B)

• Found energy resolution σ~12.6 eV for a single KID on our detector
• Resolution on absorbed quasiparticle energy within that KID

• For an array of E9 KIDs, the resolution would degrade by E9/GHI
• Energy splits among E9 KIDs
• GHI is a phonon-to-quasiparticle efficiency factor

• The measured KID has JKH~23 µs
• This is low for aluminum
• We believe black-body leakage may be the issue
• Can be improved with well designed shielding

Conclusion and Future
• Have taken first device energy resolution measurement for large-array detector type
• Suitable for 10s-100s kg target mass
• Found a single-KID quasiparticle energy resolution of 12.6 eV

• Plan to:
• Repeat measurement in multiple KIDs and compare
• Check absolute calibration on energy deposited in substrate using radioactive spectral line
• Install lower noise parametric amplifier
• Improve fridge black-body shielding to enhance JKH
• 100 Bs is typical for aluminum

• Also, beginning development of a design optimized for threshold rather than background rejection
• Single KID on a smaller substrate to avoid energy splitting
• Use niobium KIDs for self-calibration technique
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For direct detection experiments, it is useful to 
remove near-surface events. They are more likely to 
be weakly penetrating backgrounds. Dark matter will 
have a much longer mean free path.

Multiplexability
• Position reconstruction of a phonon-

producing event requires a high detector 
density

• KIDs are highly multiplexable with simple 
cryogenic readout

• Fabricate many high-Q KIDs with varying 
resonant frequencies on one substrate

• Read them all using one feedline and a 
cryogenic amplifier

Symmetric 
Inductor Interdigitated 

Capacitor

This work was supported by the DOE HEP Cosmic Frontier and Detector R&D programs and by fellowships from the Rose Hills Foundation, the Taiwanese National Science Foundation, and the NASA Space Technology 
Research Fellowship program. The devices were fabricated at the JPL Microdevices Laboratory, which is partially supported by internal JPL funding.
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• Status of a prototype dark matter detector being developed at Caltech
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Motivation
• Using astronomical observations, it can be shown that 85% of matter is dark (non-interacting with EM)
• Direct detection experiments seek to observe dark matter passing through local target masses
• For some targets, dark matter interaction would produce propagating athermal phonons
• Athermal phonons can be observed using detectors such as KIDs
• Direct detection experiments want to maximize search time, mass, and sensitivity while minimizing 

background events
• Backgrounds which cannot be avoided at runtime should be removed during analysis
• Background removal is aided by additional event information, such as the location of the initial 

interaction
• Also of interest is the search for sub-GeV dark matter, where low thresholds (< 1 eV) are required

Design
• 80 MKIDs coupled to 1 coplanar waveguide feedline

• KIDs are aluminum
• Δ() ≈ 0.2 meV

• Feedline is niobium
• Δ-. ≈ 1.5 meV
• Want phonon energy to be absorbed by KIDs, not feedline
• < 1% of phonons are above 2Δ12 (for NTL phonons) [1] 

• 3.0 456 ≤ 89 ≤ 3.5 456
• For CASPER ROACH readout (potential large-scale deployment)

• Overcoupled KIDs
• :; ≪ :=
• :9 ≪ :=
• Need bandwidth > 30 kHz to preserve phonon rise time

• High-resistivity silicon substrate
• 75 mm diameter
• 1 mm thick

Readout
• Flexible GPU and SDR-based readout

• Software developed by Lorenzo Minutolo of Caltech/JPL
• See Lorenzo’s poster (139-49 Session A)

• Uses a server GPU to interface with an Ettus Research SDR
• Low-noise cryogenic HEMT amplifier

• ~ 2.5 K noise temperature
• Plan to precede LNA with parametric amplifier currently being developed between Caltech/JPL

• See Peter Day’s poster (156-306 Session B)
• Quantum-limited performance would give ?-~150 mK at 3 GHz

Device Under Test
• Cooled to ~50 mK in DR
• Can fit 74/80 KID resonances from our current device
• 31 have good fits to Mattis-Bardeen theory

• Describes resonance change with temperature
• Gives kinetic inductance fraction (A) and band gap (Δ)

Energy Resolution
• Readout is designed to be cryogenic-amplifier-noise limited

• TLS noise is subdominant due to large resonator size, high power-handling capacity, and expected 
signal timescale (~1 Bs arrival and < ~1 ms fall)

• G-R noise is subdominant due to a lack of continuous quasiparticle creation mechanisms
• Expect dissipation change to dominate signal
• Measured using a new in-array self-calibration technique

• See Yen-Yung Chang’s poster (94-407 Session B)
• Found energy resolution σ~12.6 eV for a single KID on our detector

• Resolution on absorbed quasiparticle energy within that KID
• For an array of E9 KIDs, the resolution would degrade by E9/GHI

• Energy splits among E9 KIDs
• GHI is a phonon-to-quasiparticle efficiency factor

• The measured KID has JKH~23 µs
• This is low for aluminum
• We believe black-body leakage may be the issue

• Can be improved with well designed shielding

Conclusion and Future
• Have taken first device energy resolution measurement for large-array detector type

• Suitable for 10s-100s kg target mass
• Found a single-KID quasiparticle energy resolution of 12.6 eV

• Plan to:
• Repeat measurement in multiple KIDs and compare
• Check absolute calibration on energy deposited in substrate using radioactive spectral line
• Install lower noise parametric amplifier
• Improve fridge black-body shielding to enhance JKH

• 100 Bs is typical for aluminum
• Also, beginning development of a design optimized for threshold rather than background rejection

• Single KID on a smaller substrate to avoid energy splitting
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MAHLER / Vignati -

MAHLER concept
Scale-up of the number of detectors

7

Phonon mediation  
detect phonons created by  

nuclear recoils in a silicon absorber

Scale-up of detector number  
carve several absorbers in a thick silicon wafer  

multiplexed KID array on opposite surface 

Feasibility study funded by the INFN project “BULLKID”

bottom view
3”

5 mm

4.5 mm carving depth
60 dices 5x5x4.5 mm3

60 aluminum KIDs
1 readout line

side/top view

KID  (~ 2x2 mm2 x 60 nm)

Phonons scatter in the 
lattice, a fraction is 

absorbed by the KID

Dark Matter /  
neutrino

Dark Matter /  
neutrino

5 m
m

Phonon collection efficiency in the KID  
is key for a good energy threshold
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Nuclear recoil detector with:
✓ 16 (4”)  BULLKIDs  

(> n2000 voxels)
✓ 0.8 kg of silicon target
✓ 200 ÷ 50 eV threshold  

(160 eV demonstrated)

Unique features 
among phonon 
detectors:
✓ fully active
✓ fiducialization

✓ scalable
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samples per second analog-to-digital converter !ADC" was
used for sampling the transmitted waveform. This was fol-
lowed by digital mixing, low-pass filtering and decimation
resulting in a pair of I and Q values for each resonator. Due
to the slow roll-off of the digital 1.2 MHz low-pass filter
implemented, an inter-resonator spacing of at least #4 MHz
was necessary to eliminate potential interference. Along with
the 50 MHz Nyquist bandwidth of the ADC, the current elec-
tronics were thus able to measure up to 12 resonance in
parallel. Using a faster ADC and improved digital filter,
!100 pixels per transmission line should be achievable with
modern electronics. In order to reduce the high data-rate re-
sulting from fast sampling, an individual trigger for each
resonance was established. On-board memory simulta-
neously captured all of the signals if any trigger was ex-
ceeded. A diagram of the measurement setup can be seen in
Fig. 2.

The resonant frequency for an unloaded LEKID is given
by

f0 =
1

2"$!LK + LG"C!#"
, !1"

where # is the effective surrounding permittivity, and LK,
LG, and C are the resonator’s kinetic inductance, geometric

inductance, and capacitance, respectively.13 A change in the
resonant frequency $f0 may be expressed as $f0
=$LK! f0 /!LK. From this, $f0= !−Cf0

3 /2"$LK. A small linear
shift in the kinetic inductance results in a proportional fre-
quency shift in the resonance feature. In the IQ plane, a small
shift in frequency primarily results in rotation around the
resonance curve. This can be expressed as a rotation angle %
as shown in Fig. 3!a".

Since all the resonators are geometrically identical, ex-
cept for slight differences in the capacitive section intro-
duced to adjust the resonance frequencies, they all posses the
same LK. Hence, for a fixed energy input, all the resonators
will experience the same frequency shift &f . In Fig. 3!b", a
plot of % is shown for a 120 kHz frequency sweep around a
resonance. A fit to the central data in this plot yields the slope
&% /&f . For small %, dividing by &% /&f results in a corre-
sponding &f and is effectively a calibration of the resonance.

During a typical measurement, hundreds of events were
captured over the course of a few hours at a rate of one event
every #5–20 s. An event causing a moderate response from
all 5 pixels is shown in Fig. 4. The decreasing amplitudes in
going from pixel 1 to 5 along with the increasing time delay
corroborates the hypothesis that the cosmic rays are not in-
teracting directly with the resonators but rather create
phonons in the substrate which propagate to the LEKIDs. At
T=100 mK'Tc#1.2 K, thermal phonons do not have suf-
ficient energy to break superconducting pairs and cannot re-
sult in a measurable signal. The phonons which are detected
are thus nonthermalized and posses energies exceeding the
gap energy.
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FIG. 1. !a" Array micrograph. Each line of five pixels was designed to
occupy a 50 MHz bandwidth. The five labeled pixels were used to measure
phonon propagation. !b" 2(2 mm2 LEKID. !c" In-phase !I" and quadrature
!Q" transmission amplitudes. The numeric labels correspond to the pixels in
!a", the arrows indicate the direction of increasing frequency and the star !! "
marks the origin. !d" Total transmitted amplitude for the measurement
shown in !c", calculated using amplitude2=I2+Q2.
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FIG. 2. Electronic readout. A digital-signal processing card is used to
frequency-multiplex the resonators. The individual components shown are:
!i" high-frequency synthesizer !0.1–8 GHz", !ii" splitter, !iii" mixer, !iv"
attenuator, !v" amplifier, and !vi" low-pass filter.
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FIG. 4. !a" Calibrated high-speed detection of a cosmic event using 5 KIDs.
The individual responses are offset by 100 kHz. The dashed vertical line is
the time that a resonator trigger level was exceeded, in this case by pixel 1.
!b" Zoom of initial rise clearly showing the propagation delay.
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