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TES detectors

• Invented by HEP for DM

• HEP scientists using TES technology for leadership beyond DM

• CMB

• Neutrinos

• Astro, national security, quantum information, synchrotron, etc...

• Strong case for continued HEP R&D to continue leadership in HEP science

• coordinate/communicate/partner across TES resources/expertise



The Modern Transition Edge Sensor

An application of electrothermal feedback for high resolution cryogenic
particle detection
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A novel type of superconducting transition edge sensor is proposed. In this sensor, the temperature
of a superconducting film is held constant by feeding back to its position on the resistive transition
edge. Energy deposited in the film is measured by a reduction in the feedback Joule heating. This
mode of operation should lead to substantial improvements in resolution, linearity, dynamic range,
and count rate. Fundamental resolution limits are below DE5AkT2C , which is sometimes
incorrectly referred to as the thermodynamic limit. This performance is better than any existing
technology operating at the same temperature, count rate, and absorber heat capacity. Applications
include high resolution x-ray spectrometry, dark matter searches, and neutrino detection. © 1995
American Institute of Physics.

Superconducting transition edge sensors suffer from
limitations due to film nonuniformity, transition nonlinearity,
and limited dynamic range. In electrical circuits, analogous
limitations are often avoided by using feedback techniques.
This scheme can be used with superconducting transition
edge sensors by using feedback to hold the temperature of
the film constant. The feedback signal is the required heat
input.

Joule heating can be used to provide such feedback.
When a superconducting film is voltage biased and the sub-
strate is cooled to well below the transition temperature, the
film can be made to self-regulate in temperature within its
transition. As the film cools, its resistance drops towards
zero, and the Joule heating increases. A stable equilibrium is
established when Joule heating matches the heat loss into the
substrate. The feedback signal is the change in Joule power
in the film, the product of the bias voltage, and the measured
current.

It has been noted that when films are voltage biased,
pulse duration can be shortened.1–3 If film transitions are
sharp and the substrate is cooled to well below the transition
of the film, this effect should be quite large.

We model the detector as a film of heat capacity C con-
nected to a substrate at a constant temperature Ts . The tem-
perature of the film is determined by the Joule heating and
the heat loss to the substrate. The heat loss to the substrate
goes as K(Tn2Ts

n), where K is a material and geometry
dependent parameter and n is a number whose value depends
on the dominant thermal impedance between the substrate
and the electrons in the superconducting film. This thermal
impedance is set at higher temperatures and in thicker films
by the Kapitza boundary resistance between the film and the
substrate. For thinner films, and at lower temperatures, the
electron-phonon decoupling in the film dominates. If the
Kapitza resistance dominates, n is 4. If electron-phonon de-
coupling in the film dominates, n is either 5 or 6, depending
on the theory and the temperature range.

When an event heats the film a small amount above the

equilibrium temperature, the return to equilibrium is de-
scribed by

C
dDT
dt 52

P0a
T DT2gDT , ~1!

where the first term on the right-hand side is the effect of
reduced Joule heating, and the last term is the effect of in-
creased heat flow to the substrate. The thermal conductance
g5dP/dT5nKTn21, a5(T/R)(dR/dT), a unitless mea-
sure of the sharpness of the superconducting transition, and
P0 is the equilibrium Joule power. When the substrate tem-
perature is much colder than the film, P05KTn5gT/n , and
the pulse recovery time constant is seen to be

teff5
t0

11a / n , ~2!

where t05C/g is the intrinsic time constant of the film ~the
pulse recovery time constant in the absence of Joule heat-
ing!.

Extremely low-Tc superconducting films can be fabri-
cated with a as high as 1000.4 Thus, electrothermal feedback
can shorten pulse duration by two orders of magnitude. Un-
der these conditions, major simplifications are possible in
interpreting detector pulses.

When the pulse duration is much shorter than the intrin-
sic time constant, the detector is operating in a mode where
the pulse energy is removed by a reduction in Joule heating,
instead of an increased heat flow to the substrate. Thus, the
energy deposited in the film is simply the integral of the
change in the Joule power

a!Electronic mail: irwin@leland.stanford.edu FIG. 1. Instrumentation of the ETF-TES.

1998 Appl. Phys. Lett. 66 (15), 10 April 1995 0003-6951/95/66(15)/1998/3/$6.00 © 1995 American Institute of Physics
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• TES invented by HEP for Dark Matter science
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CDMS: TES-based Dark Matter detector ca. 2002
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of a superconducting film is held constant by feeding back to its position on the resistive transition
edge. Energy deposited in the film is measured by a reduction in the feedback Joule heating. This
mode of operation should lead to substantial improvements in resolution, linearity, dynamic range,
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include high resolution x-ray spectrometry, dark matter searches, and neutrino detection. © 1995
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Superconducting transition edge sensors suffer from
limitations due to film nonuniformity, transition nonlinearity,
and limited dynamic range. In electrical circuits, analogous
limitations are often avoided by using feedback techniques.
This scheme can be used with superconducting transition
edge sensors by using feedback to hold the temperature of
the film constant. The feedback signal is the required heat
input.

Joule heating can be used to provide such feedback.
When a superconducting film is voltage biased and the sub-
strate is cooled to well below the transition temperature, the
film can be made to self-regulate in temperature within its
transition. As the film cools, its resistance drops towards
zero, and the Joule heating increases. A stable equilibrium is
established when Joule heating matches the heat loss into the
substrate. The feedback signal is the change in Joule power
in the film, the product of the bias voltage, and the measured
current.

It has been noted that when films are voltage biased,
pulse duration can be shortened.1–3 If film transitions are
sharp and the substrate is cooled to well below the transition
of the film, this effect should be quite large.

We model the detector as a film of heat capacity C con-
nected to a substrate at a constant temperature Ts . The tem-
perature of the film is determined by the Joule heating and
the heat loss to the substrate. The heat loss to the substrate
goes as K(Tn2Ts

n), where K is a material and geometry
dependent parameter and n is a number whose value depends
on the dominant thermal impedance between the substrate
and the electrons in the superconducting film. This thermal
impedance is set at higher temperatures and in thicker films
by the Kapitza boundary resistance between the film and the
substrate. For thinner films, and at lower temperatures, the
electron-phonon decoupling in the film dominates. If the
Kapitza resistance dominates, n is 4. If electron-phonon de-
coupling in the film dominates, n is either 5 or 6, depending
on the theory and the temperature range.

When an event heats the film a small amount above the

equilibrium temperature, the return to equilibrium is de-
scribed by
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dDT
dt 52
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where the first term on the right-hand side is the effect of
reduced Joule heating, and the last term is the effect of in-
creased heat flow to the substrate. The thermal conductance
g5dP/dT5nKTn21, a5(T/R)(dR/dT), a unitless mea-
sure of the sharpness of the superconducting transition, and
P0 is the equilibrium Joule power. When the substrate tem-
perature is much colder than the film, P05KTn5gT/n , and
the pulse recovery time constant is seen to be

teff5
t0

11a / n , ~2!

where t05C/g is the intrinsic time constant of the film ~the
pulse recovery time constant in the absence of Joule heat-
ing!.

Extremely low-Tc superconducting films can be fabri-
cated with a as high as 1000.4 Thus, electrothermal feedback
can shorten pulse duration by two orders of magnitude. Un-
der these conditions, major simplifications are possible in
interpreting detector pulses.

When the pulse duration is much shorter than the intrin-
sic time constant, the detector is operating in a mode where
the pulse energy is removed by a reduction in Joule heating,
instead of an increased heat flow to the substrate. Thus, the
energy deposited in the film is simply the integral of the
change in the Joule power
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SPT: TES-based CMB bolometers ca. 2007

UCB, A.T. Lee



CMB from SPT

2500 deg2
Story et al., arXiv:1210.7231



CMB from SPT

Story et al., arXiv:1210.7231



CMB polarimetry: Active field of TES detector 
development (completed for Stage II CMB)

Proceedings of the DPF-2011 Conference, Providence, RI, August 8-13, 2011 5

Figure 4: (a) An image of the full POLARBEAR focal plane as seen from the top (b) A single hex wafer plus vertically
integrated readout (c) Microscope image of a single POLARBEAR pixel with important components labeled

area available for the rest of the pixel). The lenslets are quarter-wavelength anti-reflection coated to minimize
reflection loss at the surface. The coupling of the extended hemispherical lenslet above the planar antenna
produces a di↵raction-limited beam with Gaussicity and directivity similar to that of a conical horn [16].
Another benefit of superconducting TES bolometers is that they can be read-out and multiplexed by low

noise SQUID amplifiers, allowing for simultaneous readout of thousands of detectors. POLARBEAR detector
signals are read-out with a frequency-domain multiplexed readout using cryogenic SQUID ammeters. A group
of eight transition edge sensor (TES) bolometers is AC voltage-biased, each with a di↵erent frequency, and its
current response is summed using a single SQUID. The “frequency comb” SQUID signals exit the cryostat and
are demodulated at 300 K. This multiplexed readout reduces the otherwise prohibitive amount of wiring, and is
designed as a vertical stack (Figure 4b) allowing POLARBEAR to take full advantage of (precious) cold focal
plane area.

4. Recent Results

An engineering run of POLARBEAR was performed in 2010 at the CARMA site in the Inyo Mountains of
Eastern California. The focal plane of this engineering run contained three of seven hexagonal sub-arrays and
a 50% attenuating filter at 4K was placed in the optical path to reduce the high atmospheric power present in
California (which will be absent in the James Ax Observatory in the Atacama Desert). Bright astrophysical
point sources were observed in order to characterize POLARBEAR’s beam parameters. Data was accumulated
for each source by scanning the telescope in azimuth and stepping in elevation. In this way, each pixel crosses
the source many times. Co-added maps of the brightest celestial source, Jupiter, are shown in Figure 5a. These
maps give a best fit Gaussian beam with full width at half maximum of 3.8 arcminutes.
Observations of the bright, polarized mm-wave source Tau A were performed during the Cedar Flat engi-

neering run. A row of 12 observing pixels were chosen and rastered back and forth across across Tau A for
approximately two hours while the HWP was stationary. Maps were subsequently produced by rotating the
HWP and reobserving Tau A. Figure 5b shows the co-added temperature and polarization maps of Tau A. The
polarization magnitude and angle show good agreement with published results [17].
Other tests (such as polarization response) were also performed during the Cedar Flat engineering run to

characterize beam parameters. POLARBEAR is more than a factor of two better than the most stringent
requirements for di↵erential pointing, di↵erential ellipticity, and di↵erential beam size in order to detect CMB
B-Modes from inflationary gravitational waves with r = 0.025.

5. Future Plans

The goals of POLARBEAR are to detect the gravity-wave background (GWB) and the imprint of massive
neutrinos on the gravitational lensing power spectrum. To this end, the POLARBEAR team is pursuing a long
range strategy featuring multiple telescopes, which are currently under construction, coupled to novel wide-band
antennas and TES bolometers. Here, we briefly outline our long range strategy. We will not refer to the telecope
described previously as POLARBEAR-1 and the long range project as POLARBEAR.

BICEP2/Keck

SPTpol (& ACTpol) Polarbear

4.22 mm 

SPTpol



Stage II: e.g. SPTpol (ca. 2011)

4.22 mm 

ANL,
C.L.Chang

NIST,
 K.D. Irwin



Stage II: e.g. SPTpol
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• First 6 months on 100 deg2

• ~10 uK rms

• Observe 480 deg2 over next 3 years (1600 detectors!)
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Beyond Planck: Stage III & IV

• Target 10x mapping speed of Stage II
• O(10,000) optical modes vs O(1000) 

for Stage II
• σ(r) = 0.01
• σ(Σmν) = 60 meV

• Stage IV another 10x

B-modes
(Inflation)

B-modes
(lensed)

Planck
Stage II
Stage III



Beyond Planck: Stage III & IV

• Target 10x mapping speed of Stage II
• O(10,000) optical modes vs O(1000) 

for Stage II
• σ(r) = 0.01
• σ(Σmν) = 60 meV

• Stage IV another 10x

B-modes
(Inflation)

B-modes
(lensed)

Planck
Stage II
Stage IIIσ(Neff) σ(Σmν) σ(r)

Planck

Stage II

STAGE III*

0.14 117 meV 0.06

0.12 96 meV 0.03

0.06 61 meV 0.01
* includes projections from BOSS



Development for Stage III & IV

• Reminder: BACKGROUND LIMITED... 
need more detectors

• Post Stage II building block: large 
monolithic detector arrays

• Increase detector density and readout

• Develop mass production of many large 
arrays of detectors
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Suzuki et al., Proc. SPIE 8452, Mm, Sub-mm, and Far-IR Detectors and Instr. for Astro. VI, 84523H (October 5, 2012)



CMB Science & “Roadmap”

• Science goals
• Unique probe of Inflation, ~1016 GeV (Planck will not do this)
• CMB lensing constrains/measures neutrino mass
• CMB polarization is an opportunity for US leadership

• Stage III: (>10K detector elements)
• 10x mapping speed over Stage II
• deploy latter half of the decade

• Stage IV: (>100K detector elements)
• 100x mapping speed over Stage II
• deploy ~2020, observe for 5 years
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A novel type of superconducting transition edge sensor is proposed. In this sensor, the temperature
of a superconducting film is held constant by feeding back to its position on the resistive transition
edge. Energy deposited in the film is measured by a reduction in the feedback Joule heating. This
mode of operation should lead to substantial improvements in resolution, linearity, dynamic range,
and count rate. Fundamental resolution limits are below DE5AkT2C , which is sometimes
incorrectly referred to as the thermodynamic limit. This performance is better than any existing
technology operating at the same temperature, count rate, and absorber heat capacity. Applications
include high resolution x-ray spectrometry, dark matter searches, and neutrino detection. © 1995
American Institute of Physics.

Superconducting transition edge sensors suffer from
limitations due to film nonuniformity, transition nonlinearity,
and limited dynamic range. In electrical circuits, analogous
limitations are often avoided by using feedback techniques.
This scheme can be used with superconducting transition
edge sensors by using feedback to hold the temperature of
the film constant. The feedback signal is the required heat
input.

Joule heating can be used to provide such feedback.
When a superconducting film is voltage biased and the sub-
strate is cooled to well below the transition temperature, the
film can be made to self-regulate in temperature within its
transition. As the film cools, its resistance drops towards
zero, and the Joule heating increases. A stable equilibrium is
established when Joule heating matches the heat loss into the
substrate. The feedback signal is the change in Joule power
in the film, the product of the bias voltage, and the measured
current.

It has been noted that when films are voltage biased,
pulse duration can be shortened.1–3 If film transitions are
sharp and the substrate is cooled to well below the transition
of the film, this effect should be quite large.

We model the detector as a film of heat capacity C con-
nected to a substrate at a constant temperature Ts . The tem-
perature of the film is determined by the Joule heating and
the heat loss to the substrate. The heat loss to the substrate
goes as K(Tn2Ts

n), where K is a material and geometry
dependent parameter and n is a number whose value depends
on the dominant thermal impedance between the substrate
and the electrons in the superconducting film. This thermal
impedance is set at higher temperatures and in thicker films
by the Kapitza boundary resistance between the film and the
substrate. For thinner films, and at lower temperatures, the
electron-phonon decoupling in the film dominates. If the
Kapitza resistance dominates, n is 4. If electron-phonon de-
coupling in the film dominates, n is either 5 or 6, depending
on the theory and the temperature range.

When an event heats the film a small amount above the

equilibrium temperature, the return to equilibrium is de-
scribed by

C
dDT
dt 52

P0a
T DT2gDT , ~1!

where the first term on the right-hand side is the effect of
reduced Joule heating, and the last term is the effect of in-
creased heat flow to the substrate. The thermal conductance
g5dP/dT5nKTn21, a5(T/R)(dR/dT), a unitless mea-
sure of the sharpness of the superconducting transition, and
P0 is the equilibrium Joule power. When the substrate tem-
perature is much colder than the film, P05KTn5gT/n , and
the pulse recovery time constant is seen to be

teff5
t0

11a / n , ~2!

where t05C/g is the intrinsic time constant of the film ~the
pulse recovery time constant in the absence of Joule heat-
ing!.

Extremely low-Tc superconducting films can be fabri-
cated with a as high as 1000.4 Thus, electrothermal feedback
can shorten pulse duration by two orders of magnitude. Un-
der these conditions, major simplifications are possible in
interpreting detector pulses.

When the pulse duration is much shorter than the intrin-
sic time constant, the detector is operating in a mode where
the pulse energy is removed by a reduction in Joule heating,
instead of an increased heat flow to the substrate. Thus, the
energy deposited in the film is simply the integral of the
change in the Joule power

a!Electronic mail: irwin@leland.stanford.edu FIG. 1. Instrumentation of the ETF-TES.

1998 Appl. Phys. Lett. 66 (15), 10 April 1995 0003-6951/95/66(15)/1998/3/$6.00 © 1995 American Institute of Physics
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• TES invented by HEP for Dark Matter science

• From Dark Matter to leading CMB

• ...and beyond
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Ambitious new directions: Cosmic Neutrino 
Background

• Initially, entire Universe was a hot dense state

• Weak interactions keep neutrinos in thermal equilibrium with rest of primordial 
plasma

• Neutrino decoupling

• at t~1 sec (kBT~1 MeV) Weak interaction rate too slow to keep up with 
expansion

•  ~113 cm-3 per neutrino specie

• TCvB ~ 1.9 K



Direct detection of the CvB

N ! N 0 + e� + ⌫̄

⌫ +N ! N 0 + e�

Weinberg, Phys. Rev. 128:3, 1457 (1962)
Lazauskas et al., J.Phys. G35 (2008) 025001 
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β-decay endpoint CvB capture peak
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Superconducting transition edge sensors suffer from
limitations due to film nonuniformity, transition nonlinearity,
and limited dynamic range. In electrical circuits, analogous
limitations are often avoided by using feedback techniques.
This scheme can be used with superconducting transition
edge sensors by using feedback to hold the temperature of
the film constant. The feedback signal is the required heat
input.

Joule heating can be used to provide such feedback.
When a superconducting film is voltage biased and the sub-
strate is cooled to well below the transition temperature, the
film can be made to self-regulate in temperature within its
transition. As the film cools, its resistance drops towards
zero, and the Joule heating increases. A stable equilibrium is
established when Joule heating matches the heat loss into the
substrate. The feedback signal is the change in Joule power
in the film, the product of the bias voltage, and the measured
current.

It has been noted that when films are voltage biased,
pulse duration can be shortened.1–3 If film transitions are
sharp and the substrate is cooled to well below the transition
of the film, this effect should be quite large.

We model the detector as a film of heat capacity C con-
nected to a substrate at a constant temperature Ts . The tem-
perature of the film is determined by the Joule heating and
the heat loss to the substrate. The heat loss to the substrate
goes as K(Tn2Ts

n), where K is a material and geometry
dependent parameter and n is a number whose value depends
on the dominant thermal impedance between the substrate
and the electrons in the superconducting film. This thermal
impedance is set at higher temperatures and in thicker films
by the Kapitza boundary resistance between the film and the
substrate. For thinner films, and at lower temperatures, the
electron-phonon decoupling in the film dominates. If the
Kapitza resistance dominates, n is 4. If electron-phonon de-
coupling in the film dominates, n is either 5 or 6, depending
on the theory and the temperature range.

When an event heats the film a small amount above the

equilibrium temperature, the return to equilibrium is de-
scribed by

C
dDT
dt 52

P0a
T DT2gDT , ~1!

where the first term on the right-hand side is the effect of
reduced Joule heating, and the last term is the effect of in-
creased heat flow to the substrate. The thermal conductance
g5dP/dT5nKTn21, a5(T/R)(dR/dT), a unitless mea-
sure of the sharpness of the superconducting transition, and
P0 is the equilibrium Joule power. When the substrate tem-
perature is much colder than the film, P05KTn5gT/n , and
the pulse recovery time constant is seen to be

teff5
t0

11a / n , ~2!

where t05C/g is the intrinsic time constant of the film ~the
pulse recovery time constant in the absence of Joule heat-
ing!.

Extremely low-Tc superconducting films can be fabri-
cated with a as high as 1000.4 Thus, electrothermal feedback
can shorten pulse duration by two orders of magnitude. Un-
der these conditions, major simplifications are possible in
interpreting detector pulses.

When the pulse duration is much shorter than the intrin-
sic time constant, the detector is operating in a mode where
the pulse energy is removed by a reduction in Joule heating,
instead of an increased heat flow to the substrate. Thus, the
energy deposited in the film is simply the integral of the
change in the Joule power

a!Electronic mail: irwin@leland.stanford.edu FIG. 1. Instrumentation of the ETF-TES.
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• TES invented by HEP for Dark Matter science

• From Dark Matter to leading CMB

• ...and beyond

Irwin, Appl. Phys. Lett., 66, 1998 (1995)



Multi/inter-disciplinary

• Optical: spectrophotometry & quantum cryptography

• X-ray: astrophysics & synchrotron science

• mm-wave thermal imaging for national security

• “gamma” ray spectroscopy for nuclear non-proliferation

• calorimeters for beta decay

Romani et al., The Astrophysical Journal, 521:L153-L156, 1999

Iyomoto et al., Appl. Phys. Lett. 92, 013508 (2008)



TES detectors

• Invented by HEP for DM

• HEP scientists using TES technology for leadership beyond DM

• CMB

• Neutrinos

• Astro, national security, quantum information, synchrotron, etc...

• Strong case for continued HEP R&D to continue leadership in HEP science

• coordinate/communicate/partner across TES resources/expertise


