
Development of transition edge sensor detectors optimized for
single-photon spectroscopy in the optical and near-infrared

Peter C. Naglera, S. Harvey Moseleya, Bernard J. Rauschera, and John E. Sadleira

aNASA/Goddard Space Flight Center, Greenbelt, MD USA

ABSTRACT

The search for biosignatures in the atmospheres of exoplanets will be a key focus of future space telescopes that
operate in the ultraviolet, visible, and near-infrared bands. Detection of biosignatures requires an instrument
with moderate spectral resolving power (R ∼ 100) and a large bandwidth (∼ 400 nm – ∼ 1.8 µm). Additionally,
biosignature detection is a photon-starved science; instruments designed for these measurements would ideally
combine high optical efficiency with quantum-limited photon detectors (i.e., detectors that exhibit zero dark
current). In this work, we report on our efforts to develop energy resolving transition edge sensor (TES)-based
detectors designed for biosignature detection. TESs operated as microcalorimeters are compelling detectors for
this application. Unlike semiconductor detectors, TESs eliminate the need for dispersive optics and are truly
single photon detectors – fundamental TES noise yields uncertainty in the energies of detected photons, not in
the number of detected photons. We introduce TESs designed for this application and discuss the path toward
realizing a TES-based dispersionless spectrometer optimized for biosignature detection.
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1. INTRODUCTION

The search for life on other worlds holds pride of place in NASA’s 30-year strategic vision for astrophysics.1,2

Already, concepts exist for a Large Ultraviolet-Optical-Infrared (LUVOIR) space telescope equipped with a
coronagraph and a starshade-based Habitable ExoPlanet Imaging Mission (HabEx).3 For either concept, once a
promising “exoEarth” candidate is found, spectroscopic biosignature characterization (Figure 1) will be used to
seek evidence of life.

Unfortunately, even with 12 meters of aperture, biosignature characterization is extremely photon starved.
For example, assuming a solar twin at 15 pc and an Earth-twin seen at quadrature, the count rate is only ∼ 0.006
ph s−1 pix−1 at 760 nm in the focal plane of a dispersed coronagraph.6,7 This feeble flux includes contributions
from the exoEarth, Zodiacal and extra-Zodiacal light, and assumes a coronagraph background that is dominated
by these astronomical sources. With a source arrival rate (excluding backgrounds) of only about one photon
every 6 minutes per pixel in a dispersed focal plane, a noiseless detector – i.e., a nearly quantum-limited single
photon detector – is highly desirable.

In this work, we discuss the use of a transition edge sensor (TES) for biosignature detection. TESs are es-
pecially attractive biosignature detector candidates. In contrast to semiconductor detectors, TESs have no read
noise (in the conventional astronomy sense) and no dark current. TESs are energy resolving; they offer the tan-
talizing prospect of non-dispersive imaging spectroscopy at sufficient resolving powers for biosignature detection.
A TES spectrograph does not require a dispersing spectrograph’s heavy and complex optics because each pixel
directly measures an incident photon’s energy. In Section 2, we provide a brief review of semiconductor single
photon detectors, and introduce low temperature detectors as an alternative. In Section 3, we discuss the unique
potential of a TES as a biosignature detector, especially noting the recent advances in signal processing that will
enable a TES to meet the requirements imposed by biosiganture detection. We show results of calculations that
apply results of non-linear signal processing to realistic LUVOIR-type devices and discuss how we will improve
upon earlier TES work in the optical to meet LUVOIR-type requirements. Finally, in Section 4, we discuss
ongoing work on the path toward achieving a biosignature detection-capable TES.
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Figure 1. The Earth seen as an exoplanet. To make the spectrum, Turnbull et al.4 observed the Earth, as reflected back
by the night side of the moon. Biosignatures are atmospheric features that indicate potential life. Once a rocky planet is
found, H2O is necessary for life as we know it. Biological processes can make O2 and O3, although abiotic mechanisms
(e.g., photo-dissociation of H2O) are possible. Confirming biosignatures5 are needed to rule out false positives. H2O at
λ = 940 nm and O2 at λ = 760 nm are particularly important biosignatures. The 760 nm O2 line sets the nominal
requirement for resolving power, R = λ/∆λ > 100.

2. SINGLE PHOTON DETECTORS

A true single photon detector has zero uncertainty in the number of detected photons. Although several
semiconductor-based “photon counting” detector technologies exist, of which e2v’s electron multiplying CCD
(EMCCD) is arguably the best known,8 all semiconductor detectors add noise. This noise manifests itself
as false positive or “dark” counts (where a photon is counted, but no photon actually arrived). As such, a
semiconductor-based detector does not function as true single photon detector.

There are unavoidable practical reasons for this. All real semiconductors have imperfections, and some of
these will manifest as electrically active defect states (charge “traps”) in the bandgap. For typical T ≥ 80
K visible and infrared (VISIR) detector operating temperatures, there will always be sufficient thermal energy
in the semiconductor to promote some charges across the bandgap with the assistance of traps to appear as
dark current. Even if one could make a perfectly defect-free crystal, once in space, proton irradiation would
create defects, thereby undermining it for single photon detection.9 Moreover, charge traps can manifest in other
undesirable ways besides dark current; the charge transfer inefficiency degradation that plagues n-channel CCDs,
including EMCCDs, is caused by trapping.

In contrast to detectors sensitive to single electron energetics and localized defect states, TES is a thermo-
dynamic detector. The signal is a thermodynamic quantity (the temperature of the electron system in a solid)
– the average of a very large system. A dark count event for the TES would occur if a noise record is mistaken
for a thermal pulse. If we just recorded dark noise traces, and assuming typical sampling rates with a resolving
power R ∼ 4, a TES would give only one dark count – a false-positive in-band photon – per age of the universe.
Another source of false positive occurs when two photons arrive at a pixel within a small time window. For the
ExoEarth about 1 in every billion photons will fall within ±5 ns of each other. But given that the LUVOIR
bands considered only span a factor of 2 in energy, even these very rare events can be rejected with negligible
impact on the absorption efficiency. Additionally, TESs are immune to local defects; they are composed of
standard-coupling elemental BCS superconductors that have very large characteristic lengths (∼ 10’s nm) that
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Figure 2. Built-in energy resolution line profiles of: (a) existing MKID and linear TES detector, (b) predicted response for
a non-linear TES with resolving power R = 100. The line profiles show each respective detector’s response to the same
number of photons at three wavelengths: λ = 406.6 nm, 671 nm, and 982.1 nm. We show these photon energies because
they represent published test data for the existing MKIDs and linear TESs.11,12

become significantly larger still very near the transition temperature Tc. For such superconductors, the energy
gap and Tc are insensitive to nonmagnetic impurities and crystallographic defects (Anderson’s theorem).10

TESs have operated as single photon detectors in the optical and near-infrared (NIR) bands for decades,13,14

often using W as the sensor material. Optical TES detectors developed at Stanford University achieved a
resolving power E/∆EFWHM ' 20 during observations of Crab Nebulae.13 More recently, optical TES detectors
have been used for applications in quantum optics and quantum information science. These fields require a
detector exhibiting extremely high detection efficiency, no dark counts, high count rates, and sufficient spectral
resolution to resolve the number of incident monochromatic photons stemming from quantum optical processes.
The TES energy resolution demonstrated by the Stanford group in 199813 is suffucient for these applications, so
the most recent optical TES work has focused on achieving the highest system detection efficiency possible (with
efficiencies now routinely in excess of ninety percent for fiber-coupled devices15) and in speeding up devices to
accommodate high count rates. The latter is accomplished by raising the device’s operating temperature, trading
energy resolution (already sufficiently high) for speed.16 Figure 3 demonstrates the capability of a W TES to
resolve 1550 nm (0.8 eV) photons17 for the quantum optics applications. The energy resolution of this device
is 0.159 ± 0.005 eV. These efforts to increase speed and efficiency recently led to the first demonstrations of a
loophole-free test of Bell’s inequality, a long-sought goal in experimental quantum physics.18

Although other low temperature detectors (LTDs) exist, including microwave kinetic inductance detectors
(MKID), Superconducting Nanowire Single Photon Detectors (SNSPD), and Superconducting Tunnel Junction
(STJ) arrays, TESs are uniquely promising in the context of biosignature detection. Compared to MKIDs, we
believe that TESs uniquely promise to meet biosignature characterization’s R = λ/∆λ > 100 spectral energy
resolving requirement (see Figure 2). In contrast to SNSPDs, TESs are energy resolving.

Individual STJ detectors have achieved R ∼ 7, but their use in astrophysics has been limited by the lack of
an effective multiplexing system and the difficulty of optimizing STJs for efficient optical absorption over a wide
wavelength range. In contrast, TES spectrometers can apply the full range of multiplexing systems developed
for x-ray and CMB applications. For example, the LYNX x-ray mission under study for the 2020 decadal survey
is developing a SQUID-based readout system for a focal plane consisting ∼ 105 TESs, larger than the nominal
∼ 241× 241 array needed for LUVOIR.
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Figure 3. (a) Comparison of linear and non-linear pulse processing algorithms. The non-linear algorithm gives near-
constant ∆EFWHM out to the largest photon energies measured. Gray dashed lines are contours of constant resolving
power. Standard TES spectrometer design would be limited to photon energies in the shaded gray Linear Energy Regime.
(b) Photon pulse height distribution measuring 1550 nm photons with ∆EFWHM = 0.145 ± 0.005 eV.17(c) Zero (blue),
one (black), and two (red) photon pulses from a 785 nm laser measured by a W TES embedded in an optimized optical
stack with Tc ∼ 180 mK.

3. THE TES AS A BIOSIGNATURE DETECTOR

In this section, we describe the path toward realizing a biosignature-detecting TES. We start with a review of
the thermodynamics of a TES and the TES design considerations typically employed for a given spectroscopy
application. Then we discuss a non-linear pulse processing algorithm recently developed at NASA/GSFC that
greatly expands the parameter space over which a given device can operate. We present modeling results that
show how a TES designed with the standard thermodynamic model can meet the requirements of a LUVOIR or
HABEX-type mission by operating in the non-linear regime.

3.1 Thermodynamic TES Model

The laws of thermodynamics, applied to any physical system with dissipation, require associated fluctuations in its
state variables (noise). For a TES, the known thermodynamic fluctuations are associated with electrical resistance
(Johnson noise in the TES resistance R0 and in the bias shunt resistor Rsh) and thermal impedance (phonon
noise or thermal fluctuation noise (TFN) across the thermal link G). These noise sources set a fundamental
thermodynamic limit on the achievable energy resolution ∆EFWHM of a TES. The expression for ∆EFWHM, the
energy uncertainty due to thermodynamic noise, simplifies to a compact form19 if we assume negligible amplifier
noise, negligible shunt resistor Johnson noise, and large loop gain:

∆EFWHM = 2
√

2 log 2

√
4kBT 2

0C
√
n/2√

1− (Tb/T0)
n

√
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Here T0 and Tb are the temperature of the TES and bath respectively, n is a thermal exponent describing the
power from through the thermal link G (n ' 5 for electron-phonon conductance), C is the total heat capacity,
and α and β are both dimensionless parameters characterizing the sensitivity of the resistive transition to changes
in temperature and current respectively, and α and β are defined as the logarithmic derivative of the resistance
with respect to temperature and current, respectively: α = (T0/R0) × (δR/δT ) and β = (J0/R0) × (δR/δJ).
The expression simplifies further in the limit β → 0 and Tb << T0 to
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Figure 4. Illustration of the trade off between operating temperature T0 and nonlinearity (SatFactor) for two important
biosignature lines and resolving power R goals. The vertical dashed line is the most non-linear TES measurement, where
∆EFWHM is flat out to SatFactor = 8. Recognize that to satisfy R = 200 at λ = 1.57 µm we can run the TES just as
non-linear as Fixsen et al. at a temperature of 53 mK, or we can increase the SatFactor (more non-linear) and operate at
a higher temperature. Until this point, TESs have been designed to operate in the linear regime, where SatFactor < 1.
Compared to a linear TES, operating in the nonlinear regime enables significantly higher energy sensitivities for the same
temperature. Beyond enabling a biosignature-detecting TES, this opens a new and exciting optimization space for TES
applications across the electromagnetic spectrum.

From Equation 2, we see that we can reduce ∆EFWHM (thereby increasing sensitivity) by reducing the
temperature, reducing the heat capacity, and increasing α. Such changes increase the detector’s responsivity and
for a linear device increase the pulse height (PH) of the current pulse |δJ (t)| for the same photon energy. But
the high-sensitivity part of the resistive transition exists only over a finite temperature range and the detector
“saturates” for photon energies greater than Esat = CT0/α. The finite temperature range of high sensitivity in
the resistive transition and designing TESs to stay in the linear regime forces a tradeoff between the spectral
range and the energy resolution.

To illustrate this tradeoff, we define the minimum and maximum photon energies in band of interest to be
Eγmin and Eγmax, respectively. It is useful to define a unitless saturation factor SatFactor, defined as the ratio
between the band’s maximum photon energy and the detector’s saturation energy: SatFactor = Eγmax/Esat.
The saturation factor measures how close to (or beyond) saturation the TES is for a particular application. The
general approach for TES spectroscopy applications is to design the TES to operate within the linear regime
over the entire photon energy band of interest. This means the devices are designed with the requirement that
SatFactor < 1. Then a linear optimal filter can then be applied to each measured current pulse event to extract
the photon’s energy. From Equation 2, this approach sets an upper limit on TES temperature T0 for a specific
spectroscopy application. The standard design practice is to work with this T0 value (typically α ∼ 50 to 1000 or
more) and design the total heat capacity C such that the device saturates at the highest photon energy of interest.
Applying this method to LUVOIR-like requirements, with 0.69 eV < Eγ < 3.1 eV and Eγ/∆EFWHM ≥ 100, we
find that the TES temperature T0 must be 5 mK or less for realistic device geometries and materials (Figure 4).

3.2 Non-linear TES operation

Many restrictions encountered in standard TES design can be lifted if a device can operate in the non-linear
regime, where SatFactor > 1. There is significant evidence that this is a viable solution that greatly expands
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Figure 5. Left: R vs. E (brown) for a nonlinear TES with ∆EFWHM = 8 meV. The shaded gray regions show each band
considered for LUVOIR and its nominal R requirement (NIR: R ≥ 70, VIS: R ≥ 150, UV: R ≥ 10).? The device achieves
R = 203 at 760 nm (O2 line) and R = 98 at 1570 nm (CO2 line). This TES operates at 70 mK and covers the entire NIR
and VIS bands requiring no more non-linearity than already demonstrated by Fixsen et al.20 With a larger SatFactor,
we can either decrease ∆EFWHM or increase the TES operating temperature T0.

the parameter space over which a TES can operate. Compared to linear operation, non-linear operation enables
combinations of higher resolving powers, over broader bands, at higher operating temperatures.

Work by Fixsen et al.20 (Figure 3) compares the standard linear optimal filter technique with the non-
linear algorithm developed at NASA/GSFC for a dataset with non-linear TES pulse records at photon energies
from 3 eV to 18 eV. The device under test was a W TES designed for quantum communications applications
at λ = 1550 nm (0.8 eV). The nonlinear algorithm gives improved energy resolution at all energies measured.
For the largest photon energy measured, the standard linear technique’s ∆EFWHM increased by a factor of 2.4.
The non-linear algorithm gives near-constant ∆EFWHM from the small signal value up to the largest energies
measured at SatFactor = 8.

Busch et al.21 achieved similar results. Data were on a MoAu TES taken using Al Kα (1.5 keV) and Mn
Kα (5.9 keV) x-ray sources. The device was linear at 1.5 keV and non-linear at 5.9 keV. The resolving power
achieved with the non-linear algorithm for 5.9 keV data was better than the resolving power achieved with a
standard optimal filter for 1.5 keV data, giving R ∼ 3200 and R ∼ 1800, respectively. Again we find the nonlinear
algorithm improved the energy resolution out to the largest energies measured.

Assuming a realistic device designed with the thermodynamic TES model to meet required energy resolution in
the linear regime, we modeled the relationship between operating temperature, resolving power, and SatFactor.
The results are shown in Figures 4 and 5. Figure 4 shows the tradeoff between TES operating temperature and
SatFactor. It illustrates that increasing the SatFactor means the TES can be operated at higher temperatures.
The CO2 line at 1.57 µm can be resolved at R = 200 at a SatFactor that has already been demonstrated
experimentally and at temperatures accessible to space-qualified cryostats. Achieving R = 150 at the 760 nm
O2 line requires even less saturation. Figure 5 demonstrates how a device operating at 70 mK can meet nominal
LUVOIR requirements with the same non-linearity as the devices tested in Fixsen et al.20

4. CONCLUSIONS

We show that the TES is a compelling candidate as a biosignature detector. It has no dark current, no read
noise, and eliminates the need for a dispersive spectrometer. Already TESs have demonstrated better energy
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resolving power than any other low temperature detector in the LUVOIR band, despite little recent development
for astrophysics applications. Advances in coupling light to a TES means they can now operate with near-unity
efficiency, and a single broadband TES can satisfy biosignature detection requirements across the ultraviolet,
optical, and near-infrared. Using the thermodynamic TES model (Section 3.1), we can design a device that
meets biosignature detection requirements. For non-linear operation (Section 3.2), the device needs to meet
the ∆EFWHM requirement at the lowest energy of the band where SatFactor < 1, and then not degrade as
SatFactor increases. Up to the highest SatFactor measured to date, there is no observed degradation of
∆EFWHM. Compared to the best TES result in the optical by Miller et al.,12 we will meet the ∆EFWHM

requirements by: 1) reduce thermal fluctuation noise by reducing the operating temperature from 125 mK to 70
mK or lower; 2) reduce the heat capacity by reducing the TES volume or choosing a sensor material with fewer
carriers; 3) reduce athermal phonon losses by building devices on a membrane or otherwise isolated substrate;
4) reduce hot quasiparticle losses by choosing a higher-Tc lead material. We are currently in the process of
building and testing devices that address each of these changes. Beyond adjusting each available parameter in
the thermodynamic TES model, we will also explore device behavior under extreme saturation (SatFactor > 8).
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