
Chapter 2
Superconducting Transition Edge Sensors
for Quantum Optics

Thomas Gerrits, Adriana Lita, Brice Calkins and Sae Woo Nam

Abstract High efficiency single-photon detectors allow novel measurements in
quantum information processing and quantumphotonic systems. The photon-number
resolving transition edge sensor (TES) is known for its near-unity detection efficiency
and has been used in a number of landmark quantum optics experiments. We review
the operating principle of the optical superconducting TES, its use for quantum
optics and quantum information processing and review its recent implementation in
integrated photonic platforms.

2.1 Introduction

The superconducting transition edge sensor (TES) is an exquisitely sensitive device
which exploits the abrupt change in resistance at the onset of the superconducting
transition. Since its demonstration in 1998 [1] the optical TES has been improved and
utilized by groups around the world and tailored for optical photon detection [2–6].
Owing to its intrinsic energy resolution capability, it is perfectly suited for the detec-
tion of optical pulses stemming from quantum optical processes in which the number
of photons per pulse is needed to determine the state of the optical quantum system.
Since interaction with the environment degrades every quantum system, detection of
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optical quantum states must be done very efficiently, i.e. with as little loss as possible
added by the detector. Thus the optical TES was continuously improved to achieve
the highest detection efficiency possible, with efficiencies nowadays routinely in
excess of ninety percent for fiber-coupled devices [7].

The detection of visible to near-infrared light is an important enabling technology
for many emerging applications [8]. High optical intensities can easily be detected
with room temperature devices, such as silicon photodiodes. These detectors can have
high detection efficiencies close to 100% and can detect light levels from tens of mil-
liwatts down to picowatts (millions of photons per second). However, these devices
are not capable of registering single photons. Photo-multiplier tubes (PMTs) had
been and continue to be the workhorse for single-photon optical detection. However,
their efficiencies are relatively low in the visible [8], and even lower in the telecom
band at∼1550 nm,wheremuch of the current quantum information and communica-
tion technology is being developed. InGaAs avalanche photodiodes (InGaAs APDs)
offer higher efficiencies (∼20%) at telecom wavelengths. However, their dark count
rates may be in the 100s of kilohertz. To mitigate this effect, their bias voltage is
typically gated and synchronized with the expected optical input signal. This method
of course precludes continuous quantum-state production techniques, and even then
only offers incremental improvements in the effective detection efficiency and dark
count rate. Currently the only available single-photon detectors offering high (near
unity) detection efficiency paired with low dark count rates at telecom wavelengths
are low-temperature superconducting devices. One of these is the superconduct-
ing nanowire single-photon detector (SNSPD). Najafi et al. give an introduction to
SNSPD technology in Chap.1 of this book; Chaps. 3, 4 and 5 expand on implementa-
tions and applications of SNSPD devices in quantum optics, information processing
and communications.

This chapter gives an overview of the development and applications of super-
conducting transition edge sensors tailored for optical wavelengths. This work was
principally carried out by the authors at the US National Institute of Standards and
Technology (NIST) in Boulder, Colorado. We discuss the TES, its applications and
future perspectives for single-photon and photon-number-resolved detection.Wefirst
review the operating principle of the TES, discuss techniques to improve the per-
formance of these devices from the first demonstration, and describe techniques to
characterize the performance of TES detector systems. Next we review important
quantum optics experiments that benefited from the use of the TES. We also review
our recent efforts on integration of TESs into optical waveguide circuits that will be
used in future applications of TES detectors.

http://dx.doi.org/10.1007/978-3-319-24091-6_1
http://dx.doi.org/10.1007/978-3-319-24091-6_3
http://dx.doi.org/10.1007/978-3-319-24091-6_4
http://dx.doi.org/10.1007/978-3-319-24091-6_5
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2.2 The Optical Transition Edge Sensor

2.2.1 TES Operation

2.2.1.1 Basic Operating Principle

Superconducting transition-edge sensors (TES) are highly-sensitive microcalorime-
ters that are used as microbolometers to detect radiation from sub-mm wavelengths
to gamma-rays. They typically consist of an absorber, a sensitive thermometer, and
a weak thermal link to a thermal bath [9]. The optical TES is a superconducting
sensor measuring the amount of heat absorbed from an optical photon with energy
on the order of 1 eV. When an optical photon is absorbed by the sensor, the asso-
ciated photon energy is transformed into a measurable temperature change of the
sensor. The most successful optical TESs operate at temperatures below 1K[7, 10,
11]. However, higher operating temperatures are possible by reducing detector size
(to maintain equal heat capacity of the electron system), even though light may miss
the detector, reducing the system detection efficiency [12]. For devices operating
below 1K, the thermal isolation required is usually provided through the Coupling,
electron-phonon within the superconductor itself, which can be weak at low temper-
atures, especially with certain superconducting metals. Tungsten is an example of a
material which achieves the necessary weak coupling below its thin-film supercon-
ducting critical temperature Tc, typically ∼100mK.

Due to the low photon energies involved, detection of single photons at optical
and near-infrared wavelengths requires very low heat capacity and extremely sensi-
tive thermometry. For optical TES detectors based on tungsten [7], the absorber is
the electron system in the metal; the thermometer is the superconducting-resistive
transition in the metal; the weak thermal link is the weak electron-phonon coupling
in the metal itself; the thermal bath is the tungsten phonon system, strongly coupled
to the lattice of the silicon substrate and, in turn, to the cryostat cold-plate onto which
the detector chip is mounted [13].

2.2.1.2 Thermal Response

In our tungsten-TES detectors, after an optical photon is absorbed by an electron, the
hot electron (∼11, 000K) scatters with neighboring electrons at a length scale equal
to the mean free path. The thermal link between the electron and phonon system in
tungsten is small compared to other metals, enabling strong non-equilibrium effects,
in particular allowing for the electron system to remain hot for several hundreds of
nanoseconds [14]. By contrast, a strong thermal link between the tungsten phonon
system and the surrounding thermal bath allows immediate dissipation of the ther-
mal energy into the thermal bath, a process much faster than the electron-phonon
coupling, as shown in Fig. 2.1a. Thus the heat dissipation process can generally be
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Fig. 2.1 The fundamentals of TES operation: a Principle of the TES as a microcalorimeter;
b Resistance versus temperature “Transition edge” of a typical TES. Energy resolution is achieved
by careful design of the system parameters; c Typical TES photon number histogram of amplitudes
of the output response when illuminating the sensor with a weak coherent state

understood by a simple two-body model treating the phonon system of the tungsten
and the thermal bath as one body:

Ce(Te)
dTe

dt
= Σe−pV

(
T 5

e − T 5
bath

) + PJ + ηγ δ(t)Pγ , (2.1)

where Ce(Te) is the temperature-dependent heat capacity of the electron system
(Ce = γe ·V · Te); γe is the specific electron heat capacity coefficient, V is the
absorber volume, Te, and Tbath are the electron and thermal bath temperatures, Σe−p

is the electron-phonon thermal coupling parameter, PJ is the Joule heating power
due to the TES voltage bias, δ(t)Pγ is the absorbed optical power incident at the
TES at initial time t = 0, and ηγ is the fraction of the optical energy transferred to
the electron system after the optical pulse is absorbed with remainder being trans-
ferred to phonon system, i.e. ηγ is the energy collection efficiency. For tungsten,
typical values areΣe−p ∼ 0.4 nW/(μm3K5), γe ∼ 140 aJ/(μm3K2) and ηγ ∼ 0.50.
During operation at the transition edge, the electron temperature is kept near the
transition temperature via voltage biasing [15], i.e. Te = Tc. The voltage bias causes
Joule heating that raises the electron temperature of the detector to a temperature
in the narrow superconducting-to-normal transition region, as shown in Fig. 2.1b.
The transition edge is about 1–2mK wide with a resistance change of several ohms.
In steady state operation, the power dissipation of the device (Joule heating of the
slightly resistive device) equals the power flow from the electrons in the tungsten
to the phonons in the metal: Σe−pV

(
T 5

e − T 5
bath

) = PJ = V 2/R(T ). The positive
temperature coefficient of resistance (dR/dT > 0), combined with the voltage
bias, results in a negative electrothermal feedback that keeps the detector stably
biased in the narrow superconducting transition. For example, if the temperature
increases (decreases), the resistance increases (decreases), resulting in a smaller
(larger) amount of Joule heating. With the detector thus equilibrated at a very steep
point in its superconducting-to-normal transition, the absorption of a single photon
results in a relatively large instantaneous change in the electrical resistance that can be
measured with a Superconducting quantum interference device (SQUID) electronics
described in the following section.
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Figure2.1b shows an example of a resistance versus temperature curve for a TES.
Devices fabricated at NIST have a typical volume of 12.5μm3 (25μm × 25μm ×
0.02μm) and a transition temperature of ≈100mK. A photon with an energy of
0.8 eV heats the electron system by ≈0.05mK, resulting in a measurable resistance
change. Due to the shape of the transition edge, an optical wave packet with some few
numbers of photons will result in an increase in the resistance change of the device
until the device approaches its normal resistance value. The response of the device to
many suchwavepackets is shown inFig. 2.3,where clear separationbetweendifferent
waveforms, corresponding to different numbers of absorbed photons, can be seen. A
typical histogram of the different response pulse heights is shown in Fig. 2.1c. When
operating the TES in the linear regime, the energy resolution determines the photon-
number resolving capability of the detector (a monochromatic source is assumed).
The energy resolution of the transition edge sensor is limited by the noise associated
with the Johnson noise of the intrinsic resistance of the device, the noise associated
with the statistical process of the electron-phonon thermal link [16] and the readout
noise of the electronics. The TESs fabricated at NIST have a typical energy resolution
of less than 0.25 eV in the linear operating regime [7].

2.2.1.3 SQUID Readout

The optical transition edge sensor readout is typically accomplished by use of super-
conducting quantum interference devices (SQUIDs) [17], which serve as low noise
amplifiers of the current flowing through the TES. The SQUIDs are used to mea-
sure current flowing through coils that are inductively coupled to the SQUID loop
(Fig. 2.2a shows the schematic of the TES readout). There are two coils. The one
on the left couples signals from the TES (input coil), and the one on the right is
used to optimize the output of the SQUID (feedback coil). Generally NIST optical

Fig. 2.2 TES readout via SQUID: a Schematic of the SQUID readout; b measured SQUID output
voltage response (after x100 room temperature amplifier) as a function of input coil current (IT)

for IFB = 0 (dashed line) and IFB set to some value to maximize the TES response at it quiescent
operating point (solid line)
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TESs use a series array of SQUIDs, typically 100 (denoted by x100 in Fig. 2.2a),
operating coherently [18] to produce signals large enough to be easily amplified at a
later stage using simple room-temperature electronics. Because of the low operating
temperature, and the need for a relatively stiff voltage bias, a small shunt resistor (Rs)

is placed in parallel with the TES (the TES is drawn as a variable resistor (RT ) in the
schematic). The value of Rs is chosen to be much smaller than the TES operating
resistance when the TES is biased to detect photons (Rs∼10 m�). The SQUID input
coil inductively couples the TES current (IT ) via a magnetic flux (ΦB) to the SQUID
and therefore allows direct equivalent current readout.

Figure2.2b shows a measured SQUID response as a function of feedback coil
current. The period of oscillation is about 36μA, revealing a SQUID sensitivity
of about 36μA/Φ0, where Φ0 is the magnetic flux quantum. The amplitude of the
oscillation is determined by the geometry and material of the SQUID’s Josephson
junctions. In this case, a x100 room temperature amplifier along with a x100 SQUID
array was used. Consequently, the magnitude of the voltage swing of one SQUID
itself is≈32μV.The y-axis-offset originates from the resistance of the lead cable that
supplies the bias current to the SQUID. For maximum signal-to-noise, the SQUID
readout should operate around the maximum slope of the SQUID response, the
working point. To accomplish this proper “flux bias,” another coil is added to the
SQUID, which inductively couples IFB inducing flux ΦFB to the SQUID. This added
flux allows tuning of the overall flux through the SQUID, hence tuning the SQUID
to the optimal working point: ΦW = ΦB + ΦFB.

2.2.1.4 TES Output

Figure2.3 shows typical waveforms for a TES optimized for light at≈800 nm wave-
length. The TESwas illuminatedwith weak coherent state pulses with amean photon
number per pulse of ≈2. The photon energy was 1.55 eV (800nm). Detection effi-
ciency of this particular device was found to be ≈94% [13]. The figure shows 1024
individual waveforms of the TES response. Clearly, photon-number resolution is
present, and up to 4 photons can easily be distinguished from the detector output.
When no photon is present the signal consists entirely of the readout noise of the
electronics, the Johnson noise of the detector itself and the fluctuations of the ther-
mal bath [9]. The clear separation of the no-photon waveforms from those due to a
photon means that the TES does not have any dark counts (false positives). There are
however background counts. These background counts are real detections, which can
be due to spurious visible wavelength photons coupled to the detector from the lab
environment, spurious black-body photons or even high energy cosmic ray muons.
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Fig. 2.3 Typical TES output
Vout(t) response waveforms
under illumination with
1.55eV (800nm wavelength)
photons

2.2.2 TES Optimization

2.2.2.1 Optical Stack Design

Absorption of optical photons in metals is generally dominated by the metal’s inter-
band transitions [19]. The interband transitions originate from the band structure of
the metal. In principle, the optical absorption coefficient of a metal will be altered
when the metal undergoes a superconducting transition due to a change of its band
structure [20]. However, since this effect is small in tungsten, our studies show no
significant change in the absorption coefficient when the tungsten undergoes the
superconducting transition. A bare superconducting film is neither a perfect reflector
nor highly absorptive at optical frequencies. For optical photons, the optical prop-
erties of the material can be well described using a complex index of refraction. At
NIST, using the complex index of refraction for tungsten we have been able to embed
a tungsten-TES in a dielectric stack with a quarter-wave back-short reflector, anal-
ogous to a microwave “backshort”, to impedance-match the TES to free-space. The
thickness of the dielectric layers can be varied to optimize the absorption at particular
wavelengths. In general, it is possible to absorb >95% of normal incident photons
over a wide range of wavelengths from the UV to the mid-IR using variations of
the dielectric stack layers optimized for a specific wavelength. The bandwidth of the
absorption depends on the details of the stack design [7] (see Fig. 2.4a). A typical
dielectric stack consists of a highly reflective mirror, a dielectric spacer, the active
detector film and an anti-reflection (AR) coating.

A critical step in designing a multilayer structure that maximizes the absorption
in a metal film is to determine the indices of refraction of all component layers. The
optical properties of thin films differ from the bulk tabulated values, so it is necessary
to measure the actual indices of refraction. The indices of refraction can be extracted
from reflectance and transmittance measurements of thin-film samples deposited
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Fig. 2.4 Maximizing optical TES performance via optical cavity design: a Spectrophotometer
data taken at room temperature indicating significant improvement in device absorption at 1550nm
when bare tungsten is embedded between appropriate dielectric layers; b Calculated absorption for
tungsten (W) embedded in optical multilayer structure designed to optimize absorption at different
wavelengths. (a)Reproducedwith permission fromRef. [7].Copyright 2008,OpticsExpress (OSA);
(b) Reproduced with permission from Ref. [21]. Copyright 2010, Proceedings of SPIE

onto quartz or silicon wafers. Film thickness strongly influences the refractive index
calculation and so must be measured with high accuracy. Using these measured
indices of refraction for all layers in a thin-film modeling program, we designed
structures that enhance absorption in the active device material. An optimization
algorithm varies thicknesses for a fixed sequence of materials, and calculates the
expected performance of the optical stack in terms of reflectance, transmittance, and
absorption in the active device material. The component layer thicknesses giving
maximum absorption in the active device material are used as target thicknesses
when fabricating the optimized multilayer structure. The optical stacks for tungsten
TESs designed at NIST are similar for all wavelength-specific designs (see Fig. 2.4b).
The differences are in the layer thicknesses and thematerials choice of non-absorbing
dielectrics and/or top-layer AR coatings. Our simulations indicate greater than 99%
absorption in the tungsten layer at each target wavelength [21].

The bandwidth of the absorption depends on the details of the stack design. There
are several important parameters to considerwhen designing optical stacks: thickness
variation from design values to deposited layers in the structure, as well as interface
intermixing or material reactivity can affect film optical constants and will shift the
absorption of the multilayer stack from the design target value. Figure2.5 shows
how thickness variation from target values (output of the optimization algorithm)
may affect the overall reflectance of the multilayer structure for a TES optical stack
optimized for absorption at 810nm. By employing a Monte-Carlo search algorithm
randomly varying layer thicknesses within a standard deviation of 5% from the
target values, a better estimate of the actual measured absorption is obtained. The
altered simulation curve represents the expected reflectance corresponding to slightly
different layers thicknesses than designed, in this case 1% to 7% thickness variations
for 4 out of 6 layers in the structure.
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Fig. 2.5 The tungsten TES
optical structure consisting
of 6 layers is optimized for
absorption at 810nm
wavelength. Reflectance
curves for initial simulation
(open circles), measurement
(solid circles), and Monte
Carlo altered simulation
(crosses) are displayed.
Reproduced with permission
from Ref. [21]. Copyright
2010, Proceedings of SPIE

Compatibility of layers in the optical structure is also important, especially since
stresses will arise from the differences in coefficients of thermal expansion when
cooling down to the cryogenic operating temperatures, 100 mK to 200 mK. An
example of incompatibility between layers is seen when hafnium (Hf) is used as
a TES. When embedding Hf in a multilayer structure (mirror of gold, dielectric
spacer Si3N4, Hf active device material, Si3N4 as antireflection coating), absorption
in the active device material can be greater than 99% at 860nm [22]. However,
stress induces a broadening in the superconducting transition of Hf in the multilayer
structure. That broadening results in a significant increase in TES recovery time
(20μs for Hf in multilayer compared to ∼500 ns for the bare Hf) [22]. For tungsten
TESs in multilayer structures, the tungsten is deposited as part of an in situ trilayer:
amorphous-silicon / tungsten / amorphous-silicon, which was found to enhance and
stabilize the tungsten Tc against thermal-stress-induced suppression [23]. Titanium
(Ti), is anothermaterial used for optical TES. By embedding Ti in an optical structure
consisting of successive layers of dielectric deposited by ion beam assisted sputter-
ing (IBS), high detection efficiencies at 850nm (98%) and 1550nm (84%) with fast
response and 25 ns timing jitter were reported [10]. However, oxidation of Ti and sub-
sequent oxygen migration (even when Ti is embedded in the optical structure) results
in degradation of superconductivity and changes in refractive index. By adding an
in-situAu layer (10nm) on top of Ti (30nm), simulations have shown that absorption
larger than 99% is possible when using an antireflection coating consisting of 11
dielectric layers [24].
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Fig. 2.6 TES packaging: a TES in self-aligned package; bTES package with optical fiber attached;
c 16 channel detector mount box. Adapted from [13]

2.2.2.2 Detector Packaging

Reproducible and stable alignment of the optical fiber with the TES is crucial for
reliably achieving high detection efficiencies. Since the optical-mode field diameter
in the optical fiber is ≈10μm, and the size of the TES is 25μm × 25μm, slight
misalignment of the optical fiber with respect to the TES will result in decreased
collection of optical photons onto the active area of the TES, and hence decreased
overall detection efficiency.Also, amechanically stablemount is required to allow for
robust fiber-to-detector alignment that can survive multiple thermal cycling without
drifting. Miller et al. [13] presented the self-alignment mount shown in Fig. 2.6. This
shows the TES chip mounted on top of a sapphire rod held by a gold-plated oxygen-
free, high heat-conductivity copper mount. The TES is located at the center of the
2.5mm disk. Bond pads allow wire bonding the TES to gold pins integrated in the
copper mount. A commercial zirconia fiber sleeve is put around the sapphire rod
and TES chip (Fig. 2.6b). The TES chip and sapphire rod are precision machined
to a diameter of 2.499 ± 0.0025mm, such that the commercial fiber sleeve locates
the TES precisely in the center of the sleeve. A fiber ferrule is inserted into the
fiber sleeve. Both the fiber ferrule and sleeve have a combined specified tolerance
of ≈1 μm. Along with the precision micro-machining of the TES chip this ensures
fiber-to-detector alignment precision of about 3 μm [13]. Many of these self-aligned
detectors can be compactly mounted together in a single unit (shown in Fig. 2.6c),
which can easily be mounted in a cryogenic system.

2.2.2.3 Refrigeration of the TES

Since the TES are required to operate at temperatures below the temperature of liq-
uid helium, elaborate cooling systems are required to operate these devices. The
workhorse for operating the TES at around 100 mK temperatures is the adiabatic
demagnetization refrigerator (ADR). The ADR relies on the magnetocaloric effect,
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which manifests itself by cooling a paramagnetic material upon adiabatic demagne-
tization of that material, achieving temperatures of about 50 mK. In our case, the
demagnetization process is initiated at temperatures around 4 K, given by the lowest
temperature achievable by standard commercially available cryogenic cooling tech-
niques. Since the total energy stored in the paramagnetic material is limited (about 1
Joule), the ADR only has a limited cooling capacity (or hold time). Due to the heat
load via wires and optical fibers connected to the detectors, our ADRs generally have
hold times of about 8–12 hours, depending on the number of TESs present. After the
energy is depleted, the ADR temperature can be recycled, a process taking about 2
hours.

2.2.2.4 Speed Improvements and Timing Jitter

The recovery rate of the optical transition edge sensor is limited by the thermal link
between the electron and phonon system. While a weak thermal link between the
electron and phonon system is required for a photon to be converted to a detectable
electrical signal, the weakness of this link can lead to long recovery times compared
to other single-photon detectors such as superconducting nanowire single-photon
detectors (SNSPDs) and single-photon avalanche photodiodes [8, 25]. The thermal
recovery time of the TESs fabricated at NIST can be as short as 1–2 μs. During
the thermal recovery time, the TES is still able to receive and detect a photon, and
therefore has nodead time,whichwenote is unique amongphoton countingdetectors.
However, if an absorption event occurs during the recovery of the detector, signal
pile-up will occur and will make the detector response characterization complicated.
Thus, one seeks short recovery times to allow for high-repetition rate experiments.
Calkins et al. have recently demonstrated such engineering of the thermal coupling
between the electron and phonon systemof theTES [26] achieving a thermal recovery
time of less than half a microsecond.

Figure2.7a shows a micrograph of a device fabricated with two 2μm × 10μm ×
0.115μm gold bars deposited on the edge of the tungsten TES. Since the thermal

Fig. 2.7 a Micrograph of the fabricated TES with gold bars deposited on top of the tungsten;
b Sensor electron-phonon coupling with the addition of gold bars; c TES response without gold
bars; d TES response with added gold bars. Reproduced with permission from Ref. [26]. Copyright
2011, AIP Publishing LLC
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electron-phonon coupling parameter of gold is ≈10x larger than for tungsten, one
can engineer the thermal coupling by adding a controlled volume of gold to the
TES. Figure2.7b shows the thermal model of the TES with the gold bars added. The
gold’s electron system is strongly coupled to the tungsten’s electron system. A strong
thermal linkΣAu,e−p between the gold’s electron and phonon system allows for faster
thermalization to the thermal bath, hence a modified thermal coupling constant of
the whole system. In addition to the thermal coupling parameter, the strength of
thermal coupling improvement depends on the gold’s volume and its specific heat
capacity coefficient γAu [26]. The difference in TES response with (Fig. 2.7d) and
without (Fig. 2.7c) gold bars under illumination with an attenuated pulsed laser is
easily seen. The TES with the gold bars reduced the thermal recovery time to ≈460
ns, an improvement of a factor of 4 without affecting the energy resolution [26].

In addition to faster recovery times, low timing jitter is another desirable parameter
for most single-photon experiments [10, 27]. The timing jitter is the uncertainty in
identifying the arrival time of the photon. It is important to realize that this is separate
from the ‘latency time’ of the detector. Latency is the timedelay fromwhen the photon
was absorbed by the detector to the time when the system indicates that a photon has
been detected and is largely due to propagation delays in cables and amplifiers. The
main contribution to timing jitter in TESs is noise in the identification of the time
associated with the threshold crossing of electrical output pulse originating from a
photon absorption event. The timing jitter (�tσ ) of such an electrical signal can be
approximated by:

�tσ = σ
d A
dt |t

≈ σ

Amax
τrise, (2.2)

where σ is the root-mean-square (RMS) noise of the electrical signal, dA/dt is the
slope of the signal at a given time t , trise is the rise time and Amax is the maximum
amplitude. The slope (∼τrise/Amax) of the electrical signal is directly proportional to
the timing uncertainty of the electrical output. The rise time of the electrical signal
for TESs used at NIST is generally limited by the overall inductance in the readout
circuit and the resistance of theTES. Inmost of the experiments performedwithNIST
TESs, the combination of SQUID input inductance and wiring inductance leads to an
inductance of a few hundred nH. This inductance along with the low TES resistance
(≈1�) will limit the signal rise time τrise∼L/R to several hundred nanoseconds.
With a typical x100 SQUID amplifier, we measure a timing jitter full-width half
maximum (FWHM) of ≈50–100 ns for the TES output, far greater than the timing
jitter that would be required for a gated experiment using a Ti:Sapphire oscillator.
Lamas-Linares et al. have recently demonstrated timing jitter FWHM values of 4.1
ns for 1550nm single photons and 2.3 ns for 775nm by directly wire-bonding the
TES to a SQUID chip designed to have lower input inductance, and using high-
bandwidth room-temperature amplification [27]. The lower timing jitter for higher
energy photons stems from the larger amplitude of the TES output waveform.
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2.2.3 Detector Characterization

2.2.3.1 Photon-Number Resolution

The optical TES is one of the few detectors with intrinsic photon-number-resolving
capability. Other detection strategies exist where detectors with no number-resolving
capability, ‘click/no-click’ detectors,1 are multiplexed to achieve a quasi-photon
number resolution. However, in those cases the fidelity of the measured state is
always degraded compared to true/intrinsic photon-number-resolving detection. In
many applications, however,multiplexed click detectors are sufficient to achieve high
fidelity state characterization [28–30]. In contrast to simple ‘click/no-click’ detectors,
the TES output contains information about the number of photons absorbed.

Figure2.8a illustrates the photon-number-resolving capability of the TES. The
TES was illuminated with weak coherent state pulses with a mean photon number
per pulse of ≈2. The photon energy was 1.55 eV (800nm). Figure2.8a also shows a
≈2μm wavelength black-body photon detection at ≈10μs after the weak coherent
pulses.When TESs are coupled to typical telecom optical fibers, background photons
such as this result from the section of the high-energy tail of the room-temperature
black-body emission spectrum that falls below the long cutoff wavelength of the
fiber around 2000nm [31]. However, when the energy of the signal photons is large
enough, the black-body photons can easily be separated out by pulse height analysis.
Generally, our TESs coupled to telecom optical fibers detect black-body photons
at a rate of 500–1000 photons/sec−1, which has a negligible effect on pulsed-light
measurements and minimal effect on measurements of continuous sources in the
near-IR down to the several femtowatt level. As can be seen in Fig. 2.8a, at higher
photon numbers, the TES response enters the non-linear regime close to the normal
conducting regime, and the photon-number resolution capability degrade.

To maximize the signal to noise ratio, post-processing of the output waveforms
can be done. One fast, reliable method is optimum filtering using aWiener filter [16].
Even though the optimum filtering method using Wiener filters only works in the
case of white Gaussian noise (the TES response is not white due to the temperature
dependent Johnsonnoise in the transition), theTESpulse heights canbe reconstructed
reliably with improved signal to noise ratio [7]. A measured coherent state with
mean photon number of ≈5 is shown in Fig. 2.8b. In this case, the optimum filter
analysis was used to determine the pulse-height histogram. Since the optimum filter
makes use of a known linearly-scalable detector response, the method fails when the
assumed detector response does not match the actual response, i.e. when entering
the non-linear region. This effect is evidenced by the reduced visibility of the pulse
height peaks for photon numbers larger than 4, shown in Fig. 2.8b. To improve the
photon-number resolution at higher photon numbers in the non-linear region, one can
find the most optimum representation of each photon-number response [32]. Also,
linearization of the non-linear detector response can be accomplished to enable better

1 We refer detectors with no photon-number-resolving capability as ‘click/no-click’ detectors, i.e.
the detector cannot discriminate between the absorption of one or more photons.
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Fig. 2.8 Detector tomography results a Many TES output waveforms; b TES output pulse height
histogram shown with boundaries dividing one detected number from the next; c Photon-number
detection event probability as a function of input mean photon number; d Reconstructed POVMs
for 0 through 4 photons and the “click” event

photon-number resolution close to or beyond the normal-conducting region [33].
Another method, allowing for analyzing detector responses far beyond the normal
conducting regime was presented in Ref. [34] and will be presented below.

When characterizing the detector outcome for a photon-number-resolving detec-
tor one seeks to determine the probability of a detector response given a certain num-
ber of photons on the input. This probability is equivalent to the positive-operator-
valuedmeasure (POVM). The POVMcharacterizes the detector outcomes (in photon
number k) for any given input photon number Fock state. Since pure photon num-
ber states at any value of k are still hard to realize in the laboratory, one employs a
tomographic reconstruction of the POVMs based on measurement outcomes from
excitation with weak coherent states, which are easily generated by attenuating a
coherent laser beam [28, 35, 36]. Given a set of m coherent probe states C and
a detector POVM Π , the measurement result R is given by: R = CΠ . In general,
POVMs are phase-dependent. However, in the case of TESs one can assume no phase
dependence to the detector outcomes. Thus the POVMmatrix is diagonal and can eas-
ily be represented by a vector. Also, in practice theHilbert space needs to be truncated
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at some photon number kmax. We chose detector outcomes 0 through 4 photons and
define the ‘click’ outcome for photon numbers greater than 4. Figure2.8c shows
the detector outcome probability as a function of input coherent state mean photon
number. For a given input mean photon number, we can identify three regimes: 1)
Fully photon-number-resolving, where the probability of a click outcome is small; 2)
Partially photon-number-resolving where a significant number of detector outcomes
are ‘click’ outcomes; 3) ‘click’ detector where the majority of detector outcomes are
above4photons. Figure2.8d shows thePOVMs reconstructedby themaximumlikeli-
hood reconstruction. These POVMs fully characterize the phase-insensitive detector
response under the illumination with a k photon number state. In the case of the
1-photon outcome POVM, the POVM value at k = 1 yields the detection efficiency
of the TES. A more complete tomographic reconstruction of the detector outcomes
not relying on continuous POVMS instead of partitioning the outcomes for specific
photon numbers, considers was recently presented in Ref. [37].

2.2.3.2 Extending the TES Response to the Normal-Conducting Regime

Transition edge sensors typically resolve photons over a range of 1 to 10 or 20,
depending on the wavelength, heat capacity of the device, and steepness of the super-
conducting resistance transition. The severely reduced variation of resistance with
temperature above the superconducting transition of the detector makes it more diffi-
cult to extract (or assign) photon numbers from detection events that cause saturation
in the pulse height as illustrated in Fig. 2.8. Despite the saturation in the pulse height,
one can still extract some information about the number of photons detected. The
uncertainty in the number of photons detected may exceed one photon, but the num-
bermay be below the shot noise limit of the pulsed input coherent state. This sub-shot
noise performance still could be useful in applications requiringweak light detection.

Figure2.9a shows a TES response under illumination with a coherent state pulse
with a mean photon number of 4.8 × 106 photons at a wavelength of 1550nm [34].
The rise at t = 0 shows the initial heating of the electron system, and the TES imme-
diately enters the normal-conductive regime, evidenced by the flat response out to

Fig. 2.9 a TES output waveform after excitation with about 4.8 × 106 photons in a single pulse;
b uncertainty in photon number (black squares) after subtracting the photon source shot noise
(dotted line) as a function of input mean photon number. Reproduced with permission from Ref.
[34]. Copyright 2011, Optics Express (Optical Society of America)
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0.1 ms. We can estimate the time it takes for the TES to return to its transition region
(thermal relaxation time [TRT]) and use it to determine the initial heating of the
electron system. A full fit to the detector response (dark solid line) yields the thermal
relaxation time. Figure2.9b shows the uncertainty in units of photon number as a
function of input mean photon number derived from the TRTs. The black squares
show the outcome uncertainty after subtracting the photon source shot noise. The
uncertainties were obtained by determining the variance of the fitting parameters
obtained from 20,480 waveforms for each input mean photon number. The dashed
line shows the photon source shot noise. The results show that detection of ≈1,000
photons below the shot-noise is possible. Beyond 1,000 photons (≈1 keV) the uncer-
tainty in the detector response rises above the input photon shot noise. The detector
can reliably produce an outcome up to amean photon number of≈10,000 as outlined
in ref. [34]. Beyond≈10 keV the detector response deviates from the theoretical pre-
diction due to cumulative heating of the detector substrate at the repetition rate of 1
kHz used in those measurements.

2.3 Applications of the Optical Transition Edge Sensor

2.3.1 Key Experiments in Quantum Optics

In this sectionwe review experiments that have benefited from the high-detection effi-
ciency and photon-number resolving capabilities of transition edge sensors (TESs).
We review the first experiment using the TESs measuring the output photon-number
statistics from a Hong-Ou-Mandel (HOM) interference experiment [38], describe
how the TESs enabled us to generate high-fidelity coherent state superpositions
(optical Schrödinger cat states) [3], and how subtraction of photons from a thermal
state affects the photon-number distribution of the heralded state [39]. Lastly, we
review fundamental tests of quantum non-locality that require high total detection
efficiencies—detection-loophole-free Bell tests based on optical photons [40, 41].

2.3.1.1 Hong-Ou-Mandel Interference

HOM interference [42] lies at the heart of quantum interference and has been studied
extensively over the last decades. The effect exploits the bosonic character of pho-
tons and forbids two indistinguishable single photons that enter two different input
ports of a semitransparent beam splitter to exit different ports—the two photons
will always exit either port together. To demonstrate or use this quantum interfer-
ence, experiments usually rely on coincidence counting of single photons exiting
the two output ports of the beam splitter. When full HOM interference exists (that
is the two incident photons are completely indistinguishable), the coincidence rate
should drop to zero. Using TESs, however, Di Giuseppe et al. were able to directly
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Fig. 2.10 a Setup for determining photon-number statistics from a Hong-Ou-Mandel experiment;
b Measured Hong-Ou-Mandel interference dip and photon bunching. Reproduced with permission
from Ref. [38]. Copyright 2003, Physical Review A (American Physical Society)

measure the photon-number statistics from a HOM beam splitter for the first time
[38]. Figure2.10a shows their experiment utilizing TESs for determining the output
photon number statistics after HOM interference of two indistinguishable photons
generated during a spontaneous parametric down-conversion event. The photons
(λ ≈ 700 nm) are delayed with respect to one another to observe the photon-number
statistics as a function of the distinguishability of the photons’ paths. Figure2.10b
shows the observed HOM interference dip (open diamonds), i.e. the probability of
seeing one photon in one and one photon in the other output port, P(1,1). As expected
P(1,1) approaches zero when both photons’ paths become nearly indistinguishable.
The open triangles and solid circles show the probability of two photons exiting one
port, and no photon exiting the other port, P(2,0), and vice versa, P(0,2). In both
cases the probabilities increase as the photon delay nears zero. This result showed the
transition of a binomial (classical) distribution to a bosonic distribution of the two-
photon state after interference on the beam splitter due to photon-number resolving
capability of the TES.

2.3.1.2 Photon-Number Subtracted States

Photon-number subtraction is a useful technique for applications in quantum optics.
One example of the use of photon subtraction is the generation of a coherent state
superposition (CSS) state. Such states are often called Schrödinger cat states when
each subsystem of the superposition contains a macroscopic number of photons.
The use for high quality CSSs ranges from super-resolution metrology to quantum
computing [43]. High fidelity CSSs are required to minimize the overlap between the
two superimposed states and to achieve fault-tolerant quantum computing [44]. A
number of experiments that aimed to generate such opticalCSSs have been performed
[45–48], two of which used TESs to herald the presence of the CSS [3, 48]. To
create the CSSs a photon-subtraction scheme depicted in Fig. 2.11a is utilized, and
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Fig. 2.11 a Scheme for optical Schrödinger cat state generation. An up-converted laser pulse enters
an optical parametric amplifier (OPA) to create a squeezed vacuum state. After spectral filtering,
photons are probabilistically subtracted via a weakly reflecting beam splitter and detected with a
TES. Quadratures of the heralded state are measured by homodyne detection; b The reconstructed
and theoretical cat state. Reproduced with permission from Ref. [3]. Copyright 2010, Physical
Review A (American Physical Society)

we will concentrate in the following on the experiment performed in Ref. [3]. The
scheme, in principle allows for large amplitude and high fidelity CSSs by heralding
on the measurement of multiple photons subtracted from a squeezed vacuum [49,
50]. A squeezed vacuum state is prepared and sent through a weakly reflecting
beam splitter. Reflected photons that are detected herald an approximate CSS in the
transmitted beam. The TES used in this experiment had an efficiency of 85% and
was able to resolve up to 10 photons at a wavelength of 860nm. The experiment
aimed at generating the largest CSS with the highest fidelity. Figure2.11b shows the
theoretical and reconstructedWigner functions of the CSS obtained after subtraction
of three photons. Themeasured CSS had amean photon number of 2.75 and a fidelity
of 0.59, which remains the largest CSS generated from squeezed-vacuum photon-
subtraction to date. Whilst the demonstration of large and high fidelity CSS was
achieved, the rate at which these states were generated was low and made scaling
impossible. However, recent work has demonstrated the potential for high-rate, high-
fidelity approximations to CSS, through the use of photon replacement operations
implemented with number-resolved detection [51].

Continuous variable (CV) quantum states, such as the CSS described above, are
measured by use of optical-homodyne detection and reconstructed by maximum-
likelihood estimation [52]. In this case, a strong local oscillator is used to determine
the quadrature of theweak quantumfield. Since the TES can resolve up to 20 photons,
another method of measuring the quadrature of CV states is by performing optical
homodyne measurements in the weak local oscillator regime, where the overall sig-
nal strength is on the order of the weak quantum state. A number of experiments
have already been presented in the literature showing the capability of weak-field
homodyne detection [53–55], one of which utilized the TES [56]. Combined with
more efficient state generation schemes and because of the small amount of energy
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absorbed by the detector, weak-field homodyne detection may become an important
resource in the future when generating these states on-chip and mating them with
high-efficiency superconducting integrated detectors [57–60], where low power dis-
sipation platforms are a key challenge.

Another example of a photon-subtracted state was recently presented by Zhai
et al. [39]. Up to eight photons were subtracted from a thermal state of light obeying
Bose-Einstein statistics. A laser pulse illuminated a spinning disk of ground glass.
Collection of the transmitted beam with a single-mode optical fiber selects a single-
mode thermal state. By use of TESs, Zhai et al. reconstructed the photon-number
statistics and showed that the photon number of the photon-subtracted state increases
linearlywith the number of subtractedphotons.This seemingly counterintuitive result
is explained by the noting that because thermal light is bunched, when sampling of
a portion the light pulse made via the beam splitter finds a high number of photons,
it means that the other portion of the light pulse (the other port of the beam splitter)
is likely to also have a high number of photons. It is also important to note that
these states, conditioned on the presence of a photon number larger than zero in the
subtracted path, are necessarily rare because the photon-number probability always
falls with increasing photon number. Given the measured photon number distribu-
tions, Zhai et al. also demonstrated that when using TESs, second- and higher-order
correlation functions can easily be derived from the measured photon-number sta-
tistics [39, 61], and the thermal Bose-Einstein distribution approached a Poisson
distribution representing the subtracted state when the number of subtracted photons
is large.

2.3.1.3 Fundamental Tests of Quantum Non-locality

In classical physics, locality refers to the measurement outcome of an object that is
influenced by its local interaction with the environment. To explain observed quan-
tum mechanical correlations, an unknown theory that could describe the observed
correlations at a local level may exist. Such a theory is referred to generically as a
local hidden variable theory. Quantum Non-locality (QN) refers to the description of
observed quantum mechanical correlations that cannot be mimicked by local hidden
variable theories.

In 1964 Bell [62] developed an inequality showing that no local hidden variable
theory can reproduce certain predictions made by using quantum mechanics. Bell’s
inequalities constrain correlations that systems governed by local hidden variable
theories can exhibit, but some entangled quantum systems exhibit correlations that
violate the inequalities. Thus, testing an inequality with a quantum system experi-
mentally could falsify the hypothesis that the system is governed by a local hidden
variable. However in all previous experiments, loopholes exist that a local hidden
variable model can exploit to mimic the observed outcomes that violate the tested
inequalities. These loopholes make an experimental test of local hidden variables
a challenging endeavor. The three most prominent loopholes are the freedom of
choice, locality, and detection (also called fair-sampling) loophole. While all loop-
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holes have nowbeen closed individually [40, 41, 63–66]with photons, an experiment
addressing all of these loopholes simultaneously is still lacking. Here, we summarize
experiments relying on the TES’s high detection efficiency to close the fair-sampling
loophole.

A variation of Bell’s inequality based on a maximally polarization entangled state
was introduced in 1970 by Clauser et al. [67], and an upper limit of ≈88% for the
overall detection efficiency of the entangled pairs necessary to close the fair-sampling
loophole was introduced.2 Even with the best detectors, such high overall system
detection efficiency is difficult to achieve in photonic systems, since the entangled
photons generally have to couple into single-mode optical fibers. This coupling can
be lossy, although as it has recently been shown to be quite efficient (theoretically
reaching almost 100%) when considering the correct geometric coupling properties
[68, 69]. Eberhard came to the conclusion that lowering the amount of entanglement
of polarization entangled states, allows for lower overall system detection efficien-
cies, as low as 2/3 [70]. This absolute lower limit assumes no detector dark counts
or degradation of the entanglement visibility. Thus, a system efficiency of >70% is
a more realistic efficiency to aim for.

Recently two groups succeeded in closing the fair-sampling loophole by use of
photons and TESs [40, 41]. Both experiments made use of entangled photon pairs
generated in a spontaneous parametric down-conversion (SPDC) process and a vari-
ation of the Bell inequality, the so-called CH Bell inequality [71]. In both cases
a clear violation of the CH Bell inequality was shown with an efficiency allowing
for detector background counts and entanglement visibility degradation. Christensen
et al. employed a non-collinear entanglement scheme at a down-conversion center
wavelength of≈710nm. The TES optimized for this study had a detection efficiency
of ≈95%. The symmetric single-mode fiber coupling efficiency of the entangled
photons was > 90%. Additional loss of ≈5% was introduced at the single-mode
fiber/telecom fiber interface splice (the telecom fiber is generally used for coupling
photons to the optical TES). Further, spectral filtering added≈7% loss to the overall
system performance, leading to an overall system efficiency of ≈75%. Giustina et
al. used an entangled SPDC source based on a Sagnac configuration and achieved an
overall system efficiency of ≈73% and 78% in the two collection modes. The TESs
in this study were optimized for a center wavelength of 810nm and had a detection
efficiency of ≈95%. The latter experiment was performed using a continuous wave
excitation of the SPDC process.

Progress continues toward implementing an experiment using photons that closes
all loopholes simultaneously. In these experiments, both high-efficiency detection
and good timing resolution is needed. Further analysis of data obtained in Ref. [41]
showed that because of the continuous excitation of the SPDC process, the results are
in principle subject to the coincidence-time loophole [72]. Even though a re-analysis
of the data revealed that the experiment was not subject to the coincidence-time

2 Note that overall detection efficiency is a product of all optical losses in transferring the photons
from where they are generated to where they are detected and the detector’s detection efficiency
(see Sect. 1.1.1).

http://dx.doi.org/10.1007/978-3-319-24091-6_1
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loophole [73], future loophole-free experiments will use pulsed sources to define
every trial of the Bell test. Also, an improved TES timing jitter results in better
rejection of background light. Better rejection of background light lowers the needed
overall source-to-detector coupling efficiencies needed to perform a loophole-free
experiment.

2.4 Integration of Optical TES on Waveguide Structures

We now present our recent efforts towards integrating optical TESs into optical on-
chip architectures for scalable quantum information processing.We review the results
presented in two publications [57, 58]. Integrated optics has become one of the lead-
ing technologies for generating and manipulating complex quantum states of light,
since mode-matching, low-loss and small device footprints allow for more complex
structures. A recent example of photon routing using integration to build complex
networks is Boson sampling [74–77]. In these experiments the photon detection was
done off-chip, which severely limited the number of modes that could feasibly be
measured due to interface losses. Therefore, high-efficiency on-chip detection via
evanescent coupling of the optical mode is key to realizing such large-scale opti-
cal quantum information and communication applications. Currently, a number of
groups are pursuing integration of superconducting single-photon detectors on scal-
able platforms. Most efforts center around superconducting nanowire single-photon
detectors [59, 60, 78–80]—two such approaches are reviewed in Chaps. 3 and 4
of this volume. Our method exploits integrated TESs which combine both high
efficiency and intrinsic number resolution. Any integrated detector will avoid loss
originating from coupling off-chip. In addition, such a detector can in principle be
placed at arbitrary locations within an optical waveguide structure to allow optical
mode probing, and allow in principle fast feed-forward operations, if all detection,
decision, and photon routing is performed on chip. As we show, such a detector will
also enable mode-matched photon-number subtraction without the need for com-
plicated optical setups. However, one challenge remains when integrating source,
circuit and detector on-chip. Since the number of pump photons required to generate
single-photon states is large, a small fraction of the pump photons may leak into the
single photon detector, resulting in unwanted detection events degrading the fidelity
of the desired state. Therefore, pump filtering and pump rejection is currently one of
the major challenges towards realization of a fully-integrated device.

2.4.1 On-Chip Transition Edge Sensor

For integration of our TES, we use a silica-on-silicon planar structure and UV
laser writing to define the optical waveguide [81] fabricated at the University of
Southampton (U.K.). Figure2.12a shows the schematic of this structure. A thermal

http://dx.doi.org/10.1007/978-3-319-24091-6_3
http://dx.doi.org/10.1007/978-3-319-24091-6_4
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Fig. 2.12 a Schematic of the silica waveguide structure; b Schematic of the multiplexed long
absorber evanescently coupled TES; c Micrograph of one fabricated long absorber TES; d Elec-
trical output waveforms for all three multiplexed TESs. (a) Courtesy James Gates, University of
Southampton, U.K. (b)–(d) Reproduced with permission from Ref. [58]. Copyright 2013, Optics
Express (Optical Society of America)

oxide cladding layer is deposited on a silicon substrate. The waveguide core layer
is a germanium-doped silica layer and deposited via Flame Hydrolysis Deposition
(FHD). UV laser writing into the photosensitive core layer achieved an index con-
trast change of ≈0.3% and results in a waveguide mode of Gaussian profile [82].
After UV writing, the optical waveguide is ≈5μm wide. As a proof-of-principle
we embedded a 25μm × 25μm × 0.04μm TES on top of such a silica waveguide
structure [57]. The detection efficiency of a photon inside the waveguide was found
to be ≈7%. We found that when aiming for close-to-unity detection efficiency in
such a silica waveguide structure, the evanescent coupling of the absorber has to be
on the order of the length of 1 mm due to the small optical mode overlap with the
absorber. In contrast, a silicon waveguide device with mode-field dimensions a factor
of ten smaller than those of our silica device, only require ≈20 − 30μm absorber
length to achieve high absorption of the optical mode [60].

To improve the overall absorption and therefore the detection efficiency of our
devices,we increased the absorber length andmultiplexed three devices. Figure2.12b
shows the schematic of an integrated high-efficiency TES presented in Ref. [58]. The
device consists of three detector regions with absorber lengths of 210μm each, and
yielded an overall device efficiency of 79% for a photon inside the waveguide. This
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approach used a separate absorber geometry increasing the interaction lengthwith the
optical waveguide mode. The total heat capacity of the absorber/sensor device was
low enough to retain the photon-number resolution of the TES. A micrograph of the
fabricated device is shown in Fig. 2.12c. The active TES is a 10μm × 10μm sensor
made of tungsten, 40nm thick operating at a transition temperature of≈85 mK. Two
100μm long tungsten absorbers are attached to the device and placed directly on
top of the optical waveguide. To maintain an overall low heat capacity, the layer
was 3.5μm wide and 40nm thick. A gold spine facilitates the heat conduction to the
sensor area and allows the heat to reach the sensor region before being dissipated into
the substrate. Thegold layerwas 2μmwide and80nm thick. Simulations showed that
for an absorber this length, the probability of absorbing a photon inside thewaveguide
should be ≈48%. Simulations also revealed that the effective mode index mismatch
at the absorber/no-absorber interface is on the order of 0.1%. Therefore the optical
mode is almost undisturbed, so reflections at the absorber/no-absorber interface are
negligible. This allows multiplexing of several such detectors on a single waveguide
to maximize the absorption of the optical mode. Calkins et al. also modeled the
detector response due to the absorption of a photon along the long absorber [58].
When a photon is absorbed along the tails of these detectors, that energy must be
transmitted to the sensor region before escaping via some other thermal path, e.g.
through the phonon system into the substrate. This process is described by electron
diffusion and depends on the thermal conductivity of the electron system and the
amount of energy the electron system can carry. Calkins et al. found that a lower
device temperature (lower Tc) and a large thermal conductivity are advantageous to
facilitate such properties [58]. To maintain photon-number resolution, the maximum
length of the absorber depends on the heat capacity, transition temperature, thermal
conductivity, and electron-phonon coupling strength of the device. The latter will
eventually leak heat out of the system into the substrate [58].

Figure2.12d shows the waveforms from the device presented in Ref. [58]. A
strongly attenuated pulsed 1550nm laser was used to measure the device’s response.
The device consists of 3 individual detectors, TES 1 through TES 3. Clearly, photon-
number resolution is well maintained for these long absorber detectors. Also, the
measured detection efficiency was about 43% per detector element, yielding an
overall efficiency of≈79%. Figure2.12d also shows the subsequent decay of photon-
number amplitudes. Since all three detectors have the same length, each preceding
detector absorbs part of the incomingphoton state resulting in an exponential decrease
in detected mean photon number with each additional detector. In this study all TESs
were read out individually, each with a dedicated SQUID amplifier. This poses a
scalability constraint when multiplexing many TESs on a single circuit.
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2.4.2 A New Experimental Tool: On-Chip Mode-Matched
Photon Subtraction

The experimental results, along with optical-mode modeling, allowed us to find the
dependence of the detection efficiency as a function of the absorber length. We are
nowable to fabricate a detectorwith pre-determined absorption (detection efficiency).
Since the silica platform requires relatively long absorbers per unit of detection
efficiency, variation in the detection efficiency due to fabrication imperfections are
considered to be small. Thiswill allowus to implement the first quantumoptics exper-
iment utilizing the non-Gaussian operation of photon-subtraction on-chip, an exper-
imental challenge when working with free-space optical components. Figure2.13
shows a schematic of a heralded photon-subtraction experiment. This is similar to
the scheme used for the generation of coherent state superpositions described above.
A generated photon state is sent towards a beam splitter with known reflectivity.
The beam splitter probabilistically reflects photons from the input state and sends
it to a heralding photon detector. Measurement of a photon at this detector projects
a subtracted photon-number state onto the input state. In this way, the transmitted
(heralded) state can show non-classicality. The heralded state detection is accom-
plished by some other scheme such as homodyne detection or photon counting. The
challenge in these kinds of experiments in free-space is to mode-match the photon
subtraction (heralding) detector to the heralded state detection. The mode-matching
must be done in the spatial, spectral and temporal regimes to achieve high-fidelity
state generation. If the subtracted photon is not mode-matched to the heralded state
detection, a vacuum state is detected, thus degrading the fidelity of the heralded state.
The integrated approach, however, offers an almost perfect mode-matched heralding
detector, since the optical mode transmitted matches the optical mode evanescently
coupled to the heralding detector.Also, since theTES intrinsically has no dark counts,
there should be no false heralding photon detection events. In addition, the TES has
100% internal detection efficiency (probability of an absorbed photon yielding an
output signal) for the subtracted photons. When combining the integrated photon
subtraction scheme with weak-field homodyne detection, the integrated TES plat-
formmay become a powerful tool for the study and manipulation of optical quantum
states.

Fig. 2.13 Schematic of on-chip photon-number subtraction (heralding) for the experimental real-
ization of non-Gaussian operations
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Fig. 2.14 Experimental scheme for measuring the coupling efficiency and detection efficiency of
the TES detectors

2.4.3 On-Chip Detector Calibration

Determining the detection efficiency of a waveguide-integrated single-photon detec-
tor is a crucial aspect of studying the device performance. In contrast to fiber-coupled
devices where the detection efficiency can be determined for photons inside the opti-
cal fiber, the overall detection efficiency of a waveguide-integrated detector also
includes the fiber-to-waveguide loss, a non-negligible contribution to the overall
device-loss. Here we show how we are able to discriminate between the fiber-to-
waveguide coupling loss and the detection efficiency of a photon residing inside the
waveguide, following the derivation found in the supplemental material of Ref. [57]
and in [58]. Figure2.14 shows the scheme for measuring the detection efficiency
of the TES centered on top of the waveguide and simultaneously measuring the
fiber-to-waveguide loss. We perform three independent measurements:

• Wemeasure the overall transmission through the whole device. Under the assump-
tion that fiber-to-waveguide coupling is single-mode, the coupling efficiencies at
sides A and B are independent of the propagation direction of the photons. This
assumption can easily be verified bymeasuring the transmission through the device
in both directions: if T = TAB = TBA then T = ηswitchηA(1 − rint)(1 − ηTES)ηB,
where ηswitch is the switching ratio of the switch, ηA and ηB are the coupling
efficiencies into the waveguide on side A and B, respectively. ηTES is the detec-
tion efficiency of the TES, and rint is the reflection at the absorber/non-absorber
interface. Since rint is small (≈0.1%): T ≈ ηswitchηA(1 − ηTES)ηB;

• We measure the overall system detection efficiencies including the fiber-to-
waveguide coupling losses: ηs A/s B ≈ ηA/BηTES (with rint � 1) for each propa-
gation direction.

We can solve for ηA, ηB and ηTES. We can also estimate the uncertainty of the
final outcome when including the calculated absorber/non-absorber boundary loss.
It is important to note that this technique does not account for losses within the
detection region, i.e. underneath the detector. These losses would be equivalent to
a boundary reflection, and, if these are small they would only have small effects
on the final detection efficiency outcome. We use two power meters to measure the
overall transmission along both possible propagation directions (TAB or TBA). To
achieve well-defined attenuated single-photon laser pulses, we calibrate optical fiber
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attenuators using the calibrated power meter as outlined in Ref. [13]. The switch
imbalance (ratio) is determined beforehand and is modeled according to a weak
laser pulse propagating through a beam splitter with transmissivity ηswitch. By this,
we obtained: ηA = 39.8%, ηB = 47.9% and ηTES = 7.2% for our first proof-of-
principle device [57].

Similar to the method described above and in Ref. [57], the detection and fiber-to-
waveguide efficiencies can be estimated for the high-efficiency multiplexed TESs.
Calkins et al. determined the detection efficiency for all three multiplexed detec-
tors also by measuring the overall system efficiencies for both propagation direc-
tions. In addition, they were also able to deduce the waveguide mode absorption in
their estimation. In general the method yields 2N + 1 measurements for N multi-
plexed detectors, allowing determination of more system parameters than necessary
to extract the sensor and fiber-to-waveguide coupling efficiencies (N + 2). In prin-
ciple, this method can be extended to many low-efficiency detectors allowing the
probing of crucial circuit parameters, such as scattering losses, beam splitter ratios
and detection efficiencies.

2.5 Outlook

We have given an overview of the superconducting optical transition edge sensor
(TES) and its use in quantum optics experiments. The high detection efficiency of
the TES combined with photon number resolving capability are key requirements
for experiments in quantum optics and quantum information. However, it should be
noted that the TES can in principle have a large dynamic range owing to its thermal
response with low uncertainty. This large dynamic range at the single-photon level
may be advantageous for calibration of photon pulses that are in the mesoscopic
regime between single-photon detection and conventional sensitivities of semicon-
ductor photodiodes. The relatively slow response and recovery time of the TES, par-
ticularly compared to superconducting nanowire single-photon detectors (Chap. 1),
preclude their use in some high-speed photon-counting applications, but when true
photon-number resolution is required, the TES is the most efficient tool to measure
photon states across an extremely broad wavelength range. The almost unity detec-
tion efficiency of the TES is still unmatched and is crucial for fundamental tests of
quantum nonlocality. We have presented our efforts on integration of optical TES on
optical waveguide structures and showed a route towards high-detection efficiency
implementation. A full source-circuit-detector implementation is still missing due to
the challenges of optical pump reduction to minimize both the heat load on the cryo-
genic system and unwanted detection of spurious pump photons. However, circuit
implementation, along with high-efficiency TESs, is on its way also investigating the
potential for mode-matched high-efficiency photon subtraction for future quantum
information applications.

In the future, the dynamic range of the TES may be interesting to studies that
aim at macroscopic entanglement [83], a developing route of research that requires

http://dx.doi.org/10.1007/978-3-319-24091-6_1
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single-photon resolution at levels of hundreds of photons. In principle, the energy
resolution of the TES can be improved at the cost of speed, e.g. lower thermal heat
escape mechanism. The combination of weak-field homodyne detection and inte-
grated optics may lead to interesting, more complex experiments in the continuous
variable regime of quantum optics.
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