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Intro

• light is quantum

• light is cheap

• let’s use the quantum properties of light



Little interaction with the environment

We can send them across long distances



Little interaction with the environment

Hard to detect and to store



Outline

Photon: elementary, cheap, powerful

How would you like your photons?

Generating single photons



Photon

An elementary particle, the quantum of all forms of
electromagnetic radiation.

Including light.

source: Wikipedia



Photons are quantum objects

source: www.photonics.com
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Abstract. It should be apparent from the title of this 
article that the author does not like the use of the word 
"photon", which dates from 1926. In his view, there is no 
such thing as a photon. Only a comedy of errors and 
historical accidents led to its popularity among physicists 
and optical scientists. I admit that the word is short and 
convenient. Its use is also habit forming. Similarly, one 
might find it convenient to speak of the "aether" or "vac- 
uum" to stand for empty space, even if no such thing 
existed. There are very good substitute words for 
"photon", (e.g., "radiation" or "light"), and for "photo- 
nics" (e.g., "optics" or "quantum optics"). Similar objec- 
tions are possible to use of the word "phonon", which 
dates from 1932. Objects like electrons, neutrinos of finite 
rest mass, or helium atoms can, under suitable conditions, 
be considered to be particles, since their theories then have 
viable non-relativistic and non-quantum limits. This pa- 
per outlines the main features of the quantum theory of 
radiation and indicates how they can be used to treat 
problems in quantum optics. 

PACS: 12.20.-m; 42.50.-p 

The underlying science of light is called the Quantum 
Theory of Radiation (QTR), or Quantum Elec- 
troDynamics (QED). There were hints of this subject in 
W. Heisenberg's first papers on matrix mechanics of 1925, 
but the real foundation came in P. Dirac's work of 1927. 
At first, only a few people needed to know much about the 
quantum theory of radiation. With the conception, in 
1951, of the ammonia-beam maser by C. Townes, the 
making of the ruby optical maser by Th. Maiman and the 
helium-neon gas laser by A. Javan, W. Bennett and 
D. Herriott in 1960, and a flood of other devices soon 

It is a pleasure to join in the 60th birthday celebration of the 
Director, Herbert Walther, of the Max-Planck-Institute for Quan- 
tum Optics at Garching, and wish him much happiness and many 
more years of his very great scientific creativity 

afterward, there was a population explosion of people 
engaged in fundamental research and in very useful tech- 
nical and commercial developments of lasers. QTR was 
available, but not in a form convenient for the problems at 
hand. The photon concepts as used by a high percentage 
of the laser community have no scientific justification. It is 
now about thirty-five years after the making of the first 
laser. The sooner an appropriate reformulation of our 
educational processes can be made, the better. 

1 A short history of pre-photonic radiation 

Modern optical theory [2] began with the works of Ch. 
Huyghens and I. Newton near the end of the seventeenth 
century. Huyghen's treatise on wave optics was published 
in 1690. Newton's "Optiks', which appeared in 1704, dealt 
with his corpuscular theory of light. 

A decisive work in 1801 by T. Young, on the two-slit 
diffraction pattern, showed that the wave version of optics 
was much to be preferred over the corpuscular form. 
However, so high was the prestige of I. Newton, that the 
teaching of optical physics at Cambridge University only 
changed from corpuscular to wave optics in 1845. 

There were also the discoveries by A.-M. Amp6re 
(1820, 1825), H. Oersted (1820) and M. Faraday (1831) of 
electromagnetic phenomena in the first half of the nine- 
teenth century, which culminated in the publication of the 
treatise on electromagnetic theory in 1864 by J. C. Max- 
well. With the discovery of electromagnetic waves by H. 
Hertz in 1887, there could be little doubt that light had 
a wave rather than a corpuscular nature. 

By the time of his inaugural lecture [3] as Cavendish 
Professor at Cambridge University in 1871, J. C. Maxwell 
had recognized that matter had to have an atomic struc- 
ture. He foresaw that integral numbers and probability 
theory would play a role in the new physics. Unfortunate- 
ly, Maxwell died in 1879, at the age of 48! During the last 
decade of the nineteenth century, a number of new and 
very unexpected things were discovered: electrons, posi- 
tive ions, X-rays, radioactivity and the photoelectric effect. 

A theory of matter could be based on the atom model 
of J. J. Thomson (1904), in which electrons moved in 

I suggested that a license be required for use of the word “photon,”
and offered to give such a license to properly qualified people.

sources: Lamb, Appl. Phys. B 60, 77 (1995);
Photo: wikipedia.



“Seeing” photons is a destructive process

• Conversion of photon into electrical pulses

• Limited efficiency η

• Counting the number of photons?
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Photon: elementary, cheap, powerful

How would you like your photons?

Generating single photons



Quantized Electromagnetic Field

In a finite volume L3, we can directly quantize an EM field mode
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â† creator operator



Light classification
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thermal
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The second-order correlation function

Different light sources present different statistical properties
(coherence).

We are particularly interested in second-order correlation function

g(2)(τ) =

〈
Ê(−)(t) Ê(−)(t + τ) Ê(+)(t + τ) Ê(+)(t)

〉
〈
Ê(−)(t)Ê(+)(t)

〉2



Hanbury Brown and Twiss interferometer



Coherence classification - thermal



Coherence classification - coherent



Coherence classification - anti-bunched (non-classical)



It’s a multimode, free space world

We set some operative conditions to define what’s a single photon
in free space, and its usefulness.

Brightness
The probability of getting a click in response to
an excitation. Low B messes up the purity: the
state is a mixture of vacuum and |1〉.

Purity
It’s a vague term, everyone uses it they way
they prefer. IMHO: the description is closer
to |ψ〉 than

∑
i |ψ〉. But it can also be

associated to the fidelity of the output to the
ideal |1〉.

Indistinguishability
All emitted photons are the same. We can test
it with Hong-Ou-Mandel interference.
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Photon: elementary, cheap, powerful

How would you like your photons?

Generating single photons
Single emitter
Pairs of photons



Single photons from a single “atom”

|e〉

|g〉



Single photons from a single “atom”

|e〉

|g〉



Single photons from a single “atom”

|e〉

|g〉



Localize the emitter



Localize the emitter



Stages of photon generation

1. excite the transition of interest
• electrical pulse
• optical pulse

2. collect the emission

3. repeat



Stages of photon generation

1. excite the transition of interest
• electrical pulse
• optical pulse

2. collect the emission
the emission in a large solid angle

3. repeat



We can change the mode structure

the atom–atom entangled state is dominated by dephasing caused by
uncorrelated magnetic field fluctuations (of the order of 1 mG) at the
two individual nodes and position-dependent differential a.c. Stark
shifts induced by the dipole trap light fields. The dephasing due to
local magnetic field fluctuations can be significantly reduced by apply-
ing small magnetic guiding fields (30 mG) along the quantization axis
of each node. This has been used for the measurements with 100 ms
entanglement duration. The observed remote-entanglement lifetime
exceeds the entanglement creation time (1 ms for creation, transmis-
sion and absorption of an entangling photon) by two orders of mag-
nitude. Entanglement lifetimes of the order of seconds can be
expected when mapping the Zeeman qubit to magnetic-field-insens-
itive clock states using microwave or Raman pulses29.

In the limit of unit efficiency, the entanglement scheme presented
here allows for the deterministic creation of entanglement. In our
experimental implementation, efficiencies are below one and we
therefore detect a posteriori entanglement30. The detection of entang-
led read-out photons indicates that atom–atom entanglement had
been present. Only entanglement attempts that lead to the final detec-
tion of two read-out photons in the mapping process are considered in
our data. The creation of heralded entanglement31–33 is possible by
implementing a mechanism that signals the successful storage of a
transmitted photon at node B without disturbing the stored quantum
state (see Discussion below).

Local manipulation of a non-local state
Nodes A and B are in separated physical locations and thus are inde-
pendently addressable for local qubit control. When two nodes are
entangled, unitary operations applied locally at one of the nodes
change the non-local state of both nodes while the entanglement is
preserved. Thus local qubit control allows arbitrary maximally
entangled two-qubit states to be created using a single initial entang-
led state as a resource. We demonstrate this capability by creating the
jY1æ Bell state. We start by preparing the two nodes in the jY–æ Bell
state as described above. Applying a magnetic field along the quant-
ization axis only at node B causes a state rotation at twice the Larmor
frequency. The fidelity of the created state with the jY2æ and the jY1æ
Bell state is plotted as a function of the applied magnetic field in Fig. 5.
The time between entanglement creation and read-out of the atomic
state is fixed at 12.5 ms. As can be seen from Fig. 5, the rotation of the
non-local state results in a sinusoidally varying overlap with the jY6æ
Bell states. The fidelity with respect to the jY1æ state reaches a
maximum of (81 6 2)% at a magnetic field of B 5 30 mG. The original
jY2æ state is recovered with a fidelity of (76 6 2)% after a spin
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Figure 3 | Quantum state transfer between two single-atom network nodes.
a, At node A (left), an arbitrary quantum state is encoded in the Zeeman state
manifold of the single atom (see Methods). This quantum information is
mapped onto the polarization of a single photon which is sent to node B (right).
b, The photonic polarization is mapped to a superposition of atomic Zeeman

states, thereby completing the quantum state transfer from node A to node B.
c, Absolute value of the elements of the process matrix x for the quantum state
transfer. The average fidelity between the ideal and the read-out transferred
state is (84 6 1) %, well above the classical limit of 2/3.
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Figure 4 | Remote entanglement of two single-atom nodes. a, A single
photon is generated at node A (left), such that the internal state of the atom and
the polarization of the photon are entangled. The photon is sent to node B
(right) where its polarization is mapped onto the atomic state. The grey spheres
indicate the initial state of the atoms. b, This creates entanglement between
nodes A and B that can be maintained for at least 100ms. The atomic levels
involved in the entangled state are marked with red and yellow spheres. c, For
analysis, both atomic states are converted into single photons. Polarization
tomography on the two photons confirms the entanglement between the two
nodes. We measure a fidelity of FjY{i~ 85+1:3ð Þ% with respect to the |Y2æ
Bell state. Shown is the real part of the density matrix. The magnitude of each
imaginary part is #0.03.
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Quantum Dot in cavity

Fabrication of QD single-photon sources
The devices were fabricated from a planar λ cavity embedding an
InGaAs QD layer and surrounded by GaAs/Al0.9Ga0.1As distributed
Bragg reflectors. The sample was doped to obtain an effective n–i–p
diode structure and optimized to define the Fermi level around the
QD while minimizing the free carrier losses in the mirrors. The
cavity design for applying an electric field is similar to the one pre-
sented in ref. 27, with a single micropillar connected to a surround-
ing circular frame by four one-dimensional 1.5-µm-wide wires. This
frame overlapped a large mesa where the top p-contact was defined.
A standard n-contact was deposited on the back of the sample.
Figure 1a presents a schematic of a single device. To achieve full
control of the QD–cavity coupling, we used an advanced in situ
lithography technique that allowed the QD to be positioned
within 50 nm of the pillar centre and enabled the cavity resonance
to be spectrally adjusted to the QD transition with a spectral accu-
racy of 0.5 nm (ref. 26). Figure 1b shows an optical microscope
image of a diode, where 18 sources were fabricated during the
same in situ lithography process. A photoluminescence map of
one device is shown in Fig. 1c. In this, the bright QD emission in

the pillar centre is evidence of efficient photon extraction. The
fine electrical tuning of the QD exciton transition through the
Stark effect is shown in Fig. 1d. In resonance with the cavity
mode at −0.6 V, a strong enhancement of the signal is observed.

Performance under non-resonant excitation
Here, we study the main characteristics that define the quality of the
sources, namely their purity and brightness, and the indistinguish-
ability of the successively emitted photons.

The devices were first studied at 4 K under a single 3 ps pulsed non-
resonant excitation around 890 nm. We present the properties of
two different QD–pillar devices (named QD1 and QD2) with a
cavity quality factor of Q≈ 12,000, as summarized in Fig. 2 and
Supplementary Fig. 2 for pillar 1 and 2, respectively. On tuning the
QDresonance to the cavitymode through the applicationof an electrical
bias, a shortening of the radiative lifetime down to 150 ps is observed.
This corresponds to a Purcell factor of Fp = 7.6, considering a lifetime
of ∼1.3 ns for a QD exciton in bulk. Under these conditions, the
single photon purity is characterized in a standard Hanbury Brown
and Twiss set-up. Figure 2a presents a typical curve, which shows a
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Figure 1 | Electrically controlled single-photon sources. a, Schematic of the devices under study: a micropillar coupled to a QD is connected to a
surrounding circular frame by four one-dimensional wires. The top p-contact is defined on a large mesa adjacent to the frame. The n-contact is deposited on
the back of the sample. b, Optical microscope image showing 18 connected pillar sources electrically controlled through the metallic contact defined on the
300 × 300 µm2 diode. c, Photoluminescence map of a connected device: the bright emission at the centre of the device arises from the deterministically
coupled QD. d, Emission intensity as a function of bias and energy, showing the Stark tuning of the exciton transition (X) within the cavity mode (CM)
resonance (dashed line).
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high single photon purity with an autocorrelation function at zero delay
of g(2)(0) = 0.024 ± 0.007.

The brightness of the source is defined as the number of photons
collected per excitation pulse into the first lens. This definition allows
a comparison of device performance independently from the efficiency
of the optical set-upused to characterize them.This is given by (βηoutpx),
where β = Fp/(Fp + 1) is the fraction of the emission into the mode,
ηout = κtop/κ is the outcoupling efficiency defined as the ratio between
the photon escape rate through the top of the cavity to the total escape
rate, and px is the occupation factor of the QD state. To measure the
source brightness, the overall set-up efficiency was thus characterized.
As shown in Fig. 2c, the source brightness increases with power,
because px scales as (1 – exp(–P/Psat)), where Psat is the saturation
power of the transition. From the measured count rate on the detector
at maximum power, we derive a brightness value of 0.65 ± 0.07 for
QD1, consistent with px = 1, β = 0.88 and ηout = 0.70, as measured
through reflectivity measurements (Supplementary Fig. 3)20. Note that,
for many applications, a single-photon source should also provide
polarized single photons. In the case of unpolarized single-photon
emission, like here, the polarized brightness is reduced by a factor of
2 compared to the previous one; this corresponds to the number of
polarized photons collected per excitation pulse into the first lens.

To study the indistinguishability of the photons successively emitted
by the device, the SPS was excited twice every laser pulse cycle (12.2 ns)
with a delay of 3 ns. The successively emitted photons were temporally
overlapped using a fibre beamsplitter and a delay line, and were sent to
a free-space Hong–Ou–Mandel (HOM) interferometer28. The outputs
of the interferometer were coupled to two single-photon detectors to
measure the photon correlation events.

A typical photon correlation histogram is presented in Fig. 2b.
The highly reduced intensity of the zero delay peak with respect
to ±3 ns peaks is the direct signature of a high coalescence

probability. Figure 2c presents the overall device characterization
as a function of excitation power, where the mean wave packet
overlap of the photons, M, is deduced following ref. 29. At a
measured brightness of 0.65 ± 0.07, the indistinguishability
reaches M = 0.78 ± 0.07 (M = 0.74 ± 0.07) with (without) correction
from the non-zero measured g(2)(0) = 0.024 ± 0.007. In contrast to
ref. 20, the maximum indistinguishability is obtained here at
maximum brightness. Similar results are also obtained for QD2
(Supplementary Fig. 2), giving a strong indication of a reduced
charge noise influence in these electrically controlled sources.

Considering that the devices operate in the strong Purcell regime,
the observed indistinguishability actually reaches the theoretical
limit under non-resonant excitation. Indeed, under non-resonant
pumping, the relaxation time of carriers to the lowest QD state
introduces a time uncertainty on the exciton creation time that
becomes comparable to the exciton radiative recombination time
itself. Kiraz and colleagues30 predicted that the photon indistin-
guishability should be limited to 70–80% for the Purcell enhance-
ment reported here, a limit reached in these measurements. Such
a consideration supports the assumption that charge noise is actu-
ally efficiently cancelled in these gated cavity structures and that
fully indistinguishable photons should then be produced under
strictly resonant excitation.

Performance under resonant excitation
To test this hypothesis, the devices were studied under strictly
resonant excitation. To do so, shaped laser pulses, with a temporal
width of 15 ps, were coupled from the top of the device, directly
through the cavity mode. In this sample, the neutral exciton states
show a fine structure splitting (FSS) in the 10–15 µeV range.
Because of the one-dimensional wires connecting the pillar to the
frame, the cavity also presents a small polarization splitting in the
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Figure 2 | Characteristics of single-photon source QD1 under non-resonant excitation. a, Second-order autocorrelation histogram of device QD1 at 2.45Psat
showing pure single-photon emission with g(2)(0) = 0.024 ± 0.007. b, Correlation histogram measuring the indistinguishability of photons successively emitted
by QD1 (with an acquisition time of 8 min). c, Summary of the source properties as a function of excitation power: from top to bottom: purity (g(2)(0));
indistinguishability (M); and brightness (collected photons per pulse). Error bars are deduced from assuming Poissonian statistics in detected events.
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Single emitter

Pros

• High brightness (with cavity)

• good purity (filtering)

Cons

• bad indistinguishability (solid state)

• requires trapping/cooling



Spontaneous parametric down conversion

generate photons in pairs

40 Polarization Entanglement

entanglement of two photons. In the previous chapter more emphasis was placed on the

frequency correlation. The use of polarization has several advantages: the Hilbert space

identified has a finite dimension while, for the so called continuous variables (frequency,

time, momentum), this space is infinite. It is easy to represent the polarization state of

a photon as a point in the Poincare’s Sphere. The direct analogy with the Bloch Sphere

leads immediately to the possibility of encoding the qubit in the polarization state of a

photon, choosing, as example, the horizontal, |H〉, and the vertical, |V 〉, state as |0〉 and
|1〉. Thus the theory developed for the quantum information and quantum communica-

tion can easily be extended to the study of the polarization of the photons and viceversa.

The generated photons will be proved to be entangled first testing the violations of

classical inequality, the CHSH [Clauser 69] version of the Bell inequalities [Bell 64] and

then via a complete tomography of the state.

3.1 The Source of Entangled Photons

The photons that compose the polarization entangled bipartite state are generated by a

type II non collinear down-conversion process.

A UV pump beam impinges on a 1.5 mm thick β-Barium Borate (BBO) crystal forming

Figure 3.1: Drawing of the Type-II down conversion process.



Conservations impose correlations

energy conservation

 hωp =  hωs +  hωi

momentum conservation

~kp = ~ks + ~ki



SPDC + Cavity

SPDC Cavity Combined



Four-wave mixing

pump1

pump2 herald

probe

5D3/2

5P3/2

5S1/2

pump2

762 nm

pump1

795 nm

5P1/2

probe
780 nm

herald
776 nm



FWM in cold atoms



Heralding

Pros

• wide range of wavelengths/bandwidths

• good purity (low brightness)

• great indistinguishability

Cons

• limited brightness

• poissonian process (high order pair generation)



cqtac@nus.edu.sg
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quantumlah.org



Outline

Detecting single photons
Photoelectric effect
Thermal effect



Avalanche photodiodes

jitter: ≈ 500 ps

temperature: ≈ 230 K

source: http://www.wikiwand.com



APD is a mature technology
4.2 Avalanche Photo-Diodes (APDs)

Figure 4.1: A fiber pigtailed APD

module under assembly. The diode is

seen to the left, and a black multimode

fiber has been glued in place illumi-

nating the active surface of the diode.

The APD sits in a copper housing atop

a three stage Peltier element used to

cool the diode. To prevent condensa-

tion the whole structure is mounted in

a black air tight aluminum housing.

Figure 4.2: A fiber pigtailed

APD module, showing the electronics

needed to provide a high bias voltage

to the APD, quench the APD, and to

provide a NIM output signal for each

photon detection event.

bias voltage slowly recovers. In active quenching a fast circuit senses the photo-current

and quickly reduces the bias voltage. Due to the high operating voltage the power

dissipation in the diode is considerable. The ballast resistor in a passively quenched

diode limits the maximum current and prevents heat damage due to high count rates.

Actively quenched diodes, on the other hand, are prone to damage when exposed to

excessive light unless they have a protection circuit. Although active quenching is faster

we use passive quenching because of its simplicity (a resistor) and ruggedness. For the

passively quenched Si APDs we use, the dead time is on the order of 0.75µs which

limits the maximum count rate to about 490 000 photons per second1.

Third, APDs have a dark current due to thermal (rather than optical) generation

of electron-hole pairs. This dark current limits the minimum amount of light the APD

detects. To reduce this noise we cool our APDs to ≈ -30 ◦C. In addition to providing

false photon detection events, the dark counts are followed by a dead time. Any photons

arriving during these intervals will not result in a detection. This once more limits the

1The rate of clicks rclick is given by the “paralyzable” model [89, 90] as rclick = Urie
−Uritd , where

td is the dead time, U is the unsaturated detection efficiency and ri is the rate of incident photons.

51



Different materials for different spectral regions

Si - visible range
400 nm to 1060 nm
Dark count rate: 20 - 2000 cps

InGaAs - telecom range
900 nm to 1700 nm
Dark count rate: > 1kcps



Transition edge sensors - η ≈98%

Slow: jitter
> 100 ns

Very cold 100 mK

4. DETECTORS

Figure 4.8: A Transition Edge Sensor (TES) seen under a microscope. The small central

square is the active area of the detector. The green and yellow triangles are centering arrows.

The red base is the sapphire rod. Surrounding the sapphire (yellow halo) is a vertical zirconia

sleeve. Emerging from the tungsten film are the two wires connected to prongs.

weak thermal link. The temperature change is measured by the thermometer based on

the change in resistance of the superconducting film.

Here I summarize the description of the electro-thermal feedback mechanism found

in [104]. Figure 4.10 shows a thermal model of the TES. The superconductor consists

of an electron-phonon system and is in thermal contact with a substrate. The electron

subsystem of this film plays the role of both absorber and thermometer. The TES

detector is cooled below its superconducting transition temperature (Tc) and a voltage

bias is applied to it. This increases the electron subsystem’s temperature (Te) above

that of the substrate (Tsub). At low temperatures the electrons in tungsten have an

anomalously low thermal coupling to the phonons. This provides the weak thermal

link. An incident photon is absorbed by the electrons and their temperature increases.

A rapid change in temperature when near Tc results in a large and rapid change in the

resistance of the superconductor. The change of current in the voltage biased detector

is measured with a SQUID array (see Section 4.4.2). There is a non-linearity in the

temperature dependence of the resistance in the superconducting to normal conducting

58

source: S. K. Joshi, Ph.D. thesis



We need to keep them very cold



A very sensitive bolometer

4. DETECTORS

Preamp

ADR

AmpFilter

SQUID

Rs

ITES

TES

Figure 4.6: The TES is maintained near its superconducting critical temperature using a volt-

age bias [15]. A current ITES across the shunt resistor Rs creates this voltage bias. The change

in resistance of the TES due to an incident photon changes the current flowing through the in-

put coil of a SQUID amplifier. The TES and SQUID operate at 70 mK and 2.5 K, respectively,

and are cooled to these temperatures by an Adiabatic Demagnetization Refrigerator (ADR).

ther along the phase transition. This allows the TES to resolve the amount of thermal

energy deposited in the superconductor, and for monochromatic input, it is possible to

resolve the number of incident photons. We used these TESs from NIST together with

our high efficiency source (Chapter 3) to build a system with an uncorrected heralding

efficiency of > 74 %.

The critical temperature Tc of the TES’s superconducting film can vary between

devices and is about 140 mK for our detectors. We operate the detectors below Tc (at

70 mK) and use the voltage bias to regulate their temperature. We use an Adiabatic

Demagnetization Refrigerator (ADR) to cool our detectors.

Figure 4.6 shows the TES connected to the input coil of a SQUID amplifier. The

current ITES applied across the shunt resistor Rs creates a voltage bias across the detec-

tor. The thermal energy deposited by a photon changes the resistance of the TES and

consequently the current flowing through the superconducting input coil of the SQUID.

The SQUID input and the wires connecting it to the TES are all superconducting in

order to match the low impedance of the detectors. The SQUID is located at a different

part of the ADR and is kept at a temperature of 2.5 K. The higher impedance output

of the SQUID is further amplified and filtered outside the refrigerator.
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We can also count the number of photons

histogram of peak 
heights

n=0

n=1

n=1

n=2

n=2 1 μs



Superconducting nanowires - η ≈ 92%

Very fast: jitter< 100 ps

“only” down to 4 K

source: MIT
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