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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iq Ls also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, q Ls.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy h n . 2D are

absorbed in a superconducting film cooled to T,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hh n/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (Tc ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iq Ls also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, q Ls.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy h n . 2D are

absorbed in a superconducting film cooled to T,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hh n/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (Tc ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iq Ls also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, q Ls.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy h n . 2D are

absorbed in a superconducting film cooled to T,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hh n/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (Tc ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iq Ls also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, q Ls.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy h n . 2D are

absorbed in a superconducting film cooled to T,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hh n/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (Tc ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
devices already achieve very interesting levels of sensitivity.
In order to explain the operation of our detector, wemust quickly

review the electrodynamics of superconductors18. As its name
implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
phonon interaction, with a binding energy 2D < 3.5kBTc, where Tc

is the superconducting transition temperature. However, supercon-
ductors have a nonzero impedance for a.c. currents. An electric field
applied near the surface of a superconductor causes the Cooper
pairs to accelerate, allowing energy storage in the form of kinetic
energy. Because the supercurrent is non-dissipative, this energy may
be extracted by reversing the electric field. Similarly, energy may be
stored in the magnetic field inside the superconductor, which
penetrates only a short distance, l < 50 nm, from the surface.
The overall effect is that a superconductor has a surface inductance
L s ¼ m0l, due to the reactive energy flow between the super-
conductor and the electromagnetic field. The surface impedance
Zs ¼ Rs þ iq Ls also includes a surface resistance Rs, which describes
a.c. losses at angular frequency q caused by the small fraction of
electrons that are not in Cooper pairs, which are called ‘quasipar-
ticles’. For temperatures Tmuch lower than Tc, Rs ,, q Ls.

Photons with sufficient energy (hn . 2D) may break apart one or
more Cooper pairs (Fig. 1a). The absorption of a high-energy
photon creates Nqp < hhn/D quasiparticles; the excess quasiparti-

Figure 1 An illustration of the detection principle. a, Photons with energy h n . 2D are

absorbed in a superconducting film cooled to T,, Tc, breaking Cooper pairs and

creating a number of quasiparticle excitations Nqp ¼ hh n/D. In this diagram, Cooper

pairs (C) are shown at the Fermi level, and the density of states for quasiparticles18, Ns(E ),

is plotted as the shaded area as a function of quasiparticle energy E. b, The increase in
quasiparticle density changes the (mainly inductive) surface impedance Zs ¼ R s þ iq Ls
of the film, which is used as part of a microwave resonant circuit. The resonant circuit is

depicted schematically here as a parallel LC circuit which is capacitively coupled to a

through line. The effect of the surface inductance L s is to increase the total inductance L,

while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.

Figure 2 A microscope photograph of the device tested. Light and dark regions are the

aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (Tc ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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these detectors have generally been used with individual preampli-
fiers and wiring for the output signals, which is clearly impractical
for large arrays. Instead, a multiplexed readout approach is needed,
in which preamplifiers and signal wiring are shared among multiple
detectors. Multiplexing schemes are now being developed for
transition-edge sensors15,16, but will require complex, custom-
designed superconducting electronics, located close to the detector
array. Our detector concept17 is based on the microwave measure-
ment of the complex impedance of a thin superconducting film, and
allows a simple frequency-domain approach to multiplexing. This
results in a dramatic simplification of the detector array and
associated cryogenic electronics, and harnesses the rapid advances
in wireless communications electronics. The results we present
include the demonstration of single X-ray photon detection with
a high signal-to-noise ratio and a measurement of the detector
noise. Although much work remains to be done to optimize the
performance, and to produce and use practical detector arrays, the
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implies, a superconductor has zero resistance for d.c. electrical

current. This supercurrent is carried by pairs of electrons, known
as Cooper pairs. Cooper pairs are bound together by the electron–
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is the superconducting transition temperature. However, supercon-
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while the effect of the surface resistance Rs is to make the inductor slightly lossy (adding a

series resistance). c, On resonance, the LC circuit loads the through line, producing a dip
in its transmission. The quasiparticles produced by the photons increase both L s and R s,

which moves the resonance to lower frequency (due to L s), andmakes the dip broader and

shallower (due to R s). Both of these effects contribute to changing the amplitude

(producing power change dP ) (c) and phase (d) of a microwave probe signal transmitted
though the circuit. The definition of the phase angle used here is explained in Fig. 3. The

amplitude and phase curves shown in this illustration are actually the data measured for

the test device (Fig. 2) at 120mK (solid lines) and 260mK (dashed lines). This choice of

circuit design, which has high transmission away from resonance, is very well suited for

frequency-domain multiplexing, because multiple resonators operating at slightly

different frequencies could all be coupled to the same through line.
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aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)

through line used for excitation and readout. B, Meandered quarter-wavelength resonator

section, with an overall length of 3 mm, and resonance frequency around 10 GHz. C,

coupling capacitor. D, short-circuit termination. The coupling region is magnified in the

inset; the diagram shows the equivalent circuit. Both CPW lines have a 50Q characteristic

impedance, and are fabricated from a single 2,200-Å-thick aluminum film (Tc ¼ 1.23 K)

using standard contact photolithography. The centre conductor of width 3 mm is

separated by 2-mm gaps from ground planes on either side. The fraction a of the total

inductance per unit length contributed by the surface inductance of the aluminium film

can be written as a sum of centre strip and ground plane terms, a¼ acentre þ aground.

These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element

method26, assuming an effective penetration depth l ¼ 50 nm. The measured resonator

quality factor Q ¼ f0 /Df is 52,500 at low temperatures T,, Tc (Fig. 1). This device is

mainly sensitive to photon events in the centre strip (V ¼ 2,000mm3) of the CPW line

rather than in the ground plane, because the microwave current in the ground plane is

concentrated near the edge of the CPW line; quasiparticles generated in the ground plane

near the edge of the CPW line can easily diffuse away. Similarly, the device is more

sensitive to centre strip events occurring near the short-circuited end, where the

standing-wave pattern of the microwave current reaches a maximum. Quasiparticles

generated in the centre strip may also diffuse out of the short-circuited end; the peak

response therefore occurs roughly one diffusion length (,1mm) from this end. Photon

events in the through line are not seen, because there is no resonant enhancement of the

surface impedance effect.
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Working principle of KID

Frequency multiplexing:

-> one line to address hundreds of detectors

S21 

f0 f1 fN-2 fN-1 Frequency 
(e.g. 1 GHz)   

∼ 1-2 MHz 

FWHM ~ 1-100 kHz 

(a)

(c)

(b)

~400µm

f1

212µm325µm

12µm

f22

from Martin-Puplett 
spectrometer

cryostat

100mK
optical 
aperture

Al

AlOx

Al2O3

νν

1

2 
readout  
electronics

1

2

21

22
…feedline

ground  
plane

(a)

(c)

(b)

~400µm

f1

212µm325µm

12µm

f22

from Martin-Puplett 
spectrometer

cryostat

100mK
optical 
aperture

Al

AlOx

Al2O3

νν

1

2 
readout  
electronics

1

2

21

22

…feedline

ground  
plane

(a)

(c)

(b)

~400µm

f1

212µm325µm

12µm

f22

from Martin-Puplett 
spectrometer

cryostat

100mK
optical 
aperture

Al

AlOx

Al2O3

νν

1

2 
readout  
electronics

1

2

21

22
…feedline

ground  
plane

(a)

(c)

(b)

~400µm

f1

212µm325µm

12µm

f22

from Martin-Puplett 
spectrometer

cryostat

100mK
optical 
aperture

Al

AlOx

Al2O3

νν

1

2 
readout  
electronics

1

2

21

22

…feedline

ground  
plane

f ~ (LC)-1/2

Co C1 CN-2 CN-1

same L

different C

1  2readout line



GDR MEETIC,  December 2021 Florence Levy-Bertrand /175

Working principle of KID
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THz radiations (100 GHz- 10 THz)

1 mm

Frequency (Hz)

3 K

1 meV

Temperature* (K)

Energy (eV)

Wavelength (m) 103                   10-2                        10-5                   0.5x10-6         10-8            10-10              10-12 

104                     108                        1012                       1015           1016            1018              1020300 GHz

*the black body whose emission is maximum at the corresponding wavelength
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Astrophysics observations with KID
Scientific motivations

Did inflation occur soon after the Big Bang ?  

How the Universe structures formed ?

Results from Planck satellite (2009-2012)

Cosmic Microwave Background (CMB)
T = 2.7 K
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Astrophysics observations with KID
A&A 609, A115 (2018)

Fig. 2. Schematic cut through a KID substrate. In grey, the high-
resistance silicon wafer, while in black, the aluminium films are rep-
resented. The green arrows illustrate the direction of the electric field.
Left: the co-planar waveguide (CPW) transmission line without across-
the-line bondings, associated to strongly non-uniform performance of
the detector array. Centre: CPW with across-the-line bondings, con-
figuration adopted in NIKA. Right: the microstrip (MS) configuration
adopted in NIKA2, ensuring single-mode propagation and easiest im-
plementation of very large arrays.

Fig. 3. Left: a front-illuminated microstrip (MS) pixel for the 260 GHz
band of NIKA2. The pixel size is 2 ⇥ 2 mm2. Right: a back-illuminated
coplanar waveguide (CPW) pixel used for the 150 GHz band in NIKA.
The pixel size was in that case 2.3 ⇥ 2.3 mm2. Both designs are based
on Hilbert-shape absorbers/inductors.

In NIKA2, the 150 GHz channel is equipped with an array
of 616 pixels, arranged to cover a 78 mm diameter circle. Each
pixel has a size of 2.8 ⇥ 2.8 mm2. This is the maximum pixel
size that can be adopted without significantly degrading the the-
oretical telescope resolution, as it corresponds roughly to a 1F�
sampling of the focal plane. The array is connected over four dif-
ferent readout lines, and shows resonance frequencies between
0.9 and 1.4 GHz. The thickness of the silicon substrate is around
150 microns, to ensure a maximal optical absorption at 150 GHz.

In the case of the 260 GHz band detectors, the pixel size
is 2 ⇥ 2 mm2, to ensure a comparable 1F� sampling of the fo-
cal plane. In order to fill the two 260 GHz arrays, a total of
1140 pixels are needed in each of them. The smaller pixel di-
mensions compared to the 150 GHz band lead to slightly higher
resonance frequencies that lie between 1.9 and 2.4 GHz. Each
of the 260 GHz arrays is connected over eight di↵erent readout
lines. The thickness of the substrate is 260 microns, which max-
imises the optical absorption at 260 GHz. A picture of one of the
actual 260 GHz arrays mounted in NIKA2 is shown in Fig. 4.

We show in Fig. 5 an illustration of the positioning of the
three arrays in the NIKA2 cryostat.

2.3. The cold optics

In this Section we describe the internal (cooled) optics. More de-
tails concerning the telescope interface (room temperature) mir-
rors are given in Sect. 2.6.

NIKA2 is equipped with a reflective cold optics stage held
at a temperature of around 30 K. The two shaped mirrors (M7
and M8) are mounted in a specifically designed low-reflectance
optical box in the cryostat nose. The stray-light suppression is
further enhanced by a multi-stage ba✏e at 4 K. The cold aperture

Fig. 4. One of the 260 GHz NIKA2 arrays after packaging. The number
of pixels designed for this array is 1140, connected via eight feed-lines
and 16 SMA (SubMiniature version A) connectors to the external cir-
cuit. The front of the wafer can be seen here.

Fig. 5. Cross-section of the NIKA2 instrument illustrating the position
of the three detector arrays (150 GHz, 260 GHz-V, and 260 GHz-H).
The optical axis and the photon direction of propagation are shown as
well.

stops, at a temperature of 150 mK, are conservatively designed
to be conjugated to the inner 27.5 m of the primary mirror M1.

The refractive elements of the NIKA2 cold optics are
mounted at 1 K and at the base temperature. The HDPE lenses,
except for those placed in front of the 260 GHz arrays, are anti-
reflecting-coated. The coating is realised by a custom machin-
ing of the surfaces. A 30-centimeter-diameter air-gap dichroic
splits the 150 GHz (reflection) from the 260 GHz (transmission)
beams. This dichroic, ensuring that it is flatter relative to the
standard hot-pressed ones, was developed in Cardi↵ specifically
for NIKA2. A grid polariser ensures then the separation of the
two linear polarisations on the 260 GHz channel (V and H, see
Fig. 5). We refer to Fig. 6 for a schematic cross-section of the
inner optics.

The filtering of unwanted (o↵-band) radiation is provided by
a suitable stack of multi-mesh filters placed at all temperature
stages. In particular, three infrared-blocking filters are installed
at 300 K, 70 K, and 30 K. Multi-mesh low-pass filters, with de-
creasing cuto↵ frequencies, are mounted at 30 K, 4 K, 1 K, and
the base temperature. Band-defining filters, custom-designed to
optimally match the atmospheric windows (see Fig. 10), are in-
stalled at the base temperature.
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Fig. 2. Schematic cut through a KID substrate. In grey, the high-
resistance silicon wafer, while in black, the aluminium films are rep-
resented. The green arrows illustrate the direction of the electric field.
Left: the co-planar waveguide (CPW) transmission line without across-
the-line bondings, associated to strongly non-uniform performance of
the detector array. Centre: CPW with across-the-line bondings, con-
figuration adopted in NIKA. Right: the microstrip (MS) configuration
adopted in NIKA2, ensuring single-mode propagation and easiest im-
plementation of very large arrays.

Fig. 3. Left: a front-illuminated microstrip (MS) pixel for the 260 GHz
band of NIKA2. The pixel size is 2 ⇥ 2 mm2. Right: a back-illuminated
coplanar waveguide (CPW) pixel used for the 150 GHz band in NIKA.
The pixel size was in that case 2.3 ⇥ 2.3 mm2. Both designs are based
on Hilbert-shape absorbers/inductors.

In NIKA2, the 150 GHz channel is equipped with an array
of 616 pixels, arranged to cover a 78 mm diameter circle. Each
pixel has a size of 2.8 ⇥ 2.8 mm2. This is the maximum pixel
size that can be adopted without significantly degrading the the-
oretical telescope resolution, as it corresponds roughly to a 1F�
sampling of the focal plane. The array is connected over four dif-
ferent readout lines, and shows resonance frequencies between
0.9 and 1.4 GHz. The thickness of the silicon substrate is around
150 microns, to ensure a maximal optical absorption at 150 GHz.

In the case of the 260 GHz band detectors, the pixel size
is 2 ⇥ 2 mm2, to ensure a comparable 1F� sampling of the fo-
cal plane. In order to fill the two 260 GHz arrays, a total of
1140 pixels are needed in each of them. The smaller pixel di-
mensions compared to the 150 GHz band lead to slightly higher
resonance frequencies that lie between 1.9 and 2.4 GHz. Each
of the 260 GHz arrays is connected over eight di↵erent readout
lines. The thickness of the substrate is 260 microns, which max-
imises the optical absorption at 260 GHz. A picture of one of the
actual 260 GHz arrays mounted in NIKA2 is shown in Fig. 4.

We show in Fig. 5 an illustration of the positioning of the
three arrays in the NIKA2 cryostat.

2.3. The cold optics

In this Section we describe the internal (cooled) optics. More de-
tails concerning the telescope interface (room temperature) mir-
rors are given in Sect. 2.6.

NIKA2 is equipped with a reflective cold optics stage held
at a temperature of around 30 K. The two shaped mirrors (M7
and M8) are mounted in a specifically designed low-reflectance
optical box in the cryostat nose. The stray-light suppression is
further enhanced by a multi-stage ba✏e at 4 K. The cold aperture

Fig. 4. One of the 260 GHz NIKA2 arrays after packaging. The number
of pixels designed for this array is 1140, connected via eight feed-lines
and 16 SMA (SubMiniature version A) connectors to the external cir-
cuit. The front of the wafer can be seen here.

Fig. 5. Cross-section of the NIKA2 instrument illustrating the position
of the three detector arrays (150 GHz, 260 GHz-V, and 260 GHz-H).
The optical axis and the photon direction of propagation are shown as
well.

stops, at a temperature of 150 mK, are conservatively designed
to be conjugated to the inner 27.5 m of the primary mirror M1.

The refractive elements of the NIKA2 cold optics are
mounted at 1 K and at the base temperature. The HDPE lenses,
except for those placed in front of the 260 GHz arrays, are anti-
reflecting-coated. The coating is realised by a custom machin-
ing of the surfaces. A 30-centimeter-diameter air-gap dichroic
splits the 150 GHz (reflection) from the 260 GHz (transmission)
beams. This dichroic, ensuring that it is flatter relative to the
standard hot-pressed ones, was developed in Cardi↵ specifically
for NIKA2. A grid polariser ensures then the separation of the
two linear polarisations on the 260 GHz channel (V and H, see
Fig. 5). We refer to Fig. 6 for a schematic cross-section of the
inner optics.

The filtering of unwanted (o↵-band) radiation is provided by
a suitable stack of multi-mesh filters placed at all temperature
stages. In particular, three infrared-blocking filters are installed
at 300 K, 70 K, and 30 K. Multi-mesh low-pass filters, with de-
creasing cuto↵ frequencies, are mounted at 30 K, 4 K, 1 K, and
the base temperature. Band-defining filters, custom-designed to
optimally match the atmospheric windows (see Fig. 10), are in-
stalled at the base temperature.
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Astrophysics observations with KID
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Electrodynamics of superconductors with KID
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THz electrodynamics of granular aluminum (grAl)

Tc-dome
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THz electrodynamics of granular aluminum (grAl)
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THz electrodynamics of granular aluminum (grAl)
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THz electrodynamics of granular aluminum (grAl)
Origin of the sub-gap modes ?
Excess of optical absorption in superconductors below 2Δ interpreted as:

The Higgs mode in disordered superconductors close to a quantum phase transition, 
D. Sherman and al, Nature Physics 11, 188–192 (2015).

Optical signatures of the superconducting Goldstone mode in granular aluminum: 
experiments and theory, U. S. Pracht and al, Phys. Rev. B 96, 094514 (2017).

| |ei✓
Superconducting order parameter

phase fluctuations
amplitude fluctuations
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THz electrodynamics of granular aluminum (grAl)
Origin of the sub-gap modes ?
Excess of optical absorption in superconductors below 2Δ interpreted as:

The Higgs mode in disordered superconductors close to a quantum phase transition, 
D. Sherman and al, Nature Physics 11, 188–192 (2015).

Optical signatures of the superconducting Goldstone mode in granular aluminum: 
experiments and theory, U. S. Pracht and al, Phys. Rev. B 96, 094514 (2017).

| |ei✓
Superconducting order parameter

phase fluctuations
amplitude fluctuations

previous publications KID-technique
Tbase  = 1.6K Tbase < 100mK

hν = 60-700 GHz hν = 0-400 GHz
Δν ~ 20 GHz Δν = 1 GHz (4μeV)

KID-technique:
unprecedented energy resolution
unveiled two types of modes
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THz electrodynamics of granular aluminum (grAl)
Origin of the sub-gap modes ?
Excess of optical absorption in superconductors below 2Δ interpreted as:

The Higgs mode in disordered superconductors close to a quantum phase transition, 
D. Sherman and al, Nature Physics 11, 188–192 (2015).
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Figure 2 | Tunnelling versus optical spectroscopy. a,b, Experimental results on low-disorder NbN samples. a, Measured tunnelling conductance
normalized to the normal state conductance G/Gn (green triangles) alongside a fit to BCS (black line) with a Dynes broadening parameter, � . b, Real part
of the dynamical conductivity, �1, versus frequency (energy) at temperatures below and above Tc =9.5 K. The low-temperature curve is fitted (green line)
to Mattis–Bardeen theory using the energy gap value obtained in the corresponding tunnelling result, �t. c, Summary of the quasiparticle tunnelling gap, �t
(green symbols), measured by planar tunnelling junctions or scanning tunnelling microscopy (STM), versus ⌦ , the frequency at which �1(!) is minimal
(blue symbols), obtained from optical spectroscopy for several superconducting NbN and InO films spanning the di�erent degrees of disorder. Whereas
the quasiparticle gap, �t, remains fairly unchanged with increasing disorder, and basically falls on the BCS strong coupling limit ratio, ⌦ is significantly
suppressed. According to Mattis–Bardeen theory, for ideal superconductors �1 is minimal at a frequency ⌦ that corresponds to 2�. The discrepancy
between both spectroscopic probes increases towards the highly disordered limit, signalling the presence of additional modes superimposed on the
quasiparticle response. The solid red line corresponds to the analytical prediction of mH close to a QPT calculated by Podolsky and colleagues12.
d,e, Experimental results on highly disordered NbN samples. d, Measured tunnelling conductance normalized to the normal state conductance G/Gn
(green triangles) together with a fit to BCS (black line) with a Dynes broadening parameter, � . e, Real part of the dynamical conductivity, �1, versus
frequency (energy) at temperatures below and above Tc =4.2 K. The low-temperature curve is fitted (green line) to Mattis–Bardeen theory using the
energy gap value obtained in the corresponding tunnelling result. Unlike the case of the low-disorder sample, these two curves di�er. The excess spectral
weight, marked in yellow and defined as the di�erence between the curves, is attributed to the Higgs contribution, � H

1 (see text). The error bars for �1 in the
graphs are determined by the distortion of the Fabry–Perot oscillations due to parasitic radiation, standing waves and electronic noise.

towards low frequencies is not at all captured by BCS theory (green
curve). In fact, using �t extracted from corresponding tunnelling
experiments, as seen in Fig. 2d, yields a curve which is significantly
below �

exp
1 (!). With increasing disorder, both the discrepancy

between 2�t and ⌦ and the insu�ciency of Mattis–Bardeen
fits become progressively worse. This trend is demonstrated in
Fig. 2c, where we compare results from both techniques on a
large number of NbN and InO samples spanning the various
degrees of disorder (measured in terms of the normalized critical
temperature, T̃c =Tc/T clean

c ). For small disorder, T̃c ' 1, tunnelling
and THz spectroscopy yield the same value for the superconducting
energy gap. On increasing disorder (decreasing T̃c) the discrepancy
becomes more and more pronounced. For the most-disordered
samples, we find about one order of magnitude di�erence between
corresponding values. We assign these di�erences to an absorption
process stemming from the Higgs mode that becomes progressively
prominent as the systemapproaches the quantumcritical point. This
explains the discrepancy in the sense that ⌦ in the strong-disorder
limit no longer equals 2� as a consequence of the additional
conductivity �H

1 (!) of the emergent Higgs mode. The previously
prominent spectral feature marking the gap frequency is now
hidden in the shoulder at higher frequencies. Although a distinct
experimental determination of⌦ becomes progressively di�cult as
it is pushed to low frequencies, we note the resemblance between
⌦ and the theoretical prediction ofmH in the vicinity of the critical
point12, as seen in Fig. 2c.

We now explore the evolution of the observed additional excess
weight associated with the Higgs conductivity, �H

1 (!), as defined
in equation (2), and compare these measured results with recent
numerical simulations detailed in ref. 25 and sketched in Fig. 1b.
Figure 3a shows the measured �H

1 (!) for three disordered NbN
films with di�erent critical temperatures Tc =6.7, 5 and 4.2 K and
the theoretical calculation for corresponding values of disorder
p=0.075, 0.1 and 0.125. We note that one cannot expect a perfect
quantitative agreement since the theory assumes that 2� is much
larger than the Higgs mode energy, whereas experimentally they
are of the same order of magnitude. Nevertheless, the overall
behaviour—and even quantitative trends—is shared by theory
and experiment: There is a pronounced peak of �H(!), which
shifts towards smaller frequencies and becomes sharper with
increasing disorder.

The appearance of the Higgs mode must go along with a
redistribution of the spectral weight, as this quantity is strictly
conserved; it measures the total charge carrier density N in the
system26. In accordance with the bosonic model of the SIT sketched
above, the strength of the �-peak—that is, the superfluid density
⇢s—dwindles to zero in the vicinity of the quantum critical point.
Figure 3b shows ⇢s for disordered NbN films extracted from the
imaginary part of the conductivity, using equation (3), and N in
the normal state obtained from Hall measurements. While ⇢s is
reduced by about two orders or magnitude with increasing disorder,
N is much less a�ected. According to the Ferrell–Tinkham–Glover
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FIG. 5. Optical spectroscopy responses of superconducting gran-
ular aluminum films. For increasing resistivity from sample A to H,
frequency shift at ∼100 mK as a function of the incident photon
energy hν. The dash line indicates the mid-height position of the
2" threshold, the shaded area corresponds to the 10%–90% height
area but for sample C due to an excess of optical absorption just
below twice the superconducting gap. Below 2" two different types
of subgap absorptions are observed at ω1 and at ω2.

FIG. 6. Evolution with resistivity of the superconducting gap
and of the ratio gap over critical temperature. Bottom panel: Su-
perconducting gaps " measured at ∼100 mK as a function of room
temperature resistivity. The error bars correspond to the 10%–90%
threshold in the optical response at 2". Continuous black lines are
guides to the eyes. Top panel: Coupling strength "/Tc as a function
of room temperature resistivity. Error bars include the error bars
coming from Tc (interval from inflection point to zero resistance) and
the error bars coming from ". Lines are guides to the eyes.

bars. The lines of the bottom panel intend to underline the
change of the gap value.

Below 2" the superfluid response evolves from a fea-
tureless response for samples A and B to a response with
strong subgap features for samples E to H. Samples C and D
show an intermediate response. Our results are consistent with
the excess of optical absorption observed previously below
twice the superconducting gap in granular aluminum [7] (and
other disordered superconductors [6]). This excess of optical
absorption as been interpreted as a Goldstone mode [7] of the
superconducting order parameter. As we do show here that
those subgap absorptions onset for J ∼ Ec and strengthen for
J < Ec, we confirm that they are probably related to phase
fluctuations of the superconducting order parameter.

However, it is important to note that—thanks to a higher
energy resolution of our spectrometer and lower working
temperature—we can resolve the existence of two different
types of features, occurring at ω1 and ω2 (see Fig. 5). Both
the energy position and the shape of those absorption peaks
are clearly different. As shown in Fig. 4(c), ω1 remains on
the order of " (slightly lower) in all measured samples.
This ω1 feature is rather an assembly of more-or-less dis-
tinguishable sharp features spread over a few tens of GHz
(the ω1 dashed line indicates the mid-position of the fea-
tures, and the distribution is underlined by the shaded area).
In Ref. [37] this absorption has been attributed to a two-
dimensional plasma phase mode. In two-dimensional super-
conducting films plasma oscillations are expected to occur
for discrete momentum values kn = n × 2π/L and energy
ωn where n is an integer and L is the length of the thin
film/resonator (predicted [38,39] and observed [40]). Those
surface plasma modes correspond to the higher order res-
onance modes of a superconducting resonator and saturate
at the two-dimensional plasma frequency where the number
of resonances then diverges [37]. In Ref. [37] an analytical
plasma dispersion established from a network of Josephson
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2" threshold, the shaded area corresponds to the 10%–90% height
area but for sample C due to an excess of optical absorption just
below twice the superconducting gap. Below 2" two different types
of subgap absorptions are observed at ω1 and at ω2.
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perconducting gaps " measured at ∼100 mK as a function of room
temperature resistivity. The error bars correspond to the 10%–90%
threshold in the optical response at 2". Continuous black lines are
guides to the eyes. Top panel: Coupling strength "/Tc as a function
of room temperature resistivity. Error bars include the error bars
coming from Tc (interval from inflection point to zero resistance) and
the error bars coming from ". Lines are guides to the eyes.

bars. The lines of the bottom panel intend to underline the
change of the gap value.

Below 2" the superfluid response evolves from a fea-
tureless response for samples A and B to a response with
strong subgap features for samples E to H. Samples C and D
show an intermediate response. Our results are consistent with
the excess of optical absorption observed previously below
twice the superconducting gap in granular aluminum [7] (and
other disordered superconductors [6]). This excess of optical
absorption as been interpreted as a Goldstone mode [7] of the
superconducting order parameter. As we do show here that
those subgap absorptions onset for J ∼ Ec and strengthen for
J < Ec, we confirm that they are probably related to phase
fluctuations of the superconducting order parameter.

However, it is important to note that—thanks to a higher
energy resolution of our spectrometer and lower working
temperature—we can resolve the existence of two different
types of features, occurring at ω1 and ω2 (see Fig. 5). Both
the energy position and the shape of those absorption peaks
are clearly different. As shown in Fig. 4(c), ω1 remains on
the order of " (slightly lower) in all measured samples.
This ω1 feature is rather an assembly of more-or-less dis-
tinguishable sharp features spread over a few tens of GHz
(the ω1 dashed line indicates the mid-position of the fea-
tures, and the distribution is underlined by the shaded area).
In Ref. [37] this absorption has been attributed to a two-
dimensional plasma phase mode. In two-dimensional super-
conducting films plasma oscillations are expected to occur
for discrete momentum values kn = n × 2π/L and energy
ωn where n is an integer and L is the length of the thin
film/resonator (predicted [38,39] and observed [40]). Those
surface plasma modes correspond to the higher order res-
onance modes of a superconducting resonator and saturate
at the two-dimensional plasma frequency where the number
of resonances then diverges [37]. In Ref. [37] an analytical
plasma dispersion established from a network of Josephson
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FIG. 5. Optical spectroscopy responses of superconducting gran-
ular aluminum films. For increasing resistivity from sample A to H,
frequency shift at ∼100 mK as a function of the incident photon
energy hν. The dash line indicates the mid-height position of the
2" threshold, the shaded area corresponds to the 10%–90% height
area but for sample C due to an excess of optical absorption just
below twice the superconducting gap. Below 2" two different types
of subgap absorptions are observed at ω1 and at ω2.

FIG. 6. Evolution with resistivity of the superconducting gap
and of the ratio gap over critical temperature. Bottom panel: Su-
perconducting gaps " measured at ∼100 mK as a function of room
temperature resistivity. The error bars correspond to the 10%–90%
threshold in the optical response at 2". Continuous black lines are
guides to the eyes. Top panel: Coupling strength "/Tc as a function
of room temperature resistivity. Error bars include the error bars
coming from Tc (interval from inflection point to zero resistance) and
the error bars coming from ". Lines are guides to the eyes.

bars. The lines of the bottom panel intend to underline the
change of the gap value.

Below 2" the superfluid response evolves from a fea-
tureless response for samples A and B to a response with
strong subgap features for samples E to H. Samples C and D
show an intermediate response. Our results are consistent with
the excess of optical absorption observed previously below
twice the superconducting gap in granular aluminum [7] (and
other disordered superconductors [6]). This excess of optical
absorption as been interpreted as a Goldstone mode [7] of the
superconducting order parameter. As we do show here that
those subgap absorptions onset for J ∼ Ec and strengthen for
J < Ec, we confirm that they are probably related to phase
fluctuations of the superconducting order parameter.

However, it is important to note that—thanks to a higher
energy resolution of our spectrometer and lower working
temperature—we can resolve the existence of two different
types of features, occurring at ω1 and ω2 (see Fig. 5). Both
the energy position and the shape of those absorption peaks
are clearly different. As shown in Fig. 4(c), ω1 remains on
the order of " (slightly lower) in all measured samples.
This ω1 feature is rather an assembly of more-or-less dis-
tinguishable sharp features spread over a few tens of GHz
(the ω1 dashed line indicates the mid-position of the fea-
tures, and the distribution is underlined by the shaded area).
In Ref. [37] this absorption has been attributed to a two-
dimensional plasma phase mode. In two-dimensional super-
conducting films plasma oscillations are expected to occur
for discrete momentum values kn = n × 2π/L and energy
ωn where n is an integer and L is the length of the thin
film/resonator (predicted [38,39] and observed [40]). Those
surface plasma modes correspond to the higher order res-
onance modes of a superconducting resonator and saturate
at the two-dimensional plasma frequency where the number
of resonances then diverges [37]. In Ref. [37] an analytical
plasma dispersion established from a network of Josephson
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energy hν. The dash line indicates the mid-height position of the
2" threshold, the shaded area corresponds to the 10%–90% height
area but for sample C due to an excess of optical absorption just
below twice the superconducting gap. Below 2" two different types
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and of the ratio gap over critical temperature. Bottom panel: Su-
perconducting gaps " measured at ∼100 mK as a function of room
temperature resistivity. The error bars correspond to the 10%–90%
threshold in the optical response at 2". Continuous black lines are
guides to the eyes. Top panel: Coupling strength "/Tc as a function
of room temperature resistivity. Error bars include the error bars
coming from Tc (interval from inflection point to zero resistance) and
the error bars coming from ". Lines are guides to the eyes.

bars. The lines of the bottom panel intend to underline the
change of the gap value.

Below 2" the superfluid response evolves from a fea-
tureless response for samples A and B to a response with
strong subgap features for samples E to H. Samples C and D
show an intermediate response. Our results are consistent with
the excess of optical absorption observed previously below
twice the superconducting gap in granular aluminum [7] (and
other disordered superconductors [6]). This excess of optical
absorption as been interpreted as a Goldstone mode [7] of the
superconducting order parameter. As we do show here that
those subgap absorptions onset for J ∼ Ec and strengthen for
J < Ec, we confirm that they are probably related to phase
fluctuations of the superconducting order parameter.

However, it is important to note that—thanks to a higher
energy resolution of our spectrometer and lower working
temperature—we can resolve the existence of two different
types of features, occurring at ω1 and ω2 (see Fig. 5). Both
the energy position and the shape of those absorption peaks
are clearly different. As shown in Fig. 4(c), ω1 remains on
the order of " (slightly lower) in all measured samples.
This ω1 feature is rather an assembly of more-or-less dis-
tinguishable sharp features spread over a few tens of GHz
(the ω1 dashed line indicates the mid-position of the fea-
tures, and the distribution is underlined by the shaded area).
In Ref. [37] this absorption has been attributed to a two-
dimensional plasma phase mode. In two-dimensional super-
conducting films plasma oscillations are expected to occur
for discrete momentum values kn = n × 2π/L and energy
ωn where n is an integer and L is the length of the thin
film/resonator (predicted [38,39] and observed [40]). Those
surface plasma modes correspond to the higher order res-
onance modes of a superconducting resonator and saturate
at the two-dimensional plasma frequency where the number
of resonances then diverges [37]. In Ref. [37] an analytical
plasma dispersion established from a network of Josephson
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FIG. 5. Optical spectroscopy responses of superconducting gran-
ular aluminum films. For increasing resistivity from sample A to H,
frequency shift at ∼100 mK as a function of the incident photon
energy hν. The dash line indicates the mid-height position of the
2" threshold, the shaded area corresponds to the 10%–90% height
area but for sample C due to an excess of optical absorption just
below twice the superconducting gap. Below 2" two different types
of subgap absorptions are observed at ω1 and at ω2.

FIG. 6. Evolution with resistivity of the superconducting gap
and of the ratio gap over critical temperature. Bottom panel: Su-
perconducting gaps " measured at ∼100 mK as a function of room
temperature resistivity. The error bars correspond to the 10%–90%
threshold in the optical response at 2". Continuous black lines are
guides to the eyes. Top panel: Coupling strength "/Tc as a function
of room temperature resistivity. Error bars include the error bars
coming from Tc (interval from inflection point to zero resistance) and
the error bars coming from ". Lines are guides to the eyes.

bars. The lines of the bottom panel intend to underline the
change of the gap value.

Below 2" the superfluid response evolves from a fea-
tureless response for samples A and B to a response with
strong subgap features for samples E to H. Samples C and D
show an intermediate response. Our results are consistent with
the excess of optical absorption observed previously below
twice the superconducting gap in granular aluminum [7] (and
other disordered superconductors [6]). This excess of optical
absorption as been interpreted as a Goldstone mode [7] of the
superconducting order parameter. As we do show here that
those subgap absorptions onset for J ∼ Ec and strengthen for
J < Ec, we confirm that they are probably related to phase
fluctuations of the superconducting order parameter.

However, it is important to note that—thanks to a higher
energy resolution of our spectrometer and lower working
temperature—we can resolve the existence of two different
types of features, occurring at ω1 and ω2 (see Fig. 5). Both
the energy position and the shape of those absorption peaks
are clearly different. As shown in Fig. 4(c), ω1 remains on
the order of " (slightly lower) in all measured samples.
This ω1 feature is rather an assembly of more-or-less dis-
tinguishable sharp features spread over a few tens of GHz
(the ω1 dashed line indicates the mid-position of the fea-
tures, and the distribution is underlined by the shaded area).
In Ref. [37] this absorption has been attributed to a two-
dimensional plasma phase mode. In two-dimensional super-
conducting films plasma oscillations are expected to occur
for discrete momentum values kn = n × 2π/L and energy
ωn where n is an integer and L is the length of the thin
film/resonator (predicted [38,39] and observed [40]). Those
surface plasma modes correspond to the higher order res-
onance modes of a superconducting resonator and saturate
at the two-dimensional plasma frequency where the number
of resonances then diverges [37]. In Ref. [37] an analytical
plasma dispersion established from a network of Josephson
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FIG. 5. Optical spectroscopy responses of superconducting gran-
ular aluminum films. For increasing resistivity from sample A to H,
frequency shift at ∼100 mK as a function of the incident photon
energy hν. The dash line indicates the mid-height position of the
2" threshold, the shaded area corresponds to the 10%–90% height
area but for sample C due to an excess of optical absorption just
below twice the superconducting gap. Below 2" two different types
of subgap absorptions are observed at ω1 and at ω2.

FIG. 6. Evolution with resistivity of the superconducting gap
and of the ratio gap over critical temperature. Bottom panel: Su-
perconducting gaps " measured at ∼100 mK as a function of room
temperature resistivity. The error bars correspond to the 10%–90%
threshold in the optical response at 2". Continuous black lines are
guides to the eyes. Top panel: Coupling strength "/Tc as a function
of room temperature resistivity. Error bars include the error bars
coming from Tc (interval from inflection point to zero resistance) and
the error bars coming from ". Lines are guides to the eyes.

bars. The lines of the bottom panel intend to underline the
change of the gap value.

Below 2" the superfluid response evolves from a fea-
tureless response for samples A and B to a response with
strong subgap features for samples E to H. Samples C and D
show an intermediate response. Our results are consistent with
the excess of optical absorption observed previously below
twice the superconducting gap in granular aluminum [7] (and
other disordered superconductors [6]). This excess of optical
absorption as been interpreted as a Goldstone mode [7] of the
superconducting order parameter. As we do show here that
those subgap absorptions onset for J ∼ Ec and strengthen for
J < Ec, we confirm that they are probably related to phase
fluctuations of the superconducting order parameter.

However, it is important to note that—thanks to a higher
energy resolution of our spectrometer and lower working
temperature—we can resolve the existence of two different
types of features, occurring at ω1 and ω2 (see Fig. 5). Both
the energy position and the shape of those absorption peaks
are clearly different. As shown in Fig. 4(c), ω1 remains on
the order of " (slightly lower) in all measured samples.
This ω1 feature is rather an assembly of more-or-less dis-
tinguishable sharp features spread over a few tens of GHz
(the ω1 dashed line indicates the mid-position of the fea-
tures, and the distribution is underlined by the shaded area).
In Ref. [37] this absorption has been attributed to a two-
dimensional plasma phase mode. In two-dimensional super-
conducting films plasma oscillations are expected to occur
for discrete momentum values kn = n × 2π/L and energy
ωn where n is an integer and L is the length of the thin
film/resonator (predicted [38,39] and observed [40]). Those
surface plasma modes correspond to the higher order res-
onance modes of a superconducting resonator and saturate
at the two-dimensional plasma frequency where the number
of resonances then diverges [37]. In Ref. [37] an analytical
plasma dispersion established from a network of Josephson
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Below 2" the superfluid response evolves from a fea-
tureless response for samples A and B to a response with
strong subgap features for samples E to H. Samples C and D
show an intermediate response. Our results are consistent with
the excess of optical absorption observed previously below
twice the superconducting gap in granular aluminum [7] (and
other disordered superconductors [6]). This excess of optical
absorption as been interpreted as a Goldstone mode [7] of the
superconducting order parameter. As we do show here that
those subgap absorptions onset for J ∼ Ec and strengthen for
J < Ec, we confirm that they are probably related to phase
fluctuations of the superconducting order parameter.

However, it is important to note that—thanks to a higher
energy resolution of our spectrometer and lower working
temperature—we can resolve the existence of two different
types of features, occurring at ω1 and ω2 (see Fig. 5). Both
the energy position and the shape of those absorption peaks
are clearly different. As shown in Fig. 4(c), ω1 remains on
the order of " (slightly lower) in all measured samples.
This ω1 feature is rather an assembly of more-or-less dis-
tinguishable sharp features spread over a few tens of GHz
(the ω1 dashed line indicates the mid-position of the fea-
tures, and the distribution is underlined by the shaded area).
In Ref. [37] this absorption has been attributed to a two-
dimensional plasma phase mode. In two-dimensional super-
conducting films plasma oscillations are expected to occur
for discrete momentum values kn = n × 2π/L and energy
ωn where n is an integer and L is the length of the thin
film/resonator (predicted [38,39] and observed [40]). Those
surface plasma modes correspond to the higher order res-
onance modes of a superconducting resonator and saturate
at the two-dimensional plasma frequency where the number
of resonances then diverges [37]. In Ref. [37] an analytical
plasma dispersion established from a network of Josephson
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the error bars coming from ". Lines are guides to the eyes.

bars. The lines of the bottom panel intend to underline the
change of the gap value.

Below 2" the superfluid response evolves from a fea-
tureless response for samples A and B to a response with
strong subgap features for samples E to H. Samples C and D
show an intermediate response. Our results are consistent with
the excess of optical absorption observed previously below
twice the superconducting gap in granular aluminum [7] (and
other disordered superconductors [6]). This excess of optical
absorption as been interpreted as a Goldstone mode [7] of the
superconducting order parameter. As we do show here that
those subgap absorptions onset for J ∼ Ec and strengthen for
J < Ec, we confirm that they are probably related to phase
fluctuations of the superconducting order parameter.

However, it is important to note that—thanks to a higher
energy resolution of our spectrometer and lower working
temperature—we can resolve the existence of two different
types of features, occurring at ω1 and ω2 (see Fig. 5). Both
the energy position and the shape of those absorption peaks
are clearly different. As shown in Fig. 4(c), ω1 remains on
the order of " (slightly lower) in all measured samples.
This ω1 feature is rather an assembly of more-or-less dis-
tinguishable sharp features spread over a few tens of GHz
(the ω1 dashed line indicates the mid-position of the fea-
tures, and the distribution is underlined by the shaded area).
In Ref. [37] this absorption has been attributed to a two-
dimensional plasma phase mode. In two-dimensional super-
conducting films plasma oscillations are expected to occur
for discrete momentum values kn = n × 2π/L and energy
ωn where n is an integer and L is the length of the thin
film/resonator (predicted [38,39] and observed [40]). Those
surface plasma modes correspond to the higher order res-
onance modes of a superconducting resonator and saturate
at the two-dimensional plasma frequency where the number
of resonances then diverges [37]. In Ref. [37] an analytical
plasma dispersion established from a network of Josephson
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two sub-gap modes: 
‣ω1 scales with Δ
‣ω2 scales with phase stiffness

Origin of the sub-gap modes ?

probable two phases modes: 
‣ω1 = JJ-plasma frequency? 
‣ω2 = Carlson-Goldman mode?

more in: F. Levy-Bertrand et al, Phys. Rev. B 99, 094506 (2019). 

BCS: 
KID:  imposes operating 

SKID: Sub-gap Kinetic Inductance Detector
removes  scaling with 

2Δ = 3.52kBTc
νmin = 2Δ/h T < Tc/10

T νmin
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The SKID concept
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ν
SKID removes the constraint T <-> νmin = 2Δ/h
SKID is a KID made of a specific superconducting material

 Tunable sub-gap radiation detection with superconducting resonators
 O. Dupré et al, Supercond. Sci. Technol. 30, 045007 (2017).

a:InOx

ν = 7-9 GHz

NEP ~ 10-15 W/Hz0.5 

 Subgap Kinetic Inductance Detector Sensitive to 85-GHz Radiation
 F. Levy-Bertrand et al, Phys. Rev. Applied 15, 044002 (2021).

grAl

ν = 85 GHz

NEP ~ 10-16 W/Hz0.5 

http://doi.org/10.1088/1361-6668/aa5b14
http://doi.org/10.1103/PhysRevApplied.15.044002
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Conclusion

• Kinetic Inductance Detector: versatile tool

• NEW technique to probe electrodynamic of superconductors
100mK, ΔE ~1GHz=4μeV=0.04cm-1

• THz electrodynamics of granular aluminum (grAl) 
two types of sub-gap modes, probable phase fluctuations

• NEW detector concept the SKID… useful ?
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