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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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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.

letters to nature

NATURE |VOL 425 | 23 OCTOBER 2003 | www.nature.com/nature818 © 2003        Nature  Publishing Group

~1 GHz 

Day et al, Nature 425, 817 (2003)  
photon detection principle :

hν > 2Δ
Superconducting LC resonator:
design and electrical measurement

readout line

superconducting 
resonator

C

L

1 2

|S
21

| (
dB

)

fo ~ (LC)-1/2

L ~ kinetic inductance of the superfluid 
L ~ 1/ns

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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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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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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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.

letters to nature

NATURE |VOL 425 | 23 OCTOBER 2003 | www.nature.com/nature818 © 2003        Nature  Publishing Group

quasi-particleshν

Q-factor   due to dissipation       

frequency shift: δf  due to ns     

=
Kinetic Inductance Detector : KID

detection hν through δf α δnqp α P(hν)

3

 Working principle of KID



Florence Levy-Bertrand,  TIDES 2026, Orsay 14/07/2026               /22

different designs

62CHAPTER4.RESONATORTHEORYANDTHEKIDCONCEPT

wavelengthofthephotonstobesensed.Themeandersectionasanabsorberwill

bediscussedindetailinchapter7,butfornowwewillconcernourselveswiththe

relevantmicrowavedetailsoftheLEKID.

Figure4.7:(Right)AschematicofaLEKIDdevice.(Left)TheequivalentLEKID
circuit.HereMisthemutualinductancebetweentheLEKIDandthefeedline,R,is
theresistanceofthemeandersection,Lext+Lintisthetotalinductanceofthemeander
section,Cisthecapacitanceoftheinter-digitalandGistheconductanceoftheinter-
digitalcapacitorsection.

Thedeviceisetchedfromasinglelayersuperconductingfilmdepositedon

toalowlosssubstratesuchassapphire.Theresonantfrequencyofthedeviceis

simplygivenby:

ω0≈
1

�
(Lext+Lint)C

,(4.38)

whereLandCaretheinductanceandcapacitanceofthemeanderandinter-

digitalsectionrespectively.ThecouplingoftheLEKIDtothemicrostripfeedline

isinductiveandiscausedbymagneticfluxfromthemicrostripfeedlinethreading

themeandersection.Toanalysethescatteringparametersofsuchadeviceitis

usefultoconsidertheresonantsectionasshowninfigure4.8.
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 Working principle of KID

80 mm

1140 KIDs 

4 readout lines 

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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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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0.9 and 1.4 GHz. The thickness of the silicon substrate is around
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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
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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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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 iqLs 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 ,, qLs.

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 hn . 2D are

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

creating a number of quasiparticle excitations Nqp ¼ hhn/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 (T c 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, a ¼ 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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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 iqLs 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 ,, qLs.

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-
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creating a number of quasiparticle excitations Nqp ¼ hhn/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,
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aluminium film and bare sapphire substrate, respectively. A, coplanar waveguide (CPW)
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These are calculated to be acentre < 0.04 and aground < 0.02 using a finite-element
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Sub-gap modes in amorphous indium oxide
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Sub-gap modes in amorphous indium oxide

ν-detected =  third harmonic 
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O. Dupré et al, SuST 30, 045007 (2017).
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Sub-gap modes in amorphous indium oxide

Unpublished

Strong sub-gap modes in a:InO
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Sub-gap modes in granular aluminum
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Sub-gap modes in granular aluminum
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constraint is that, in order to exclude temperature-induced
excitations, the operating temperature must be less than or
equal to T ∼ Tc/10 ∼ 2!/(35kB) where Tc is the super-
conducting critical temperature and kB is the Boltzmann
constant. In short, for classic KIDs, reducing the small-
est detectable frequency requires a proportional reduc-
tion of the superconducting gap and, consequently, of the
operating temperature. For detection at 80 GHz, an oper-
ating temperature lower than ∼ 100 mK would thus be
needed. The working principle of SKIDs removes this
constraint. For SKIDs [10,21], the shift of the measured
frequency is due to absorbed photons at a subgap excita-
tion. The frequency shift occurs because, in superconduct-
ing thin films, the superfluid density, and thus the kinetic
inductance, depends on the circulating current [10,22,23].
The current flowing in the detector is increased by the
absorbed photons. For a current I that is small com-
pared with the critical current Ic, the frequency shift is as
follows [22,24]:

δf
f

∼ −α

2

(
I

I∗

)2

(1)

where α is the ratio of the kinetic inductance by the total
inductance and I∗ = 3

√
3/2 × Ic. To detect a small inci-

dent power, Eq. (1) provides evidence that a small critical
current Ic is needed. With this aim, two parameters can be
optimized: the critical current density, Jc , that is mate-
rial dependent, and the section of the kinetic inductance
design. This effect can also be formalized in the language
of circuit quantum electrodynamics, using the cross-Kerr
coefficient [25].

Subgap excitation frequencies are naturally present in
most superconducting resonators. Indeed, in addition to
the fundamental mode, a superconducting resonator can
usually support several higher harmonics with frequen-
cies below the superconducting spectroscopic gap. For
the lumped resonator design employed for the SKIDs,
the fundamental resonance f1 is of the order of 3 GHz,
and, although the harmonic resonance frequencies fn are
not exactly multiples, they can be roughly estimated by
fn = n × f1 where n is an integer indexing the resonance
mode. This linear relation remains valid almost all the way
up to the surface plasma frequency where the dispersion
relation saturates. For a low kinetic inductance supercon-
ductor (such as thin film Al, Nb, Ta, etc.) the surface
plasma frequency is much larger than the superconduct-
ing spectroscopic gap. However, for a superconducting
material consisting of an array of Josephson junctions,
the dispersion relation saturates at the Josephson junction
plasma frequency fJJ, that can be smaller than the supercon-
ducting spectroscopic gap. Maleeva and coauthors model
the granular aluminum (grAl) thin films as a network of
Josephson junctions [25]. In the model, the Josephson
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FIG. 1. Dispersion relation of the SKIDs under study. The
model used to compute the dispersion relation assumes a res-
onator made of a superconducting material consisting of an array
of Josephson junctions [25]. The dispersion relation saturates at
the Josephson junction plasma frequency fJJ.

junction plasma frequency is given by

fJJ = 1
2π

√
2eIc

!CJ
(2)

where CJ is the effective capacity between the supercon-
ducting grains. Note that the grains in the model do not
necessarily correspond to the actual grains in the film,
because several grains can be strongly coupled together
and collectively charge as one object, as recently evi-
denced by scanning tunneling experiments [26]. Figure 1
shows a typical dispersion relation for a critical current
density Jc ∼ 4 mA/µm2 and CJ ∼ 40 fF/µm2. These val-
ues are characteristics of a granular aluminum with a
normal state resistivity of ∼ 900 µ% cm [25]. As the den-
sity of subgap modes diverges at the plasma frequency, a
strong photon absorption is expected.

In theory, the frequency selectivity is adjusted via the
Josephson junction plasma frequency. In practice, a varia-
tion of the Josephson junction plasma frequency with the
normal state resistivity of granular aluminum is observed
[21]. Table I lists, from this previous study [21], the vari-
ation of the Josephson junction plasma frequency with the
normal state resistivity. Owing to the fact that the granu-
lar aluminum film thickness is not much larger than the
effective grain size, possibly giving rise to surface charging
effects, and the fact that the effective intergrain capacitance
likely has a nontrivial dependence on the microstructure of
the film and its resistivity, the quantitative modeling of the
plasma frequency as a function of thickness and resistivity
is still an open question.
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constraint is that, in order to exclude temperature-induced
excitations, the operating temperature must be less than or
equal to T ∼ Tc/10 ∼ 2!/(35kB) where Tc is the super-
conducting critical temperature and kB is the Boltzmann
constant. In short, for classic KIDs, reducing the small-
est detectable frequency requires a proportional reduc-
tion of the superconducting gap and, consequently, of the
operating temperature. For detection at 80 GHz, an oper-
ating temperature lower than ∼ 100 mK would thus be
needed. The working principle of SKIDs removes this
constraint. For SKIDs [10,21], the shift of the measured
frequency is due to absorbed photons at a subgap excita-
tion. The frequency shift occurs because, in superconduct-
ing thin films, the superfluid density, and thus the kinetic
inductance, depends on the circulating current [10,22,23].
The current flowing in the detector is increased by the
absorbed photons. For a current I that is small com-
pared with the critical current Ic, the frequency shift is as
follows [22,24]:

δf
f

∼ −α

2

(
I

I∗

)2

(1)

where α is the ratio of the kinetic inductance by the total
inductance and I∗ = 3

√
3/2 × Ic. To detect a small inci-

dent power, Eq. (1) provides evidence that a small critical
current Ic is needed. With this aim, two parameters can be
optimized: the critical current density, Jc , that is mate-
rial dependent, and the section of the kinetic inductance
design. This effect can also be formalized in the language
of circuit quantum electrodynamics, using the cross-Kerr
coefficient [25].

Subgap excitation frequencies are naturally present in
most superconducting resonators. Indeed, in addition to
the fundamental mode, a superconducting resonator can
usually support several higher harmonics with frequen-
cies below the superconducting spectroscopic gap. For
the lumped resonator design employed for the SKIDs,
the fundamental resonance f1 is of the order of 3 GHz,
and, although the harmonic resonance frequencies fn are
not exactly multiples, they can be roughly estimated by
fn = n × f1 where n is an integer indexing the resonance
mode. This linear relation remains valid almost all the way
up to the surface plasma frequency where the dispersion
relation saturates. For a low kinetic inductance supercon-
ductor (such as thin film Al, Nb, Ta, etc.) the surface
plasma frequency is much larger than the superconduct-
ing spectroscopic gap. However, for a superconducting
material consisting of an array of Josephson junctions,
the dispersion relation saturates at the Josephson junction
plasma frequency fJJ, that can be smaller than the supercon-
ducting spectroscopic gap. Maleeva and coauthors model
the granular aluminum (grAl) thin films as a network of
Josephson junctions [25]. In the model, the Josephson
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FIG. 1. Dispersion relation of the SKIDs under study. The
model used to compute the dispersion relation assumes a res-
onator made of a superconducting material consisting of an array
of Josephson junctions [25]. The dispersion relation saturates at
the Josephson junction plasma frequency fJJ.

junction plasma frequency is given by

fJJ = 1
2π

√
2eIc

!CJ
(2)

where CJ is the effective capacity between the supercon-
ducting grains. Note that the grains in the model do not
necessarily correspond to the actual grains in the film,
because several grains can be strongly coupled together
and collectively charge as one object, as recently evi-
denced by scanning tunneling experiments [26]. Figure 1
shows a typical dispersion relation for a critical current
density Jc ∼ 4 mA/µm2 and CJ ∼ 40 fF/µm2. These val-
ues are characteristics of a granular aluminum with a
normal state resistivity of ∼ 900 µ% cm [25]. As the den-
sity of subgap modes diverges at the plasma frequency, a
strong photon absorption is expected.

In theory, the frequency selectivity is adjusted via the
Josephson junction plasma frequency. In practice, a varia-
tion of the Josephson junction plasma frequency with the
normal state resistivity of granular aluminum is observed
[21]. Table I lists, from this previous study [21], the vari-
ation of the Josephson junction plasma frequency with the
normal state resistivity. Owing to the fact that the granu-
lar aluminum film thickness is not much larger than the
effective grain size, possibly giving rise to surface charging
effects, and the fact that the effective intergrain capacitance
likely has a nontrivial dependence on the microstructure of
the film and its resistivity, the quantitative modeling of the
plasma frequency as a function of thickness and resistivity
is still an open question.
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Dispersion of the resonances:
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N. Maleeva and al, Nature Communications 9, 3889 (2018).

array of JJ (like in grAl), saturation at 
the JJ plasma frequency 
 

the density of sub-gap modes diverges, a 
strong photon absorption is expected. 

Strong absorption

Sub-gap modes in granular aluminum
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constraint is that, in order to exclude temperature-induced
excitations, the operating temperature must be less than or
equal to T ∼ Tc/10 ∼ 2!/(35kB) where Tc is the super-
conducting critical temperature and kB is the Boltzmann
constant. In short, for classic KIDs, reducing the small-
est detectable frequency requires a proportional reduc-
tion of the superconducting gap and, consequently, of the
operating temperature. For detection at 80 GHz, an oper-
ating temperature lower than ∼ 100 mK would thus be
needed. The working principle of SKIDs removes this
constraint. For SKIDs [10,21], the shift of the measured
frequency is due to absorbed photons at a subgap excita-
tion. The frequency shift occurs because, in superconduct-
ing thin films, the superfluid density, and thus the kinetic
inductance, depends on the circulating current [10,22,23].
The current flowing in the detector is increased by the
absorbed photons. For a current I that is small com-
pared with the critical current Ic, the frequency shift is as
follows [22,24]:

δf
f

∼ −α

2

(
I

I∗

)2

(1)

where α is the ratio of the kinetic inductance by the total
inductance and I∗ = 3

√
3/2 × Ic. To detect a small inci-

dent power, Eq. (1) provides evidence that a small critical
current Ic is needed. With this aim, two parameters can be
optimized: the critical current density, Jc , that is mate-
rial dependent, and the section of the kinetic inductance
design. This effect can also be formalized in the language
of circuit quantum electrodynamics, using the cross-Kerr
coefficient [25].

Subgap excitation frequencies are naturally present in
most superconducting resonators. Indeed, in addition to
the fundamental mode, a superconducting resonator can
usually support several higher harmonics with frequen-
cies below the superconducting spectroscopic gap. For
the lumped resonator design employed for the SKIDs,
the fundamental resonance f1 is of the order of 3 GHz,
and, although the harmonic resonance frequencies fn are
not exactly multiples, they can be roughly estimated by
fn = n × f1 where n is an integer indexing the resonance
mode. This linear relation remains valid almost all the way
up to the surface plasma frequency where the dispersion
relation saturates. For a low kinetic inductance supercon-
ductor (such as thin film Al, Nb, Ta, etc.) the surface
plasma frequency is much larger than the superconduct-
ing spectroscopic gap. However, for a superconducting
material consisting of an array of Josephson junctions,
the dispersion relation saturates at the Josephson junction
plasma frequency fJJ, that can be smaller than the supercon-
ducting spectroscopic gap. Maleeva and coauthors model
the granular aluminum (grAl) thin films as a network of
Josephson junctions [25]. In the model, the Josephson
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FIG. 1. Dispersion relation of the SKIDs under study. The
model used to compute the dispersion relation assumes a res-
onator made of a superconducting material consisting of an array
of Josephson junctions [25]. The dispersion relation saturates at
the Josephson junction plasma frequency fJJ.

junction plasma frequency is given by

fJJ = 1
2π

√
2eIc

!CJ
(2)

where CJ is the effective capacity between the supercon-
ducting grains. Note that the grains in the model do not
necessarily correspond to the actual grains in the film,
because several grains can be strongly coupled together
and collectively charge as one object, as recently evi-
denced by scanning tunneling experiments [26]. Figure 1
shows a typical dispersion relation for a critical current
density Jc ∼ 4 mA/µm2 and CJ ∼ 40 fF/µm2. These val-
ues are characteristics of a granular aluminum with a
normal state resistivity of ∼ 900 µ% cm [25]. As the den-
sity of subgap modes diverges at the plasma frequency, a
strong photon absorption is expected.

In theory, the frequency selectivity is adjusted via the
Josephson junction plasma frequency. In practice, a varia-
tion of the Josephson junction plasma frequency with the
normal state resistivity of granular aluminum is observed
[21]. Table I lists, from this previous study [21], the vari-
ation of the Josephson junction plasma frequency with the
normal state resistivity. Owing to the fact that the granu-
lar aluminum film thickness is not much larger than the
effective grain size, possibly giving rise to surface charging
effects, and the fact that the effective intergrain capacitance
likely has a nontrivial dependence on the microstructure of
the film and its resistivity, the quantitative modeling of the
plasma frequency as a function of thickness and resistivity
is still an open question.
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Harmonic sub-gap states fn

in any thin superconductor.  
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Low critical current  
results in extra-dissipation 
for identical incident power

Ic ∝ ns

 
δns

ns
∼ − I2

I2c
And

δns ∝ Pincident /Ic
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Sub-gap modes: source of extra-dissipation ?

Harmonic sub-gap states in thin superconductor
• Sub-gap quasi-particles (with long relaxation time)
• Enhanced dissipation for low critical current (=large Lk)
➡ Probable source of extra-dissipation scaling with Lk

Related to « ANOMALOUS METAL » ???

LK = m
nse2d

=
ℏR□
πΔ
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Sub-gap modes: source of extra-dissipation ?

Probable extra-dissipation scaling with Lk LK = m
nse2d

=
ℏR□
πΔ

Relevant temperature and energy ?
Guess: two level systems (TLS) approach with population: 
 -> because of observation of (strange) TLS behavior …

exp(−βΔTLS)

grAl:  @various Pν ∼ fJJgrAl:  <<  @various Pν fJJ

Normal behavior:
 and Q decrease with PfJJ

« TLS » behavior

Unpublished
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Sub-gap modes: source of extra-dissipation ?

Probable extra-dissipation scaling with Lk LK = m
nse2d

=
ℏR□
πΔ
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Sub-gap modes: source of extra-dissipation ?

Probable extra-dissipation scaling with Lk LK = m
nse2d

=
ℏR□
πΔ
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constraint is that, in order to exclude temperature-induced
excitations, the operating temperature must be less than or
equal to T ∼ Tc/10 ∼ 2!/(35kB) where Tc is the super-
conducting critical temperature and kB is the Boltzmann
constant. In short, for classic KIDs, reducing the small-
est detectable frequency requires a proportional reduc-
tion of the superconducting gap and, consequently, of the
operating temperature. For detection at 80 GHz, an oper-
ating temperature lower than ∼ 100 mK would thus be
needed. The working principle of SKIDs removes this
constraint. For SKIDs [10,21], the shift of the measured
frequency is due to absorbed photons at a subgap excita-
tion. The frequency shift occurs because, in superconduct-
ing thin films, the superfluid density, and thus the kinetic
inductance, depends on the circulating current [10,22,23].
The current flowing in the detector is increased by the
absorbed photons. For a current I that is small com-
pared with the critical current Ic, the frequency shift is as
follows [22,24]:

δf
f

∼ −α

2

(
I

I∗

)2

(1)

where α is the ratio of the kinetic inductance by the total
inductance and I∗ = 3

√
3/2 × Ic. To detect a small inci-

dent power, Eq. (1) provides evidence that a small critical
current Ic is needed. With this aim, two parameters can be
optimized: the critical current density, Jc , that is mate-
rial dependent, and the section of the kinetic inductance
design. This effect can also be formalized in the language
of circuit quantum electrodynamics, using the cross-Kerr
coefficient [25].

Subgap excitation frequencies are naturally present in
most superconducting resonators. Indeed, in addition to
the fundamental mode, a superconducting resonator can
usually support several higher harmonics with frequen-
cies below the superconducting spectroscopic gap. For
the lumped resonator design employed for the SKIDs,
the fundamental resonance f1 is of the order of 3 GHz,
and, although the harmonic resonance frequencies fn are
not exactly multiples, they can be roughly estimated by
fn = n × f1 where n is an integer indexing the resonance
mode. This linear relation remains valid almost all the way
up to the surface plasma frequency where the dispersion
relation saturates. For a low kinetic inductance supercon-
ductor (such as thin film Al, Nb, Ta, etc.) the surface
plasma frequency is much larger than the superconduct-
ing spectroscopic gap. However, for a superconducting
material consisting of an array of Josephson junctions,
the dispersion relation saturates at the Josephson junction
plasma frequency fJJ, that can be smaller than the supercon-
ducting spectroscopic gap. Maleeva and coauthors model
the granular aluminum (grAl) thin films as a network of
Josephson junctions [25]. In the model, the Josephson
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FIG. 1. Dispersion relation of the SKIDs under study. The
model used to compute the dispersion relation assumes a res-
onator made of a superconducting material consisting of an array
of Josephson junctions [25]. The dispersion relation saturates at
the Josephson junction plasma frequency fJJ.

junction plasma frequency is given by

fJJ = 1
2π

√
2eIc

!CJ
(2)

where CJ is the effective capacity between the supercon-
ducting grains. Note that the grains in the model do not
necessarily correspond to the actual grains in the film,
because several grains can be strongly coupled together
and collectively charge as one object, as recently evi-
denced by scanning tunneling experiments [26]. Figure 1
shows a typical dispersion relation for a critical current
density Jc ∼ 4 mA/µm2 and CJ ∼ 40 fF/µm2. These val-
ues are characteristics of a granular aluminum with a
normal state resistivity of ∼ 900 µ% cm [25]. As the den-
sity of subgap modes diverges at the plasma frequency, a
strong photon absorption is expected.

In theory, the frequency selectivity is adjusted via the
Josephson junction plasma frequency. In practice, a varia-
tion of the Josephson junction plasma frequency with the
normal state resistivity of granular aluminum is observed
[21]. Table I lists, from this previous study [21], the vari-
ation of the Josephson junction plasma frequency with the
normal state resistivity. Owing to the fact that the granu-
lar aluminum film thickness is not much larger than the
effective grain size, possibly giving rise to surface charging
effects, and the fact that the effective intergrain capacitance
likely has a nontrivial dependence on the microstructure of
the film and its resistivity, the quantitative modeling of the
plasma frequency as a function of thickness and resistivity
is still an open question.
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light dispersion  

 ~ 85 GHz
 ~ 400mK

ΔTLS
TSchottky

@TSchottky 0.4ΔTLS

light dispersion  Does the deviation from light 
dispersion matter ?
• modes are more pack in energy
• extra-momenta needed

Relevant temperature and energy ?
Two level systems (TLS) approach with modes’ dispersion ?
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Strong sub-gap modes due to harmonic resonances observed in
• amorphous InO KIDs 
• granular aluminum KIDs 

Sub-gap modes observed with Kinetic Inductance Detectors (KIDs): 
source of extra-dissipation in disordered thin superconductors ?

Strong sub-gap modes due to harmonic resonances: 
• Expected in any thin superconductor
• Originating out-of-equilibrium quasi-particles
• Enhanced for low Ic

➡ Probable source of extra-dissipation scaling with Lk

Related to « ANOMALOUS METAL » ??? 

Temperature & Energy  SCALE ?  

RELATED TO STRANGE TLS and SATURATION OF LIFE TIME ?


