
  

About Irfu

Institute with a very large experience in building large instruments for fundamental research 

Ranges from particle physics (with or without accelerators) to nuclear physics and astrophysics

 Experience in large experiments (recent): 

    - ATLAS, CMS (CERN), CTA, Fermi-LAT, Spiral II ...
    -  delivery of instruments (e.g. ATLAS NSW, CMS ECAL, CTA cameras)

 Experience in smaller astroparticle physics (recent): 
 
- Edelweiss (dark matter with bolometers)

      double beta decay, gbar (fall of antimatter) ..
   - PI-ship of fundamental physics experiments



  

Experiment proposal
P. Chen, G. Mourou PRL 118 (2017) 045001



  

Inputs for possible detectors
possible specifications

energy range photon detection :    signal in the visible/near IR part of the energy spectrum

background in a larger band of the energy spectrum ? 
up to X rays ? useful to try to detect/characterize it  ? 

good energy resolution :    to quantify

cryogenic : to minimize thermal noise  
                    how low in temperature ?

very fast detection (?)   

photon counting capabilities (?) :  single photon detection ?

polarization measurement capabilities (?) 



  

Inputs for possible detectors

Spectropolarimeter ?

Transition Edge Sensors (TES) bolometers

CCD

Microwaves Kinetic Inductance Detectors (MKID) ?

SiPM (?)

Superconducting Nanowire Single Photon Detectors (SNSPD)

Metallic Magnetic Calorimeter (MMC) ?

Neutron Transmutation Doped thermal sensor (NTD) ?

Others …….  ?
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Spectro-imageur Athéna :

• Haute résolution spatiale :
large matrice de 4*32*32 pixels

• Haute résolution énergétique :
2,5eV à 6keV

From G. Jego Dedip 2018

Transition Edge Sensors (TES)

proposed for satellite experiments



  

4 matrices de détection (50 
mK)

Électronique
(2,5 K)

Plaque d’interconnexion 
(300 mK)

Transition Edge Sensors (TES)

From G. Jego Dedip 2018

Cryogeny studies for Athena with prototypes to explore various technological challenges  

i.e. different type of temperatures (50mK, 300 mK, 2.5 K), compactness, thermal isolation 



  

Transition Edge Sensors (TES)

electronics blocks

From X. de la Broise (Dedip CSTD)



  

Transition Edge Sensors (TES)

From X. de la Broise (Dedip CSTD)



  

 CSNSM

 NbSi

 2MOhms

 Structure en méandre de 5µm

 2mm*2mm

Transition Edge Sensors (TES)

From G. Jego Dedip 2018
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Transition Edge Sensors (TES)

 a sensitive superconducting layer is polarized near the superconducting-normal (SN) 
transition

 using an element having a sharp SN resistive transition one can detect a rise of resistivity 
 when a photon is absorbed

TES are usually tension polarized in order to benefit from favorable  thermoelectric 
    backreaction allowing to reduce the sensor characterisitic time

- when a photon is absorbed, resistance increases and one detects a current drop
  Joule effect (heating) U2/R quickly decreases thus helping the system back to its
  initial state

- however with a current polarization, RI2 increases with R and temperature increases
   as well → the risk is a thermal runaway because heating leads also to an increase of 
   resistance and thus the Joule Effect

bolometric system



  

Transition Edge Sensors (TES)

absorber

sensor

cold source

fast thermal link

slow thermal link

TES

From G. Jego Dedip 2018



  

Transition Edge Sensors (TES)

absorber

sensor

cold source

fast thermal link

slow thermal link

X-ray resistive TES

From G. Jego Dedip 2018



  

Transition Edge Sensors (TES)

can  use ‘classical’ electronics or  Squid (Single Quantum Interference Device) 
    for current amplifier with time multiplexed readout 

as usual with bolometric system one has to find a compromise between sensitivity
   and fastness through the level of the thermal coupling with the substrate or more
   generally with the thermal bath

the lower this thermal coupling is
→ the higher the influence of radiation (high sensitivity to photon) 
→ but the longer the system takes to come back to equilibirum : typically O(1-10) μs level



  

Transition Edge Sensors (TES)

Romestain et al., New J. Phys. 6 (2004) 129



  

Transition Edge Sensors (TES)

Jorel Thesis (2004) 



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

- photon-induced hotspot leading to a temporary formation of a resistive barrier across the superconducting   
  sensor strip 
   → results in an easily measurable voltage pulse. 
   → subsequent hotspot healing in ~ 30 ps time frame, restores the
        superconductivity (zero-voltage state), and the detector is ready to register another photon 

- 1st device consisting  of ultrathin, very narrow NbN strip, maintained at 4.2 K and current-biased 
   close to the critical current

- exhibits an experimentally measured quantum efficiency of ~ 20% for 0.81 μm wavelength photons 
  and negligible dark counts

Invented by Gol’tsman et al.,  Appl. Phys. Lett. 79 (2001) 705



  

Superconducting Nanowire Single Photon Detectors (SNSPD)
Natajaran, Tanner, Hadfield,  Supercond. Sci. Technol. 25 (2012) 063001

schematic illustrating the detection cycle : 
(i)   the superconducting nanowire maintained well below the critical temperature is direct current (DC) biased 
       just below the critical current 
(ii)  when a photon is absorbed by the nanowire a small resistive hotspot is created
(iii) the supercurrent is forced to flow along the periphery of the hotspot. 
       Since the NbN nanowires are narrow, the local current density around the hotspot increases, exceeding the
       superconducting critical current density. 
(iv) this in turn leads to the formation of a resistive barrier across the width of the nanowire 
(v)  Joule heating (via the DC bias) aids the growth of resistive region along the axis of the nanowire until the 
       current flow is blocked and the bias current is shunted by the external circuit
(vi) this allows the resistive region to subside and the wire becomes fully superconducting again. 
       The bias current through the nanowire returns to the original value (i) 



  

 simple electrical equivalent circuit of a SNSPD
- L

 k
 is the kinetic inductance of the superconducting nanowire

- R
 n
 is the hotspot resistance of the SNSPD. The SNSPD is current biased at I

bias
 

- opening and closing the switch simulates the absorption of a photon
- an output pulse is measured across the load resistor Z

 0

Superconducting Nanowire Single Photon Detectors (SNSPD)
Natajaran, Tanner, Hadfield,  Supercond. Sci. Technol. 25 (2012) 063001



  

Superconducting Nanowire Single Photon Detectors (SNSPD)
Natajaran, Tanner, Hadfield,  Supercond. Sci. Technol. 25 (2012) 063001

- simulation of the output voltage pulse of the SNSPD 
  (approximating the pulse shape typically observed on an oscilloscope after amplification). 

- values of L 
k
 = 500 nH  and  R

 n
 = 500 Ω have been used for this simulation 

  (for simplicity the R
 n
 is assumed fixed, although a more detailed treatment shows R

 n 
(t))

- Solid blue line is the leading edge of the SNSPD output pulse, 
  whilst the dotted red line is the trailing edge of the output pulse. 

- the time constants relate to the phases of the detection cycle



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

detector can be operated as a current switch

From G. Bulgarini Cern seminar 17 Nov 2017



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

detector can be operated as a current switch

From G. Bulgarini Cern seminar 17 Nov 2017



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

detector can be operated as a current switch

Signal-to-noise ratio and pulse rise time are
the important parameters for timing jitter

From G. Bulgarini Cern seminar 17 Nov 2017



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

evolution of SNSPD design (from Natajaran, Tanner, Hadfield,  Supercond. Sci. Technol. 25 (2012) 063001)

a) an atomic force microscopy (AFM) image of an 
    early 1.3 μm × 225 nm NbN nanowire

from Gol’tsman et al. IEEE Trans. Appl. Supercond. 11 (2001) 574

b) a scanning electron micrograph (SEM) of NbN
    meander SNSPD covering a 10 μm × 10 μm area

of the type 1str presented in 
Verevkin et al Appl. Phys. Lett. 80 (2002) 4687



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

evolution of SNSPD design (from Natajaran, Tanner, Hadfield,  Supercond. Sci. Technol. 25 (2012) 063001,  continued)

c) a 3 μm × 3 μm NbN meander SNSPD 
    embedded in an optical cavity, designed 
    for optical illumination via the substrate

from Rosfjord et al. Opt. Express 14 (2006) 527

d) multiple nanowire elements are biased  in 
    parallel via independent resistors resulting 
    in a photon-number-resolving SNSPD 
    (PNR-SNSPD)

from Divochiy A et al Nature Photon. 2 (2008) 302



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

evolution of SNSPD design (from Natajaran, Tanner, Hadfield,  Supercond. Sci. Technol. 25 (2012) 063001,  continued)

e) ultra-thin nanowires (30 nm wide) are connected 
    in parallel to improve the sensitivity 
    (registering efficiency) of the SNSPD

    this device is known as a superconducting 
    nanowire avalanche photodetector (SNAP)

from Marsili et al. Nano Lett. 11 (2011) 2048

f) a SNSPD fabricated on an optical 
    waveguide structure to improve the 
    optical coupling efficiency

from Sprengers et al.  Appl. Phys. Lett. 99 (2011) 181110



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

Boosting the coupling efficiency

focusing an optical spot at λ = 1550 nm on to a 150–200 nm  wide nanowire with coupling approaching 
unity is not feasible

 in order to enhance coupling , a nanowire meander is written typically across a 10 μm × 10 μm
 or 20 μm×20 μm area

 these NbN meander devices show system detection  efficiencies  of about 2–3% at 1550 nm, 
     1 kHz DCR  at T  3 K∼

 in general for SNSPDs detection efficiency decreases 
     as the energy of the photon decreases (i.e. at longer
     wavelength)

 typical timing jitter  ~ 60 ps ( FWHM)   for a 
     large area SNSPD are measured with TCSPC
     (Time Correlated Single Photon Counting)
     electronics and a femtosecond laser



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

Enhancing absorption efficiency

 optical coupling via lensed fibre or substrate thinning is required to focus the light to the device 
 active area to minimize the beam divergence in the substrate if a back side coupling regime is
 implemented 

superconducting nanowires can be patterned on top of wavelength specific SiO 2 /Si or GaAs/AlGaAs  
distributed Bragg mirrors 

intrinsic device detection efficiencies of 57% for 1550 nm photons (and 67% at 1064 nm)
   at 1.8 K, have been demonstrated by embedding a 3 μm × 3 μm nanowire meander SNSPD       
   inside an optical cavity in order to increase absorption efficiency

design refined further (via a buried oxide and a four pixel layout) to achieve 87% device detection
efficiency at 1550 nm 

efficient optical coupling is required to convert these intrinsic values into practical system
   efficiencies

or embedding the nanowire in an optical waveguide : a nanowire running along the length of an optical
waveguide [should give a long interaction length for incident photons, allowing absorption efficiency
to be maximized



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

Improving registering efficiency

Constrictions, latching and recovery time

registering efficiency of the device can be improved by reducing the width of the nanowires. 
    multiple narrow wires can be placed in parallel to boost the output signal whilst improving long
    wavelength sensitivity  

Alternate superconducting materials for SNSPDs

Resolving multi-photon events

Polarization dependence in SNSPDs

from an optical standpoint, the meander SNSPD device is essentially a subwavelength grating 
    and is observed to possess noticeable polarization sensitivity that varies with wavelength

ultra-narrow nanowire (20 or 30 nm) devices (figure 2(e)) have been demonstrated to be more
    responsive to low energy photons than typical nanowire devices (90 nm) 

several (four) ultra-narrow nanowire elements can be placed in parallel, 
device then referred to as a superconducting nanowire avalanche photodetector (SNAP)



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

Noise mechanisms in SNSPDs: dark counts and timing jitter

Practical considerations: cooling, optical coupling and device readout

Optical coupling

Readout circuits

efficient, low noise readout schemes are therefore of paramount importance

for example Rapid single-flux quantum (RSFQ) technology has been successfully integrated
at low temperature with SNSPD single pixel devices and arrays

others … ?   e.g. cryogenic ASIC equiped with  HEMT : High-Electron-Mobility transistor ?

Insensitive to γ and X rays ?



  

Superconducting Nanowire Single Photon Detectors (SNSPD)

     Material           NbN       NbTiN         WSi          MoSi

Bulk critical 
temperature

            
            16 K             18 K           5 K            7.5 K

Thin film critical 
temperature

     
      8.6 K (3 nm)      9.8 K (5 nm)    3.7 K ( 4.5 nm)      4.5 K (6 nm)

Superconducting 
gap temperature

         
         4.9 meV         5.47 meV       1.52 meV        2.28 meV

Operating 
temperaure

            
            2.5 K             2.5 K         < 1 K            < 1K

Fiber-coupled single photon detectors

From G. Bulgarini Cern seminar 17 Nov 2017



  

Superconducting Tunnel Junctions (STJ)

Uses superconducting-normal- superconducting 
(SIS) junction to measure quasiparticles created 
by breaking Cooper pairs

Magnetic field must be applied to each
pixel to suppress Josephson current

From Mazin Marty Navaroli talk 2011



  

Microwave Kinetic Inductance Detectors (MKID)

From Mazin Marty Navaroli talk 2011

low temperature, superconducting photon detector

used for astronomy in the submillimeter, near infrared, optical, ultraviolet, and X-ray

can determine the energy and arrival time of individual photons



  

Microwave Kinetic Inductance Detectors (MKID)

A photon with energy hν > 2∆ strikes a superconductor, 
temporarily breaking up a number of Cooper pairs and 
generating twice that number of quasiparticles.
Because this reduces the number of charge carriers 
(Cooper pairs) within the superconductor, the sheet 
impedance  is also increased

equivalent circuit of a single MKID. 
Photons incident on the inductor temporarily 
increase its inductance.

an increase in inductance leads to a decrease in resonant 
frequency and amplitude signal

this shift can also be viewed as a phase signal, 
which is often the easier signal to read out with 
digital room temperature electronics

From P. K. Day, et al., Nature 425 (2003) 817



  

Microwave Kinetic Inductance Detectors (MKID)

From B.Mazin et al. oe-20-2-1503 

Photons with energy hν are absorbed in 
a superconducting film, producing a 
number of excitations (quasiparticles)

To sensitively measure these quasiparticles, 
the film is placed in a high frequency pla-
nar resonant circuit

Amplitude and phase of a microwave excitation signal sent through the resonator. The change in the 
surface impedance of the film following a photon absorption event pushes the resonance to lower 
frequency and changes its amplitude. If the detector (resonator) is excited with a constant on-
resonance microwave signal, the energy of the absorbed photon can be determined by measuring the 
degree of phase and amplitude shift



  

Microwave Kinetic Inductance Detectors (MKID)

From Mazin Marty Navaroli talk 2011



  

Microwave Kinetic Inductance Detectors (MKID)



  

Microwave Kinetic Inductance Detectors (MKID)

equivalent circuit of multiplexed MKID
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