
         Single Photon Detectors –  
from A to B (from Astronomy to Bio, and beyond) 

D. Prober, Yale Univ. Depts. Applied Physics and Physics  

with thanks for collaborators and Yale colleagues 
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Bolometer Detector – Thermal ! cold + small 
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Resistive thermometers 

Typical SC transition Tc < 1K  

Voltage bias " faster 
response, more sensitive 

SQUIDs essential for low T 

multiplexing, low noise  

Low count rates for astro x-

ray applications  ! 100/sec; 

SQUID mux ‘easy’ 

Kilbourne, TIPP09 

Basic Transition Edge Sensor Operation 

Superconducting wire 

(the TES) is used as a 

thermometer – read out 
changes of resistance 

electrically. 



SCUBA-2 
Moseley, Applied  

Superconductivity Conf., 2008 9 

collaboration of the UK, Canada, 

RaySCUBA-2 will consist of 

10,240 TES bolometer pixels 

(half at 450 µm, half at 850 µm) 

on the James Clerk Maxwell 

Telescope in the next months. 

James Clerk Maxwell Telescope 

SubmmLtroomy: SCUBA-2 •! A collaboration of the UK, 

Canada, Raytheon, and NIST 

•! SCUBA-2 will consist of 10,240 

TES bolometer pixels (half at 450 

µm, half at 850 µm) on the James 

Clerk Maxwell Telescope. 

•!TES = transition edge sensor      

= thermometer in bolometer 

•! First large-array demo of TES 

POWER detectors (not single 

photon) 



. 
Applied Superconductivity Conference 10 

THz/submm astronomy: SCUBA-2 Techniques of semicond. industry; special materials. 



GHJ73.29:.-,60",06(.

Robust array 

construction 

Kilbourne, TIPP09 

Thick Au/Bi absorber, weakly attach 

Mo/Au bilayer TES 

TES is thermometer only 
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      Application to Laboratory Astrophysics 
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Post 

TES 

Single Gamma-Ray Pixel Microcalorimeter alpha particle detectors 

complete detector 

with absorber 

-!environmental monitoring 

-!nuclear safeguards 

-!medical assay 

‘Scaled up x-ray TES’ 

superconducting 

Sn absorber 

4 mm 

;S.h''%+C.e2@T` 



Technology dissemination 
•! 4 channel alpha spectrometer installed at LANL 

•! SQUIDs, SQUID electronics, wiring from 

•! TESs originally from NIST, now from  

•! High quality spectra routine  

•! Phase II SBIR awarded for commercial system 

4 mm 
J.Ullom 
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Photon breaks Cooper pairs "    

 2 quasiparticles/photon initially, 

multiply by cascade until 
 navg ! Eph/Eg;   this qp charge then 

tunnels thru oxide barrier 

" statistical variation  $n ! navg
1/2  

this gives the energy resolution of 
the STJ detector 

T << Tc 

STJ – high impedance "    
   semicond. amplifier 

|---200 "m---| 



X-ray Absorption Fine Structures 
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Absorb photon in supercond. 

quarter-wavelength resonator.   

Inductance = magnetic + kinetic 

Kinetic inductance increases and 

resonant freq. decreases, due to 

reduced number of pairs 

-the hometown candidate!   

Mazin, LTD13 

Microwave Kinetic 

Inductance Detector 
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•! 95% ± 2% system detection efficiency for 1550 nm  

•! Microsecond response 

~15 % reflected 

~65 % transmitted 

~20 % absorbed 

Si 

20 nm W 
non-absorbing 

dielectrics 

highly reflective 

metallic mirror 

Si 

~1% reflected 

Rosenberg D. et al. IEEE Trans. Appl. Supercon. 15 2 575 (2005) 

25 µm 

A. Lita LTD13 
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5 µm 

HSQ  

on  
NbN 

Meander pattern - Yale Nb device;  

Performance shown below for MIT/LL 

devices made from NbN films 

electron-beam lithography 

Au contacts 

Sapphire 

NbN 

nanowire 

meander 

!/4 SiO2 

(anti-reflection) 

Au mirror SiO2 spacer 

Cavity structure + AR coating 

improves coupling to ~ 85% 

Incident 

1550 nm 

electron-beam and optical 

lithography 

K. Rosfjord, et al., Optics Express 14, P. 527 (2006).   
 - This work is sponsored by the United States Air Force under Air Force Contract #FA8721-05-C-0002. Opinions, 

interpretations, recommendations and conclusions are those of the authors and are not necessarily endorsed by the 
United States Government 



MIT Lincoln Laboratory 
SPW 2009-24 
EAD 1/23/10 

Detection System Performance 

•! 2 fibers coupled to detectors in a
 single cryocooler 

–! Each fiber is integrated with a
 long-working-distance focuser 

–! Focuser is nano-positioned over
 the detector 

–! Light is coupled into a
 semicircular detector 

–! < 2 dB coupling loss  

•! System detection efficiency = 31% 

•! Timing jitter < 40 ps 

•! Recovery time 

–! < 9 ns to 50% of initial DE 

–! < 20 ns to 90% of initial DE 

Slides from E. Dauler, Lincoln Lab  

Cryogenic 
Nano- 

positioners 

Pigtailed 
lens: 4 µm 

spot 

Sample 
mount: 

4 devices 

This work is sponsored by the United States Air Force under Air Force 
Contract #FA8721-05-C-0002. Opinions, interpretations, 

recommendations and conclusions are those of the authors and are 
not necessarily endorsed by the United States Government 



MIT Lincoln Laboratory 
SPW 2009-25 
EAD 1/23/10 

Quantum Key Distribution QKD Basics 

•! Key idea: send quantum states such that eavesdropping
 must affect the state in a measurable way 

•! Requirements – transmit between fiber ‘terminals’ that are
 up to 100 km apart; use conventional fiber networks, either
 1550 nm or 1300 nm (to avoid 1550 traffic) 

? 



MIT Lincoln Laboratory 
SPW 2009-26 
EAD 1/23/10 

•! New record (100+km): 1.85 Mbit/s secure key rate over 101 km of 
fiber 

–! Utilizes higher-efficiency superconducting detectors & better DPSK 
technology – E. Dauler; K. Berggren talk 

1.85 Mbit/s secure 

    key rate 

>100% 

Stanford/NTT/NIST 
(DPS-QKD) 

New QKD Secure Key Rate Record 
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•! Previous record (100+km):  Stanford / NTT / NIST groups 
demonstrated 17 kbit/s over 105 km and 10 bit/s over 200 km fiber 

Published Secure Key 

Predicted 

Sifted Key (3 ns reset) 
Secure Key (3 ns reset) 

Published Secure Key 



NIST Fiber QKD with LANL 

Hiskett et al , New  

  J. Phys. 8 193 (2006) 

Rosenberg et al, Phys. 

Rev. Lett. 98, 010503 

(2007) 

S. Nam, NIST Boulder 
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Central 
Vote Counting Station 

Geneva Government 
Data Center Ballots 

Downtown Geneva 

Cerberis QKD Solution 

Mail Votes 

4 km 

Gregoire Ribordy, id Quantique 



M1%.!44'1"78%$-.I.:1$*'(.=%'("0'(.

•! kJ92.I.k'0%6(-"($"(.J(-%$7$"(.9$(6*3.267$-5(6.

•! :1$*'(.+%'("0'(-.%$'3.(+1,.TYY-.,%.TYYY-.%5.4E%,%$-.

\,341"7''3c.

•! O7$,.,%.#$%&.-4(",60+C.8+1$*C. . . . . . . ..

. .(D(63,E1$*.

•! U1-1L'(C.B?J<..^.7''."%++(6"17'.

•! :F!@.\'1#(.4E%,%+0'84'(6c..

\&&&S'7L70,%4()17c.

. . . .kJ92.Q.E1*E(6.A7."%$"($,678%$.



kJ92.I.15.L1$)1$*.7$).0$L1$)1$*.
\+(7-06(.",-R-("c.



M1%.!44'1"78%$-.I.:1$*'(.=%'("0'(<.L1$)1$*.

•! AC2CzC!.I."3,%-1$(C.,E3+1$(C.

*07$1$(C.7)($1$(.\!HH2CAHHzc.

•! M'7"#.)%,.1-.tw0($"E(6uC.*6(($.

1-.7L-%6L(6C.6().Q.N0%6.

•! A7$"(6.)17*$%-8"P.B?J.

•! F7,E%'%*3.)061$*.%4(678%$.I.

'(--.6(+%D7'.

•! =%'("0'(-.)('1D(6().L3.k()9f.



?A9:7,Rze!:.H.?"(C.A'%0).7$).'7$).9'(D78%$
.:7,(''1,(.R.z(%-"1($"(.e7-(6.!'8+(,(6.:3-,(+.\VYY`c.
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Nd-YAG 

laser, 

1064 nm 
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  FIR Single Photon Det.- Astro Motivation  

  - photon counting > 1 THz ( ! = 300 "m); Quantum-dot detector 

demonstrated; but only  1% detection efficiency, narrow range of Eph    

B. Karasik 



Antenna-coupled nano-TES- testing with fauxtons 

200 ns 

Fast microwave (20 GHz) pulse; absorbed 

pulse energy (fauxton) = energy of single 

higher-freq. photon.  Measure the reflection 

coefficient (due to change of R) at 1 GHz. 

 (faux photon) – a new “quanta” for single photon testing; real photons = very hard  

    - see Karasik – has just seen real photons; Santavicca 

D.Santavicca, Yale 
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Nb Nb 

Ti 

 antenna 

Leads (rf, dc) are not shown 



•! Photon integration below 1 THz 

•! Photon counting above 1 THz   
Karasik&Sergeev, IEEE Trans. Appl. Supercond. 2005 

k0,06(.-($-18D1,3."E7''($*(-.1$.-47"(.

. 

Future spectroscopic space missions featuring cryocooled (4-5 K) primary mirrors (e.g., 

SPICA, SAFIR, CALISTO, SPECS) will require a ~ 3-order of magnitude detector 

sensitivity improvement 
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Antenna-coupled nano-TES 
- testing with Fauxtons 

200 ns 

Fast microwave (20 GHz) pulse; 

absorbed pulse energy (fauxton) = 

energy of single higher-freq. photon  

Readout by measuring the reflection 

coefficient at 1 GHz with low noise 

cryogenic microwave amplifier 

•! Testing in a dark environment; no stray photons  P << 1fW 

•! Arbitrary tunability of fauxton energy 

•! Can “sneak up” on hardest problems; optimize device 

fabrication, performance, and signal processing while a THz 

single-photon test system is developed 

fauxton (faux photon) – a new “quanta” for single photon testing 

D.Santavicca, Yale 

Nb Nb 
Ti 

 antenna 

Leads (rf, dc) are not shown 



Testing with Fauxtons 

Experimental schematic for fauxton testing 

Trigger signal used 
D.Santavicca, Yale 
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•! alpha spectroscopy is a powerful tool for trace actinide measurements 

-! environmental monitoring 

-! nuclear safeguards 

-! medical assay 

•! alpha branching ratios higher than !        used for smaller samples (ug-pg) 

•! ~ 8 keV resolution limit of Si detectors has consequences: 

–! elemental overlaps              slow and expensive wet chemistry to separate elements 

–! can’t split 239Pu/240Pu             slow and expensive mass spectrometry 

data 

239Pu 
240Pu 

Energy (keV) 
4800 4900 5000 5100 5200 5300 5400 
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Typical Pu Alpha Spectrum 
239 

Pu Alpha Particles 
240 Pu Alpha Particles 

29:.&.4768"'(.-($-%6-].$0"'(76.+7,(617'-.7$7'3-1-..
. . . . .H..;S.h''%+C.e2@T`.

typical alpha spectrum typical alpha samples ;S.h''%+C.e2@T` 
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120 µm 
4 µm x 6 µm 
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L=415 nH 
" = 8.3 ns 

L=110 nH 
" = 2.2 ns 

L=44.5 nH 
" = 0.89 ns 

data 

model 

Single-photon output pulses 

Typical detection efficiency: 

40-60% at 1550 nm; T – 2-4 K 

Device 

current 

Time 
Incident 

light 

threshold 

Timing 

jitter 

Measured timing jitter of device at T=1.8K 

~1 photon/pulse 

Full width 

at 1% 

96 ps 

FWHM 29.7 ps Gaussian fit 

Time [ps] (arbitrary offset) 

MIT LL data 
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