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 Background
— Requirements to optical photon detectors

* Current status of superconducting
TES(transition edge sensor) technology
— NMIJ/AIST
— InRIM and NIST

* Applications of TES
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ldeal photon detector

Detection efficiency
— Probability of one single photon detection

Dark-count rate
— Rate of pulses in the absence of photons

Dead time
— Incapable time after a photon detection

Timing jitter
— Variation of photon detecting time

Photon number resolving

n~100 %

D~0 Hz

Taeaqd~0'S

ot~0s

Yes

— Ability to distinguish the number of photons AE~0 eV
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Performance of PNRD
PNRD D.E. Jitter Dark count | Count rate
PMT 40 %@500 nm | 300 ps 100 Hz 10 MHz
2 %@1,550 nm 200 kHz

Si SPAD 40 %@532 nm | 300 ps 25 kHz 30 MHz
INnGaAs 10 %@1,550 nm - - -
SPAD

CIPD 80 %@1310 nm - - 100 Hz
VLPC 88 %0@694 nm| 40 ns 20 kHz 10 MHz
W-TES 95 %@1,550 nm| 100 ns 3 Hz 100 kHz

« Among photon number resolving detectors(PNRDSs), superconducting

Transition Edge Sensors(TESs) have high D.E. & extremely low Dark count.

» Drawback is slow response speed.

« AIST has been making efforts to enhance TES performances.
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Transition edge sensor(TES)

Schematics of calorimeters

Thermometer

Light pulse T K

R. Transition region

—>

Normal state

Absorber T
c AR
ink T
Heat Sink Tb ; f IAT:E/C ‘
C: Heat capacity (J/K) superconducting T T
G: Thermal conductance (W/K) state :
o. Thermal sensitivity (V/K)
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Our approaches

» Relatively high T, superconductor  T.of superconductors

— Improve response time, time jitter and
timing resolution

— Titanium T.~360 mK

* Multi-layered optical cavity structure
— Anti-reflection/TES/High reflection mirror
— Dielectric films of Ta,O. and SiO,
— High absorption and wide bandwidth
— Optimized at any wavelength

Ir 112 mK
Hf | 165 mK
Ti 360 mK
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D. Fukuda, Proc.
SPIE 7236C(2009)
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TI-TES with optical cavity
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D. Fukuda, Opt.Express, 19, 870,
(2011)
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Optical fiber coupling

Typicatfiber coupling method -, - gyt 576 will be divergent in

Photons
Core | - case of W > Z,,.
Il 3 « Wavelength dependence
, [ S ... due to optical interference.
iz, *—MFD
Rayleigh ©...Y.... \
length ’
4 \ Wagap
7 3
/ 3
7 \
/ 3

/ \
Anti reflectioqAﬁ'_l - Rayleigh length

Nb electrode ?TIIIOZ
Zg = , Wy = MFD/Z
TES A

Dielectric mirror

MFD: mode field diameter
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Optical fiber coupling

1

Typical fiber coupling method
Photons
Core . = 10
q') —~~
Q =<
I | T -
RS! &
I [ ‘ _g
—iz,) —MFD| &
Rayleigh Ferertie ! £ e
length \
/ \ Wgap
/ \
/ \ 107 - - - - - - - -
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Wavelength (nm)
Anti reflecﬂoﬂAﬁrl Rayleigh Iength

Nb electrode mrroz

Dielectric mirror

MFD: mode field diameter
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Optical fiber coupling

Our fiber coupling method

(small-gap & index-matched)

UV . * The optical fiber is placed just
curable —_— closely on TES surface.
@ § « The gap is filled with UV curable
. Iwgap< 1 pm resin (n ~1.5).
Anti reflectioﬂ—

* Wgp< 1 um can be possible.

Dielectric mirror « The TES size can be as small as
D. Fukuda, Opt.Express, 19, 870, the MFD of the fiber.

(2011) e |nterference effect small.

E’n)-
t ’_I
—1

T
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Fiber coupled TES device
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*The reflectance of the fiber coupled device was
measured with return loss measurement method
(IEC 61300-3-6).
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* Achip carrier for 6-ch TES array is placed in
cryogen free ADR(adiabatic demagnetization
refrigerator)

« Turn-key operation in ADR, the minimum
temperature~50 mK
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Photon number resolving capability

A= 850 m, or 1550 nm

f =100 kHz
o b A
n=1 n=2 n=3

Pulsed laser Attenuation

A 4

~ detector
n=1

10 um size device@ 850 nm(Ti-TES) 5 um size @ 1.5 um(Ti/Au-TES)

T T T T T T T 300 .
!
n=2 n=3 i ) FG263-C1-5e
_ = 1.9/pulse n= AU/TI-TES
600 [ £=1.46 eV Hs P »50
| (A=850 nm) i
200 . 'a
S 400t i s o lAE:O.16 eV T
2 h £ 150 o'y 7
3 | S . =1
(6] O n=
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200 |+ ol
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Detection efficiency

A=1550 nm 103 /pulse < p <10/pulse ~ ==>

f =100 kHz
-
Pulsed laser Attenuation - ——= - > detector
n=1 n=2 n=3 n=1
0 Photon detection probability

with a free parameter n,
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Response speed
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Maximum count rate

Detected count rate R, (Hz)

« Count rate measurement to continuous wave (CW) laser.

 Incident rate of the photon number per second : R,

R,,.=PA/hc;

P is the incident power, and A is the wavelength.

Titee | |
o°L Maximum
. Ruer~1 MHZ
10° ¢ —— 10 dynamic —
i range
104 <€ > =
10° ¢
107} -
o' L

10" 10 10° 10* 10° 10° 10" 10® 10°

The numberI of incident photons /-I?inc (Hz) |

1aW 1 W 1 pW 100 pW

fﬁ National Metrology Institute of Japan

10 Hz<R,. <1 GHz

Inc

1 aW<P;,.<100 pW

CW laser Attenuation
at 1550 nm
<
TES > CFD —» CRM
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Maximum count rate

« Count rate measurement to continuous wave (CW) laser.
 Incident rate of the photon number per second : R,
R,,.=PA/hc;
P is the incident power, and A is the wavelength.

TiTES / Non-paralysable model
10k Maximum - D
£ [ Ry~lMHz 12 . NRinc + T—py¢
% ' : 7 det =
«* 10’ F—— 10 dynamic . 1+r(nR + D )
3 : ran me - 1-Drt
o ge
g 10%¢ > m
3 : \< Paralysable model
2 10°}
5 n=0.23 _nRs
3 F R = nR:.. .e " ™MRinc
3 102; Tdecay=420 ns det = Mfinc
et ' D=27 Hz J J \
10" el il i v il v L D : dark count (Hz)
10' 10> 10* 10* 10° 10° 10" 10° 10° 7 : dead time (s)
The numberlof incident photons /-I?inc (Hz) |
1 aw 1 fW 1 pW 100 pW
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Dark count
* Intrinsically, the TES should show no dark count !
« However, the optical fiber itself at room temperature would
be a source of dark count, due to black body radiation in
Planck’s law.

Nrf National Metrology Institute of Japan
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I.N.RI.M. Ti/Au TES

Overall TES
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Tungsten (W) Transition Edge Sensor NIST

National Institute of
Standards and Technology

Measurements of TES Detection Efficiency

: : Fiber coupled
and Optical Stack Expected Absorption
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Applications of TES

 Industrial use, biotechnology... _ i
— Scattered photon measurement w2
— Single photon camera '?

Namekaté et al., Nature

Quantum information / Photonics 4, 655(2010)
— Generation of non-Gaussianstate ..
— Quantum optimal receiver

— QKD, and more! \> —d
* Metrology

— Qu-candera
i i ] ] K. Tsujino, D. Fukuda,
— Highly precise phase determination PRL 106, 250503 (2011)

— Hi i i ' Bit error rate can surpass
Highly precise evaluation for single or . "~ quantum limit

entangled photon sources (SQL).
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Conclusion

* Our results of TES performances

— Energy resolution AE
* 0.24 eV(5 um Ti-TES), 0.16 eV(5 um Ti/Au-TES)
« 0.40 eV(10 um Ti-TES)

— Detection efficiency n
- 98%@ 850 nm, >84 %@1550 nm

— Timing jitter &t
¢ <25 Ns@(10 um TI-TES), 23.5 ns@ (5 um Ti/Au-TES)
— Decay time constant t
* 100 ns to 460 ns(depending on T,)
« TES PNRD are demonstrating high performance
photon detection capability in various fields.
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Thank you for your attention.

d.fukuda@aist.go.jp
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Black body derived photons

Counts (a.u.), Loss (dB/m)
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Dark count dependence on the fiber length

6000 600
BHIhE 100 %
5000 | 500
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I 4000 41400 T
[% TR Py
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3 3000 1 300 5
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S 2000 | 41 200 &
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/// v
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Fiber length (km)
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Evaluation of entangled photon source

Background
« Quantum entanglement is an essential resource
for quantum information and few photon
metrology.

« Polarization entangled photon pair generated by
Parametric down conversion.

1

« Evaluation of Purity and Fidelity Is very
Important.

- TES technology is applied to the
evaluation of entangled photon pairs.
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Detection efficiency determination

A length RL
;. Wavet_tg nd Fequency T Optical Power
- Fepettion frequency A: attenuation (dB) T meter
Optical Splicing - P: laser power (W
Pulsed » Power | Atteﬁuators 7 =) P W
laser source stabilizer (2 stages) /é\ A A
. g n=1 n=2 n=3 TES

Incident mean photon number w: mean photon number of

—A/10 Incident light pulses

AP, x10
/Lli p— L?ser calorimeter

fhe(1— RL)
* The “femto W candela” system.

« A and P should be traceable to “Attenuation” and
“‘power scale”, which are equivalent to International
Standards, for precise QE measurement.

al r-

| Qe
S erimposed attenuation
- - —1

“Trilateral optical power meter comparison between NIST,
NMIJ/AIST, and METAS”, Appl. Optics, 46, p643-647, (2007).

APMP.PR-S5(fiber attenuation), APMP.PR-S6(laser power)
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Generation of entangled photon pairs

| |
cW PC ! - PBS Twist |
Pump i 7~ I
----------------- N
1 I 1
1 ' 1
‘ i dll “: DM2 E
ATT 1 ldler & PMF i
i &
|H) |H), + e‘9|V) V), l Signal i

! (e . ST SRS S / N 4 R

PC: polarlzatlon controller, ATT: attenuator, DM1-2: H.C. Lim, A. Yoshizawa et al.,
dichroic mirror, PBS: polarization beamsplitter, PPLN: Opt.Express, 16, 12460, (2008)

periodically poled lithium niobate waveguide

CW pump tunable laser at 775 nm with 15 mW
MgO-doped PPLN waveguide with 1 mm long (type 0)
PMF is twisted by 90 degree in the fiber loop

Signal and idler photons(~1550 nm) are separated at DM2.
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Set up for quantum-state tomography

Idler MFE T 500m
S genanas PC ...... : QS ....... . Fiber
' i Q PL' BF
(1]
—t TES2
: :H: U
Fressreessis sy - S ; PF
TES1 [ Disc Disc
Adjustment Time-interval Analyzer (TAC)

« Q-tomography is a frequently used method
to reconstruct a density matrix.

« Coincident events are counted by two TES.

« The dependence of the coincidence
counts on the polarization states of signal
and idler photons are evaluated.

* The visibility is > 97.4 % in right figure. 500 S0 100 150 200 250 300 350 400

Angle of polarizer (degree) .
idler

1200

800

400

Coincidence counts over 20s
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Results of quantum-state tomography

Density matrix p obtained by O-tomoqgraphy
Real part of p Imaginary part of p

Coincident count rate=60 Hz

Purity =Tr(n?)= 98.3%
Fidelity = (¢|p|$)=98.5%

 In this experiment, DE of the TES is reduced to n~50 % because of dark

count.

* Nevertheless, 10 times larger coincidence count is obtained compared to
that with InGaAs-APD (n~15 %) in the same experimental condition.

« High purity and fidelity > 98 % is successfully achieved.

« The band pass filter will reduce the dark count. Photon number resolving
power will enhance fidelity in case of multi-pair-photon generation region

Ve d " 1\
(Tu‘[u re WO rK) . narionaL nstirute of ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)
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Why so high DE is crucial ?

Incident photon state Observed photon state

Poisson distribution Pogiisson distribution

n =99.9 %
05+ 0.5
%0.4— <n> =5 %0.47 (n) =5
S o3} ‘%" 03f
T 02 Response function of ideal & o2f
“l _m In detector B(n) ||||||.
00 0 5 10 15 . 00 0 5 10 15
photon number n (Be rn 0 U | | Ian p roceSS) photon-numbe.r n .
Thermal distribution

Thermal distribution -
08} I:)m,det (77) = z : n Cmn (1_ 77) I:)n,inc’ 2;

s . EENTE
77 igo.:zf

S o3}
[
a o2} £ o,

o1t ' SN

o1t N
0.0 -
0 5 10 15 00
0 5 10 15

photon number n

Definite photon number

photon number n

Definite photon number

o} - state 10} state
2 2
2 2
Eo.s— (n) =5 E 05 (n) =5
/-/./. .\'\
00— : ‘ 0.0L==" e ‘
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photon number n photon number n

narionaL nstirute of ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)



NNHJ* National Metrology Institute of Japan

Detection efficiency determination

A: length RL
¢ : Wavet.'?ng Fequency T Optical Power
- FTepeltion frequency A: attenuation (dB) g meter

Optical Splicing - P: laser power (W

Pulsed | Power |__| Atteﬁuators P (W)
laser source | | stabilizer N /5\ A

(2 stages) A TES
n=1 n=2 n=3
. mean photon number of
lud f’]C(l — RL) ﬁlcident Illoght pulses
77 - _ /’ld —~A/10 Laser calorimeter
D “~ |

* The “femto W candela” system.

« A and P should be traceable to “Attenuation” and
“‘power scale”, which are equivalent to International
Standards, for precise QE measurement.

“Trilateral optical power meter comparison between NIST,
NMIJ/AIST, and METAS”, Appl. Optics, 46, p643-647, (2007).

APMP.PR-S5(fiber attenuation), APMP.PR-S6(laser power)
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Why so high DE is crucial ?

Incident photon state Observed photon state

Poisson distribution Pogiisson distribution

%0,4, (Tl) =5 %0.4— (n) =25
S o3} ‘%" 03f
& o2 Response function of ideal & ozf
“ s detector B(n) !
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Thermal distribution

Thermal distribution
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%0.4— <n> =5 E Z'j: (n) = 2.5
‘,; 03l 77 : DE :; 03l
a 02t £ OZI./'\,
01} DD ' \

0.1} N

00 0 5 10 15 0.0 0 5 = s
photon number n

Definite photon number

photon number n

Definite photon number

10l _ state 06} state ?
> 05}
2 >
% % 04}
5 os| (n) =5 S o3} (n) =25
= Q 02f

01 4 .
0.0 L d 0.0 \'\. N )
0 5 10 15 0 5 10 15
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Why so high DE is crucial ?

Incident photon state Observed photon state
Poisson distribution Pogiisson distribution
i 77 — 10 % os|
2o (M)=5 2oull (n) = 0.5
£ osf Response function of ideal £ ozf
“_-mNiENNs detector B(n) ol | " | |
" rctenmumbern (Bernoullian process) " rotonmmbern
Thermal distribution i > Thermal distribution
0:6— Pm,det (77) = Z n Cmnm (1_ 77)n_m Pn,inc’ Z;
2., (n) =5 o 2o (n) =05
Sl 77:DE |
Definite photon number ) A” |nc_:|dent photon states resulted Defini mber
| ) state in Poisson like. i = -
. « It is impossible to know exactly ol
S (n) =5 the incident photon state for n<<1. i (n) = 0.5

photon number n photon number n
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Conclusion

e TI-TES

— Energy resolution AE

0.24 eV @ 5 um X 5 um size

040eV @ 10 um x 10 um size
— Detection Efficiency n

98 % @850 nm, 84 %@1550 nm
— Decay time 1

100 ns to 460 ns (Depends on T,)
— Time jitter

25 ns, and 18 ns(50 % DE) @ 850 nm
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Evaluation of entangled photon source
Background

Quantum entanglement is an essential resource for
guantum information and few photon metrology.

Polarization entangled photon pair generated by
Parametric down conversion.

1
) = E(IH%IH%- +{V)IV))

Evaluation of Purity and Fidelity is very important.

Advantages of TES

High DE improves the provability of coincident counts.
Low dark count reduced accidental coincident counts.

Possibility to discriminate multi photon generation
events.
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Expectations to superconducting
sensors in guantum information(Ql)

® In QI, people need to full-control photons; photon numbers, phase,
polarization, time of photon creation.
® People desire perfectly ideal photon detectors.

Quantum key distribution(QKD) Quantum circuit(quantum gate)

|‘;1’|00 MHz Highly secure - Non Gaussian o_listribution by
B A A A A telecommunication B e | photon subtraction from
poarzaton <y T Ry Wl .-~ ~squeezed light

il L H
b /4 i .
."'"\\“\.:\::3‘\\\ -~ Namekata, Nature Photonics

) I “‘ \\\\\\ \|“|||\\\\\\
(2010)

il

Takesue, Nature Photonics "l

ko % . (2007) : 7 GerritS, PRA (2010)
Quantum metrology Quantum telecommunication
™\ Mach-Zehnder | _ _
interferometer / m Optimal quantum receiver
with quantum limit \4

4

02 7 YA I

Quantum photolithography, quantum imaging, quantum candera, and so many!
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What can TES do ?

® In QI, people need to full-control photons; photon numbers, phase,
polarization, time of photon creation.
® People desire perfectly ideal photon detectors.

Quantum key distribution(QKD) Quantum circuit(quantum gate)

|‘;1’|00 MHz Highly secure - Non Gaussian o_listribution by
A A_A_A A telecommunication R e photon subtraction from

polarization @ t @ @ 1

.~ = ~sqgueezed light

am

ey v
i

NG

Bob S m.mm Namekata, Nature Photonics
Takesue, Nature Photonics - il _ (2010)
sorzaion ﬁ ——— (2007) B Gerrits, PRA (2010)
Quantum metrology Quantum telecommunication
™\ Mach-Zehnder Im _ _
interferometer / Optimal quantum receiver
% f DPhase determination Tsujino, Opt. Express (2010
with quantum limit —d e, L =XP (2010)

E

02 7 YA I

Quantum photolithography, quantum imaging, quantum candera, and so many!
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Maximum count rate

Detected count rate R, (Hz)

« Count rate measurement to continuous wave (CW) laser.
 Incident rate of the photon number per second : R,
R,,.=PA/hc;

P is the incident power, and A is the wavelength.

10 Tites T 4/ Non-paralysable model
1 N i 1/t 2= —— D
0 .'E-tr“.. anc+1 D
[ oy R — — UT
00 . det D
? l- 1+T(annC+1_DT)
10* n,‘” =
msé o n=0.23 D.:ddarg count (Hz)
i Ttoeay=420 N 7 . dead time (s)
10° ;En
f'«'-*‘T-é— D= 27 Hz
10’

10" 10 10° 10* 10° 10° 10" 10® 10°

The numberI of incident photons /-I?inc (Hz) |

1aW 1 W 1 pW 100 pW
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Thin gold covered TI-TES at AIST

* Au(10 nm)/Ti(26 nm)-TES
— Energy resolution AE: 0.16 eV @ 5 um X 5 um size
— Detection Efficiency n: 84 %@1550 nm
— Decay time 1 : 400 ns @ T, 320 mK
— Jltter 23 ns @ 1550 nm

Counts/bin

R. 10.3 Q(Ti)
3
R. 2.4 Q(AU/Ti)

"w - —m————————————
= AUTIHTES | Fos3-ci-5e orol AUWTI-TES
250 '
-0.08 |
[ -
200 o _ 3 —
] AE=0.16 eV ] = 006 | [Tetf—400 ns ]
\ <
150 o'y 7 >
8o < 004 | f
°e n=1 ) !
100 el } & oo .
°1 8 ] n=2 [
50 r RS 'r‘, 000 an, v
0 _J u ‘-A—. ~ 002 L ¢ vy w1
-100 0 100 200 300 400 500 -2000 -1500 ~1000 -500 O 500 1000 1500 2000 2500
Pulse height (a.u.) time (ns)
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Time jitter
Laser drive frequency,
Alice 1/f Kkey generation rate
«—>

time

PPPPP

©
Optical Loss~0.2
channel * |, dB/km
S AA A A
Probability o
of photon
arrival time /\ /\ /\ /\ /\
: —— | ' > time
Bob Good time |

resolution!
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Time jitter
Laser drive frequency,
Alice 1/f Kkey generation rate
«—>

ze
S

©
Optical "1 1-0.2 dB/km
channel »
© y
Probability o
of photon

arrival time

> time

50D Bad !
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Time Jltter measurement

‘gg : =} o Threshold energy
g0l Tos (dlscrlmlnatlon level)
] Laser
¢ 10T 10.7 )
T 60 @ 106 W In:
3 r— @
= 90r 105 ¢
E 40 * W los =
- 30 i ® i (i‘a) i 03 x th
. @ ]
ot e, 1o +* fluctuation
. 1o « > Interval time

04 06 08 10 12 14 16 18 20
Threshold energy (eV)
Response functlon (Eth—l 0 eV) Response function (E;=1.46 eV)

10*

- (b) Ti-TES E 10eV - (c) TI-TES E, 1.46 eV
o - FWHM 25 ns i FWHM 18 ns
£ Ll — FWTM 48 rjs £l —f ¢ FWTM32ns
% 10 § 10 "I 1‘

S .‘ S Py v,
10°F e’ o ° 10 .‘ .f.," ‘\“‘; ® o
ee o ) ‘oo o ¢ ! ‘e ® ©
I ew v o ve e o
10 50 100 150 200 250 300 10 120 140 160 180 200 220 240 260
Time (ns) Time WS C'ZOlO
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Dependence on incident energy

Jitter measurement results by CFD for pulsed laser

Laser
405, 850, 1550 nm 0.1<n<5 in!
Laser )
Attenuator —)[ TES ]—)[ CFD H TAC ]

source ) X

30 : : : : I :

| A 405 nm
25 o m 23.5 ns for single | | . ?ggonm
n=1 photon @ 1550 nm nmj | ll

20
% AV SR=slew
g 15 4 rate
> =\ m
()] ¢ e

=
22
5 & o =g 1
] < E Z’ SR Vmax
0 AU/TI-TES
0.00 0.03 0.06 0.09 0.12 0.15

Maximum pulse height V,_.(V)
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Dependence on incident energy

Jitter measurement results by CFD for pulsed laser

405, 850, 1550 nm

0.1<n<5

"

Laser
Attenuator —)[ TES ]—)[ CFD TAC ]
source ) I [ 3
30 T , X ,
A 405 nm
25 i m 23.5 ns for single | | . ?ggonm
n=1 photon @ 1550 nm nm
20
> \
E
8 15
% o l\\
E 10 o ~_
n
» ]
J c I 4
0 AU/TI-TES
0.00 0.03 0.06 0.09 012 0.15

At

Maximum pulse height V,_.(V)

Laser
in!

AV SR=slew
A rate
At <
A AV 1
= (0.6
SR Vioax

VYV (Vmax)V?, AE 1

SR(1 - f) E Vmax

NATIONAI
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Dark count
* What causes the dark count ?
A
: : .. — n=1
1. Error counts derived from the insufficient AE n=0
» Overlap of the vacuum and single photon state
« Two problems are caused.
(M Dark count probability , \
1 Eup / A
k Paark(Etn) = 5{1 - erf( zt )} ! >
g Eth E1
@ Loss of single photon counts r
‘ = 1 f Eth _ El @ (pA Outside !
Pross(Etn) =711 +er N A
2. Black body radiation . % T o
 Probably dominant for 1550 nm TES < = H=Carej—
BB photons at fiber end (A.J. Miller and et al.,
Proc. 8" QCMC, pp. 445)
« BB photons comes from the optical fiber.

Thu-186, presented by Fujii-kun.
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»==1{  Attenuator Pulsed laser ¥ ::,J: e
- Noise'phot
E _ O_IS(.Ef OonCoating
Refrigerater | X, =5m : |Constant-temperature bath SMF-28e X %9 || Clad
T=298K ! TES | €=~ —
TES : \
\ X, : 10, 50 m ,
T : 298, 320. 340. 360 K n( T ) _Are 1
X,=1m & _(hC)2 e _1
T<77K
Mulichannel N(T,x)=2["dx [dr[” de[den(e, T)L()C(r)
— FA (6' ) &
analyzer(MCA) LN ' .[0 .[0 .[0 (Dj‘o ’
2
20000 - 20000 .
w000 | FibET length: v— 2000 Fiber length: ——
16000 | 10m o: 300 K 50 m 5: 300 K
o: 320 K 16000 o: 320 K
14000 | : 340 K 14000 | - 340 K
~ . 360 K
” —~ : 360 K
g 12000 S 12000 |
~N
£ 10000 | Theory % 10000 | Theory
E , — 300 K £ — 300 K
2 8000 f — 3 X '
8 | : 320 K 3 8000 320K
6000 | : 340 K 6000 © 340 K
, : 360 K : 360 K
4000 ¢ 4000 -
2000 2
- 2000 -
) o JUTITES AUITI-TES
Dm0 ) 0 R S04, LUUADUAN IILGEU DY
0.4 0.5 0.6 0.7 0.8 0.9 1 04 05 0.6 0.7 08 0.9 1

Energy (eV)

Energy (eV)
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Application of optical TES to Ol

* Quantum receiver(QR)
— Large capacity communication with much low power
— Reduce the number of repeaters in long-distance fiber network
— Deep space telecommunication, satellite-ground link are possible.

* Type of QR

ON/OFF key Binary phase shifted
key(BPSK)

&
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Realization of QR with TES

Homodyne detector

Output current
f 3
Wabyly B0

time

5 1

>

Phase detection

Local
oscillator(LO)

« What we want do; to establish the minimum bit error rate(BER)
with the incident coherent state |a/*<1

« Standard method; to use homodyne detector (phase sensitive
detector, and “God” detector) #Standard quantum limit(SQL)
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Realization of QR with TES

[ Natinat it
NICT =5 2 AIST
D (IB) Finite photons
. ." No photon
(Ijhgrsaetion Photon number
P detection 1 o
Local K. Tsujino, D. Fukuda,
oscillator(LO) PRL(2011)

« What we want do; to establish the minimum bit error rate(BER)
with the incident coherent state |a/*<1

« Standard method; to use homodyne detector (phase sensitive
detector, and “God” detector) #Standard quantum limit(SQL)

« our method; to use a displacement operator and TES !
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=
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OR in BPSK with D(B) and TES

Bit error rate dependence on |B]?

107} .
g Quantum receiver
= 107 Quantum
<] >~ Jimit (OOK)
o 10° R ] Displacement Photon counting
s} . YN
10%} - D(8)
JfQuantum limit \o~ODR Y 20
- L " . 1
Vo4 2 3 4 —;T_/—\ e |
- 1
Signal mean photon number 7% —— |
1
(b) Sender Lossy _— :
mplitude |
Phase : channel controller :
modulator : '_I'Eé I
|[+a) § |
PA w4 AO PZT !
: 1
Amplitude i, E—— 1
. T : * Servo ]—[ D|scr|rf'||nator ]4—

Bit error rate
PRNG -?- ) :

* Yes, bit error rate < SQL !

-

0.22 - . . .
: I 7=0.91
, 02F Ny :
S SEEN r
2 018k = .E - 1‘ /_
D . : T . -
0 ' sQL
| (perfect
" homodyne) <« |deal
016 L :
0.2 0.4 0.6 0.8 1.0

Displacement mean photon number |3[

K. Tsujino, D. Fukuda, PRL(2011)
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 Thank you for your attention.
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Reflectance of fiber-coupled TES

Absolute reflectance measurement of fiber
coupled Ti-TES device

Tunable laser
source

835 nm~870 nm

D

<J\Clrculator
>
— C)

Back reflection
efficiency € > 90 %

1yb1| wapiou|
h
Reflected light

Si substrate

e ———

Reflectance

Mirror
standard

3

TES

SEM image by Focused
lon beam milling

narionaL nstirute of ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)




N‘—f National Metrology Institute of Japan

How to improve DE ?

Absorptance of photons Coupling efficiency to
In superconducting optical fiber
« Complex refractive index + Optical spot divergence by

n=6.1+4.3i for Ti diffraction(NA~0.14)

* Photon absorption~30 % Wavelength dependent 7,

« An optical resonant cavity caused by optical interference
* Fresnel reflection at fiber end.

5 I 1 S Index-matched less-gap fiber
O — . . . . 1
S l, G Dielectric layered optical cavity ~ coupling method
2 = %
| = ‘Dielectric AR resin 3
Anti reflectionl—lI = =1 s

] \
Nb — Delectric . mlrrol g | Anti reflection!
SIS - ! “
TES . D
I I Mirror S u bStrate { TES Dielectric mirror

Rosenberg, IEEE AS(2005) D. Fukuda, Proc. SPIE 7236C(2009) D. Fukuda, Opt. Express(2011)
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Multi-layered dielectric optical
resonant cavity

: 0 ©
Multi-layered ~ SiOz (n=1.5) 100 | -
structure Ta,05(n=2.0) n B
. . 2w - 60 §
Anti-reflection coating o L, ®
= G = €
+— 80 - -~ 40 =
— —— Ti film 3 L CE
o 8 5 X
Dielectric mirror << 70 20 -3 o
E— gt
Substrate 0 —m e

0 2 4 6 8 10
Number of layers
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Single photon & photon number
resolving detector

Photon number resolving

Single photon detector detector (PNRD)
Input A Input A
o) o} ¢) o} #
ﬁi é n=3 A # j\/- /néz\l /i\z n=3 A q D/\/-
Output |_ Output
The same output signal for Output signal proportional to
varying photon number input the incident photon number

Applications: linear optical quantum
computing, more complex QI protocols,
which deal with many photons.

Applications: QKD, quantum
optics measurement, etc.
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True photon number resolving;
detection efficiency

Input Output
A A /é\ A # E/\/‘
n=1 n=2 n=3 n=1

Detection efficiency: n

Photon number n=4

100

Detection probability s = =
Input of n photons o <«
n=1 1 %@ 10__._._._._._.><.-
n C 2 <10 % error \
n=2 /8 5t
S
n=3 2
773 <+ 01 .
B 80 85 90 95 100

Detection efficiency (%)

For n photons n" _ _
‘ For PNRD, 7 iIs a very important parameter !
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Collaborators
AlIST a2 AIST

« Go Fujii Device fabrication

« Takayuki Numata Fiber coupling

« Masahiro Ukibe Device fabrication

« Taro Itatani Optical dielectric film
« Akio Yoshizawa  Quantum optics
 Hidemi Tsuchida Quantum optics

« Mauro Rajteri Executive Program

- Shuichiro Inoue  Nihon University " auenn e

- Masahide Sasaki NICT L JySEEp——
NICT ==
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Outline

« EXpectations to superconducting detectors in QI

« What do we need ?

— Detection efficiency
» Optical absorption
« Optical fiber coupling efficiency
— Fast response
« Decay time constant
« Time jitter
— Dark counts (Actually, we do not need this)
* Derived from AE
» Derived from Black body radiation

* Application of optical TES technology to QI

— Realization of surpassing a SQL in BPSK optimal
guantum receiver
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Bit error rate dependence on |B]?

n

Bit error rate
o
—

ODR (ideal)
ODR (7=0.91)

Quantum limit —> \
0.1 0.2 04 06 08 1
Signal mean photon number |«
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Attenuator | Pulsed laser

»

Constant-temperature bath SME-28e

(@)

............

Refrigerater

TES /
\ X, : 10,50 m

X
I
&
3

T:298, 320, 340, 360 K
X0 =1m
T<77K
Multichannel
analyzer(MCA) N,
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Challenge to new optical TES

 Problem of TI-TES

— Poor energy resolution

— Difficulty of the cavity design
» Existence of TiIO2 on surface

12000

T T T T Ar]Igle (p T 7000 kI i
X-ray 0 deg /
10000 ector 15 deg 6000 1
¢ 102 ip1/2 |
—— 30deg R
Photoelectron 45 d 5000 - [ |12 J
8000 | €9 4 [ Tin
Ti:30nm 60 deg 4000} | /| Tiz0s 1
» g
G 6000 Si substrate i © 3000f ! “‘ 1
4000 | - 2000¢ AN T
—_— 1000+ 4 1
2000 1 o L |
0 L ! | ! . ) 470 465 460 455 450
475 470 465 460 455 450 Binding Energy (eV)

Binding Energy (eV)
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Energy resolution and Detection efficiency
at 844 nm

Detection probability

Photon detection probability

. with a free parameter n,
10° k OO n —nu
A0\ %5: P(n|w)= (nu)’e
o7 o u: Incident average photon number
102 | Al _ o f /<(<( n: Photon number
: e y : Detection efficienc
. > RZlu)_ J fﬁ% \\ M y
; A
107 ASly /f: \ 1
: / / A4
10° n=98%+1%
RRrE 10 T w0 o @ 844 nm

incident photon number u
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2= [ PR & JE 0D H

* Thin gold film to protect Ti surface
— SRON®D
- EIERHHEL . BVEFINRIIATFEL ?
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Optical cavity design

« SBUOEZ AW -RRORIRE
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Counts/bin

‘r11'|+

300 T T r
n= FG263-C1-5e
250
200 =
®s 3
o® :
[c
150 olg )
8 e 2
®le n=1 2
100 o S
oo } ol
oo
50 ‘ Y ® n:2
B
9
-100 0 100 200 300 400 500
Pulse height (a.u.)

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

National Metrology Institute of Japan

IR E 2 KD F 2GR

tETF~400 ns

—2000 -1500 -1000 -500 O 500 1000 1500 2000 2500

time (ns)
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Photon number resolving capability

n=2 n=3
600 - £=1.46 eV n ﬂ Absorbed photon number &
| (=850 nm) pulse height
1000 — — T
£ n=1 ) ° °
Q 400 800 |- ’ o
2 e
g N _ 600 ’ .
(o] o
S 0.40 eV. ;
O 400} /7
200 — | |— ®
n=0 200 | , e
A e
U 0 _,/ 1 1 1 1 1 1 1 1 1 1
0 Acdooncs, 1 0 1 2 3 4 5 6 7 8 9 10 11
0 200 400 600 800 1 000 Number of photon state

Pulse height (channel)
 Saturation tendency is observed ( n > 4).

 Saturation affects observed photon distribution ?
* Is there any drawback in multi-layered structure?
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Reflectance of fiber-coupled TES
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*The reflectance of the fiber coupled device was
measured with return loss measurement method
(IEC 61300-3-6).

SEM image by Focused
lon beam milling
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Reflectance of fiber-coupled TES
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Reflectance of fiber-coupled TES

1
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Photons 10° &
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~ Reflectance
measured results
ol

800 810 820 830 840 850 860 870 880 890 900

) Wavelength (nm)
SEM image by Focused

ion beam milling - Optical interference of reflections on the
fiber edge and the TES surface.
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Reflectance of fiber-coupled TES
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| -~ measured results
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SEM image by Focused
ion beam milling * Wgap<1pum

» Absorbance of cavity > 99.5 %
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Effect of black body radiation on the performance of
superconducting transition edge sensors
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BB ZL>TIF7A/\HBT
%_—_3—5%% (2)RIT7A/\DERE

_—Acryl Coating
e Clad

P +—Core
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Detector
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R — 2nkT o e/ kT
Cold stage h
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[1] A. J. Miller, et. al., Proc. 8th Int. Conf. of QCMC, pp.
445 (2007)
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n=>n
core
em > e core
X ¢ — emax < ec
ncore —> Pcouplingh‘\_lth‘\éo
mn> Neore

— 9max > eC

—> Pcoupling 75§L 75‘\%) )

®mn..Sinl-6.) = nsin(1-6)
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Maximum angle gmax (deg)
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SMF-28e
- 2y BITE: 1.467
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Acryl coating
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RERR

TES bias SQUID bias

(D @ Pulsed laser
:. ..................... : XO ~1m Attenuator Wavelength = 1535 nm
) / Rep. frequency = 50 kHz
| TES : Constant-temperature bath :
! @ : 1 1
: ' SMF-28e :
' Rs 5 ; )/ i
! ! :x2 10, 50 m :
i sQuip (|: 1 7..300,320,340, 360K .. _._.._..|._ ;
| T=280 mK | [! el
"""""""""" T AMP AMP X, <0.2m

/}” I\ Multichannel

I/ analyzer LN,
— FLL
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I7A/INRTRERELZAFBRIZE (300 K)
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T7A NN TERAEL-LEFRIE (320 K)
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T7A I\ TREL-IFRITE (340 K)
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I7AINRTHERELIZALFAIE (360 K)
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I7ANRTHRELI=AFAITE (Fitting)
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