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Motivation

= Only neutrino mass is unknown in elementary particles.

= Difference between mass-squared of different generation neutrino
has been measured by various experiment of neutrino oscillation.

= Detection of neutrino radiative decay enables us to measure an
independent quantity of Am?.

= - We can obtain neutrino mass itself from these two independent
measurements.




Neutrino radiative decay

= In neutrino decay process, a lighter neutrino and a photon are emitted
from a heavier neutrino.
= V3 —> V2 + Y

= In the standard model, the heaviest neutrino lifetime is predicted to be 1043
year for v; with a mass of 50meV/c-.

= In the Left-Right symmetric model, lifetime is calculated to be 1.5 X10!“year.
= Measured neutrino lifetime limit: © > 3 x 1012 years (AKARI).
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Energy spectrum of neutrino decay
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= As 1, is so long, to observe v decay, we need immense quantity of neutrino.

= Most promising method is to observe the decay of cosmic background neutrino(CBN).
= CBN has a temperature of 1.9K and a particle density p of 110 cm~3 per generation.

= Energy spectrum of the photon from CBN decay has a cutoff at this energy and a low
energy tail due to a red shift effect.
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| « Expected energy spectrum of CBN decay(v;—v,+y)
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Signal of CBN decay and it’s background

Rocket experiment coverage (A =40 ~ 80um)
<
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By measuring the energy spectrum of the Zodiacal Emission with the CBN decay continuously, we can

see the CBN decay signal as a high energy cutoff.
To 1dentify the shape edge, we need detector which has better than 2% resolution for Ey ~ 25meV @



Rocket/satellite experiment

= Rocket experiment
= 200sec data acquisition at 200 km height in 2017 in earliest.

= Improve the current limit of lifetime t(v3) by two orders of magnitude ( ~10!4years).
= Detector: Array of 50 Nb/AI-ST]J pixels with diffraction grating covering A=40—80um
Nb/Al-STJ has poor resolution for identify signal cutoff, but counting is possible.
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= Satellite experiment after 2020
= Expected sensitivity: t(v3) ~ 107year
= Detector: STJ detector using Hafnium(Hf-STY])
Hf-ST] achieves 2% energy resolution if fano factor <0.3
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Detector requirement for CBN decay search

= Detector requirements
= Continuous spectrum of photon energy around Ey ~25meV(A=50um, far infrared photon)

= Energy measurement for single photon with better than 2% resolution for Ey ~25meV to
identify the shape edge in the spectrum.

= Rocket and/or satellite experiment with this detector.

= ST]J detector is able to achieve these requirements.

We are developing two types of ST]J detector.
= Nb/Al-ST]

= For rocket experiment aiming at launching in two years after the detector R&D completion (in
2017 in earliest), expecting improvement of current lower limit for t(v;) by 2 order:0(10'4year)

= Hf-ST]J
= A=20peV:superconducting gap energy for hafnium
* Ngp.=25meV/1.7A = 735 for 25meV photon: AE/E<2% if fano-factor is less than 0.3
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ST]J (Superconducting Tunnel Junction) Detector

= Structure
= STJ is a type of Josephson junction composed of /

Superconductor/Insulator/Superconductor

Overhead view of ST] detector
= Size: dozens~hundreds pm square and 500 nm height J

= Working principle
= Incident photon is absorbed in the superconductor and
excites cooper pairs.

= Excited cooper pairs become quasi-particles.

HEF-TKB-B1

= Quasi-particles go through tunnel barrier by tunnel effect. 2400

= Number of quasi-particles is determined by energy of
incident particle.

= Thus, we can measure the energy of incident particle by Quasi—@ticle
oo

measuring the tunnel current.

- A: superconducting
— e gap energy

B -

Incident photo{

Cooper pairs



Energy resolution of STJ detector

= Statistical fluctuation in number of quasi-particles determines STJ energy resolution.

= Smaller superconducting gap energy A yields better energy resolution.

o = +/ (1.7A)FE

Niobium 9.20 1.550
Aluminum 1.14 0.172
Hafnium 0.13 0.021

A: Superconducting gap energy
F: fano factor
E: Photon energy

Tc : Superconducting critical temperature
Need ~1/10Tc for practical operation

Nb
= Well established as Nb/Al-ST]J
« Ngp. = 25meV/1.7A =9.5

= poor resolution but counting is
possible

Hf
= Hf-STJ as a photon detector is not established
* Ngp. = 2omeV/1.7A =735

= 2% energy resolution is achievable if fano factor <O.3@



IV curve of STJ detector

= The cooper pair tunneling current is seen at V=0, and the quasi-particle tunneling current
is seen for |V| >2A.

= For detecting photons, STJ detector is operated with magnetic field of 10-100G.

= Josephson current is suppressed and change of quasi-particle tunnel current from incident
particle can be measured.
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Current status of development of Nb/Al-ST]

= Goal: detection of a single far-infrared photon in the energy range of 15-
30meV(AL=40-80um) for the rocket experiment for neutrino decay search.

Temperature Dependence of Leakage

Performance of our best Nb/Al-STJ sample Current with Nb/AI-STJ(100x100pm? )
- Leakage current e 1 pA@SIRmE
= Requirement: [, < 100pA
= Measured: I, ~ 10nA @ T<1K i A
= To reduce I, : b ! \/Te ke, T
= Down sizing (I;.,, depends on detector size) T e e
= cool down ~800mK (reduce thermal noise) w10 100pA
- Frequency response OO VOOV PO Ot 5 o o
Temperature[K]

= Requirement: faster than 400Hz = 2.5ms
= Measured: Time spread at FWHM is 1us.

— — B [ | @72 ’@
Signal shape(1.31um, N(photon)=91+11) O



Requirement for cold amplifier

= We haven't succeeded in detecting a far infrared single photon due to read out noise.
= To improve the signal-to-noise ratio, we are developing cold amplifier.

Temperature Dependence of Leakage
Current with Nb/AI-STJ(100x100pm? )

= Requirement for cold amplifier

= Operation at ultra low temperature | |
= Requirement for leakage current of Nb/Al-ST] is below 100pA : / -
- To reduce thermal excitation(oc+/T e-4/kT)), we need to make cooler 800mK. | .. s A

= Cold amplifier should be able to operate at 8O0mK. .

= Low power consumption - e o TannA
= Typical cooling power of our refrigerator is 400uW. B "

107 : : : :
= Power consumption of the amplifier should be as low as possible. ml/ U FUUON DU POV PO OV PO |

= Response speed
= The integration time of charge is 2-4ps.
= Amplification gain should be large enough up to 1IMHz.

P

— Cold amplifier using SOI(Silicon-On-Insulator) technology can achieve these requirement§



SOI (Silicon-On-Insulator)

= SOI (Silicon-On-Insulator) device was proved to operate at 4K by a JAXA group.

= Characteristics:
= Low power consumption
= High speed
= Easy large scale integration
= Suppression of charge-up by high mobility carrier due to thin depletion layer(~50nm)

Bulk CMOS N SOI-CMOS

$ ~50nm

Bondng Pad » Nb s, product STJ on SOI amp

. Connect STJ and SOI device
[ using tang stain via

= We processed Nb/AI-STJ on a SOI
amplifier (SOI-STJ)

SOI amplifier

o



Current status of development of SOI-ST]

= We confirmed performance of Nb/Al-STJ and SOI amplifier in SOI-ST] detector respectively.

= Nb/Al-ST] 50 X 50 pm? SOI-STJ [-V
We measured the I-V curve of the Nb/AI-STJ(50x50um?) | Aravgs
processed on the SOI wafer at 700mK. 2mA ] 100pA; {

- Josephson current is observed. Aiieini] 5},5,#*”:,-" T
[0 —

« Leak current @0.5mV is 6nA | IS
- It’s close to our best record of normal 4mV, }I HREEe -1
Nb/Al-STJ(100x100um?) 10nA 200 Y A

— Nb/AI-ST]J on the SOI amplifier is working well R [ ISR SR

Apply magnetic field G- Josephson current
50 X 50pm? SQI-STJ I-V @35 Gauss




Current status of development of SOI- STJ

"' = TEMPERATURE
= SOI amplifier R

- Temperature dependence wE 8 Toomk
- [-V curves at various temperaturesy i3 7 |
- SOIFET can be operated at 100mK 10 . o R SOISTJZ FANK TEMP.682mK

= Power consumption :: ;3;‘**.,;,: At So! ”g*"*‘:’.” |
- Bias voltage of SOIFET in saturation region (red line) : 0.5 V :0,. N Ugs,:[]'_l}v ____________
» Current (Ids)of FET in saturation region at Vgs = 0.8V : 0.09 qu R R il P e s

= Power consumption = 0.5V X0.09 pA
= 45 nW/FET for W/L=1.42um/0.42um \ ot Mps=0.8V. )

= Frequency response

= Approximately 1kHz (requirement: ~MHZz) m, | .| |
= Due to high output impedance, frequency response is not enough. . S | " v
= To reduce output impedance, we add buffer circuit in SOI amplifier.\A i= E - LS ~1kHz
— Optimization is underway. S ®° RN
We opened up corroboration with AIST Development of SOI-STJ  « _ | ~
We started using new 3He sorption refrigerator| V' become more effectively  ° room I
- LHe _ %
T.Okudaira & R.Senzaki will report more information o kil @
of development status of cold amplifier tomorrow. Frequency of input signal[Hz]




Current status of development of Hf-ST]

- We succeeded in observation of Josephson f'VT‘i‘g‘;)VIEIgfIH:fG' OST?ZI‘Q)O:XOZ‘Z"QW )
current by Hf-HfOx-Hf barrier layer. » TR A Ram T

- However, as our Hf-STJ sample has large B=0 Gauss / — B=10 Gauss
leakage current, optimization is underway. 4

i / I =100pA@20uV

> , e ; §
F é‘ .,/ 5 t}

10uV/DIV / < 10pV/DIV
l

& 10.0uv B 30.0mv

= Downsizing |
= Hf-STJ(100X 100um?) shows smaller leakage
current than Hf-STJ(200X 200um?).

= Also we are trying the following

I-V curve of Hf-STJ (100x100pum?2 )

= Optimize condition for making the insulator. « T 40mK, I,=10 A, R;=0.6Q
= Oxidation on side surface. B=0 Gauss ( ~—3B=10 Gauss . -
HfOx -, L  Tea=30pA@20uV
1.5nmi=- __ y2oo0nm % ; 2
2t Sk,

I 350nm pe J 20uV/IDIV 8s ] <20uVIDIV
— — {
0.0V 50.0mv o @ 2000y #8 so.0ny Ch @

Si wafer o



Response to DC light (Hf-ST}J)

Laser pulse: 465nm, 100kHz
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We observed Hf-STJ response to visible light

©



Summary

= We can determine neutrino mass or renew neutrino lifetime lower limit by neutrino
decay search experiment.

= We are developing ST]J-based detectors to detect a single far-infrared photon in
energy range between 15 and 30meV to search for the cosmic background neutrino
decay with a rocket or satellite experiment.

= The SOI-ST]J detector where Nb/Al-STJ’s were processed on a SOIFET board is being
developed.

Both SOIFET and ST]J are working well in the SOI-STJ detector below 800mK.

= Hf-STJ response to the visible light was observed.
Improvement to reduce the leakage current is underway.

o
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