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(AIPC 1185,286-289(2009)).

SOI-STJ4 (the 4t prototype)
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STJ (Superconducting Tunnel Junction) Detector

« Superconductor / Insulator / Superconductor Josephson Junction

Superconducting Tunnel Junction

At the superconducting junction, quasi-particles over
msusor their energy gap go through tunnel barrier by a tunnel
effect. By measuring the tunnel current of quasi-
particles excited by an incident particle, we measure

S .

_~ the energy of the particle.
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SOI Cryogenic Amplifier

FD-SOI -MOSFET

Gate Gate

FD-SOI (Fully Depleted Silicon-On-Insulator) device was proved to
operate at 4K by a JAXA/KEK group (AIPC 1185,286-289(2009)).
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Drain Source

SOI-STJ4 (the 4t prototype)
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Search for Radiative Decays of Cosmic Background Neutrino
using Cosmic Infrared Background Energy Spectrum

Shin-Hong K™, Ken-ichi Takemasa, Yuji Takevcu, and Shuji Matsuural

Crraduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Tharki 305-8571, Japan
Unstitute of Space and Astronautical Science, JAXA, Sagamihara 252-52 10, Japan

(Received September 8, 2011; revised Movember 22, 2011; accepted December 1, 20011; published online January 18, 2002)

We propose o search for the neutrino radiative decay by fitting a photon energy spectrum of the cosmic infrared
background to a sum of the photon energy spectrum from the neutnno radiative decay and a continuum. By comparmng
the present cosmic infrared background energy spectrum observed by AKARI and Spitzer o the photon energy
spectrum expected from neutrmo radiative decay with a maximum hkelihood method, we obatined a hifetime lower
limit of 3.1 % 10" to 3.8 = 10'° years at 95% confidence level for the third generation neutrino vy m the vy mass mange
between 50 and 150 meV/c” under the present constraints by the neutrino oscillation measurements. In the left-right
symmetric model, the mimmum hfeame of v4 15 predicted to be 1.5 = 10 years for ms of 50 mc\-’l.-‘c'z- We studied the
feasibility of the observation of the neutrino radiative decay with a lifetime of 1.5 = 10" years, by measuring a
conbtimuous energy spectrum of the cosmie mfrared background.
KEYWORDS: neutrino radiative decay, neutrino mass, cosmic background neutrino, cosmic infrared background, COBE,

AKARI, Spitzer

Search Region: A= 35~250um (E,= 35~5meV)
In Rocket experiment, A= 40~80um (Ey = 31~15meY)
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Rocket-borne Instrument for Observations of Near-Infrared and
Far-Infrared Extended Astrophysical Emission

Hideo MATSUHARA, Mitsunobu KAWADA, Toshio MATSUMOTO, Shuji MATSUURA, and Masahiro TANAKA
Department of Astrophysics, Nagoya University, Nagoya 464-01
E-mail (HM) maruma@toyo.phys.nagoye-u.ac.jp
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(Received 1993 October 4; accepted 1994 June 20)

Abstract

We give a detailed description of the design and flight performance of an instrument onboard the S-520-
15 rocket of the Institute of Space and Astronautical Science. The instrument, consisting of a near-infrared
spectrometer and a far-infrared photometer at the focus of a 10 cm liquid-helium cooled telescope, was
designed to observe both the brightness and distribution of diffuse emission with high sensitivity. The
rocket was successfully launched and the instrument observed near-infrared and far-infrared continuum
emission, as well as (CII] 157.7 pm line emission from regions at high Galactic latitude. We also give a
brief description of the design and performance of an onboard attitude control system.

Key words: Cosmic background radiation — Infrared: spectra — Instruments — ISM: general

5 minutes DAQ at 200km height in 1992.
Launched at 1:00, Feb. 2, 1992.

Started the measurement at 1:02.
Finished the measurement at 1:07.
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STJ Energy Resolution

STJ Energy Resolution

o, =+/1.7A(FE)

Using Hf as a superconductor,

A: Band gap energy
F: Fano factor (=0.2)

E: Incident particle energy

o, E=17% at E=25meV
T (K) | A(meV) Tc : Critical Temperature
Niobum 920 1.550 Operation is done at a temperature
Aluminum 1.14  0.172 around 1/10 of Tc
Hafnium  0.13  0.021

\

T

We reported that HfF-STJ worked as a STJ in 2011.

>
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Leakage Current of Nb/Al-STJ

® | eakage current I, is required to be below 0.1nA to detect a single far-

Current (nA)

infrared photon (A= 40 -80um) .

Temperature Dependence of Leakage Current

1000

leak_200uV S0pm x S0pm
o |eak_300uVv
e |eak 400uVv
0 BCS Theory . In 2014’ o
R AIST group joined us and produced
10 Nb/AI-STJ with AIST CRAVITY
Jf A processing system.
| - 2o .{" leakOC Te kT Leakage current has satisfied our
requirement of 0.1nA.
m%’% | 1= 020A
> at 300pV
below 400mK # of samples | I, at 0.3mV
o 0.3 0.4 0.5 0.6 0.7 0.8 50 X Soumz 18 224i29 pA
by T. Fujii (AIST) ~ Temperature (K) 20 x 20 pm? 7 39£13 pA
»10 X 10 um? 20 147 pA
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Test Results of Nb/Al-STJ with Far-Infrared laser

Far-Infrared Laser at University of Fukui

( A=57.2um ) * Nb/AI-STJ Response to Far-Infrared Laser

[ o - » “ \ - »
\ \

a
<
e
o
7o

» 20um-square Nb/AI-STJ made at AIST CRAVITY system
 Laser light was turned on and off with a chopper at a frequency of 200Hz. Measured the
change of the |-V curve between the laser on and off to be 50~100nA in current.



R&D Status of SOI Cryogenic
Preamplifier for STJ
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(1)RTFREIERET—4

(1) RF XA )L &Calibration Light#1ET—4

<y 3—EA (12580 /8)
2578 : Calibration Light#1E T—%
ZTDHEI0ME : RTRAIIT—4H
10msec = &1250 U secFED D FE Y EF L EF
(BP1001/ R MEREER)
‘Thresholds|Z0TT—4%¢5,

-RT ZH )L &Calibration Light#ZIET—4%UNEL TLY
2 HARE (X9x12.5sec=113sec’E DT, Data Block1 D
F—aH5 L XL 32.0MbitsTH 3.

Data Block1
ADCT—4 #1 TE Wk
ADCT—4 #2 TE Wk
ADCT—4 #3 TE Wk
ADCT—% #400 TE Wk

Data Block1
(RF XA JL&Calibration Light#RIET—4)
BROT—2YAL XX, 100/ MEFD *

[15Ew RS (15Ew k) +400 *ADC (7TEwR) 1=
15x100+400x7x100bps = 0.283Mbps
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Yasuo Doi1 at SPICAWorkshop Dec 16-17, 2010
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Figure 3: Impact of detector NEP on the resolved line sensitivity

NEP = 2x10-1 WHz12 js good enough.



FD-SOI 4K preamplifier

T.Wada, H.Nagase, H. Ikeda, Y. Arai, M. Ohno and K. Nagase ‘“Development of low power cryogenic readout
integrated circuits using fully-depleted-silicon-on-insulator CMOS technology for far-infrared image sensors”
J. Low Tem. Phys. 167 (2012) 602

| ..LTI

W10 O VCL oew
| ’_[ | (0.9 at 300K)

s | o PSD: Power Spectrum Density

FET FET 0.0001 ——rrrrrr— e — g
vauT o o A . i F LHT =+
= 13V a3t 300K) . RT

WCA

El} o 4
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M5 P

hs 1a-05 | =
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M

PSD (ViHz'"%

M3 M1
r_ _—| 1e-07 S
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Fig. 4 (Color online) Schematic diagram of the OP-AMP (left). All FETs are ST FD-SOI-
CMOS with a gate size of W/L=0.63/5.0, except the mput PMOSs (W/L=5/5). Input referred
noise spectra (right) of the OP-AMP at liquud helmum temperature (LHT) and room temperature

(RT).
Table 2 Charactenistics of FD-CMOS OP-AMP at 4K
design measurement

temperature 4K 4-300K= excellent
open loop gain = 1000 7000 excellent
Output swing = 1V 1.3V excellent

1Hz s ampling input referred noise  14-20uV/y/Hz  19uV/\/Hz good
POWET W 13pW ooot
mput offset OmV 2mV good 49

# adjustment of bias voltage 1s required in room temperature operation.
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FaEMETFET (3

RE R, RIK)

K. Ohmori et al.

Application of Low-Noise TIA ICs for Novel
Sensing of MOSFET Noise up to the GHz Region”
VLSI Symposia on Technology and Circuits 2013
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Requirement for the photon detector in COBAND rocket experiment

® Secnsitive area of 100umx100um for each pixel

® High detection efficiency for a far-infrared single-photon in
A =40um ~ 80um
® Dark count rate less than 300Hz (expected real photon rate)

— NEP=¢,2f, ~1x10"" W /VHz

(Noise Equivalent Power) , where €, is a photon energy and £, is a photon rate.

We are trying to achieve NEP ~10-'° W/v/Hz by using

® Superconducting Tunneling Junction detector
(leakage current per pixel < 100pA)

® (Cryogenic amplifier readout
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e - Feedback

.......

.......

Feedback capacitance
2pF — 60fF

Power Consumption
~150pW

24meV one photon

(0.03fC) gives ~40mV
Output

. Simulation Result

Input (~0.036 fC)

(Nb/A1-STJ signal for
24meV one photon)

~0.51V

Output

~40 mV

....... a2 AP I PR I B

....... . i q_..

o vea@ @ @ @ W@ - P
Telescopic cascode Amplitier

(SOI-STJ4) Buffer stage

This charge amplifier will arrive at our University soon.
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R&D Status of Hf-STJ
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R&D Status of Hf-STJ

Goal: Measure energy of a single far-infrared photon for neutrino decay search experiment

within 2% energy resolution.
Micro-calorimeter: Hf-STJ can generate enough quasi-particles from cooper pair breakings

to achieve 2% energy resolution for photons with Eg = 25meV.

Earlier version of our Hf-STJ in 2011
o Structure: Hf/HfOx/Hf =250nm/1.5nm/300nm
» Leakage current 20uA@50mK, 20uV for 100um-square sample

(our requirement :10pA)

I-V curve of Hf-STJ (100x100pum?)
«  T~40mK, I=10pA, R =0.6Q

B=0 Gauss [~ B=10 Gauss e

’ q ‘//’
7 Tg o a
200 x 200pm? 3 0.22£0.01 Q ' / %
B f g L / 5
<
100 x 100 pm? 3 0.60£0.10 Q > AVIDLY 8 204VIDIV
WV 8850 om o o0 @ Zo0uv #8 so.0mv B o
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Laser Light Response of Hf-STJ

We made a thin aluminum layer (9nm) on the HfO layer (1-2 nm) to improve

the insulation of the HfO, layer. Hf/AI/HfO,/Hf-STJ - "
HfOx
Hf
A =20 ~ 30peV |
Leakage current = SUA@128mK
for 200pm-square sample. Visible light laser (A=465nm) 10Hz duration
_ Laser triggér pulse
: ;,! 200pm > 200um
:  2pA/div . ":-L"l';j‘-".di"' ) g -' . S 7
S~ EERET . RS 4
§ 110nA/div EEhaLiel # 11 |
J . 20pv/div e 20pV/div. S
' ' 40ps/div

Response speed (120us) is slower than Nb/Al-
STJ response speed ( around a few ps).
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Improvement of Hf-STJ Leakage Current

® Hf/Al/HfO,/Hf-STJ
reduced the leakage
current to one-tenth.

® Hf-STJ with smoothed Hf
layer reduced the leakage
current to one-tenth.

® Small size Hf-STJ (10p-
square) reduced the
leakage current to 1/24.

LeakCurrent@20uV[A]
S < Ea. E; S
IIIIII] IIIIII! IIIIIII] IIIIIII] IIIIﬂll IIIII[I] IIIIHI] IIIIﬂll | ||m1r

e,
=
[de]

."'.-..--
I
Hf-ST

Hf-5T) w/ smooth Hf(200um =q.)

e

1w/ thin Al layer

EarliepHf-ST)
oy
- -

«+ W

Required |, °CVT el-4/kbT)

£

:I‘I mprovement of surface roughness

downsizing

* Hf-ST) w/ smoo

.'“\.
S

-
=
b
=]

“““ | Required performance for COBAND
| 10pA@50mK
|
| | Iﬁ 1 1 1 | I 1 1 | | I 1 1 | 1 I 1 1 | 1 I 1 1
0.0 0.1 0.15 0.2 0.25
Temperature [K]

We are working on the study on downsizing of Hf-STJ.

We plan to decrease the operation temperature using another better dilution

refrigerator.
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Improvement of Hf-STJ Leakage Current

® Hf-STJ was proved to work as a photon detector.

® To satisfy our leakage current requirement for COBAND
experiment, we need decrease the leakage current of Hf-STJ.

We are working on this improvement by the following methods:

B Optimize the Hf sputtering conditions to make Hf surface
smoother. Because the imperfect insulator layer causes high
leakage current.

B Downsize Hf-STJ. Because the leakage current 1s proportional to
the junction size.
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Improvement of Hf Surface Smoothness

 We improved the Hf surface smoothness by optimizing the Hf
sputtering parameters.

Old sputtering condition New sputtering condition

Ar 2.0Pa, 80W Ar 0.5Pa, 50W




Hf-STJ with Improved Smoothness

200u square Hf-STJ with improved smoothness. Wire bonding
readout line.

® Josephson current 1s 2uA.

® Effective energy gap A =25ueV.

® [ cakage current at 20UV 1s 7pA.

Blue: laser off
Yellow: laser on

200um x 200pm

T = 146mK ; b . (fra:50kHz)
B = 0Gauss &= 4

T = 146mK Al
B = 6Gauss ? .

, -19"#“ g

v &  2ua _é!.e Al
Apply B field £ I R . 3
SRR

20pV S S
# 20uV

&
¢ W R _eed

IV characteristic IV characteristic Response to visible(2=465nm) DC-like
IV characteristic (near OV, B=0Gauss) (near 0V, 6Gauss) laser light _
T = 140mK, 9Gauss B field is applied.
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Small-size Hf-STJ with improved smoothness

10u-square Hf-STJ. Signal line was made by sputtered Nb line not by
wire bonding.

® Josephson current 1s 0.7uA.
® Effective energy gap A = 130ueV.
® [ cakage current at 20uV 1s 0.3pA (1/24 of 200u-square Hf-STJ).

T=156mK | : T=156mK
i B field applied
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Neutrino Lifetime by Left-Right Symmetric Model

In the Left - Right SymmetricModel SU(2), ® SU(2), ® U(1)
(PRL 38,1252(1977), PRD 17,1395(1978) NP B206, 359(1982)),
Y

thereare two Weak Boson mass eigenstates : W y
) k wh
W,=W,cosé —W,sing, k H’/
W, =W,sing + W ,cosg . S5 thw y:uw y;n
Wi

W, and Wy, are fields with pure V-A and V+A couplings,
respectively, and ¢'is a mixing angle.

_ G2, mZ—m2 . SERTIE S ST - " : My
rl = SOF (M2 | Uy || Usa 2[5 (m 4 m2)ym— (14 ”‘“}3 AmZ (1 — 3)? sin®2(
F My " W

[ I Yo
12871 % mg

where a is a fine structure constant, Gp is a Fermi coupling constant, m,.. My and
Myyo are masses of 7, Wi and Ws, respectively.?!:%2) Ui; is the (i, j)-th element of the
Maki-Nakagawa-Sakata mixing matrix®>® and we took |Us| = 1/v2 and |Uss| = 1/V2.
2 2 \3
-1 _GGE (Ami m2sin? 2(
12877:4 ms t
Using a lower mass limit M(Wy) > 715GeV, a mixing angle limit {< 0.02, and m; = 50meV,

T

t = 1.5x 10 year

Measured neutrino lifetime limit t < 3 x 10%? year from CIB results measured by COBE and
AKARI 63



Lifetime Calculation

R. E. Schrock, Nucl. Phys. 28 (1982) 359.
Calculate the neutrino decay width in SU(2); x SU(2); x U(1) model

,..__]. . I:E'r_ﬂ'I {‘i‘?l; m_r
1

Z‘& |{ 3,2| |[,3,3| [64(”1:‘-—'_}“2} my (1_|_ ULH}E An 1 {1 LH)E Hil‘lgﬂi’;

! —_— 5
128« Mg W I.1r 2

where a is a fine structure constant, Gg is a Fermi coupling constant, m.. My and

My are masses of 7, Wi and W, respectively.?’2? U

23)

i; 1s the (i, j)-th element of the

. - TR
Maki-Nakagawa-Sakata mixing matrix®’ and we took |Us| = lfv“!_ 2 and |Usz| = 1/v2.

3
Am..’ .
1 aGF4 ( 32 ] m_°sin?2¢

M,,, =0.715TeV, sin{ =0.013, Am,,” = 2.43x10°eV?, m_= 1.78GeV, m, = 50meV,
7 =1.5x10"year

In thestandard model,

2 AN 2 \*
= 9aG, (Amsz J (m32+m22)(|\71 j Thus 7 =2.1x10"year

81927° | m, ?

w

ref. K.Sato and M .Kobayashi, Prog. Theor.%ys.SB (1977)1775. and others.



Other papers citing our JPSJ paper

PHYSICAL REVIEW D 858, 013019 (2013)

Radiative decays of cosmic background neutrinos in extensions of the MSSM
with a vectorlike lepton generation

Amin Aboubrahim,>* | Tarek Ibrahim,' "%l and Pran Nath®*-*1
'Depurrmem of Physics, Faculty of Science, University of Alexandria, Alexandria 21511, Egypt
“Department of Physics, Faculty of Sciences, Beirut Arab University, Beirut 11-5020, Lebanon

ED.‘E'}?HH!HEHF of Physics, Northeastern University, Boston, Massachusetts 021 15-500k), USA

‘KITP University of California, Santa Barbara, California 93106-4030, USA
(Recemved 11 June 2013; published 30 July 2013)

An analysis of radiative decays of the neutrinos ¥ ; — vy i1s discussed in minimal supersymmetric standard
model extensions with a vector like lepton generation. Specifically we compute neutrino decays ansing from
the exchange of charginos and charged sleptons where the photon1s emitted by the charged particle in the loop.
It is shown that while the lifetime of the neutrino decay in the Standard Model is ~ 10** yrs for a neutrino mass
of 30 meV, the current lower limit from experiment from the analysis of the Cosmic Infrared Background 1s
~ 10" yrs and thus beyond the reach of experiment in the foreseeable future. However, inthe extensions witha
vectorlike lepton generation the lifetime for the decays can be as low as ~10'—10'" yrs and thus within reach
of future improved experiments. The effect of CP phases on the neutrino lifetime 15 also analyzed. It is shown
that while both the magnetic and the electric transitiondipole momentscontribute to the neutrino lifetime, often
the electric dipole moment dominates even for moderate size CP phases.

MSSM extension with a vectorlike lepton generation

12 14
— 1, ~ 10%~ 10** years s



MSSM extension model with a vectorlike lepton generation

PHYSICAL REVIEW D 88, 013019 (2013)
Radiative decays of cosmic background neutrinos in extensions of the MSSM
with a vectorlike lepton generation
PHYSICAL REVIEW D 89, 055009 (2014)
Amin :"!'ibf)llhfﬁ]lil’]l.,l*'" Tarek ]]Jl‘ﬂhil’]l.,] 218 and Pran Na[h:a-“"-:'r-tl Large neutrino magnetic dipole moments in MSSM extensions

Amin Aboubrahim,>" Tarek Ibrahim,">" Ahmad Itani,”" and Pran Nath*®
SU(3)c x SU(2), X U(l ’ ’ ’
(e XSUQLX UMy =T 1y *
T F-
i k k
E&ELE(:EL)“(IJEJ_Q): Iy ~ (L 11), L L U
iL < (3) . LN o &
v, ~(1,1,0),  i=1273 Vi . . W ¥i L
. Ei 1 . . e - ;; “
={ )~ (1, 23 E~1-n vectorlike lepton generation e TE 7
L < 4). . i i
N, ~ (1,1,0). V+Ainteraction
B " B " m,, = 5.2 x 107"
Nm ! ;' ‘ Neutrino mass my, = 9.2 x 10712
Rl _pe| " |, Elop| ™. an eigenvalues (GeV) m, = 9.7 x 107"
L"p-n w}n If"y.._ w.‘;;_ s (L]
v » » » (1) m,= = 256 GeV 2 1.2 = 10~
. E m; = 162 GeV Uy 2.5 x 10713
In Eq. (16) wy, wo, y3, w4 are the mass eigenstates for the vy lifetime 3.9 x 10" yr
neutrinos, where in the limit of no mixing we identify y, as (i1} = = 267 GeV i 4.6 x 10719
the tau neutrino, > as the heavier mass eigenstate, y; as m; = 202 GeV m 1.3 % 10712
the Zlu[on _r:trzlu[llrlino and :1-'4 as :hL cl:r)l(_rtmn r;lculﬁno. ;[‘r;gviic v, lifetime 75 % [OM yr
contact with the normal neutrino hierarchy we relabel the _n o 16
states so that (iii) m,==268GeV Ha 2.2 x 10 H
m: = 158 GeV My 1.1 > 10—
Uy = Vs = s, =y, vs=uyn, (18) vy lifetime 1.8 x 10 yr
_ _ _ (iv) m,.=272GeV o —7.6 x 10719
which we assume has the mass hierarchical pattern m; = 195 GeV m —1.3 % Il[l:!'
m, <m,, <m, <m,, (19) vy lifetime BB > 10 yr
66

g

22

—Loc = I‘L',;{IT’T’}'P{I —45)T + U (1 — s )p + 7P (1 —5)e + NyP(1 4+ y5)E} + Hee. (24)
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Research Core for the History of the Universe

@ University of Trukuba
under Center for integrated Research in Fundamental Science and Engineering, o
University of Tsukuba (founded on Sep. 1, 2014) Q
CiRTSE

Mission: coordinate the studies in elementary particles, quark nuclear matters and
astrophysics to construct an integrated view of the History of the Universe.
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STJ Energy Resolution for Near-

1 1 4
0.3F"
back—illumination
: ~ 0.2
11 -
{: >
] =
=
no illumination { Frd 01 r[ wth
R
‘ 048
8
charge (odc§ +1000) front=illumination
0.30
. Verhoeve et. al 1997 o
o
30um sq. Ta/Al-STJ = 0.20
I
AE~130meV @ E=620meV(1=2um) z
Charge sensitive amplifier at room temp. 0.10 O measured resolution
. . | + elactronic noise |
O Electronic noise ~ 100meV o.00f G device fimited resalution

0 1 2 3 L 5 &
PHOTON ENERGY (eV)

In sub-eV ~ several-eV region, STJ gives the best energy resolution among
superconductor based detectors, but limited by readout electronic noise.




