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We present the development of Superconducting Tunnel Junction (STJ) detectors as a far-infrared
single photon detector motivated by application to a search for the radiative decay of cosmic back-
ground neutrino. The photon energy spectrum from the neutrino radiative decays is expected to
have a sharp edge at high energy end in a far-infrared region ranging from 14 meV to 25 meV
(from 50 um to 90 um in wavelength). Thus, the detector is required to measure photon-by-
photon energies with sufficiently high resolution to identify the edge structure. Detectors consist-
ing of an array of niobium/aluminum STJ (Nb/Al-STJ) pixels with a diffraction grating and STJ
using hafnium (Hf-STJ) are under consideration. Each Nb/Al-STJ pixel is capable of detecting
single photons in the far-infrared region. The diffraction grating creates a variation in the photon
wavelength across the pixel array. Hf-STJ is expected to have 2% energy resolution for single

photon of 25 meV due to very small gap energy of hafnium.
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1. Introduction

Since the mixings among three flavors of neutrinos were established and their squared mass
differences among generations were found to be non-zero by various experiments, one has been
convinced that neutrino can decay into lighter neutrino with photon. Figure 1 illustrates typical
radiative neutrino decay diagrams in the standard model (SM) as well as in the Left-Right Sym-
metric model (LRSM). The radiative decay process is related to the transition magnetic moment

SM: SU@2), x U(1)y  LRS: SU(2), x SU2)g x U(1)g,.

Figure 1: Typical diagrams of radiative neutrino decay in the standard model (left) and in LRSM (right). In
the LRSM, mostly the charged tau contributes to the loop. The subscripts of L(R) in the particles indicate
left(right)-handed chiralities.

term of neutrino. In the standard model, however, the transition magnetic moment term is highly
suppressed by the small mass of neutrino m,, through which left- and right-handed chiralities can
couple. The process is further suppressed by Glashow-Iliopoulos-Maiani (GIM) mechanism due to
similar contributions from e, i, and 7 to the loop. Because of these suppressions, the lifetime in the
standard model is predicted to be in the order of 10% years for the heaviest neutrino v3 [1], while
the current experimental lower limit on the lifetime is only given to be in the order of 10'? years [3].
On the other hand, in the left right symmetric model, if we assume there is only a small mixing
between Wi, and Wr bosons which can couple only to left- and right-handed chiralities, respec-
tively, it makes the lifetime much shorter [2], since left- and right-handed chiralities can couple
through much larger T mass in the loop dominantly, and thus there is no GIM suppression, either.
The lifetime calculation based on values from recent experiments is performed in Ref. [3]. If we
suppose the mixing angle to be |{| < 0.02 and the mass of v3 to be m3 = 50 meV, the lifetime of
vs is predicted to be Ty, < 1.5 x 10'7 years!in LRSM.

Hence, we have proposed to search for the neutrino radiation decay using the cosmic back-
ground neutrino (CvB), which is predicted to exist with the density of p, ~ 110/cm? per generation
and with temperature of 7, = 1.95K at present.The experiment is motivated by the direct detec-
tion of CvB, the direct detection of the transition magnetic moment of neutrino, and also it turns
out to be connected to the determination of neutrino mass from the photon energy. The photon
energy in the neutrino radiative decay v3 — Vv;, + ¥ is described as Ey = (m3 — m%z) /2m3 in the
rest frame of the parent neutrino, where m; denotes the neutrino mass of the i-th generation. The
V3 mass is constrained by Am%3 ~2.4x 1073 eV? and Y m; < 0.23 eV [5] obtained from various
oscillation measurements and cosmic microwave background (CMB) in combination with baryon
acoustic oscillation (BAO) measurements, respectively, and consequently, is likely in the range of

n the neutrino lifetime calculation in LRSM in Ref. [3], Maki-Nakagawa-Sakata (MNS) matrix elements were not
correctly considered. For |{] < 0.01 that was adopted in the paper, the lifetime must be Ty, < 5.6 x 107 years.
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50 meV < m3 < 87 meV. If m3 = 50 meV is assumed, the photon energy is 25 meV (50 um in
wavelength).

The more realistic photon energy spectrum we observe is expected to have the sharp edge at
25 meV and the tail in the lower energy (longer wavelength) side because of the red-shift effect
z=AA/A for the distant neutrino decays. The contribution to the surface brightness I, from the
neutrino radiative decay as a function of wavelength is predicted to be
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where Ay means the wavelength of the photon from the decay at z = 0, Hp is the Hubble con-
stant of 67.80+0.77 km/s/Mpc [5], and Qy; and Q, are supposed the matter density of 0.3 and
the cosmological constant of 0.7, respectively. The effect from thermal motions of the relativistic
Fermi-Dirac distribution of CvB at 7, = 1.95 K x (1 +z) is also considered in the plot. Back-
grounds to the photon from the neutrino decay are the overwhelming zodiacal emission (ZE) and
cosmic infrared backgrounds (CIB). Figure 2 shows the contributions to the surface brightness 7,
from the neutrino decay on the assumptions of 7y, = 1 x 10'# years and 5 x 10'? years, overlaid on
the summary plot including the various foregrounds and CIB measurements in the infrared region.
The plot shows the brightness from the CvB radiative decay with 10'? year lifetime is at same level
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Figure 2: Contribution from the CvB radiative decays to the surface brightness I, overlaid on the summary
plot with the various foregrounds and CIB measurements together with AKARI ADF-S results (filled circles)
taken from Fig. 1 and from Fig. 13 in Ref. [4]. The components from the CvB radiative decays are shown
by the solid curve for 7,, = 1 x 10'* years and the dotted curve for Ty, =5 X 10'? years. In both cases,
my, = 50 meV is assumed, and thermal motions of CvB at Ty, = 1.95 K x (1 +z) are also considered.

as CIB, which implies the lifetime of the order of 10'? years is already ruled out as described in
Ref. [3].

2. Experiment on search for neutrino radiative decay

We need highly precise measurement of the photon energy spectrum around 50 pm in wave-
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length for better sensitivity to the lifetime measurement. While the final goal of our proposal is
sensitivity to the lifetime in the order of 10'7 years, we aim at sensitivity in the order of 10'# years
first. In case of 7, = 10'* years, the brightness from the the CvB radiative decay is 2.5 order
smaller than the zodiacal emission (ZE). Therefore, the requirements for the detector are to obtain
continuous spectrum of photon energy around 50 pum far-infrared photon, and energy measure-
ment for a single photon with better than 2% resolution to identify the sharp edge in the spectrum.
Furthermore, the detector is supposed to be loaded on a rocket and/or satellite.

Our choice for the detector is a Superconducting Tunnel Junction (STJ) detector [6]. STJ is
a Josephson junction device, which has thin superconductor-insulator-superconductor layers. A
bias voltage is applied across the junction, and a photon absorbed in the superconductor layer
breaks Cooper pairs and creates tunnel current of quasi-particles proportional to the photon energy
with better energy resolution thanks to much smaller superconducting gap energy than the semi-
conductor. Two kinds of STJs are under development for the experiment. One is an array of
niobium/aluminum-STJ (Nb/AI-STJ) pixels in combination with a diffraction grating, which is
supposed to be adopted in a rocket experiment, and the other is a hathium-STJ (Hf-STJ) for a
future experiment. Statistical fluctuation in the number of quasi-particles created by the photon
energy deposit determines STJ energy resolution. Thus, smaller superconducting gap energy (A)
yields better energy resolution. As for Nb/Al-ST]J, it is well-established [7]. However, since the gap
energy of niobium is about 1.55 meV, number of quasi-particles to a 25 meV photon is insufficient
for 2% energy resolution. Instead, we employ Nb/AI-STJ as a photon counting device. Several
groups have reported single photon detections with STJ up to A ~ 2um in wavelength [8]. As for
Hf-STJ, the gap energy of hafnium is about 20 eV and number of quasi-particles is sufficient to
achieve 2% energy resolution.

As mentioned, we are planning a rocket experiment using Nb/Al-STJ array with grating aiming
at the CvB decay search with sensitivity of 10'* year for the lifetime. We expect about 200 second
measurement after the launch at altitude from 200 to 300 km. The observatory has a 15 cm diameter
and 1 m focal length telescope which will be cooled below 4K. We employ a diffraction grating
covering from 40 to 80 um and an array of Nb/Al-STJ pixels of 50 along to the wavelength direction
by 8 along to a spatial direction, where each Nb/Al-STJ pixel works as a single-photon counting
detector with 100 x 100 um? sensitive area. If we assume the ideal conditions for all of them, the
photon counting rate per one pixel is expected 340 Hz for the foreground and CIB emissions with
these instruments, and the measurement for 200 s will yield 0.55M events to the spatial 8 pixels at
Ay =50 um. This gives 0.13% precision for the surface brightness measurement (61, ~ 10 kJy//sr)
in each wavelength bin. Comparing to the precision, the surface brightness from the CvB decay on
the assumption of 7, = 10'# years is expected ~ 25 kJy/sr. Thus, we will observe a sharp “ramp”
at some wavelength, at which the spectrum has difference in level at 2.5 ¢ significance in each
wavelength bin, that yields sufficient significance for us to detect the CvB radiative decay.

3. Development of Nb/Al-STJ as a single photon counting device

During the single photon counting at Ay = 50 um signal-to-noise ratio greater than 103 is
required. This requires the leak current of the Nb/AI-STJ to be less than 0.1 nA, considering the
shot noise from the leak current. We have achieved 2 nA leak current so far as shown in Fig. 3,
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using a Nb/A1-STJ with 40 um? junction size. The leak current depends on temperature as well as
junction size. We measured the temperature dependence of the leak current down to T = 0.8 K or
below for two Nb/AI-STJs with different junction sizes using a dilution refrigerator. The resulting
plot is shown in Fig. 4, implying a potential for less leak current for a STJ with smaller junction
size. Hence, we are testing a Nb/AI-STJ with a smaller junction size currently. We also found
temperature below 0.9K is required for the Nb/AI-STJ operation. We, thus, consider a *He sorption
or an adiabatic demagnetization refrigerator (ADR) for the rocket experiment.
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Figure 4: Temperature dependence on leak current
measured for a Nb/Al-STJ with the junction size of
Figure 3: I-V curve of a Nb/AI-STJ with 40 [.Lm2 100 x 100 ‘umZ (dot), and of 40 ‘umZ (filled dia-
junction size, measured at temperature of 0.4K in a
magnetic field, using IMQ reference resistance for
the current measurement.

mond). The leak currents are observed to bottom
out around 10nA and 2nA, respectively, at temper-
ature below 1K.

We tested the response to near-infrared (A = 1.3 um) photons at temperature of 1.8 K for a
Nb/AI-STJ with 100 x 100 um? junction size, using the setup shown in Fig. 5. The bias current is
supplied to the STJ through a resistance Ryf from the constant voltage source. Since we use the
much lager R, than the STJ dynamic resistance at the nominal operating point, the STJ response
to the photon pulse illumination is observed as a drop in the voltage difference across the STJ
junction. We observed the response to photons with ~ 1 us response time as shown in Fig. 6,
and we estimated the number of detected photons in the STJ assuming the dispersion of the signal
pulse height distribution represents the statistical fluctuation in the number of detected photons.
The observed signal response is found to correspond to a 40-photon detection.

We also tested the response to visible (A = 465 nm) photon illumination at single photon level
for a Nb/Al-STJ with 4 um? junction size at T = 1.8 K. Figure 7 shows the pulse height distribu-
tions for the signal response to photon illumination and the pedestal. the pedestal distribution is
taken using off-timing gate simultaneously with the signal distribution. The pedestal distribution
is scaled to the estimated contribution from O photon in the signal distribution which is obtained
as described below. The signal distribution is apparently dominated by the pedestal noise. Assum-
ing a Poisson distribution convoluted with Gaussian which has same ¢ as the pedestal noise, we
consequently obtain the following projection for the signal distribution:

2
f(x'.u) =N, Z”neXp(_.u) 1 {x—n(%)}
> tot - I’l' \/Z—ﬂcped 2G§ed )
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Figure 5: Setup for measurement of STJ response

to the laser pulse illumination. the STJ is mounted Figure 6: Response to near-infrared laser (A =

on the cryostat in the Dewar where liquid helium 1.3 pm) pulses at T = 1.8 K for Nb/AI-STJ with
is depressurized by a rotary pump to reach tem-

perature below 1.8K. Visible or near-infrared laser
pulses are transmitted via an optical fiber into the
Dewar and emitted onto the STJ. The bias current is
applied to the STJ through a resistance R, and the
voltage of the STJ is read out with a high impedance
differential amplifier at the room temperature.

100 x 100 um? junction size, measured with an os-
cilloscope. 10 laser pulses are emitted in 200 ns
triggered by the external pulses which are also
shown in the picture. The signal response is ob-
served as a drop in the STJ voltage, and found the
typical response time is in the order of 1 us.

where x denotes a pulse height with respect to the mean of pedestal distribution, y is the number
of the detected photons, Ny is for normalization to the number of events, Opeq is sigma of the
pedestal distribution, and M is the mean of signal distribution. The signal distribution is fitted to
the function, being u as a fitting parameter and we obtained number of detected photons to be
0 93+0.19
72-0.14
To reduce the readout noise, we are developing several cold pre-amplifiers which can be placed
on the cold stage very close to the STJ, expecting the reduction of noise picked up by the cable from
the STJ to the pre-amplifier as well as thermal noise in the pre-amplifier. One of the promising
candidates is SOI-STJ, where we process a STJ directly on the Silicon-On-Insulator (SOI) wafer in
which a pre-amplifier circuit is implemented. The detail on the SOI-STJ development is described
elsewhere [9].

4. Development of Hf-STJ as a single photon calorimetry device

We succeeded in the observation of DC Josephson current with a prototype Hf-STJ sample
in 2011 [10]. Figure 8 shows I-V curve of a Hf-STJ sample with 200 x 200 pum? junction size
produced in 2012, measured with the dilution refrigerator. We can observe the DC Josephson
current at V = 0, which is suppressed by magnetic field as expected. However, to operate the
sample as a single photon detector with 2% energy resolution, we require the leak current in the
order of 1 pA or below, while the sample shows the leak current of about 50 uA. Therefore, we
need much improvement in the leak current for Hf-STJ at present.

We illuminated visible (1 = 465 nm) laser light to a Hf-STJ sample with 100 x 100 pum?
junction size. Figure 9 shows the /-V curve with and without the continuous laser illumination.
We observed a significant increase by ~ 10 A caused by the tunnel current of quasi-particles in
response to the photon illumination in the Hf-STJ dynamic resistance region.
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Figure 7: Pulse height distribution of a Nb/AI-STJ with 4 m? junction size in response to two visible laser
(A = 465 nm) pulses measured at T = 1.8 K. The pedestal distribution is taken simultaneously, and shown
in the plot, scaled to the estimated O photon contribution in the signal distribution. The signal distribution
is fitted to a curve predicted by assuming a Poisson distribution convoluted with Gaussian which has same
sigma as the pedestal distribution. The y? of the fitting as a function of assumed number of detected photons
is also superimposed in the figure. The number of detected photons is measured to be 0.9370-1%. Estimated
contributions from n photons are shown together.
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Figure 8: I-V curves of a Hf-STJ sample with 200 x 200 um? junction size, without (left) and with (right)
magnetic field, measured at T = 80 ~ 177mK. DC Josephson current can be seen clearly in the I-V curve
without magnetic field and it is suppressed in the /-V curve with magnetic field. The leak current is found to
be about 50 yA atV =10 uV.
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5. Summary

We propose an experiment to search for neutrino radiative decay in cosmic background neu-
trino. We are developing a detector to measure single photon energy with better than 2% resolution
for E, = 25 meV. A Nb/Al-STJ array with diffraction grating and a Hf-STJ are being considered
for the detector. We observed the Nb/AI-STJ response to visible light at single photon level as
the first milestone, although the signal from the Nb/Al-STJ is currently dominated by the readout
noise. We have confirmed the superconductor-insulator-superconductor structure in our Hf-STJ
prototypes and observed a tunnel current of quasi-particles in response to visible light illumination.
However, much improvement in reduction of the leak current is required for a practical application
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Figure 9: Transition in /-V curves of Hf-STJ with 100 x 100 um? junction size by continuous illumination
of visible laser (A = 465 nm) pulses, measured with 10 Gauss magnetic field at 7 = 150 ~ 161mK. The I-V
curve measured with the laser on is piled up with the /-V curve without the laser. About 10 (LA increase in
the current at V =20 u'V is observed for the laser illumination.

as a single photon detector. Finally, developments of readout electronics for Nb/Al-STJs are un-
derway to reduce the readout noise drastically. SOI-STJ is one of the promising candidates among
several ultra-low temperature amplifiers under consideration.
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