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Solar axion at 14.4 keV
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Detection efficiency
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Design of the Observational Setup for Solar Axion Search with TES Microcalorimeters - Practical Configuration and Sensitivity -        Yuta Yagi       ISAS/JAXA

 3Effects of 57Fe Thermal Motion, Nuclear Recoil, and Natural Width
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Effects of 57Fe thermal motion,  
nuclear recoil, and natural width

✦ Calculated fraction of axions emitted toward earth due to deexcitation of 57Fe nucleus in solar interior that react with 57Fe on earth and 
are resonantly absorbed. 

✦ For resonance absorption on ground, emission should fall within natural width at center of the emission line,  
and integral over relevant energy range was obtained as a percentage of total. 

✦ Calculating percentage of resonance absorption again on ground at solar temperature of 1.3 keV (4.2 keV) is only 1.8% (0.98%).

Spectrum of axion on the ground  
when all effects are taken into account

In the Sun:  
recoil and Doppler width of 57Fe make  
a wide and shifted axion line

K. Mitsuda, ISAS, JAXAダークマターの懇談会2019, 5-6 July 2019, at Waseda Univ.

Search for monochromatic Solar axions

• Monochromatic axion emission predicted by Moriyama (1995)
• Semiconductor experiments by Namba (2007) and others.
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where B —0 is the E2/M 1 mixing ratio. p, o and
p, 3 are the isoscalar and isovector magnetic moments,
respectively: IM, O

—1/2 —0.38 and IIL3 —4.71. p =—1.19 and g = 0.80 are the nuclear-structure-dependent
terms. go and g3 are defined as [12]
= a%I.ys(go + g3r3)N, (3)

s(6.2 X 106' (3F —D + 25'
go = —7.8 x 10 4( f /GeV )( 3 )

t62X10 5 1 —z
g3 = —78 X 10 (D+F), (5)( f /GeV ) 1 + z

m~
~z f m ~z 1.3 X 10= 1eV, (6)1+z f 1+z f /GeV

where D and F denote the reduced matrix elements for the
SU(3) octet axial vector currents and 5 characterizes the
flavor singlet coupling. The naive quark model (NQM)
predicts 5 = 0.68 [11],but the latest measurement shows
that S = 0.30 ~ 0.06 [13]. z = m /md —0.56 in the
first order calculation. m is evaluated to be 1 eV with
z = 0.56 and f, = 6.2 X 10 GeV. Using Eqs. (2)—(5),
Eq. (1) becomes

BE(T) = 4.6 X 10 ergsg ' s

106GeVx! C exp( —PT), (7)
a

(3F —D + 25'
!C(D, F, 5, z) —= —1.19! )

+(D+F) (8)1+ z'
where Pr » 1 is assumed in the solar interior. Our
estimation differs slightly from that of Ref. [11],because
a different value of Fe abundance in the Sun is used [9].
Equation (7) provides an estimation of the differential

axion Aux at the Earth,

R~ =Ao p, I „,7r/2,
op =2o.oyI /I

(11)
(12)

where o.oy 26 + 10 ' cm is the maximum res-
onant cross section of y rays [14], and I „, = 4.7 X
10 ' keV is the total decay width of the first excited
state of Fe. The factor 2 in Eq. (12) represents the
difference of the spin multiplicity between photons and
axions.

sharp peak in Fig. 1 corresponds to the axion flux eval-
uated with D = 0.77, F = 0.48, 5 = 0.68, z = 0.56, and
f, = 106 GeV . Also shown is the expected axion flux
generated through the Primakoff effect [6]. It is a strik-
ing fact that substantial axion emission is expected from
the nuclear deexcitation. The differential flux at Ey is
obtained to be

, (106 GeV)A =2.0 && 10' cm s 'keV ! ! C,)
(10)

where dependences on D, F, S, and z are included in C.
The effects of the nuclear recoil and of the redshift due
to the gravitation of the Sun are negligible. The former
decreases the axion energy by only about 1.9 X 10 eV
and the latter about 1.5 X 10 ' eV, which are negligibly
small compared with the width of the peak in Fig. 1.
In a laboratory, these axions would resonantly excite
Fe. The rate of the excitation is calculated as follows.

It is a reasonable approximation that d4(E, )/dE, =
A over the natural width of 7Fe, 6(10 neV), around
14.4 keV, because the width of the peak in Fig. 1 is
extremely broadened to about 5 eV. Hence the rate of
the excitation per Fe nucleus is

d&b(E, ) 1

dE 4m RE
exp$2vr rr(T)

(E. —E,)'-
2o(T)z- 10 13

10 12

X p(r)4vrr dr,BE(T)
(9)

where R~ is the average distance between the Sun and the
Earth. Ro denotes the solar radius. T(r) and p(r) are
the temperature and the mass density at the radius r, re-
spectively. o(T) = E~(kT/m). '~ represents the Doppler
broadening. I is the mass of the Fe nucleus. It should
be noted that the number of iron atoms per unit mass is
assumed to be uniform as in the framework of the stan-
dard solar model (SSM) [8], i.e., that N is independent of
r. In addition, the SSM provides the mass density and
the temperature as a function of the radius r, which are
necessary for calculating Eq. (9). The values of the func-
tions are taken from Table XVI in Ref. [8]. Thus Eq. (9)
can be evaluated if one fixes D, F, S, z, and f, . The
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FIG. 1. Differential Aux of the axion from the Sun. The
sharp peak corresponds to the axion emission from the Fe
deexcitation. The broad part of the differential Aux corresponds
to the axion generated through the Primakoff effect.

3223

Center of the sun: 
γ+57Fe → 57Fe* → 57Fe + axion

Detector on ground: 
57Fe + axion → 57Fe* →   

57Fe+ + e- → 
57Fe + γ + n’e-+  e-

57Fe+γ

  57Fe + n e- + e- 

(9%)

Moriyama (1995)
0.98% γ ray detection efficiency : 14.8% in Namba

axion

 57
26Fe
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μCalorimeters: detect heat dissipation
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Figure 5. Photographs of (left) SXS sensor and (right) SXS Dewar. The sensor was suspended from the outer structure
using Kevlar, and electrical connections to the housing were made using tensioned wires to reduce the sensitivity to
microphonics.The outer shell of the Dewar is 950 mm in diameter.

Figure 6. (left) A histogram of the distribution of resolutions measured across the array. (right) the whole-array
spectrum around 5.9 keV. The points are the data, with sqrt(N) error bars on the counts barely visible. The dark
line is the best fit to a model of the natural line shape convolved with Gaussian broadening, and the dashed gray line
is the natural line shape.

chain worked without any problem until the end of the mission by repeating ADR recycles periodically and
continuously operating the cryo-coolers.

The signal chain was also started within the first week. On day 2, both the analogue and digital signal
processors were started (respectively called XBOX and PSP). After the initial check and the parameter
setting, the first noise measurement was performed on day 2 at a warm detector temperature and on day 5
at the 50 mK temperature.

The SXS was ready for observations by as early as day 6. On day 7, the spacecraft was pointed to
the Perseus cluster, and we observed X-rays from an astronomical target for the first time. Although the
pointing was offset from the cluster core by a few arc minutes, we obtained sufficient counts to make an
offset correction based on our own count rate map within a few cycles. On day 8, an adjustment maneuver
was made toward the core of the cluster for a longer exposure time.
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XRISM Resolve  sensor  
32 pixel array with  

ion-implanted Si thermister

R ∝ exp T0/T

ΔE~ 4.5 eV in space !

Transition Edge Sensor (TES)
14 Chapter 4 X-ray Microcalorimeter and Readout system

Fig. 4.2 Transition Edge

where G is the thermal conductivity of the link to the sink. Therefor, the temperature of the detector is decayed
by the exponential of the time constant as the following,

τ0 =
C

G
. (4.3)

The energy resolution of X-ray microcalorimeter is limited by a thermal fluctuation in the detector. The
number of phonons in the detector is written as N ∼ CT/kBT = C/kB, and then the thermal fluctuation of the
detector will be

∆U ∼
√
NkBT =

√
kBT 2C. (4.4)

Generally, the intrinsic energy resolution of X-ray microcalorimeter is

∆EFWHM = 2.35ξ
√

kBT 2C, (4.5)

as we derive in subsection 4.5 [14], where ξ is a parameter determined by the sensitivity of the thermometer,
operating conditions, etc.

4.2 Transition Edge Sensor (TES)
Thermometers used for measuring temperature change of the detector are resistances as a function of the tem-
perature. In such a case, the sensitivity of thermometer is defined as follows:

α ≡ d logR

d log T
=

T

R

dR

dT
, (4.6)

where T is the temperature of the thermometer and R is the resistance of the thermometer. Increasing the
sensitivity α of the thermometer leads to an improvement in the energy resolution of the microcalorimeter.
One of the candidates of the thermometer is semiconductor. The sensitivity of the semiconductor is |α| ∼ 6.
However, using superconductor, it is possible to achieve one hundred times better sensitivity than that of the
semiconductor. Transition edge sensor (TES) is a thermometer with a sharp superconducting transition edge and
measures the temperature change as a rapid resistance change. Since superconducting transition occurs in a very
narrow temperature range (∼ mK) (Figure 4.2), the TES can achieve the high sensitivity |α| ∼ 1000 defined by

X-IFU PTIM, Zoom
Jan 11th 2021

Simon Bandler

Global situation/progress: Athena-3B Array Development

• Athena-3B are full size arrays of pixels with LPA2.5a TESs on 275 um pitch, ~ 5 um gaps between pixels.
• An energy resolution of less than 2 eV at 6 keV was observed in a pixel from full-scale Athena—X-IFU style array (a

TRL-5 brass-board array) for the first time.
- Pixels tested very close to the desired specification & showed good uniformity of sensor superconducting
transition shape.

- First verification of performance in new set-up designed to accommodate full-size X-IFU arrays.
- Tests showed that the desired level of temperature control & magnetic environment stability & vibration
environment from the cryocooler does not affect performance.

- Important milestone:
=> eliminates some previously identified

program risks associated with GSE.
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A 960-pixel X-ray-TES readout platform
for Athena X-IFU development

Randy Doriese (doriese@nist.gov), Jim Beall, Dan Becker, Doug Bennett, Ed Denison,
Shannon Duff, Malcolm Durkin, Joe Fowler, John Gard, Gene Hilton, Jozsef Imrek,

Young Il Joe, Vince Kotsubo, Ben Mates, Kelsey Morgan, Galen O’Neil,
Nate Ortiz, Christine Pappas, Carl Reintsema, Dave Rudman, Dan Schmidt,

Robbie Stevens, Dan Swetz, Paul Szypryt, Joel Ullom, Leila Vale, Joel Weber, Abby Wessels
NIST, Boulder, Colorado, USA

Antoine Miniussi, Joe Adams, Simon Bandler, Jay Chervenak, Aaron Datesman, 
Megan Eckart, Fred Finkbeiner, Ruslan Hummatov, Rich Kelley, Caroline Kilbourne, 

Scott Porter, Jack Sadleir, Kazu Sakai, Steve Smith, Nick Wakeham, Ed Wassell
NASA/GSFC, Greenbelt, Maryland, USA

Kent Irwin
Stanford U. Dept. of Physics, Stanford, California, USA

time-division multiplexing, code-division multiplexing, & hybrid code/time-division multiplexing
LNA LNA

modulated FB1 signals

Hybrid C/TDM: 4 TESs connected to 4 SQ1s three different ways:
TDM-4; CDM-4; and a hybrid, 2-row CDM in time division with another 2-row CDM.
In any of these, the SQ1s are run as TDM-4 and only the TES couplings are different.
A backup option for X-IFU is CDM16xT4, or 4 TDM’ed banks, each of CDM-16.
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Rsh  

Rsh  

Rsh  
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TES4

Rsh  
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TES4
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Rsh  

CDM2xT2

TDM: Schematic of 2-column x 2-row TDM to illustrate the technique.
A backup option for X-IFU is TDM with Nrows ≤ 40 and Ncols ≤ 96 CDM: Schematic of 1-column x 4-row flux-summing CDM to illustrate the technique.

demodulated ITES signals

X-IFU-like TDM readout of LPA2.5a TESs with 40 timing rows (in older 8-col x 32-row system)

other 1-column x “40-row” TDM

Al Kα (1.5 keV)
31 of 32 TESs
126k counts in Al Kα
ΔEFWHM = 1.91 ± 0.01 eV

Ti Kα (4.5 keV)
31 of 32 TESs
75k counts in Ti Kα
ΔEFWHM = 2.10 ± 0.02 eV

Co Kα (6.9 keV)
29 of 32 TESs
167k counts in Co Kα
ΔEFWHM = 2.40 ± 0.02 eV

Br Kα (11.9 keV)
29 of 32 TESs
107k counts in Br Kα
ΔEFWHM = 3.44 ± 0.04 eV

Ti Kα (4.5 keV)
85 of 96 TESs
360k counts in Ti Kα
ΔEFWHM = 2.03 ± 0.01 eV

Co Kα (6.9 keV)
85 of 96 TESs
743k counts in Co Kα
ΔEFWHM = 2.40 ± 0.01 eV

3-column x “40-row” TDM

Mn Kα (5.9 keV)
29 of 32 TESs
187k counts in MnKα
ΔEFWHM = 2.23 ± 0.02 eV

1-col x “40-row” TDM; Mn Kα:
• ΔE ranged from 1.99 eV to 2.49 eV
• ΔEavg : 2.23 eV
• TDM degradation ~ 0.2 eV

“40-row” TDM: To simulate the timing and noise of
40-row TDM, the 32-row TDM system (32 LPA2.5a
TESs and 32 SQ1s) was run with row 32 repeated
8 times.
Circuit parameters (RTES_op, RTES_shunt, Lloop, and Min)
and operating/analysis parameters (trow, trec, input X-
ray rate, and the fraction of events surviving pileup
and crosstalk cuts) were chosen to make the
experiment faithful to X-IFU’s requirements.

new 960-pixel platform:  24-col x 40-row TDM or hybrid C/TDM up to 64 rows (CDM16xT4)

ΔE vs. EX-ray for LPA2.5a TDM-40

• X-IFU’s resolution requirements:
• ΔE < 2.5 eV for E ≤ 7 keV
• ΔE < 5 eV at E = 10 keV
• “goal”: ΔE < 2.0 eV for E ≤ 1 keV.

• TDM-40 results exceed these.

300 K

60 K
(PT)

3 K
(PT)

300  mK
(3He)

55  mK
(ADR)

8x32 TDM
55 mK snout

24x40  TDM
skeleton of 55 mK FPA

FPA parts:
Nb-on-Kapton flex
(160 pairs; NASA)

carrier chip
(4 columns; NIST)

TDM chip
(10 SQ1s; NIST)
LNy and Rsh chip
(10 channels; NIST)

column-wiring PCB
(supplies 8 columns;
commercial)

row-address PCBs
(40 RAs for all cols;
commercial)

Purpose #1:  screen X-IFU TES arrays.    Purpose #2:  continue development of TDM and hybrid C/TDM for X-IFU

• Process development in detector fabrication to
improve reliability of TES transition shape
appears successful.
- The superconducting transition temperature
and shape showed no shift due to the
deposition of the two subsequent oxide layers.

• New designs from Athena-1m arrays not yet
fabricated – coming soon!

Athena ~1500 array image

ISAS in-house 224 pix array 
(Hayashi+ 2024) ΔE~ 4eV

1 3

Journal of Low Temperature Physics 

to introduce a microwave multiplexing system, which is a basic technology for read-
ing out large TES arrays, to our group’s refrigerator.
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Fig. 5  Photograph of the completed device and performance results. (a) is photograph of the completed 
chip. The chip size is 15 mm × 19 mm, and the 224-element TES array is placed in the center with 
a diameter of 5 mm. (b) is optical micrograph viewed from above. The absorber size, pitch, and gap 
are 260 μm, 300 μm, and 40 μm, respectively, and a filling factor is 70%. The absorber is supported by 
six stems and is thermally connected to the TES by two stems in the center. (c) is SEM image of the 
absorber observed from a 45-degree oblique angle. (d) is baseline resolution, denoting the energy resolu-
tion at 0 eV. (e) is energy resolution at MnK𝛼 (5980 eV), where ΔE ~ 8.23 eV. Baseline resolution and 
energy resolution differ by less than 1 eV, and energy resolution is limited by the superconducting transi-
tion temperature
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Figure 3. Top: orbital-phase-resolved XRISM/Resolve spectra of Cyg X-3. The gray line shows the respective best-fit model that has the same components as the
phase-averaged model described in Section 3.2. Bottom: χ residuals of the individual phase-resolved spectra.
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The Astrophysical Journal Letters, 977:L34 (13pp), 2024 December 20 Audard et al.

Spectra of Cya X-3 in various orbital phases (XRISM collaboration 2025)
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Fig. 7. X-ray spectrum of Sgr A East with the best-fit model of a two
-temperature CIE plasma (the dot-dashed and dashed lines) plus (the
dotted line) a power-law (from Koyama et al. 2007c).

be ∼3 × 1033 erg s−1 (2–10 keV), which is typical of a
pulsar and/or pulsar wind nebula (PWN). From these facts,
the authors suggested that Sgr A East is a CC-SNR, and
Cannonball is a high-velocity NS born in the CC-SN.

Koyama et al. (2007c) obtained a high-quality X-ray
spectrum of Sgr A East with Suzaku (figure 7). They discov-
ered many K-shell emission lines from highly ionized atoms:
S XV-Heα, S XVI-Lyα, S XV-Heβ, Ar XVII-Heα, Ar XVIII-Lyα,
Ar XVII-Heβ, Ca XIX-Heα, Fe XXV-Heα, Fe XXVI-Lyα,
Fe XXV-Heβ+Ni XXVII-Heα, and Fe XXV-Heγ+Fe XXVI-
Lyβ. The flux ratios of these lines indicated that Sgr A East
has at least two thermal plasmas. With a two-temperature
CIE model fit, the plasma temperatures were found to
be ∼1.2 keV and ∼6.0 keV, the mean abundance of Fe
was ∼2.6 solar, while the other elements were ∼1 solar.
The total and iron masses were ∼27 M⊙ and ∼0.15 M⊙,
respectively, consistent with a CC-SN origin. As shown
in figure 7 (lower panel), a hint of the Mn XXIV-Heα line
was found at 6.1 keV, but no hint of the Cr XXIII-Heα line
at 5.6 keV was found in spite of a larger solar abundance
than Mn.

In addition to the two CIE plasmas, a non-thermal com-
ponent was found, which occupied the major fraction above
∼7 keV (see figure 7). Perez et al. (2015) and Mori et al.
(2015) found strong hard X-rays in the 10–40 keV band
with NuSTAR from regions including some fractions of
Sgr A East. The flux at the Fe XXV-Heα lines was nearly
comparable to the thermal emissions, which roughly agreed
with the power-law component of Koyama et al. (2007c).
Perez et al. (2015) proposed that the origin of the power-
law component is many faint mCVs in the region of Sgr A
East. In this case, a significant Fe I-Kα line flux should
be observed, because mCVs are strong Fe I-Kα emitters
(table 14). However, no hint of a strong Fe I-Kα line was
found from Sgr A East (see figure 7).

Another possibility for the power-law component was
an assembly of the non-thermal filaments listed in table 12
(Muno et al. 2008) plus unresolved non-thermal sources.
These would be due to synchrotron emissions by HECRe
accelerated by a shock wave of Sgr A East. The LECRe and
possibly LECRp may ionize the Fe XXV to higher ions of
Fe XXVI, and hence may emit extra Fe XXVI-Lyα lines. This
may lead to a large flux ratio of Fe XXVI-Lyα/Fe XXV-Heα
of ∼0.05, corresponding to a plasma temperature of ∼4–
6 keV, an unusually high SNR among known SNRs. The
center energy of the Fe XXV-Heα at ∼6.65 keV was also
among the highest normal CC-SNRs.

H. Uchiyama et al. (2017 private communication) rean-
alyzed the Suzaku spectrum of Sgr A East by simulta-
neous fitting with the GCXE spectrum of nearby sky (see
subsection 3.3). They found a hint of recombining plasma
(RP) in Sgr A East. These very high-temperature plasmas
of ∼4–6 keV, RP, and a strong power-law component are
unusual even in normal CC-SNRs, where the presence of
circumstellar matter (or MC), a possible origin for making
an RP, is more likely than Type Ia SNRs. These unusual
structures would be related to extreme environments at the
Galactic center (GC) region.

Sgr A East is an SNR of ∼103 yr, and is located in the
close vicinity of Sgr A∗. Maeda et al. (2002) predicted that
the dust / molecular ridge was compressed by the forward
shock of the SN Sgr A East. When the blast wave passed
over the black hole Sgr A∗, the compressed dense dust and
gas had accreted onto Sgr A∗, and produced X-ray flares
around a few 100 yr ago (subsection 5.2).

Totani (2006) proposed another idea, that the mean
accretion rate onto Sgr A∗ during the past ∼107 yr had been
much higher than the current rate. The accretion energy
in the past was sufficient to produce and keep the HTP
gas in the GCXE. Also, a significant amount of positrons
should had been created, which might produce the observed
511 keV annihilation line from the Galactic bulge. After the
passage of the blast wave of the SN Sgr A East of around
a few 100 years ago, the ambient gas had been cleaned up,
leading Sgr A∗ to the present quiet level (subsection 7.1).

Sgr A East is one of the brightest Fe XXV-Heα sources
in the GCXE region. The 2–10 keV band luminosity is
∼1035 erg s−1 (Maeda et al. 2002; Sakano et al. 2004;
Koyama et al. 2007c), which is only ∼8% of the
GCXE.

4.1.2 G0.61+0.01
Although the Fe XXV-Heα line is smoothly distributed over
the Sgr B region, Koyama et al. (2007a) found a local excess
of ∼ 5′ × 2.′4 size with Suzaku (see figure 8, left). The
position of the center was (l, b) = (0.◦61, 0.◦01), and it was
named Suzaku J1747.0−2824.5 (G0.61+0.01). The deep
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Fig. 1. ( a) 6.5–6 . 8 keV Xtend image of the Galactic center region with the Resolve fields of view ( FoVs; yellow boxes) , source ( green) , and background ( white) 
regions. Background subtraction and vignetting ( off-axis exposure) correction is not applied. The VLA 4 . 8 GHz contours obtained from the NRAO archive 
⟨ https:// www.vla.nrao.edu/ astro/ archive/ pipeline/ position/ J174535.6-285839/ ⟩ are overlaid in magenta. ( b) 6.5–6 . 8 keV Resolve image of the Sgr A East 
region with the source ( green) and background ( black) regions. 

Fig. 2. X-ray spectrum of the Sgr A East region with XRISM Resolve with the best-fitting spectral models. The blue solid line represents the Sgr A East 
model. The blue dashed lines indicate the Lorentzian models which replace the Fe–He α and Ly α lines in the bvvrnei model ( see text for methodology) . 
The solid and dashed gray lines represent the spectral models of AX J1745.6 −2901 without and with absorption by ionized Fe atoms, respectively. A 
reference spectrum with XRISM Xtend is overplotted in red. The inset shows the CIE plasma model with different electron temperatures ( kTe ) and a 
comparison with the data. 
Ly α lines [see Suzuki et al. ( 2020 ) for the methodology].1 The 
Lorentzian widths ( FWHM) are fixed to the individual natu- 
ral widths. The Gaussian-like broadening ( which is the same 
for all six lines in velocity dispersion) is tied to that of the 
bvvrnei model. All the parameters of the low-temperature 
component are fixed to the values in Ono et al. ( 2019 ) ex- 
cept for the emission measure, the ratio of which relative to 
the high-temperature component is fixed to the value in Ono 
et al. ( 2019 ) . The contribution of the low-temperature com- 
ponent at Fe He α and Ly α is below 5% ( Ono et al. 2019 ) and 
thus its uncertainty does not affect the discussion below. The 
power-law index is fixed to 1.0 ( Ono et al. 2019 ) . The electron 
temperature kTe , recombination timescale τ , emission mea- 
sure, velocity dispersion, and redshift of the high-temperature 
component, and the power-law flux, are treated as free pa- 
rameters. The initial ionization temperature kTinit is fixed to 
10 keV ( Ono et al. 2019 ) because the model itself is insensitive 
to it without the six major lines. The interstellar absorption 
column, which is unimportant in the energy range we use, is 

1 The origin of the power-law component is thought to be either an en- 
semble of point sources or non-thermal emission associated with filaments 
in the remnant ( Koyama et al. 2007 ) , or many faint X-ray reflection nebulae 
( Ono et al. 2019 ) . 

fixed to 1 . 5 × 1023 cm −2 [based on Ono et al. ( 2019 ) , roughly 
consistent with Zhou et al. ( 2021 ) ]. As the input emission pro- 
file to generate ARFs, we use an Fe He α image obtained with 
Chandra. 

The background of our observation is dominated by the 
Galactic center X-ray emission ( GCXE; see Koyama 2018 for 
review) and AX J1745.6 −2901. We determine the spectral 
model for AX J1745.6 −2901 using an Xtend spectrum 
( ObsID: 300044010) extracted from a circle with a 1′ radius 
centered at ( RA, Dec) = ( 266.◦3985, −29.

◦
0261) . The emission 

is approximated with a simple blackbody spectrum. We first 
ignore the absorption features at Fe He α and Ly α ( Trueba 
et al. 2022 ) , which are time-variable. The uncertainty due 
to this treatment is evaluated later in this section. When we 
apply this model to the Resolve spectra, we only allow the 
normalization to vary within ±50% to account for uncer- 
tainties in the ray-tracing software when generating ARF, 
with the other parameters fixed. Meanwhile, we empirically 
model the spectrum extracted from the FoV of the nearby- 
sky observation ( ObsID: 300045010) to obtain the GCXE 
spectral shape.2 Only the surface brightness is left as a free 

2 Details of the GCXE spectrum itself will be reported in a separate paper. 
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A sample chip with 57Fe

 8

64 sensors with several patterns, 
　　yield is still < 0.5

15確立されていない純鉄を用いた電析成膜

High 
concentration 

1.00 mol/L
Low  

concentration 
0.05 mol/L
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)H���(Estimated value: 0.1 W/K/m

: Fe2+ + 2e− → Fe
: 2H+ + 2e− → H2 ↑

Metal deposition
Competitive reaction

Stir bar

Salt bridge

KCl

Counter 
electrode

Working 
electrode

Reference 
electrode

←TES plate

電解析出法 (めっき法)

✦ 数um以上と厚く、熱伝導性の高い鉄膜が要求される 
✦ 電解析出法ならマイクロパターニングができるが、純鉄の成膜条件が確立されていない 
✦ 早稲田大学の電気化学の専門家と共同で研究 
✦ まずは通常の56Fe粉末を用いて条件出し

低濃度溶液で想定の10倍以上高い 
熱伝導率を持つ鉄膜の成膜に成功

56Fe57Fe

濃度の異なる溶液

100 µm

1.5 um厚

Fe density is measured by 
Rutherford backscattering spectrometry 
as > 70%.  
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A test run in early 2024

 9

19希釈冷凍機を用いたアクシオン観測セットアップ

57Co線源からのX線とγ線のスペクトル

20希釈冷凍機を用いたアクシオン観測セットアップ

‣ 14,4 keV を止めるコリメーターには、5.5 mm 厚のCuを使用 

‣ 14.4 keV は100%吸収される 

‣ メンブレンへは入射してしまう 

‣ 122, 136 keVも透過

吸収体

Cu collimator

Cu collimator
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Calibration

 10

19希釈冷凍機を用いたアクシオン観測セットアップ

57Co線源からのX線とγ線のスペクトル

57Co RI was set under a GV 
for calibration.  
57Co→57Fe by e capture. 
It gives 14.4 keV photons 
which is the same energy as 
the expected axion reaction. 

6.4, 7.1, 14.4 ,122, 136 keV
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57Fe  TES calorimeter worked.

 11

最適フィルタ処理とエネルギー校正 27
Main peakのデータを用いてtemplateを作成 0, 6.4, 7.1, 14.4 keVでエネルギー校正 ルート関数の校正曲線によるエネルギー変換

6.4, 7.1, 14.4 keVのデータを抽出し 
ガウシアンフィット

FWHM 
75.8 +/- 5.6 eV 
79.3 +/- 2.0 eV 
132.5 +/- 0.7 eV

‣ AC測定では ΔE~200 eV であったが、DC測定では ΔE~80 eV となった 

‣ AC測定では最適フィルタ処理の後、ピークが2つに分かれたためガウシアンフィット
では分解能が悪くみえた。AC測定では波形に何らかの影響を与えている可能性があ
る。 
→ アクシオン観測ではDC測定を用いたい

1,101データ

57Co RI was used as a calibration 
source with the 14.4 keV γ.  
14.4 keV and Fe fluorescence 
lines are detected. 

Without RI,  
NO event 14.4 keV +/- 6σ 

is detected 
→95% UL is 3.689 events 
/4.725 days/0.97ug 57Fe

AC, Gate valve OPEN (エネルギー校正) と AC, Gate valve CLOSE (アクシオン観測) 91

Axion観測のデータをGate valve OPEN時のデータに重ねて表示 
Axion観測は有効時間のデータにリダクション済

立ち上がりを拡大しないと分
かりにくいが頭が潰れている

サチったときの
14.4 keV集団

14.4 keV集団
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BGD rate estimate
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• Assume the background spectrum is flat 

• Narrow band (14.4 keV +/- 6 σ) 

  

• Wide band  use all 10 events (3-26 keV)

  

• Axion rate =Signal-BGD 
    0.725 event/day for 95% U/L. 
Full peak efficiency for 14.4 keV γ 
is estimated as 0.69±0.02 * 0.9973 
by EGS5.  
  
Major systematic error come from  
the volume and density of the pixel. 

Gate valve CLOSE phase から Signal rate と BGD rate を計算 96
run121,123,125,127,129,131,132,134,136,138,139 (AC) + run117,144 (DC) の 4.725日の昼地球観測時間での結果
‣ ACとDCの全有効アクシオン観測時間 (昼地球) は 4.72513 day (408251 sec) 
‣ DC はゆるいパルスが1つとショットノイズがあるだけで、他はゼロカウント。 
‣ Group A: FWHM=217.1±59.9 eV (σ=92.2±25.4 eV)、Group B: FWHM=222.7±46.0 eV (σ=94.6±19.5 eV)、Saturation: FWHM=252.9±50.7 eV 

(σ=107.4±21.5 eV)であった。それぞれの±3σ内にはカウントは一つもない。共通3σエネルギー領域でカウントレートを求める。

BGD rate = (10+8.390
−5.205 counts)/(4.725 day)

(1 pixel) × (3.000-26.000 keV) = 1.065+0.894
−0.554 × 10−6 counts/s/pixel/keV (95 % C.I.)

村松実験では、3.9 um厚Au吸収体を用いて 14.2-14.8 keV に 6.048e+5 sec で 3 cnts 
→ 8.27e-6 c/s/keV (area =120 um square) = 8.27e-6 c/s/pixel/keV 
→ 5.74e-2 c/s/cm2/keV

BGD rate = (1+5.572
−0.025 counts)/(4.725 day)

(1 pixel) × (13.863-14.963 keV) = 2.228+10.186
−2.172 × 10−6 counts/s/pixel/keV (95 % C.I.)

この帯域でバックグラウンドは一様とする。少なくても測定できることが 
分かったエネルギー

30um厚の60%鉄吸収体 + strap + TES ＝ 8.8e-7 c/s/pixel/keV 
実測は推定の誤差内。

Signal rate = (0.000+3.689
−0.000 counts)/(4.725 day)

(1 pixel) × (14.147-14.686 keV) = 0.000+1.592
−0.000 × 10−5 counts/s/pixel/keV (95 % C.I.)

14.413±3σ keV 範囲の count rate

広域狭域の2つのエネルギー範囲での BGD count rate

±3σ energy range

広域 (この帯域でバックグラウンドは一様とする)

狭域 (この帯域でバックグラウンドは一様とする)

±6σ energy range

Gate valve CLOSE phase から Signal rate と BGD rate を計算 96
run121,123,125,127,129,131,132,134,136,138,139 (AC) + run117,144 (DC) の 4.725日の昼地球観測時間での結果
‣ ACとDCの全有効アクシオン観測時間 (昼地球) は 4.72513 day (408251 sec) 
‣ DC はゆるいパルスが1つとショットノイズがあるだけで、他はゼロカウント。 
‣ Group A: FWHM=217.1±59.9 eV (σ=92.2±25.4 eV)、Group B: FWHM=222.7±46.0 eV (σ=94.6±19.5 eV)、Saturation: FWHM=252.9±50.7 eV 

(σ=107.4±21.5 eV)であった。それぞれの±3σ内にはカウントは一つもない。共通3σエネルギー領域でカウントレートを求める。

BGD rate = (10+8.390
−5.205 counts)/(4.725 day)

(1 pixel) × (3.000-26.000 keV) = 1.065+0.894
−0.554 × 10−6 counts/s/pixel/keV (95 % C.I.)

村松実験では、3.9 um厚Au吸収体を用いて 14.2-14.8 keV に 6.048e+5 sec で 3 cnts 
→ 8.27e-6 c/s/keV (area =120 um square) = 8.27e-6 c/s/pixel/keV 
→ 5.74e-2 c/s/cm2/keV

BGD rate = (1+5.572
−0.025 counts)/(4.725 day)

(1 pixel) × (13.863-14.963 keV) = 2.228+10.186
−2.172 × 10−6 counts/s/pixel/keV (95 % C.I.)

この帯域でバックグラウンドは一様とする。少なくても測定できることが 
分かったエネルギー

30um厚の60%鉄吸収体 + strap + TES ＝ 8.8e-7 c/s/pixel/keV 
実測は推定の誤差内。

Signal rate = (0.000+3.689
−0.000 counts)/(4.725 day)

(1 pixel) × (14.147-14.686 keV) = 0.000+1.592
−0.000 × 10−5 counts/s/pixel/keV (95 % C.I.)

14.413±3σ keV 範囲の count rate

広域狭域の2つのエネルギー範囲での BGD count rate

±3σ energy range

広域 (この帯域でバックグラウンドは一様とする)

狭域 (この帯域でバックグラウンドは一様とする)

±6σ energy range

R < 1.09 ± 0.25 c/day/kg(95 % U . L.)

14.4±3σ keV 範囲の Signal rate と BGD rate の差分から Axion rateを計算 99

Signal rate = 0+3.689
−0.000 counts
4.725 day = 0.000+7.807

−0.000 × 10−1 counts/day (95 % C.I.)

BGD rate = 10+8.390
−5.205 counts
4.725 day × (14.147-14.686 keV)

(3.000-26.000 keV) = 4.960+4.161
−2.581 × 10−2 counts/day (95 % C.I.)

14.4±3σ keV 範囲の Signal rate

±3σ signal range

広域 BGD range

Axion rate (counts/day)
下側 上側

68.27%信頼区間 -0.0177 0.334
90.00%信頼区間 -0.0467 0.580
95.00%信頼区間 -0.0577 0.725
95.45%信頼区間 -0.0587 0.745
99.73%信頼区間 -0.0897 1.34

‣ Signal rate と BGD rateの2つポアソン分布のモンテカルロ計算を100万回
行い、それらの差分であるAxion rateの分布の信頼区間を決めた

Axion rate = Signal rate − BGD rate

ポアソン分布のモンテカルロシミュレーション

14.4±3σ keV 範囲の BGD rate

14.4±3σ keV 範囲の Axion rate

‣ カウント数が少ないので、正規分布には近似できない。 

‣ カウント数の誤差 (信頼区間) は Garwood 1936 より求めた。 

‣ ポアソン分布の差分の誤差伝播を計算するのは複雑なため、
モンテカルロシミュレーションを行った。

‣ 広域エネルギー範囲で BGD rate を計算し、14.413±3σ keV 範囲に換算
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Comparison with past results 

 13

Namba (2007) obtained by 57Fe foil + Si PIN as  
 R < 2.33 × 106 c/day/kg(95 % U . L.)

Following the Moriyama (1995) formula,  
he assumed QCD axion of KSVZ model  
(heavy quark +PQ scaler) as  

アクシオンの崩壊スケールと質量の制限 (95%上側信頼限界) 100

R < Naxion
M57Fe × αTES

= 0.727 counts/day
6.67(6)+1.20(2)

−1.14(6) × 10−10 kg
= 1.08(9)+0.22(6)

−0.16(6) × 109 counts/day/kg (95 % C.L. with Sys.E.)

57Fe 0.97 ug (Namba 2007 の4.9e-6倍の量) Si-PINより44倍向上

ma < 1.00(8)+0.04(9)
−0.04(1) keV (95 % C.L. with Sys.E.)

ma ∝ 1
fa

∝ R1/4

Rを1/2にすると、m_aは1/1.19になる。 
Rを1/10にすると、m_aは1/1.78になる。 
Rを1/100にすると、m_aは1/3.16になる。 
Namba 2007に追いつくためにはRを1/474に向上させる必要がある。

fa > 6.18(4)+0.26(2)
−0.28(5) TeV (95 % C.L. with Sys.E.)

R = 3.1 × 102/day/kg ( 106 GeV
fa )

4

C4

ma =
z

1 + z
fπmπ

fa
= 1 eV

z
1 + z

1.3 × 107

fa/GeV (mπ = 139 MeV, fπ = 93 MeV)

Moriyama 1995, revisedNamba 2007

ma < 216 eV (95 %C.L.)
‣ D, F, S, z は Krcmar+ 1998 を使用 
‣ Moriyama 1995 Eq. (13) の係数は古い 

3.0e+2 counts/day/kg

アクシオン質量制限の付け方

‣ D, F, S, z は Mateu and Pich 2005 を使用して C を求めた 
‣ Moriyama 1995 Eq. (13) の係数は最新の値から求めた 3.1e+2 counts/day/kg とした

 の関係式R, fa, ma

Axion rate = 0+0.725
−0.058 counts/day (95 % C.I.) < Naxion = 0.725 × 1.000

0.9973 = 0.727 counts/day (95 % C.L.)

14.4±3σ keV 範囲の Axion rateの95%上側信頼限界

検出効率の有効数字が3桁なので、励起率も3桁まで有効

M57Fe × αTES = {(100 × 100 × (28.6 ± 4.2) μm3 × 0.750 × 0.9547) × (7.874 g/cm3 × 0.60)} × (0.69 ± 0.02) = 6.67(6)+1.20(2)
−1.14(6) × 10−10 kg (with Sys.E.)

14.4±3σ keV領域
を100%領域へ

57Fe脱励起率
の信頼限界

 ma ∝ 1/fa ∝ R1/4 ⇒ ma < 1.0 ± 0.04 keV(95 % UL)

The result is shown by Yagi+ in ASC 2024. 
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Overlaid on PDG figure of  gan
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Improvement plan

 15

• Longer exposure > 100 days (x 102) 
• Huge absorber ⇒ NO ! large C ↘ Resolution 

　　⇒We need large format arrays. (x 102+1) 

• Fabrication of TES array with 57Fe 
• Readout large format array in refrigerator  

• Reduce background (x 101) 
• Anti-counter 

First Results of 14.4-keV Solar Axion Search Utilizing TES Microcalorimeters with Iron-57 Absorbers,      Yuta Yagi,      The Univ. of Tokyo, ISAS/JAXA

23Future plan: 256-pixel TES array
The sensitivity of TES array was calculated again from BGD rate measured in this study.

× 1/10
× 1/100

Double iron-absorber thickness to increase its mass.

FWHM = 2.79 ± 0.09 eV

Energy (keV) Energy resolution (eV)
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Succeeded 66-pixel readout (Kikuchi+ 2023, LTD20)

Nakashima+ 2020, 
Appl. Phys. Lett..

Low-Noise Microwave SQUID Multiplexer
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Processes to make TES microcalorimeters at ISAS/JAXA clean room

TESAlignment marker

Nb(Al) wiring Seed Layer Absorber Membrane

Si wafer

Pulse measurement

R-T measurement

RT test chip

Au/Ti vapor deposition

100 nm

260 nm

3 inch

300 um

SiO2/SiNX

Resist Seed Layer (Au/Ti) Absorber (Au)

Si

TES (Au/Ti)

wiring

Photo mask alignment Al sputtering

Dry etching (ICP-RIE) Wet etching

Dry etching Au/Ti vaper deposition
Wet etching

Nb (Al) sputtering Absorber deposition
(Electroplating)

Dry etchingAu/Ti vaper deposition
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Fabrication of Ti/Au bilayer
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Vapor deposition for Ti/Au TES 
procured by this 20H05857 in FT 2021. 
  Ti: electron beam heating 
  Au: resistive heating 
in 1 vacuum chamber 
installed in ISAS CR.

Heat sink ~ 100mK

Absorber

thermistor

Thermal  
link

ΔE ∝ kBT2
CC

We need to optimize 
thickness of Ti/Au to set the Tc and C
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Tc of bilayer TES
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( )
( )

( )
/

u T
T T

1
2

1
2

1
2

. 2c
c c1

y
a

p ab
y= +

+
-⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠

The material parameters summarized in Table I are aggre-
gated into the following dimensionless parameters:

( )N d
N d

, 32 2

1 1
a =

( )e
R kT N d4 . 4c

2

B 1 1 1b =


Here, α can be interpreted as a dimensionless thickness, with
its deeper implications clarified in the paragraph below
Eq. (10). RB denotes the interface resistance between the
two materials, while β serves as a dimensionless parameter
characterizing the interface barrier. Note that our parameter-
ization is similar to that of Gurevich,29) but our β contains the
additional factor kTc1/ℏ to ensure β is dimensionless. The
transition temperature of thin SN bilayers can be obtained by
numerically solving Eq. (1) with respect to Tc/Tc1. This is a
straightforward problem.
It is important to note that in deriving the formula [Eq. (1)],

the Kuprianov–Lukichev boundary conditions30) were applied,
as is standard in the referenced works3–11,13,16,24,26,27,29) (see
also Supplementary Material 1). These boundary conditions
are derived from more general formulations31,32) for interfaces
with low transmission coefficients. The transmission coeffi-
cient t relates the interface conductance per unit area
( /G Rint B=  ) to the number of conductance channels

( )/ /N 2ch F
2l=  via Landauer's conductance formula,

Gint= tNchG0. Here,  is the interface area, λF is
the Fermi wavelength, and G0= 2/RK= 2e2/h is the
conductance quantum. The coefficient t can be
expressed as / /t G N G R R8int ch 0 K F

2
Bl= = =( )/d d1

1b-
* .

Here, ( )/ / d kT N e1 2c1 1 F
2

0Ep l p x= = g-
* 0.882 0x , where

ξ0= ℏvf/πΔ0 represents the intrinsic BCS coherence
length in the superconductor layer. Thus, the condition t< 1
corresponds to d1/ξ0 β<∞ in our parameterization.26,27,29)

Since ξ0 is typically large in conventional metallic super-
conductors used in devices (e.g., ( ) 1 m0

Alx > m ,
( )  300 nm0
Tix , ( )  40 nm0

Nbx ), the applicability range of
Eq. (1) spans a wide range of β, from β= 1 to β? 1. In the
following, we assume that the small transparency condition
(d1/ξ0 β<∞) is always satisfied, ensuring the validity of the
general formula [Eq. (1)] throughout.
Based on the magnitude of the dimensionless interface

resistance β, we can categorize the SN proximity effect into
three different regimes: small β (β= β0), large β (β? β1),
and moderate β (β0= β= β1). Here, β0 and β1 are given by:
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Note that the Debye temperature is typically Θ1 ~ 100 K? Tc1.
For instance, assuming α ~ 1, we find β0 ~ 10

−2 and β1 ~ 1,
resulting in β0= β1.
In typical situations, the interface resistance is sufficiently

large such that β? β0. In this regime, we can neglect the
logarithmic term in the parentheses, and Eq. (1) simplifies to

( ) ( ) ( )T
T

u Tln
1

for , 7c

c
c

1
0

a
a

b b= -
+

which is the formula derived by McMillan in 1968 [see Eq. (39)
of Ref. 2]. In this case, Tc depends only on α and β; the parameter
Θ1 is not required. Further assuming β? (1+ 1/α)Tc1/2πTc= β1,
the first term in u(Tc) can be expanded around ψ(1/2), giving the
formula:
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On the other hand, when β= β1, using the asymptotic form
of the digamma function, we have

[( )( ) {( ) }]/ / /u e T Tln 2 1 c c1E p a ab+g , where γE= 0.577
and /e2 1.13E p =g . Then, Eq. (7) reduces to

( )
( ) ( )

/
 T

T 1.13 1 1
for , 9c

c1
0 1

b
a

b b b=
+

a

⎜ ⎟⎛⎝ ⎞⎠
which corresponds to the formula shown by Martinis et al.
[see Eq. (9) of Ref. 11].
In the opposite limit to Eqs. (7)–(9), we consider the case

where β→ 0. In this limit, Eq. (1) simplifies to:

( ) ( )T
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e for 0 . 10c
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Here, ( )/ /g T1 ln 1.13 c1 1 1= Q is the BCS coupling constant in
region 1 (the superconductor side). Equation (10), obtained
by Cooper in 1961,1) is known as the Cooper limit. It is worth
noting that Eq. (7), as well as Eqs. (8) and (9), do not
reproduce the Cooper limit even at vanishing interface
resistance (β→ 0). The reason is clear:8) Eqs. (7)–(9) are
valid for moderate to large interface resistance. To reproduce
Cooper's result, the logarithmic term in the parentheses in
Eq. (1) is necessary.
The meaning of each regime is now clearer. The Cooper

limit formula [Eq. (10)] can be rewritten as ( )/T gexp 1c µ - ,
where g= g1/(1+ α)= {N1d1/(N1d1+ N2d2)}g1, using the
BCS result ( )/T gexp 1c1 1µ - . Here, the coupling constant

(a) (b)

Fig. 1. Geometries considered in this article. (a) Superconductor-normal
conductor thin bilayer. (b) Superconductor-superconductor thin bilayer. The
material parameters are summarized in Table I.

Table I. Summary of the parameters.

Tc Critical temperature of the proximity-coupled bilayer
Tci Critical temperature of material i
di Thickness of material i
Ni Normal density of states at the Fermi energy in material

i
Θi Debye temperature of material i
RB Interface resistance between materials 1 and 2
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The proximity effect in conventional superconductors has
been extensively studied and firmly established through
numerous works spanning from the 1960s to the 2000s
(e.g., Refs. 1–9). Today, the proximity effect plays a critical
role in superconducting device technologies. For example,
researchers in transition edge sensors10) frequently utilize the
superconductor-normal conductor (SN) proximity effect11,12)

to fine-tune the transition temperature (Tc) of bilayer films,
enabling high energy resolution. In some cases, the super-
conductor-superconductor (SS) proximity effect is also used
for this purpose, as in Al–Ti bilayers, where Al and Ti have
Tc; 1.2 K and Tc; 0.4 K, respectively.13,14) Similarly, re-
searchers developing kinetic inductance detectors for space
observations15) utilize SN16–18) and SS19) proximity effects to
adjust the gap frequency, enabling the detection of low-
frequency photons (e.g., below the Al gap frequency,
;100 GHz). Still, the theoretical understanding of these
effects is expected to be significantly more complex than
that of single-layer systems.20,21,22) In superconducting
nanowire single-photon detectors, the proximity effect is
leveraged to overcome trade-offs among performance me-
trics, enabling optimization that cannot be achieved with a
single material.23) In superconducting qubits, it is employed
to engineer the spatial profile of the superconducting gap,
steering quasiparticles away from Josephson junctions and
reducing qubit relaxation.24) Additionally, proximity-coupled
bilayers enable asymmetric Pearl length distributions,25)

which give rise to the superconducting diode effect.
Furthermore, whether intentional or not, proximity effects
influence various superconducting devices through interac-
tions between the device materials, including supercon-
ducting layers, normal conducting suboxides, impurities,
and nonstoichiometric surface regions.26–28)

This Brief Note focuses on the well-established Tc
formulas for proximity-coupled SN and SS thin bilayers.
Although these topics have been extensively studied, with the
Tc formula for thin SN bilayers first established in McMillan's
seminal 1968 work,2) revisiting them is necessary to address

ongoing confusion in the applied superconductivity commu-
nity regarding their use. Several Tc formulas for thin SN
bilayers are available in the literature (e.g., the widely used
formula by Martinis et al.11)). However, their relationships
and ranges of applicability are poorly documented, often
leading to misapplication beyond their valid ranges and
potential misinterpretation of experimental data. In this
Brief Note, we summarize the Tc formulas for SN and SS
thin bilayers, emphasizing their ranges of applicability and
interrelationships. These details have been underrepresented
in the literature but are highly valuable for applied research.
For the readers’ convenience, the derivation of these formulas
and a code for calculating Tc are provided in the
Supplementary Material.
We consider the geometries shown in Fig. 1(a) for the SN

bilayer and Fig. 1(b) for the SS bilayer. The parameters are
summarized in Table I. As is typical for real device materials,
we assume the material is dirty, meaning the mean free path
is shorter than the intrinsic BCS coherence length. In this
context, the problem of the proximity effect in SN and SS
bilayers is formulated using the quasiclassical Matsubara
Green's functions within the Usadel formalism of BCS
theory: the Usadel equations, the gap equations in regions
i = 1, 2, and the boundary conditions at the outer surfaces
and the interface. For simplicity, we consider thin bilayers
( /d D kTc1,2 1,2  ), where Di is the electron diffusivity in
the material i. Using the well-established techniques of
Matsubara summation, we obtain the Tc formula for thin
SN and SS bilayers (see the Supplementary Material 1 and
Refs. 5, 6, 8, 29).
The general Tc formula for a thin SN bilayer is well-

established and given by Refs. 5, 8, 29 (with the derivation
provided in the Supplementary Material 1):

( )
( ) ( )
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where the function u(Tc) is defined using the digamma
function ψ as follows:
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g1 of the superconducting layer is effectively diluted to g by
averaging over both the S and N layers. In the small β regime
(β= β0), this simple Cooper limit picture is valid, with the
dilution factor α governing Tc. In the moderate β regime
(β0= β= β1), however, the simple Cooper picture becomes
insufficient as the interface barrier β begins to play a
significant role in Tc, although the dilution factor α remains
relevant. Finally, in the large β regime (β? β1), the interface
barrier is so large that Tc; Tc1, and the influence of α
becomes negligible.
Figure 2(a) shows the Tc of a thin SN bilayer as a function

of the dimensionless interface barrier β, comparing different
Tc formulas. The inset illustrates the applicable range of each
formula. Unlike Eq. (1) and McMillan's formula [Eq. (7)], the
other formulas [Eqs. (8)–(10)] cover narrower ranges of the
parameter space.
Figure 2(b) presents linear plots of Tc as a function of β.

Equation (1) and McMillan's formula [Eq. (7)] show ex-
cellent agreement across the entire range. In contrast, Eqs. (8)
and (9) produce unphysical results (i.e., Tc< 0 and Tc> Tc1,
respectively) when applied outside their valid ranges.
Figure 2(c) shows linear plots of Tc as functions of the

dimensionless N layer thickness α. The widely used formula,
Eq. (9), provides good approximations of Tc for β β1 ~ 1,
as before. However, outside of its applicable range
(β β1 ~ 1), it yields unphysical results: Tc increases with α.
Typical Tc values for thin film devices fall within the range

0.1< Tc/Tc1< 1 for α ~ 1, suggesting β 0.1. These β
values are well-covered by both Eq. (1) and McMillan's
formula [Eq. (7)]. While Eqs. (8) and (9) can also be applied,
it is essential to consider their more limited ranges of

applicability. Applying these formulas outside their valid
ranges results in unphysical results. For greater reliability,
McMillan's formula [Eq. (7)] is recommended, and the
corresponding code is provided in the Supplementary
Material 2.
For completeness, we consider a thin SS bilayer [see

Fig. 1(b)]. Its Tc formula is given by Eq. (S18) of the the
Supplementary Material 1, which is the counterpart to the SN
Tc formula, Eq. (1). This formula, Eq. (S18), simplifies
significantly when the dimensionless interface resistance β
satisfies { ( )}/ max ,0 0 1 2b b b Q Q , resulting in

{ ( ) } ( ) ( )T
T

u T r
T
T

r
u Tln ln ln

ln
1

0, 11c

c
c

c

c
c

1

2

1

a
a

+ - -
+
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where r= Tc2/Tc1. Equation (11) is the SS counterpart to
McMillan's SN Tc formula [Eq. (7)], and it provides reliable
and practical results over a wide range of parameter space.
Examples of the calculated results are presented in Fig. 3.
The corresponding code is provided in the Supplementary
Material 2.
In summary, this Brief Note revisited the well-established

Tc formulas for proximity-coupled SN and SS thin bilayers,
emphasizing their applicability and interrelationships. The
five Tc formulas for a thin SN bilayer are visually summar-
ized in Fig. 2(a), offering a convenient reference for readers
seeking to quickly understand the applicability range of each
formula. For thin SN bilayers, McMillan's formula [Eq. (7)]
is recommended due to its broad applicability. For thin SS
bilayers, Eq. (11), the SS counterpart to McMillan's formula,
is similarly recommended for its wide applicability. The
derivation of the Tc formulas and the corresponding code are
provided in the Supplementary Material for convenience.
As a final remark, RB (or β) can be determined using the Tc

formula combined with experimental Tc data for different
thicknesses (or α), as is commonly practiced in the super-
conducting device community. This RB (or β) serves as a
crucial input parameter for computing the normal and
anomalous retarded Green's functions of proximity-coupled
systems, which, in turn, allow for the evaluation of complex
conductivity, kinetic inductance, surface resistance, and the
quality factor of resonators.26–28) Therefore, it is essential to
use an appropriate Tc formula within its applicability range
when experimentally determining RB to ensure the reliability
of the evaluated physical quantities.

(a)

(b) (c)

Fig. 2. (a) Transition temperature of a thin superconducting-normal (SN)
bilayer calculated from different Tc formulas. The inset shows a schematic
view of the applicable range of each formula. (b) Transition temperature of a
thin superconducting-normal (SN) bilayer as a function of the dimensionless
interface barrier parameter, β, with a fixed dimensionless thickness para-
meter, α = 1. (c) Transition temperature of a thin SN bilayer as a function of
the dimensionless thickness parameter, α, for various values of the interface
barrier parameter, β.

(a) (b) (c) (d)

Fig. 3. (a) Transition temperature Tc of thin SS bilayers as a function of β
for various Tc2/Tc1 ratios, representing different material combinations. (b, c,
d) Tc of thin SS bilayers as a function of the dimensionless thickness α for
different values of β, with material combinations corresponding to
Tc2/Tc1 = 0.0001, 0.3, and 0.5, respectively.
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The material parameters summarized in Table I are aggre-
gated into the following dimensionless parameters:

( )N d
N d
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Here, α can be interpreted as a dimensionless thickness, with
its deeper implications clarified in the paragraph below
Eq. (10). RB denotes the interface resistance between the
two materials, while β serves as a dimensionless parameter
characterizing the interface barrier. Note that our parameter-
ization is similar to that of Gurevich,29) but our β contains the
additional factor kTc1/ℏ to ensure β is dimensionless. The
transition temperature of thin SN bilayers can be obtained by
numerically solving Eq. (1) with respect to Tc/Tc1. This is a
straightforward problem.
It is important to note that in deriving the formula [Eq. (1)],

the Kuprianov–Lukichev boundary conditions30) were applied,
as is standard in the referenced works3–11,13,16,24,26,27,29) (see
also Supplementary Material 1). These boundary conditions
are derived from more general formulations31,32) for interfaces
with low transmission coefficients. The transmission coeffi-
cient t relates the interface conductance per unit area
( /G Rint B=  ) to the number of conductance channels

( )/ /N 2ch F
2l=  via Landauer's conductance formula,

Gint= tNchG0. Here,  is the interface area, λF is
the Fermi wavelength, and G0= 2/RK= 2e2/h is the
conductance quantum. The coefficient t can be
expressed as / /t G N G R R8int ch 0 K F

2
Bl= = =( )/d d1

1b-
* .

Here, ( )/ / d kT N e1 2c1 1 F
2

0Ep l p x= = g-
* 0.882 0x , where

ξ0= ℏvf/πΔ0 represents the intrinsic BCS coherence
length in the superconductor layer. Thus, the condition t< 1
corresponds to d1/ξ0 β<∞ in our parameterization.26,27,29)

Since ξ0 is typically large in conventional metallic super-
conductors used in devices (e.g., ( ) 1 m0

Alx > m ,
( )  300 nm0
Tix , ( )  40 nm0

Nbx ), the applicability range of
Eq. (1) spans a wide range of β, from β= 1 to β? 1. In the
following, we assume that the small transparency condition
(d1/ξ0 β<∞) is always satisfied, ensuring the validity of the
general formula [Eq. (1)] throughout.
Based on the magnitude of the dimensionless interface

resistance β, we can categorize the SN proximity effect into
three different regimes: small β (β= β0), large β (β? β1),
and moderate β (β0= β= β1). Here, β0 and β1 are given by:
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Note that the Debye temperature is typically Θ1 ~ 100 K? Tc1.
For instance, assuming α ~ 1, we find β0 ~ 10

−2 and β1 ~ 1,
resulting in β0= β1.
In typical situations, the interface resistance is sufficiently

large such that β? β0. In this regime, we can neglect the
logarithmic term in the parentheses, and Eq. (1) simplifies to
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which is the formula derived by McMillan in 1968 [see Eq. (39)
of Ref. 2]. In this case, Tc depends only on α and β; the parameter
Θ1 is not required. Further assuming β? (1+ 1/α)Tc1/2πTc= β1,
the first term in u(Tc) can be expanded around ψ(1/2), giving the
formula:
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On the other hand, when β= β1, using the asymptotic form
of the digamma function, we have

[( )( ) {( ) }]/ / /u e T Tln 2 1 c c1E p a ab+g , where γE= 0.577
and /e2 1.13E p =g . Then, Eq. (7) reduces to
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which corresponds to the formula shown by Martinis et al.
[see Eq. (9) of Ref. 11].
In the opposite limit to Eqs. (7)–(9), we consider the case

where β→ 0. In this limit, Eq. (1) simplifies to:
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T
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Here, ( )/ /g T1 ln 1.13 c1 1 1= Q is the BCS coupling constant in
region 1 (the superconductor side). Equation (10), obtained
by Cooper in 1961,1) is known as the Cooper limit. It is worth
noting that Eq. (7), as well as Eqs. (8) and (9), do not
reproduce the Cooper limit even at vanishing interface
resistance (β→ 0). The reason is clear:8) Eqs. (7)–(9) are
valid for moderate to large interface resistance. To reproduce
Cooper's result, the logarithmic term in the parentheses in
Eq. (1) is necessary.
The meaning of each regime is now clearer. The Cooper

limit formula [Eq. (10)] can be rewritten as ( )/T gexp 1c µ - ,
where g= g1/(1+ α)= {N1d1/(N1d1+ N2d2)}g1, using the
BCS result ( )/T gexp 1c1 1µ - . Here, the coupling constant

(a) (b)

Fig. 1. Geometries considered in this article. (a) Superconductor-normal
conductor thin bilayer. (b) Superconductor-superconductor thin bilayer. The
material parameters are summarized in Table I.

Table I. Summary of the parameters.

Tc Critical temperature of the proximity-coupled bilayer
Tci Critical temperature of material i
di Thickness of material i
Ni Normal density of states at the Fermi energy in material

i
Θi Debye temperature of material i
RB Interface resistance between materials 1 and 2
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The material parameters summarized in Table I are aggre-
gated into the following dimensionless parameters:
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Here, α can be interpreted as a dimensionless thickness, with
its deeper implications clarified in the paragraph below
Eq. (10). RB denotes the interface resistance between the
two materials, while β serves as a dimensionless parameter
characterizing the interface barrier. Note that our parameter-
ization is similar to that of Gurevich,29) but our β contains the
additional factor kTc1/ℏ to ensure β is dimensionless. The
transition temperature of thin SN bilayers can be obtained by
numerically solving Eq. (1) with respect to Tc/Tc1. This is a
straightforward problem.
It is important to note that in deriving the formula [Eq. (1)],

the Kuprianov–Lukichev boundary conditions30) were applied,
as is standard in the referenced works3–11,13,16,24,26,27,29) (see
also Supplementary Material 1). These boundary conditions
are derived from more general formulations31,32) for interfaces
with low transmission coefficients. The transmission coeffi-
cient t relates the interface conductance per unit area
( /G Rint B=  ) to the number of conductance channels

( )/ /N 2ch F
2l=  via Landauer's conductance formula,

Gint= tNchG0. Here,  is the interface area, λF is
the Fermi wavelength, and G0= 2/RK= 2e2/h is the
conductance quantum. The coefficient t can be
expressed as / /t G N G R R8int ch 0 K F
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ξ0= ℏvf/πΔ0 represents the intrinsic BCS coherence
length in the superconductor layer. Thus, the condition t< 1
corresponds to d1/ξ0 β<∞ in our parameterization.26,27,29)

Since ξ0 is typically large in conventional metallic super-
conductors used in devices (e.g., ( ) 1 m0

Alx > m ,
( )  300 nm0
Tix , ( )  40 nm0

Nbx ), the applicability range of
Eq. (1) spans a wide range of β, from β= 1 to β? 1. In the
following, we assume that the small transparency condition
(d1/ξ0 β<∞) is always satisfied, ensuring the validity of the
general formula [Eq. (1)] throughout.
Based on the magnitude of the dimensionless interface

resistance β, we can categorize the SN proximity effect into
three different regimes: small β (β= β0), large β (β? β1),
and moderate β (β0= β= β1). Here, β0 and β1 are given by:
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Note that the Debye temperature is typically Θ1 ~ 100 K? Tc1.
For instance, assuming α ~ 1, we find β0 ~ 10

−2 and β1 ~ 1,
resulting in β0= β1.
In typical situations, the interface resistance is sufficiently

large such that β? β0. In this regime, we can neglect the
logarithmic term in the parentheses, and Eq. (1) simplifies to
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which is the formula derived by McMillan in 1968 [see Eq. (39)
of Ref. 2]. In this case, Tc depends only on α and β; the parameter
Θ1 is not required. Further assuming β? (1+ 1/α)Tc1/2πTc= β1,
the first term in u(Tc) can be expanded around ψ(1/2), giving the
formula:

( ) ( )T
T

1
4

for , 8c

c1
1

p
b

b b= -

On the other hand, when β= β1, using the asymptotic form
of the digamma function, we have
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which corresponds to the formula shown by Martinis et al.
[see Eq. (9) of Ref. 11].
In the opposite limit to Eqs. (7)–(9), we consider the case

where β→ 0. In this limit, Eq. (1) simplifies to:
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Here, ( )/ /g T1 ln 1.13 c1 1 1= Q is the BCS coupling constant in
region 1 (the superconductor side). Equation (10), obtained
by Cooper in 1961,1) is known as the Cooper limit. It is worth
noting that Eq. (7), as well as Eqs. (8) and (9), do not
reproduce the Cooper limit even at vanishing interface
resistance (β→ 0). The reason is clear:8) Eqs. (7)–(9) are
valid for moderate to large interface resistance. To reproduce
Cooper's result, the logarithmic term in the parentheses in
Eq. (1) is necessary.
The meaning of each regime is now clearer. The Cooper

limit formula [Eq. (10)] can be rewritten as ( )/T gexp 1c µ - ,
where g= g1/(1+ α)= {N1d1/(N1d1+ N2d2)}g1, using the
BCS result ( )/T gexp 1c1 1µ - . Here, the coupling constant
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Fig. 1. Geometries considered in this article. (a) Superconductor-normal
conductor thin bilayer. (b) Superconductor-superconductor thin bilayer. The
material parameters are summarized in Table I.

Table I. Summary of the parameters.

Tc Critical temperature of the proximity-coupled bilayer
Tci Critical temperature of material i
di Thickness of material i
Ni Normal density of states at the Fermi energy in material

i
Θi Debye temperature of material i
RB Interface resistance between materials 1 and 2
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Previous works used eq.(9) 
We used an approximation by eq.(7) 
and evaluated β and “interface RB” 
that may reflect the quality of fabrication.

With RB~2x10-14, we can obtain low Tc with 
reasonable Ti/Ai thickness.
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The material parameters summarized in Table I are aggre-
gated into the following dimensionless parameters:

( )N d
N d

, 32 2

1 1
a =

( )e
R kT N d4 . 4c

2

B 1 1 1b =


Here, α can be interpreted as a dimensionless thickness, with
its deeper implications clarified in the paragraph below
Eq. (10). RB denotes the interface resistance between the
two materials, while β serves as a dimensionless parameter
characterizing the interface barrier. Note that our parameter-
ization is similar to that of Gurevich,29) but our β contains the
additional factor kTc1/ℏ to ensure β is dimensionless. The
transition temperature of thin SN bilayers can be obtained by
numerically solving Eq. (1) with respect to Tc/Tc1. This is a
straightforward problem.
It is important to note that in deriving the formula [Eq. (1)],

the Kuprianov–Lukichev boundary conditions30) were applied,
as is standard in the referenced works3–11,13,16,24,26,27,29) (see
also Supplementary Material 1). These boundary conditions
are derived from more general formulations31,32) for interfaces
with low transmission coefficients. The transmission coeffi-
cient t relates the interface conductance per unit area
( /G Rint B=  ) to the number of conductance channels

( )/ /N 2ch F
2l=  via Landauer's conductance formula,

Gint= tNchG0. Here,  is the interface area, λF is
the Fermi wavelength, and G0= 2/RK= 2e2/h is the
conductance quantum. The coefficient t can be
expressed as / /t G N G R R8int ch 0 K F

2
Bl= = =( )/d d1

1b-
* .

Here, ( )/ / d kT N e1 2c1 1 F
2

0Ep l p x= = g-
* 0.882 0x , where

ξ0= ℏvf/πΔ0 represents the intrinsic BCS coherence
length in the superconductor layer. Thus, the condition t< 1
corresponds to d1/ξ0 β<∞ in our parameterization.26,27,29)

Since ξ0 is typically large in conventional metallic super-
conductors used in devices (e.g., ( ) 1 m0

Alx > m ,
( )  300 nm0
Tix , ( )  40 nm0

Nbx ), the applicability range of
Eq. (1) spans a wide range of β, from β= 1 to β? 1. In the
following, we assume that the small transparency condition
(d1/ξ0 β<∞) is always satisfied, ensuring the validity of the
general formula [Eq. (1)] throughout.
Based on the magnitude of the dimensionless interface

resistance β, we can categorize the SN proximity effect into
three different regimes: small β (β= β0), large β (β? β1),
and moderate β (β0= β= β1). Here, β0 and β1 are given by:

( )T
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1
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Note that the Debye temperature is typically Θ1 ~ 100 K? Tc1.
For instance, assuming α ~ 1, we find β0 ~ 10

−2 and β1 ~ 1,
resulting in β0= β1.
In typical situations, the interface resistance is sufficiently

large such that β? β0. In this regime, we can neglect the
logarithmic term in the parentheses, and Eq. (1) simplifies to

( ) ( ) ( )T
T

u Tln
1

for , 7c

c
c

1
0

a
a

b b= -
+

which is the formula derived by McMillan in 1968 [see Eq. (39)
of Ref. 2]. In this case, Tc depends only on α and β; the parameter
Θ1 is not required. Further assuming β? (1+ 1/α)Tc1/2πTc= β1,
the first term in u(Tc) can be expanded around ψ(1/2), giving the
formula:

( ) ( )T
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1
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b

b b= -

On the other hand, when β= β1, using the asymptotic form
of the digamma function, we have

[( )( ) {( ) }]/ / /u e T Tln 2 1 c c1E p a ab+g , where γE= 0.577
and /e2 1.13E p =g . Then, Eq. (7) reduces to

( )
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/
 T

T 1.13 1 1
for , 9c

c1
0 1

b
a

b b b=
+

a
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which corresponds to the formula shown by Martinis et al.
[see Eq. (9) of Ref. 11].
In the opposite limit to Eqs. (7)–(9), we consider the case

where β→ 0. In this limit, Eq. (1) simplifies to:

( ) ( )T
T

e for 0 . 10c

c1

g1 b= - a

Here, ( )/ /g T1 ln 1.13 c1 1 1= Q is the BCS coupling constant in
region 1 (the superconductor side). Equation (10), obtained
by Cooper in 1961,1) is known as the Cooper limit. It is worth
noting that Eq. (7), as well as Eqs. (8) and (9), do not
reproduce the Cooper limit even at vanishing interface
resistance (β→ 0). The reason is clear:8) Eqs. (7)–(9) are
valid for moderate to large interface resistance. To reproduce
Cooper's result, the logarithmic term in the parentheses in
Eq. (1) is necessary.
The meaning of each regime is now clearer. The Cooper

limit formula [Eq. (10)] can be rewritten as ( )/T gexp 1c µ - ,
where g= g1/(1+ α)= {N1d1/(N1d1+ N2d2)}g1, using the
BCS result ( )/T gexp 1c1 1µ - . Here, the coupling constant

(a) (b)

Fig. 1. Geometries considered in this article. (a) Superconductor-normal
conductor thin bilayer. (b) Superconductor-superconductor thin bilayer. The
material parameters are summarized in Table I.

Table I. Summary of the parameters.

Tc Critical temperature of the proximity-coupled bilayer
Tci Critical temperature of material i
di Thickness of material i
Ni Normal density of states at the Fermi energy in material

i
Θi Debye temperature of material i
RB Interface resistance between materials 1 and 2

018001-2
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A trial of Anti-counter 

 19

Ikeda-san designed anti-counter utilizing TES referred 
Athena anti-counter (ex. Andrea + 2024). 
A large absorber of Si wafer (2.5-10 mm square) can  
detect Cosmic Rays.  

Fabricated by ISAS CR

Transition at ~ 150mK was measured,  
Irradiation test has not yet done. 
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Multiplex  38 →66 pix simultaneously

 20

and an unprecedented noise level of
ffiffiffiffi
SI
p
¼ 9 pA=

ffiffiffiffiffiffi
Hz
p

. This suggests
the MW-Mux will be applicable for x-ray15,16 and optical17,18 TESs
with a large signal bandwidth.

The aim of the current work was to read out large-scale
TES arrays with srise " 10 ls using the 4GHz full bandwidth of a
commercial high-electron-mobility transistor (HEMT) amplifier
(LNF-LNC4_8C). The fundamental design of the MW-Mux followed
that of our previously developed MW-Mux based on a microstrip-
SQUID directly coupled to a resonator.19–22 We applied a 500 kHz
flux-ramp signal to modulate the resonator, in order to obtain enough
samples of the pulse of the TES x-ray microcalorimeter to avoid
degrading the energy resolution DE. A resonator bandwidth BW of
2MHz is compatible with 500 kHz FRM in which we apply the flux-
ramp signal with 2U0 amplitude. 240 resonances can be embedded in
4GHz by leaving a 16MHz space between the resonances. The BW
was designed by adjusting the lengths of seven fingers of the interdigi-
tal capacitor coupling the resonator to a coplanar wave guide (CPW)
feedline. We set a ratio of Dfr=BW " 1, where Dfr is the maximum
resonance frequency shift due to flux applied to a SQUID. The
SQUID loop inductance, Ls, and critical current, Ic, were, respectively,
set to 9.88 pH and 10lA; these yielded a hysteresis parameter
k # 2pLsIc=U0 ¼ 0:30. The designed value of mutual inductance Min

between the SQUID and input coil in series with a TES was 237 pH.
Two chips, each embedding 40 resonators and SQUIDs in 5$ 20mm2,
were designed to provide frequency ranges of 4.66–5.28GHz and
5.30–5.92GHz, respectively. Owing to the I/Q-mixer band of
4.5–9.0GHz, we avoided the 4.0–4.5GHz band for these two chips. In
future work, six chips designed in the same manner could cover the
4GHz full bandwidth of a HEMT by cascading the microwave feedlines.
The other four chips are currently in preparation.

We also investigated the effects of airbridges across the CPW feed-
line. Undesirable resonances may be caused by an odd propagation
mode, e.g., slotline mode, due to an electrical-potential imbalance
between the two lateral ground planes. These could distort the
MW-Mux resonances in cases where the chip size is not negligible com-
pared with the microwave wavelength (kmw) of several dozen millimeters
at 4–8GHz, e.g., 32–16mm, on the assumption that phase velocity
vp ¼ 0:43c, where c is the velocity of light. These unintended resonances
have never appeared clearly with our previous 5$ 5mm2 chips.21,22 By
contrast, the performance of the MW-Mux was adversely affected by
such undesirable resonances in our developed 5$ 20mm2 chip. To sup-
press these resonances, we implemented airbridges across the feedline at
every 475 lm space (kmw=34 at 8GHz) using an Al bonding wire.

Figure 1 shows the transmission power through the CPW feed-
line without (a) and with (b) airbridges in two different MW-Mux res-
onance-frequency bands measured at 4K with a Gifford–McMahon
refrigerator, and a micrograph (c) of a part of the CPW feedline. As
shown in Fig. 1(a), without airbridges, there was a parasitic resonance
within the frequencies of the MW-Mux resonances. On the other
hand, as shown in Fig. 1(b), the airbridges worked well, making jS21j
flat over the full 4–8GHz band of the HEMT amplifier, except for dips
intrinsic to the MW-Mux. This indicates that connections between
parallel ground planes, such as those provided by the airbridges we
implemented, are required to avoid parasitic resonance in a large chip
with size 5$ 20mm2.

In order to evaluate the performance of our MW-Mux, we used a
32$ 32 Ti/Au bilayer TES array detector developed by SRON.

Another TES array from the same wafer but with different pixel design
was characterized by SRON using an FDM readout and exhibited full-
width at half maximum (FWHM) DETES % 2:4–2.8 eV at 5.9 keV.23,24

Figure 2 shows a photograph of a completely assembled sample
holder (a) and a lid (b). The TES array was placed on the center of the
sample holder with the lid, on which an 55Fe x-ray source and a super-
conducting coil were mounted. The x-ray source decayed into 55Mn
by electron capture and radiated Mn Ka (5.9 keV) and Mn Kb

(6.5 keV) fluorescent lines. The coil provided a magnetic field that
could cancel out a residual field on the TES surface. In addition to the
TES array, the sample holder contained two 40-channel MW-Mux
chips covering the 4.66–5.93GHz band, two bias chips with shunt

FIG. 1. (a) Measured transmitted power jS21j2 of two chips without bonding-wire
airbridges across a CPW feedline at 4 K. Each chip had a different MW-Mux reso-
nance band of 4.64–5.26 GHz (top) and 5.27–5.89 GHz (bottom). (b) Transmitted
power jS21j2 of the chips with Al bonding-wire airbridges at 4 K. (c) Micrograph of
part of the CPW feedline.

FIG. 2. Low-temperature stage setup. (a) Photograph of a sample holder for simul-
taneously reading out 80 pixels provided by two MW-Mux chips cascaded by a sin-
gle set of coaxial cables. (b) Photograph of a lid covering the sample holder. An
55Fe x-ray source and a superconducting coil for canceling out the residual mag-
netic field on the surface of the TES array are mounted on the lid.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 122601 (2020); doi: 10.1063/5.0016333 117, 122601-2
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2.5 Microwave SQUID Multiplexer (MWMUX)

Irwin & Lehnert 2004 [32] first proposed and demonstrated the microwave SQUID
multiplexer (MWMUX). The first demonstration used lumped element resonator
circuits and DC-SQUIDs to modulate the quality factor Q of the resonator. They
measured a flux noise of ∼ 0.5µΦ0/

√
Hz, where Φ0 is the flux quantum with the

value of 2.07 × 10−15 Wb, and demonstrated the multiplexed readout of two DC-
SQUIDs at frequencies ∼ 500MHz. Also, they proposed the use of lithographically
fabricated resonators in order to operate MWMUX at a much higher frequency.
Mates et al. 2008 [33] and Mates Ph.D. thesis [34] established the foundations of
the current device, which uses the change in inductance of a dissipationless radio
frequency (RF) SQUID to modulate the resonance frequencies, and demonstrated
multiple designs, noise as low as 0.17µΦ0/

√
Hz, and a naturally linear readout

scheme based on flux modulation, called flux-ramp modulation (FRM) [35].

RF-SQUID

Microwave 
Resonator

Feedline

TES

Ramp signal

TES signal

Figure 2.4: Circuit schematic of microwave SQUID multiplexer.

Figure 2.4 shows the circuit schematic of the microwave SQUID multiplexer.
MWMUX consists of a number of high quality-factor (Q) microwave resonators,
each employing a unique resonance frequency, terminated by an RF-SQUID. The
injected powers are modulated by the resonators, and the transmitted powers are
summed into the input of one cryogenic high electron mobility transistor (HEMT).
Each SQUID acts as a flux-variable inductor responding to the magnetic flux

Nakashima ph.D. thesis, Nakashima+ 2020

/32

Japan-Netherland Workshop at Epochal Tsukuba Japan on the 5th Dec. 

Summary and prospects

Development of the Microwave SQUID Multiplexing for various TESs 32

• The 70-ch readout system was working for X-ray TESs in 4.7-5.9 GHz (BW=1.2 GHz)
• ΔE=3.09 eV@5.89 keV in the combined spectrum

• Ready to expand the readout BW=2.4 GHz two times wider than now for 160 ch
• Two-stage amplifiers and combination of two 300-K electronics are working

• Next step is fabricating the new chips that cover 4.0-4.7 GHz and 5.9-7.3 GHz.

66 pixels
FWHM=3.09 eV

Co
un

ts

Energy (eV)

Band (GHz) 4.7 to 5.3 5.3 to 5.9

pixel 38/39 28/31
FWHM (eV) 2.94 3.26
NEP (eV) 3.05 3.27
TES (eV) 2.5
RO (eV) 1.26 1.52

ELSE (eV) 0.93 1.57

Now 80 pixel read-out system in 1.2 
GHz BW (4.7-5.9 GHz) is working.  
160-pixel in 2.4 GHz BW is under 
development.  
⇒256 pix is achievable in 1 line with 

4GHz BW 
it gives ~10 mW heat load @ 4K 

⇒~ 1000 pix is feasible within current 

technology  
Kikuchi+ 2023
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LD400 dilution in Fuji hall

 21

In April 2024 We need to install many components.
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MWMUX and TES assembly 

 22

Cold stage and PCB board are designed and fabricated.
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MWMUX04 in FY2024

 23

Kikuchi, Hayakawa, Ikeda +

In 2024, 3 MWMUX chips with 40 channel each utilizing 4.0-4.6GHz, 
6- 8 GHz were fabricated and evaluated in AIST. 

There are some fluctuations in coupling capacitance.  
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Room temp. electronics box 

 24

Copied from AIST design. 
Now waveforms from 40 pix  
are handled by 1 FPGA board. 
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Cold stage design and assembly 

 25

Ikeda and Sato designed the stage,  
and made in  ISAS machine shop. 

Cooling test was finished. 

HEMT amp, attenuator etc. are installed.
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HEMT, circulator etc.

 26

LNF LNC4_8F

Gain is consistent with the spec. 

Cable loss and noise of the system is 
measured and consistent with the 
design.
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A Picture at the end of FY 2024

 27



"What is dark matter? - Comprehensive study of the huge discovery space in dark matter”, 2025/Apr/24-25  

XRISM !

 28

A2029 (XRISM+2025, 10.3847/2041-8213/ada7cd) Centaurus(XRISM+2025,10.1038/s41586-024-08561-z )

Resolve’s energy resolution reaches ~ 4.5 eV (FWHM) 
Turbulence velocity in CoG is as small as < 150 km/s

Yin+2025 arXiv:2503.04726 
Assuming “double peak” lines by the 2-body decay  
due to the Doppler shift by radial velocity.

0.492 0.494 0.496 0.498 0.500
Eγ /mϕ

0.00002

0.00004

0.00006

dΦ/dEγ[γcm-2s-1]

Figure 1: The dark matter signal flux, d�/dE, derived using the parameters in Table 1.

Here we use q�� = 2⇥ 10�19 yr�1 and m� = 10 keV. In general, d�/dE / q��/m2
�.

that the total flux is Jtot =
d��

dE +f(E) . Fixing the dark matter mass, we have four parameters

for the continuous function and one parameter, q�� (> 0), at this stage. Then, over a certain

energy range, we define �2 =
P

a �F [Ea]�2
⇣

1
2�Ea

R Ea+�Ea

Ea��Ea
dE Jtot � F [Ea]

⌘2

. To search

for dark matter, we estimate the best-fit di↵erence ��2
⌘ min(cn) �

2
���
��!0

�min(cn, q��) �
2 ,

where the second term is minimized with respect to both the coe�cients cn and q�0
�. The

significance for the dark matter hypothesis relative to the background hypothesis (with q�0
�)

is then given by
p

��2. In the fit we do not include the masked data points. In addition,

we do not consider the case that either narrow line peak is in the masked region.

For a given dark matter mass, we select an energy bin spanning 5 times the energy

di↵erence between the two narrow line peaks around the average energy.7 An example fit

is shown in Fig.2 in the red solid line. The black points are the flux data points. The blue

dashed line represents the 2� limit for the dark matter life time discussed soon. This best

fit (red solid line) has a local significance ⇠ 2.3� over the absence of the dark matter.

7
A larger range would provide a more stringent dark matter limit.

10
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Figure 3: Left panel: The 2� limits on the double-peak structure from dark matter decay

derived in this paper. Also shown, for comparison, is the limit from XMM-Newton blank-sky

547Ms data as derived in [11]. Right panel: The limit for the single peak from the Centaurus

Cluster, which can be applied to hot dark matter that is only captured in galaxy clusters.

For comparison, we also show the bounds from Suzaku 537 ks data of the Perseus Cluster [8]

and NuSTAR 266 ks data of the Bullet Cluster [9].

do not contribute significantly, a distant galaxy cluster contributes to the production

of a single narrow-line photon. We denote the conversion rate by r ( 1).

In these cases, the limits from observations of the Milky Way or nearby galaxies/dSphs are

alleviated, while the limits from galaxy clusters remain important. In a model-independent

manner, we show the limit on r q�� in the right panel of Fig. 3, assuming a single narrow-line

from dark matter decay in the Centaurus Cluster while neglecting the Milky Way component.

For comparison, we also show the limits from Suzaku 537 ks data of the Perseus Cluster in

light gray region [8]10 and NuSTAR 266 ks data of the Bullet Cluster [9].

4 Conclusions

In this paper, we have investigated the two-body decay of dark matter particles into final

states that include narrow photon lines, a process naturally arising in various dark matter

models such as those involving axion-like particles and sterile neutrinos. We have demon-

strated that the Doppler shift e↵ects from both the Milky Way background and various

extragalactic targets lead to a distinctive double narrow-line signature in the spectrograph

with R ⇠ 1000.
10
See [12] for more recent study and also, e.g., Refs. [72–75] for the 3.5keV line excess.

13

DM search for PV data is underway
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Coming Events
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Summary
• Thanks to this Henkaku kakenhi “What is dark matter ?” 

• We have investigated a new method to search Solar axions utilizing TESs 
with 57Fe absorber.  

• A dedicated test chip was fabricated, tested, and proved to work as a 
detector.   

• Nice TES is fabricated by a new evaporator and the Tc of the Ti/Au bilayer is 
understood and controllable. 

• To improve the sensitivity, the optimization of TES array and multiplexed 
readout is required. A ~160-channel readout MWMUX is installed in a 
refrigerator now. (A backup system is also ready.) 

• XRISM with a calorimeter array “Resolve” was launched in 2023. It 
achieved an energy resolution of 4.5 eV (FWHM) in orbit. New approach 
to search for DM will come widely.

ma < 1.0 ± 0.04 keV(95 % UL)
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