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• Monochromatic axions emitted from 
the sun by M1 transition of the excited 
Fe-57 through a-N coupling

• Detect 14.4 keV X-rays from the 
reverse reaction in Fe-57 targets 
placed in a laboratory.

Labo.

SOIPIX

X-ray

a

14.4keV

Fe-57
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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

106 GeVx! 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

Solar Axion Spectrum

a + 57Fe → 57Fe* → 57Fe + γ (14.4keV)

ISAI (Investigating Solar Axion by Iron-57)

• Dependent only on a-N coupling

• No ambiguity due to mixing of a-e or 
a-γ coupling

From the point of view of experimentation,  
Detection of X-ray emission lines 

in a low BGD environment

Previous and on-going works
• Moriyama (1995). PRL 75, 3222
• Namba (2007), Phys.Lett.B, 645, 398
• Derbin (2011), Phys.At.Nucl.74, 596
• B04 group of DM学術変革領域 etc.
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gag

gAN

Physics motivation: Dedicated measurement of Axion-nucleon coupling gAN from 57Fe solar Axion 
using event-driven SOI X-ray pixel detector and anti-coincidence counter.

Axion

Core in the Sun

Pixel
Det.

Pixel
Det.

Enriched 57Fe foil 

Axion absorption/de-excitation by 57Fe
A+57Fe →57Fe* →57Fe+g(14.4keV)

14.4keV g A.V.Derbin, Phys. Atom. Nucl. 74(2011)596

T. Namba, Phys. Lett. B 645(2007) 398.

Expected rate 
on the nuclei[s-1]

mA<216eV@95%C.L.

mA<145eV@95%C.L.

Current constraints

C.f. More stringent constraints mA<~1eV
by Cosmological/astrophysical observation 
and SN1987A.

~5.16×10-3(gAN)4

Expected sensitivity
• 57Fe mass : 127 mg
• Detection eff. :14.9% @14.4keV
• E resolution : 250eV(FWHM)@14.4 keV
• Assuming only internal BG
• Observation 1 month ~83eV
• Observation half year ~53eV

Summary

Concept: Small, sensitive and scalable experiment with trans field technologies of astrophysics, 
cosmic ray physics, underground/accelerator particle physics and medical engineering. 

~9.29×10-34(mA)4

gAN

mA<1.81×108×(Slim/(ehNT))1/4

Slim : Upper limit of signal 
e : Efficiency, 
h: ratio of γ emission, 0.105
N:# of 57Fe nucleus, 
T: Observation time

Measurement on the Earth

Detector module

Rigid-Flex board

Flexible flat cable
Readout board(SEABAS)

XRPIX sensor

SEABAS
SEABAS
SEABAS
SEABAS

64ch 14bit 
FADC w/ GPS

PC

VETO counter

Climate chamber

Pb shield

Cu shield

57Fe foil Std.Fe

Checking source

XRPIX

XRPIX
・SOI pixel sensor for X-ray detection
・Developed by Kyoto-U and KEK. 
・36 mm pixel with a trigger output

XRPIX, SOI X-ray pixel sensor 

T.G. Tsuru et al., Proc. SPIE 10709,(2018)

XRPIX7
608x384

13.8mm

21.9m
m

Predecessor idea using XRPIX5 
Implemented G10 board

Low radioactive BG detector.

ΔE=478eV
(FWHM)

G10 board

Rigid-flex board

Veto counter for cosmic BGs.

• Triangular scinti bar with WLS fiber lead to MPPC.
• Module consists of orthogonal two layers of 11 bars.
• Two modules placed top and bottom of Pb shield.

S13360-1375PE

PETNET

Timing synchronization

Parts level BG 
< 10-3

Y. Onuki et al., NIM A 924(2019)448

Pb shield

Cu shield

XRPIX5

XRPIX7

No degradation
in energy resolution

PETNET
• Originally developed for 
Compton-PET hybrid camera.
• Time-stamping all inputs 
with 62.5psec resolution.
• Recording in list continuously

Setsuo Sato et al.,
IEEE Trans. on Nucl. Sci.
68.8 (2021): 1801-1806.

Temp. V
Logger

Temp. Voltage logger
• PT100 sensor x2
• Voltage monitor x16
• Grafana

PT100

• Basically on time
• We will start the measurement soon.

Configuration of the ISAI experiment
• Table top level experiment running in a temperature chamber placed in our laboratory at 

Kyoto University. 

• New and unique sensors, SOI pixel sensors (SOIPIXs), detect 14.4 keV X-rays from Fe-57.

• Surrounded by passive shield of O-free-Cu & low BGD Pb, and VETO counter of plastic 
scintillators. 

• The camera is installed in a temperature chamber and cooled down to reduce the readout 
noise of SOIPIXs and improve its energy resolution. 

temperature chamber
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the ISAI team

HEP: Onuki
CR: Fujii, Taketa, Iwasaki,  
       Namba, Nagasawa
DM:  Miuchi, Inoue, Ikeda

Nuclear Medical: Uenomachi
Astro.:  Tsuru, Matsuda, Kayama, Amano 
Detector Sci.: Takeda, Tsuru
Undergraduate:  Anazawa, Yoshimura

Multi-Disciplinary Team
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gag
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Physics motivation: Dedicated measurement of Axion-nucleon coupling gAN from 57Fe solar Axion 
using event-driven SOI X-ray pixel detector and anti-coincidence counter.
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• Assuming only internal BG
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Summary
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cosmic ray physics, underground/accelerator particle physics and medical engineering. 
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mA<1.81×108×(Slim/(ehNT))1/4
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Measurement on the Earth

Detector module

Rigid-Flex board
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Readout board(SEABAS)

XRPIX sensor
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SEABAS
SEABAS
SEABAS

64ch 14bit 
FADC w/ GPS

PC
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Climate chamber
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・Developed by Kyoto-U and KEK. 
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XRPIX, SOI X-ray pixel sensor 
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XRPIX7
608x384

13.8mm

21.9m
m

Predecessor idea using XRPIX5 
Implemented G10 board

Low radioactive BG detector.

ΔE=478eV
(FWHM)

G10 board

Rigid-flex board

Veto counter for cosmic BGs.

• Triangular scinti bar with WLS fiber lead to MPPC.
• Module consists of orthogonal two layers of 11 bars.
• Two modules placed top and bottom of Pb shield.

S13360-1375PE

PETNET

Timing synchronization

Parts level BG 
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Y. Onuki et al., NIM A 924(2019)448

Pb shield

Cu shield

XRPIX5

XRPIX7

No degradation
in energy resolution

PETNET
• Originally developed for 
Compton-PET hybrid camera.
• Time-stamping all inputs 
with 62.5psec resolution.
• Recording in list continuously

Setsuo Sato et al.,
IEEE Trans. on Nucl. Sci.
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Temp. V
Logger

Temp. Voltage logger
• PT100 sensor x2
• Voltage monitor x16
• Grafana

PT100

• Basically on time
• We will start the measurement soon.

Mech. Design:
Onuki, Inoue

VETO: 
Fujii, Iwasaki, 
Takata, Namba

HK: 
Miuchi

SOIPIX:  
Tsuru, Takeda, 
Ikeda, Onuki

Anti-Co.: 
Uenomachi, 
Takeda, 
Matsuda

Si PIN: 
Anazawa, 
Yoshimura

Overall Concept: Onuki

Parts BG: 
Onuki, 
Inoue, 
Miuchi

Fe-57: 
Fujii, Miuchi

Emv. BG: 
Enoto
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x10 higher sensitivity 
than NuSTAR

FORCE 衛星概要 (2025頃打上げ目標）

�5

Broadband X-ray observatory FORCE

SOIPIX

CdTe

We are proposing a future Japan-
lead X-ray mission, FORCE, to be 
realized at early 2030s.

Offer X-ray imaging spectroscopy  
at 1-80 keV with a high angular 

resolution better than 15’’ in HPD

Highly Obscured 
SMBH （>104 Msun）

Intermediate mass BH
（102-4 Msun）

Isolated stellar mass 
BH（<102 Msun）

Scientific 
Objective

Hunt for “missing black holes” in various mass-scales from 
stellar mass BH to SMBH to trace their cosmic evolution. 

ISAI uses SOIPIX, which we have been developing for FORCE. 
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“XRPIX” = SOI pixel sensor for X-ray Astronomy

                            

V_back 

Hole

Electron

TimeV_sig

X-ray 

BPW

CMOS
Readout

CMOS
Readout

CMOS
Readout

P+

CMOS
ReadoutFast CMOS 

(low ρ Si)

BOX
(SiO2)

Sensor 
(high ρ,  

depleted Si)

Each pixel has its own trigger logic and 
analogue readout CMOS circuit. 

• Event rate from the scintillators is about 10kHz.
• SOI pixel sensor is required to have a time 

resolution much faster than 10kHz.

X-ray SOIPIX with Active Shield

Onboard Processor
 ● Anti-coincidence (NXB rejection)
 ● Hit-pattern Selection (NXB rejection)
 ● Direct Pixel Access (X-ray Readout)

SOIPIX 
Stack

Field of View
Cosmic Ray 

(Non-Xray-BG)

Active 
Shield

X-ray 
Hard  Soft 

Low Non-X-ray BGD
Anti-coincidence with 

surrounding scintillators. 

X-ray Particle 
BGD

SOIPIX

CdTe

Time Resolution 
better than  

10 μsec

In order to detect 
faint X-ray source

Anti-coincidence
But, CCD, CMOS are slow

Reduce non-X-ray 
(particle) BGD.

This is the very performance required by the ISAI experiment.
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Event Driven Readout using Trigger Function

・

COL Hit Add. Resister

Row
 H

it A
dd. 

Resister

COL Readout ADDR 
COL Amp

RO
W

 R
ea

do
ut

 A
D

D
R

TRIG_OO
R 

TRIG_COL

TRIG_ROW

A_OUT

①
① ②

X-ray !

F
P
G
A

ADC

Takeda et al., IEEE TNS 
(2013)

③

④

④

⑤
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XRPIX10

XRPIX7

XRPIX2

XRPIX2b

XRPIX3

XRPIX3b
XRPIX5b

XRPIX6H XRPIX6DXRPIX1

XRPIX1b

XRPIX4

2010 2011 2012 2013 2014 2015 2016-2017
1st Generation 2nd Generation 3rd Gen. 4th Gen.

Source

Follower Charge Sensitive Amp.

Double

SOI PDD SOI

X-ray SOIPIX - “XRPIX” : becoming mature

5th Gen.

XRPIX6E

XRPIX8

XRPIX9

Function

Pixel Amp.

Single SOI

Analog Output Digital

Output

Device Structure

2018~ 2020~

36μm□ 
608×384

LAPIS Semi. 
0.2µm FD-SOI CMOS

We currently 
use for ISAI. 

We plan to 
use in future. 
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シミュレーション結果と課題

示唆

• 232Th系列BG由来の228Ra(13.52keV)
– 232Th系列BGが少ない部品の選定

– 3成分同時フィット(アクシオン信号、 228Ra、その他BG)法？

– 57Fe箔有、無しランによる差分法？

課題

• ピクセル化とキャリア輸送

– ノイズ付加

– ピクセル化とクラスタリング

– キャリア拡散

• 検出器の実装

– リジッドフレキ検出器は未実装

– 遮蔽体の最適化

12

↓FeKa/b

↓SiKa
↓CuKa/b

↓228Ra(E1)

東大理小瀬修論2017

ソースコード 改良点は沢山

1 month

Low BG Readout Board

• Radioactivity of the detector head is dominated 
by G10 PCB (Onuki+19, NIMA, 924, 448)

inside the shield

User FPGA

Ethernet

コネクタ

NIM入出力

SiTCP FPGA

Stack XRPIX サブボード

サブFPGA
積層用コネクタ

レイヤーID用SW

ADC

DAC

FP
Cコ
ネ
ク
タ

• Change G10 PCB to rigid FPC  
Only the rigid FPC is placed inside the shield

inside 
the shield

Stack XRPIX サブボード

サブFPGA
積層用コネクタ

レイヤーID用SW

ADC

DAC

FP
Cコ
ネ
ク
タ

• Measure γ-rays from each circuit part with 
HPGe at UT to select and use quiet parts  
(Ose M-thesis,UT,2017). 

50 year
Geant4 prediction

1/1000

The sensor itself must be very low BGD in ISAI.
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Veto Counter : plastic scintillator with SiPM

• Combine triangular shaped scintillators 
alternately.

• Obtain light intensity ratios between the two 
scintillators next to each other

• Higher position resolution than the physical size 
of the scintillator using the ratio

• Can determine more accurately whether each 
BGD particle pass through SOIPIX or not.

SiPM: HPK S13360-1375PE

Veto counting rate ～10Hz
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gag

gAN

Physics motivation: Dedicated measurement of Axion-nucleon coupling gAN from 57Fe solar Axion 
using event-driven SOI X-ray pixel detector and anti-coincidence counter.

Axion

Core in the Sun

Pixel
Det.

Pixel
Det.

Enriched 57Fe foil 

Axion absorption/de-excitation by 57Fe
A+57Fe →57Fe* →57Fe+g(14.4keV)

14.4keV g A.V.Derbin, Phys. Atom. Nucl. 74(2011)596

T. Namba, Phys. Lett. B 645(2007) 398.

Expected rate 
on the nuclei[s-1]

mA<216eV@95%C.L.

mA<145eV@95%C.L.

Current constraints

C.f. More stringent constraints mA<~1eV
by Cosmological/astrophysical observation 
and SN1987A.

~5.16×10-3(gAN)4

Expected sensitivity
• 57Fe mass : 127 mg
• Detection eff. :14.9% @14.4keV
• E resolution : 250eV(FWHM)@14.4 keV
• Assuming only internal BG
• Observation 1 month ~83eV
• Observation half year ~53eV

Summary

Concept: Small, sensitive and scalable experiment with trans field technologies of astrophysics, 
cosmic ray physics, underground/accelerator particle physics and medical engineering. 

~9.29×10-34(mA)4

gAN

mA<1.81×108×(Slim/(ehNT))1/4

Slim : Upper limit of signal 
e : Efficiency, 
h: ratio of γ emission, 0.105
N:# of 57Fe nucleus, 
T: Observation time

Measurement on the Earth

Detector module

Rigid-Flex board

Flexible flat cable
Readout board(SEABAS)

XRPIX sensor

SEABAS
SEABAS
SEABAS
SEABAS

64ch 14bit 
FADC w/ GPS

PC

VETO counter

Climate chamber

Pb shield

Cu shield

57Fe foil Std.Fe

Checking source

XRPIX

XRPIX
・SOI pixel sensor for X-ray detection
・Developed by Kyoto-U and KEK. 
・36 mm pixel with a trigger output

XRPIX, SOI X-ray pixel sensor 

T.G. Tsuru et al., Proc. SPIE 10709,(2018)

XRPIX7
608x384

13.8mm

21.9m
m

Predecessor idea using XRPIX5 
Implemented G10 board

Low radioactive BG detector.

ΔE=478eV
(FWHM)

G10 board

Rigid-flex board

Veto counter for cosmic BGs.

• Triangular scinti bar with WLS fiber lead to MPPC.
• Module consists of orthogonal two layers of 11 bars.
• Two modules placed top and bottom of Pb shield.

S13360-1375PE

PETNET

Timing synchronization

Parts level BG 
< 10-3

Y. Onuki et al., NIM A 924(2019)448

Pb shield

Cu shield

XRPIX5

XRPIX7

No degradation
in energy resolution

PETNET
• Originally developed for 
Compton-PET hybrid camera.
• Time-stamping all inputs 
with 62.5psec resolution.
• Recording in list continuously

Setsuo Sato et al.,
IEEE Trans. on Nucl. Sci.
68.8 (2021): 1801-1806.

Temp. V
Logger

Temp. Voltage logger
• PT100 sensor x2
• Voltage monitor x16
• Grafana

PT100

• Basically on time
• We will start the measurement soon.

Nagasawa

Inoue

Onuki

Ikeda

Tsuru Miuchi

Matsuda

House Keeping
(slow monitor)

Completed
triangular scintillators

assembly lines of 
triangular scintillators

 11Assembly



完成

13

250万円

O-free-Cu

SOIPIXregid FPC

PEEK

Pb shield

Temperature Chamber

readout FPC

Pb shield

Fe-57 foil
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Si PIN diode by undergraduate students

• A path finder observation mainly by 
undergraduate students with Si PIN diode 
placed at the same position for SOIPIX. 

• Made BGD observation with a normal Fe foil in 
February, 2023, (but without anti-coincidence)

• Analyzing the data now in order to identify the 
source of BGD and find the way to reduce it. 

6 銅・鉛シールド

• C1020(無酸素銅)による
厚さ5mmのシールド
• 純鉛による
厚さ50mmのシールド

6 銅・鉛シールド

• C1020(無酸素銅)による
厚さ5mmのシールド

• 純鉛による
厚さ50mmのシールド

55 PINフォトダイオード・Fe箔

Fe箔

Si PIN
PEEK

C1020 
(無酸素銅)• PINフォトダイオード：S3204-09

• 通常Fe箔：30mm ╳30mm ╳0.02um
２枚重ね

PD種類 受光⾯積[mm] 空乏層厚[mm]
S3204-09 ╳2 （本実験） 18╳18 0.3
S3584-06 ╳2 （難波） 28╳28 0.5
S3590-08（島⽥・乃⼀） 10╳10 0.3
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• 通常Fe箔：30mm ╳30mm ╳0.02um
２枚重ね

PD種類 受光⾯積[mm] 空乏層厚[mm]
S3204-09 ╳2 （本実験） 18╳18 0.3
S3584-06 ╳2 （難波） 28╳28 0.5
S3590-08（島⽥・乃⼀） 10╳10 0.3

Pb shield

O-free-Cu

PEEK

Fe foil Si PIN

Si PIN

 13

Exposure Time  
70hr (2.9days)

Eth = 13keV

14.4 keV

PD(Ch0)

Events due to 
Dark Current
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BGD rate from the commissioning run

SOIPIX “XRPIX7 (2017)” : Commissioning Run
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XRPIX7
13.8 mm

21.9 m
m

(a)

13.9 keV

17.8 keV

(b)

480 eV 
(FWHM)

低BGD 
フレキ基板

Am-241 spectrum

• Searched for optimal operating parameters of back bias voltages 
and the working temperature. Developed event analysis method

• Made calibration of overall gain and pixel-to-pixel gain variation

• Made a commissioning run from 14 December, 2022 to 25 January, 
2023 with exposure time = 15.17 days (but without anti-coincidence)

• Confirmed stable operation of SOIPIX, Daq., temperature control

• Plan to start observation using Fe-57 at Q1, FY2023. 
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New SOIPIX !  : “XRPIX10 (2022)”
• “XRPIX7” was a 3rd generation sensor. 

• In 2022, we developed XRPIX10, a 4th-generation sensor with  
a new device structure “pinned depleted diode” that improves energy 
resolution, modified circuit design that improves readout speed. 

• Performance evaluation is currently underway.

• After 8 months of observation with XRPIX7, we will put XRPIX10 into 
the ISAI experiment (Q1 FY2024)
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• Investigating Solar Axion by Iron-57

• Dependent only on a-N coupling

• No ambiguity due to mixing of a-e or a-γ coupling 

• Table top experiment

• Passive and active shield, X-ray SOIPIXs with high ΔE, high QE, 
high Δt

ISAI experiment : Summry

• Commissioning run with XRPIX7 using 
normal Fe foil

• Observations to begin in Q1 of FY2023 
using actual Fe-57 foil

• Preparing the new sensor XRPIX10 
having higher energy resolution (210 eV) 
than XRPIX7 (480 eV)

• Will start observation in Q1 of FY2024

Hairstyle inspired by 
the sun

Pb shield

Fe-57 
target

flex PCBs and 
rigid-flex

SOIPIX
triangular 
scintillator

Axion 
from  
solar 
Fe-57

Illustrated ISAI-san!
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We are ready to start 
observation with Fe-57. 2回の公募研究の採択, ありがとうございます ! 

1回目の公募研究の予算でXRPIX10を作りました !



Previous Researches

T. Namba / Physics Letters B 645 (2007) 398–401 401

Fig. 3. Residual spectrum after the subtraction of the background data (with
natural Fe foil) from that with the enriched 57Fe foil. The dashed line shows
the upper limit of a 14.4 keV solar axion signal.

and the obtained limit is,

(8)ma < 216 eV (95% C.L.).

This limit is about 3.4 times more stringent than the previous
similar experiment [10].

In this ma ! keV region, there are not so many reliable con-
straints on the axion–nucleon coupling. Only the axion burst
argument of 1987A limit the axion as ma < 40 eV [12]. But
this argument is based on a supernova temperature and density
profile which is not firmly established yet. Therefore, our con-
straint which is based on a reliable solar model and which is
obtained under well-controlled circumstances is meaningful.

Recently, some nuclear experiments indicate smaller value
on S, i.e., S ≃ 0.3 [13]. In this case, our obtained results become
somewhat weaker, fa > 1.21 × 104 GeV and ma < 515 eV
(95% C.L.). However, it should be noted that this change
equally affects on similar experiments like [10], and our sensi-
tivity enhancement is not changed. It should also be noted that
this uncertainty does not comes from the axion model like E/N

in the axion–photon coupling. Future nuclear experiments will
fix this uncertainty without the dependence of the axion model.

6. Conclusion

A monochromatic component of solar axions which could
be produced in the solar core have been searched for. The sig-
nature of the axion would be an increase in the rate of 57Fe
14.4 keV γ rays induced by resonant absorption of the ax-
ion. From an obtained 95% limit of 57Fe de-excitation rate,
R < 2.33 × 106 day−1 kg−1, we set a 95% new limit for fa >

2.89 × 104 GeV and ma < 216 eV under the assumption of
S = 0.5 and z = 0.56.

Acknowledgements

I thank Dr. S. Asai, and Dr. T. Kobayashi for useful discus-
sions. I also thank Dr. M. Minowa and Mr. Y. Inoue for their
useful advice and supports.

References

[1] R.D. Peccei, H.R. Quinn, Phys. Rev. Lett. 38 (1977) 1440;
R.D. Peccei, H.R. Quinn, Phys. Rev. D 16 (1977) 1791.

[2] S. Weinberg, Phys. Rev. Lett. 40 (1978) 223;
F. Wilczek, Phys. Rev. Lett. 40 (1978) 279.

[3] J.E. Kim, Phys. Rev. Lett. 43 (1979) 103;
M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Nucl. Phys. B 166 (1980)
493.

[4] Particle Data Group, S. Eidelman, et al., Phys. Lett. B 592 (2004) 1.
[5] M.S. Turner, Phys. Rep. 197 (1990) 67.
[6] M. Minowa, et al., Phys. Rev. Lett. 71 (1993) 4120.
[7] J.E. Kim, Phys. Rep. 150 (1987) 1.
[8] D.B. Kaplan, Nucl. Phys. B 260 (1985) 215.
[9] S. Moriyama, Phys. Rev. Lett. 75 (1995) 3222.
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Fig. 1. Result of approximating the spectrum measured in anticoincidence with an active-shield signal in the range 10–20 keV.
The inset shows the Si(Li)-detector spectrum measured in the range 10–80 keV.

coincidence with the active shield made it possible to
determine the probability for the excitation of the first
nuclear level in 57Fe by the nuclear-active component
and muons of cosmic rays.

The detector was divided into nine individual
sections in order reduce the capacity of an individual
detector and to improve the total energy resolution.
Each section was equipped with a spectrometric
channel that involved a preamplifier featuring a resis-
tive feedback, a main amplifier whose formation time
was 8 µs, and a 12-digit analog-to-digital converter
whose channel value was about 70 eV. Thus, we can
see that, with allowance for the spectra of events
in coincidence with a signal from the active shield,
there occurred the accumulation of 18 spectra—two
spectra of length 4096 channels from each detector
section.

Although the detectors had a nearly identical gain,
we performed an energy calibration for each detector
individually. For these calibrations, we employed
standard 57Co and 241Am calibration sources. For the

total spectrum, the energy resolution obtained for the
14.4-keV γ line was σ = FWHM/2.35 = 0.63 keV.
The sensitive volume of the Si(Li) detector and its
surface area were determined by using x-ray and γ
lines of the 57Co and 241Am sources. The detection
efficiency for 14.41-keV gamma rays was determined
by means of a numerical simulation with allowance
for gamma-ray absorption in a target material. The
results of the simulation were tested with the aid of
the 57Co source, which was arranged above the 57Fe
target. The total detection efficiency for 14.4-keV
gamma rays was ε = (8.91± 0.3)%.

4. EXPERIMENTAL RESULTS

The measurements were performed over 44.8 days
of live time in two-hour series in order to test the
stability of operation of the spectrometric channels
of the Si(Li) detector and the scintillation detectors
of the active shield. The total energy spectrum of
signals detected in anticoincidence with a signal from

PHYSICS OF ATOMIC NUCLEI Vol. 74 No. 4 2011

Observation Spectrum
14.4 keV derived from Axion

Energy 
Resoluition

Effective BG

BG

Namba07, Phys.Lett.B, 645, 398

Derbin+11, Phys.At.Nucl.74, 596
Si(Li) [4x106 s] :  mA < 145 eV

PIN PD x2 [106 s] : mA < 216 eV

• QE suitable for 14.4 keV 
• Good ΔE to reduce effective BG 
• Low BG → passive and/or anti-coincidence

→ Si
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•Fe-57 mass : 127 mg 
•Efficiency (solid angle & Sensor QE) : 14.9% @ 14.4keV 
•Energy Resolution: 250 eV (FWHM) @ 14.4 keV 
•BGD : Assuming BGD only from circuit parts mounted on rigid FPC

Predicted sensitivity to axion mass
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 19FORCE-ALPINE (Axion Like Particle Investigation at 
Novel Extraterrestrial objects)

Axion from
Stellar Core
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α Ori: ALMA (ESO/NAOJ/NRAO) / 
E. O’Gorman/P. Kervella
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• Axions from core of a red-giant star are converted into X-rays by the interstellar 
magnetic field through the inv-Primakoff conversion [arXiv:1711.00345, PRL 
126,031101].

• We observe the X-rays with the FORCE satellite equipped with SOIPIXs, whose 
sensitivity is one order of magnitude higher than that of the NuSTAR satellite. 

• We will apply the background rejection function developed for the ISAI 
experiment to those for the FORCE satellite. 
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