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アクシオン
量子色力学の「強いCP問題」を"洗い流す"解決策
（Peccei-Quinn機構）から予言される新粒子 R.D. 
Peccei and H.R. Quinn, Phys.Rev.Lett. 38, 1440 (1977)

理論では対称性が破れるはずだが、実験では保
存されている

暗黒物質として十分な量が初期宇宙に生成され
た可能性も

XENON1Tから太陽アクシオンと解釈可能な結果

ma ∼ 46 - 56 eV が示唆されている

先行研究である、天体からのアクシオンの制
限 mA < 10 meVとは矛盾している

2

5

FIG. 1. Left: Expected signal in energy space for ABC solar axions with a coupling gae = 5 ⇥ 10�12 (blue), for solar axions
produced from the de-excitation of 57Fe with coupling ge↵an = 1⇥ 10�6 (red), and for solar axions produced from the Primako↵
e↵ect with coupling ga� = 2 ⇥ 10�10 (orange). Right: Signature of an enhanced neutrino magnetic moment with magnitude
7 ⇥ 10�11 µB (green) and a 20 keV/c2 ALP with coupling constant gae = 2 ⇥ 10�13 (purple). Both the true deposited energy
spectra in a xenon detector without e�ciency loss (unshaded) and the expected observed spectra in XENON1T including the
specific detector resolution and e�ciency (shaded) are shown.

C. Bosonic Dark Matter

Axion-like particles (ALPs), like QCD axions, are
pseudoscalar bosons, but with decay constant and parti-
cle mass (Eq. (6)) decoupled from each other and instead
taken as two independent parameters. This decoupling
allows for ALPs to take on higher masses than QCD ax-
ions; however, it also implies that ALPs do not solve the
strong CP problem.

ALPs are viable dark matter candidates [36], and
could be absorbed in XENON1T via the axioelectric ef-
fect (Eq. (4)) like their QCD counterparts. Assuming
ALPs are non-relativistic and make up all of the lo-
cal dark matter (density ⇢ ⇠ 0.3GeV/cm3 [37]), the ex-
pected signal is a mono-energetic peak at the rest mass of
the particle, ma, with an event rate given by (see [18, 38])
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where A is the average atomic mass of the detector
medium (A ⇡ 131 u for xenon). The rate coe�cient from
our calculation is consistent with [39] for the dark matter
density used in this work.

In addition to the pseudoscalar ALPs, XENON1T is
also sensitive to vector bosonic dark matter, of which
dark photons are a common example. Dark photons can
couple weakly with SM photons through kinetic mix-
ing [40] and be absorbed with cross section �V given
by [41]

�V ' �pe

�
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where �pe, ↵, and � are the same as in Eq. (4), and 

parameterizes the strength of kinetic mixing between the

photon and dark photon. Similarly to Eq. (11), by fol-
lowing the calculation in [18], the rate for non-relativistic
dark photons in a detector reduces to

R ' 4.7⇥ 1023
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where mV is the rest mass of the vector boson. Like the
pseudoscalar above, absorption of a vector boson would
also result in a monoenergetic peak broadened by the
energy resolution of the detector, but with a rate that is
inversely proportional to the particle mass. The expected
spectrum for a 20 keV/c2 ALP with gae = 2 ⇥ 10�13 is
shown in Fig. 1 (right). Vector bosons have the same
signature as ALPs, but the rate scales di↵erently with
mass (see Eqs. (11, 13)).
For all signal models presented above, the theoret-

ical energy spectra in a LXe TPC were converted to
the space of reconstructed energy by accounting for de-
tector e�ciency and resolution, summarized in Fig. 1.
The e�ciency is shown in Fig. 2 and discussed in
Sec. IIIA. For the energy resolution, the theoretical spec-
tra were smeared using a Gaussian distribution with
energy-dependent width, which was determined using
an empirical fit of mono-energetic peaks as described
in [2, 4]. The extrapolation to low energies was validated
using the 2.8 keV mono-energetic X-ray from 37Ar, which
was injected during a dedicated calibration campaign in
the final months of XENON1T’s operation [42].

III. DATA ANALYSIS

This section describes the data-analysis methods em-
ployed to search for the aforementioned signals. The
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FIG. 7. Fits to the data under various hypotheses. The null and alternative hypotheses in each scenario are denoted by gray
(solid) and red (solid) lines, respectively. For the tritium (a), solar axion (b), and neutrino magnetic moment (c) searches,
the null hypothesis is the background model B0 and the alternative hypothesis is B0 plus the respective signal. Contributions
from selected components in each alternative hypothesis are illustrated by dashed lines. Panel (d) shows the best fits for an
additional statistical test on the solar axion hypothesis, where an unconstrained tritium component is included in both null
and alternative hypotheses. This tritium component contributes significantly to the null hypothesis, but its best-fit rate is
negligible in the alternative hypothesis, which is illustrated by the orange dashed line in the same panel.

cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.

This is the most sensitive search to date for an en-
hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over masses be-
tween 1 and 210 keV/c2 to search for peak-like excesses.
The trial factors to convert between local and global sig-
nificance were extracted using toy Monte Carlo methods.
While the excess does lead to looser constraints than ex-
pected at low energies, we find no global significance over
3� for this search under the background model B0. We
thus set an upper limit on the couplings gae and  as a
function of particle mass.

These upper limits (90% C.L.) are shown in Fig. 10,
along with the sensitivity band in green (1�) and yel-
low (2�). The losses of sensitivity at 41.5 keV and
164 keV are due to the 83mKr and 131mXe backgrounds,
respectively, and the gains in sensitivity at around 5
and 35 keV are due to increases in the photoelectric
cross-section in xenon. The fluctuations in our limit
are due to the photoelectric cross-section, the logarith-
mic scaling, and the fact that the energy spectra dif-
fer significantly across the range of masses. For most
masses considered, XENON1T sets the most stringent
direct-detection limits to date on pseudoscalar and vec-
tor bosonic dark matter couplings.

E. Additional Checks

Here we describe a number of additional checks to in-
vestigate the low-energy excess in the context of the tri-
tium, solar axion, and neutrino magnetic moment hy-
potheses.

XENON1T collaboration, arXiv:2006.09721



アクシオン-原子核反応(gaN)に特化した検出方法 3
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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)
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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.
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S. Moriyama, Phys.Rev.Lett. 75, 18 (1995)

Fe-57のM1遷移経由
でアクシオンを放出

実験室にあるFe-57
で吸収/脱励起により
14.4 keVを放出

XENON1Tはアクシオンの3種類（電子gae、光子gaγ、原子核gaN）の相互作用が混在

アクシオン - 原子核反応gaNに特化した検出方法で、アクシオンの性質を調べる

アクシオンと原子核
相互作用にのみ依存

アクシオンと原子核
相互作用に依存

アクシオンと光子
相互作用に依存



!4実験条件、セットアップ
back bias: -1 V (本番は -50 V)、常温、大気圧、部屋の明かりはつけたり消したり 
Firmware, DAQ は宮崎大学で使用されていた、フレーム読み出し (8x8 pixel) 用のものを使用 

新型X線ピクセル検出器（XRPIX7）
次世代X線衛星搭載用に開発された新型X線ピクセ
ル検出器（XRPIX7）

24.6 mm × 15.3 mm × 300 micron (608 × 384 pixels)

各ピクセルに読み出し回路とトリガー機能を実装

イベント駆動型読み出しが可能（< 10 μs 時間分
解能）,  1 kHz のスルーレート

高分解能：14.4 keVで σ~250 eV (FWHM 590 eV) 

目標：σ~110 eV (FWHM 250 eV)

反同時計数法によりさらなる低バックグラウンド化
イメージング能力を持ち、イベントが残すトラック
からもBG除去が可能

4

XRPIX7

Silicon On Insulator(SOI) 検出器 
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• CMOS回㊰用Si基板䛸㧗抵抗䝉䞁
䝃䞊Si基板䛾一体接合(SOITEC Co.) 

• ROHM䜾䝹䞊䝥䛾䝷䝢䝇䝉䝭䝁䞁䝎
䜽䝍社䛾商用 Full depleted(FD)-SOI 
䝥䝻䝉䝇 (0.20Pm) 䜢使用 

• Low power, hi-speed,䝅䞁䜾䝹䜲䝧
䞁䝖⪏性,広䛔動作温度(1K~570K) 

40nmSi 

KEK測定器㛤発室SOIPIX䜾䝹䞊䝥䛜中心䛻研究㛤発 
• 㔠属䝞䞁䝥䝪䞁䝗不せ 
  䝢䜽䝉䝹䝃䜲䝈小䚸㧗密度䚸低容㔞 
• 㧗機⬟䛺回㊰䜢䝢䜽䝉䝹内䛻実⿦可⬟ 
  䜰䞁䝥䚸ィ数䚸䝯䝰䝸䚸䝖䝸䜺䞊回㊰䛺䛹 
• X線䚸䜺䞁䝬線䚸Ⲵ㟁粒子検出器䛺䛹䛜㛤発 
  実用例)SOPHIAS(SACLA@Spring-8) 
• 3D検出器䛾可⬟性(縦䛻更䛻積層) 

Circuit Layer : ~10 ʅm 
Buried Oxide (BOX) : 200 nm 
Sensor Layer : 50 - 725 ʅm 

将来加㏿器実㦂䛾崩壊点検出器䛸䛧䛶䜒有望䛺候⿵  T.G. Tsuru et al., Proc. SPIE 10709, (2018)



高分解、低BG、大面積を実現する上で最適
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項目 PINフォト
ダイオード

CCD
(Charge-Coupled 

device)

XRPIX7
（本研究）

DSSD
(Double-sided Silicon 

Strip Detector)

超伝導TES
（※）

分解能
（半値全幅） 3500 eV 200 eV 250 eV 1000 eV 10 eV

トラッキング × ◎ ◎ ▲ ▲
反同時
計数法 ◎ × ◎ ◎ ◎
大面積 ◎ ◎ ◎ ◎ ▲

（※）超伝導TESは高い分解能を持つが、ターゲットとなる57Feによって性能が落ちてしまい、 
           57Feの質量を多くとれない（満田 Darkon 2019 より）



Investigating Solar Axion 
by Iron-57(ISAI)実験
リジッド・フレキシブル基板のXRPIX7
を4枚使用

57Feを2枚のXRPIX7で挟む

天然Feを2枚のXRPIX7で挟む

XRPIX7（24.6 mm × 15.3 mm）と同じ
大きさの鉄箔を設置

57Feの質量 127 mg（厚さ40 micron）

恒温槽内の鉛シールド内部に設置

三角シンチレーターを格子状に設置し
たアクティブシールド

一ヶ月の試験観測ののち、定常観測へ

6

恒温槽 (-60度)鉛遮蔽体

Fe-57 
を挟む

自然鉄
を挟む

XRPIX7

三角シンチレー
ターを使ったアク
ティブシールド 
（X,Y座標測定用に 
上下に計4層） 

純銅の近接保持ジグ



リジッド・フレキシブル基板のXRPIX7
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実験室でのXRPIX7の動作試験 8

241Am線源

XRPIX7

M1 山田 龍 
D2 天野 雄輝

データ収集用PC
常温でのスペクトル

13.9 keV
17.7 keV

??

20.8 keV
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ISAI実験によるアクシオン上限値の予想感度 9

ma (eV) =  5.55 × R1/4 
R = S / (Mηε) 

BGx10

は次のようになる [1]。

A = 2.0× 1013 cm−2 s−1 keV−1(
106 GeV

fa
)2C2

アクシオンと物質の間の弱いカップリングのため、放出されたアクシオンは容易に太陽コアから抜け出
せる。
また、アクシオンの地上での励起レート Rは次のように表せる [1]。

R = 3.0× 102 day−1kg−1 (
106GeV

fa
)4 C4

この C は次のような核構造のパラメータからなる [1]。

C(D,F, S, z) = −1.19 (
3F −D + 2S

3
) + (D + F )

1− z

1 + z

ここでD,F は SU(3)オクテット軸方向ベクトル電流の縮小行列要素を表し、S はフレーバーの一重項カッ
プリングを特徴付けるパラメータであり、z はアップクォークとダウンクォークの質量の比である。
以上より、アクシオンの質量とレートの関係式は次のようになる [1]。

ma = 1eV

√
z

1 + z

1.3× 107 GeV

C × 106
(

R

3× 102
)

1
4

これらの式を用いて、節 4.4でアクシオンの質量制限を引く。

2.3.1 57Feを用いる理由と期待される信号
本研究では磁気双極子遷移を持つ原子のうち、57Feを用いる。その理由は三つある。
一つ目の理由として、57Feがもつ線スペクトルのエネルギーである 14.4 keVが、ノイズに飲み込まれるこ
となく、かつ極端に大きすぎることもない測定しやすい大きさであるからである。二つ目の理由として、我々
が太陽アクシオンを探索する以上、太陽中心に多く含まれていることが必要であり、57Feは太陽中心に多く
含まれているからである。三つ目に、比較的入手がしやすいからである。

57Feによる線スペクトルのエネルギーは 14.4 keVである。まず太陽中心に存在する 57Fe原子核が熱放射
による光子によって励起され、その脱励起において磁気双極子遷移が起こりアクシオンが放出される。このア
クシオンが地上に用意した 57Feに吸収され、励起が起こる。その後脱励起により 14.4 keVの γ 線が放出さ
れる。この γ 線を検出する。
もしアクシオンが存在する場合、図 2.2に示すように、バックグラウンド上に 14.4 keVの信号が乗ったよ
うな結果が期待される。
このバックグラウンド上に乗った 14.4 keV信号を正確に検出するための検出器、実験セットアップを 3.1

節で考えていく。

5

C = 0.27 核構造のパラメータ

z = 0.56 トップとダウンクオークの質量比

R: 検出レート（観測量）

S. Moriyama, Phys.Rev.Lett. 75, 18 (1995)

BGx10
上限値 S - 観測時間およびBG量に依存

57Feの質量  M = 127 mg

14.4 keV放出確率  η = 0.105

検出効率 (Simulation)  ε = 0.149

1ヶ月: 83 eV, 半年: 53 eV の上限値へ



まとめと今後
アクシオン-原子核反応gaNに特化した、テーブルトップ型実験で世界最高感度を目指す
Investigating Solar Axion by Iron-57, ISAI実験

57Feと衛星搭載用の新型X線ピクセル検出器を、飛跡検出型アクティブシールドで囲む

高分解能、トラッキング能力、反同時係数法により低BG化が期待

1ヶ月で 83 eV, 半年で 53 eV のアクシオンの上限値へ到達できる

XENON1Tから示唆されるma = 50 eVを仮定した場合、2年で3.1σの兆候が見える

将来計画：Extensional Investigating Solar Axion by Iron-57,  EISAI実験

同じ恒温槽内に57Feと新型X線ピクセル検出器を10組並べ、さらに高感度化

ISAI実験での3.1σの兆候の結果から、EISAI実験での6.9σの発見を目指す
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Backup
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先行研究 (PDG 2020)
12

Particle Data Group, PTEP, 083C01 (2020)
http://pdglive.lbl.gov/DataBlock.action?node=S029IAN

mA < 145 eV, 57Fe+Si(Li)検出器（直径66 
mm, 厚さ5 mm）で45日間の測定

A.V. Derbin, Phys.At.Nucl. 74, 596 (2011) 

mA < 216 eV, 57Fe+PINフォトダイオード
2個で14日間の測定

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

mA < 12.7 eV, 83Kr(9.4 keV)による比例係
数管で613日測定（gaN反応ではない）

Y. M. Gavrilyuk et al., JETP Lett., 107, 10, 589 (2018)

http://pdglive.lbl.gov/DataBlock.action?node=S029IAN


先行研究で測定されたスペクトル 13

NEW LIMIT ON THE MASS OF 14.4-keV SOLAR AXIONS 599
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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
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The efficiency is estimated conservatively with the following
assumptions.

• The size of the 57Fe enriched foil is t35 µm × 28 mm ×
28 mm.
Although the averaged thickness of the foil is 40 µm, we as-
sumed its thickness as 35 µm which is the worst value assured
by the company. The area of the foil is also underestimated as
28 × 28 mm2. Its corresponding mass is 211 mg. This assump-
tion means that we define only 35 µm from the surface of the
foil as 57Fe region and ignore the deeper region.
In this setup, the escape probability of 14.4 keV γ rays from the
foil is 26.2%. Taking account of the acceptance of the photodi-
odes, 22.7% of emitted γ rays can reach the effective region of
them.

• The surface insensitive layer of the photodiode is 36 µm,
and the depletion layer is 385 µm.
The detection efficiency of the photodiode for the perpendicular
irradiation is independently measured with collimated 14.4 keV
γ rays from a 57Co source. The absolute intensity from the col-
limator is calibrated with a CaF2 scintillator, and the detection
efficiency of the photodiode for the perpendicular irradiation is
found to be (70.6 ± 5.5)% at 95% confidence level.
We estimate the internal structure of the photodiode from this
result. Under the assumption that there are no surface insensi-
tive layer, the depletion layer should be thicker than 385 µm,
and under the assumption that the photodiodes only consists
from the depletion layer and the surface insensitive layer, the
surface insensitive layer should be thinner than 36 µm. Al-
though these two assumptions are not established in the same
time, we conservatively use these two values.

The overall efficiency is estimated to be 14.8% with a detailed
simulation. This value is consistent with a simple calculation,
(the escape probability including the acceptance: 22.7%) × (the
worst detection efficiency of the photodiode: 65.1%) = 14.8%.

5. Results and discussion

We performed two types of measurements, the source mea-
surements, and the background measurements. The background
is estimated with the same measurements except for the 57Fe
enriched foil. 57Fe enriched foil is replaced with the natural iron
foil which contains only 2.2% of 57Fe. The source measure-
ments were performed two times, from 27th July to 3rd August,
2005, and from 25th August to 3rd September, 2005. No signif-
icant differences were observed at around the signal region for
the both runs. The total livetime of the source measurements
is 13.92 days. On the other hand, the background measure-
ments were performed between the both runs, and its livetime
is 11.99 days. The obtained spectra are shown in Fig. 2 with the
statistical errors. Solid histogram shows the source measure-
ments, and dashed shows the background measurements.

59.5 keV γ rays from 241Am source were irradiated from the
outside of the cryostat every day for the energy calibration. The
gain fluctuation was less than ±0.3% for all measurements, and
the energy threshold was set around 8 keV which is much lower

Fig. 2. The solid histogram shows the source measurements with the enriched
57Fe foil (95.85% of 57Fe), and the dashed shows the background measure-
ments with the natural iron (2.2% of 57Fe). The energy region from 12.4 keV
to 16.4 keV is used for the analysis.

than the 14.4 keV signal region. The energy resolution (σ ) at
59.5 keV peak is 0.83 keV. Although the energy resolution at
14.4 keV should be better than that at 59.5 keV, even taking
the gain fluctuation into account, we conservatively regarded
14.4 ± 2.0 keV region as ±2σ (95.45%) signal region.

To extract the signals, we subtracted the background data
from the source data (Fig. 3). In the signal region, the total
count rate of the axion signal measurements was (1082 counts)/
(13.92 days) = (77.7 ± 2.4) day−1, and that of the background
measurements was (918 counts)/(11.99 days) = (76.6 ± 2.5)

day−1. Therefore, the obtained rate of the signals were con-
sistent with zero, (1.10 ± 3.46) day−1. From this value,
we obtain the 95% confidence limit of the signal as Nγ <

6.79/0.9545 day−1 = 7.12 day−1, and we can set the 95% con-
fidence limit of the 57Fe de-excitation rate as follows:

R <
Nγ

M57 · γE · ε = 7.12 day−1

197 mg · 0.105 · 0.148

(4)= 2.33 × 106 day−1 kg−1.

Here, γE is the emission probability of 14.4 keV γ rays, ε is the
detection efficiency estimated in the previous section, M57 is
the mass of 57Fe contained in the foil. Since we subtracted the
background of the natural iron foil, M57 corresponds to the dif-
ference of 57Fe mass between the enriched 57Fe foil and the
natural iron foil. The limit on R is significantly improved by
more than 2 orders of magnitude than the previous limit,1 and
the best limit on 57Fe de-excitation rate.

From this result and Eq. (3), we can set the 95% limit to fa ,

(5)fa > 1.07 × 105 · |C| GeV

(6)> 2.89 × 104 GeV (z = 0.56, S = 0.5).

This limit can be rewritten in mass limit with a following rela-
tion:

(7)ma = 1 eV
√

z

1 + z

1.3 × 107

fa/GeV
,

1 In [10], R is not explicitly shown. From our simple calculation, their limit
on R is R < 3.4 × 108 day−1 kg−1.

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

高分解能、低BGな装置による長期観測で mA < 100 eV を狙う

検出器が 5 mmと
分厚く, BGが多い
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(予備)実㦂䝉䝑䝖䜰䝑䝥 

• 䜽䝸䞊䞁䝤䞊䝇(Ra吸着塵䛾㝖去) 
• 外㒊㖄支持構㐀体(䜰䝹䝭䝣䝺䞊䝮) 

 
 

• 内㒊㖄支持構㐀体(SUS430) 
• 50mm~150mm厚㖄 
• Xmm厚無㓟素㖡 
• 検出器タ置体積150x150x50mm3 

• XRPIX 

外側 

内側 

恒温槽内 
-85℃ 

@40x40x40cm3 

予備実㦂䠖㖄䝤䝻䝑䜽(~100kg)䜢積㍕䛧䛯䝔䞊䝤䝹䜢外㒊䛛䜙䝽䜲䝲䞊䛷懸架䚹 
小体積低BG環境䜢作䜚䚸䛭䛣䛻冷却䛧䛯検出器䜢タ置䚹 
㏿䜔䛛䛻㐽ⶸ+低温環境䜢構築䛧予備実㦂䜢⾜䛖䚹 

䝽䜲䝲䞊䛷懸架 

䜶䝇䝨䝑䜽 
MC-812 

恒温槽外 
室温 
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冷却䛸㐽ⶸ 

恒温槽(~-85℃)内䛻㐽ⶸ体(~120kg)䜢タ置可⬟䚹䜽䝸䞊䞁䝤䞊䝇化(2016年9月)䚹 
XRPIX検出器䚸CdTe検出器䜢用䛔䛯㐽ⶸ体最㐺化ヨ㦂䛜可⬟䚹 
Axion䝟䜲䝻䝑䝖実㦂䛷使用予定䚹 13 
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2枚のXRPIX7で57Fe箔を挟み、40 cm立方体の恒温槽内（-85℃）に設置

基板（G10 Chip-board）に含まれる放射線がBG源になる
57Fe箔と2枚のXRPIX >50 mmの鉛で 

環境放射線を遮蔽

40 cm

小貫（東大）

クリーンブース化
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Expected BG spectrum w/ simulation

Almost all BGs are coming from 
G10 Chip-board(~3.5Bq/board) c.f. 100uF MLCC(38mBq), FPC connector(13mBq).
BGs from 232U and 40K are continuum around our interest(14.4 keV). 
232Th BGs have a 13.5keV(Rn-L) peak.

↓FeKa/b

↓SiKa
↓CuKa/b

↓224Ra(220Rn-L)

Generated simulation data
Corresponding exp. period: 30 days
Energy resolution: 0.170 keV @ 13.95 keV

Used data: one of two stack XRPIX5b.

左図の1/100以上の低BG化により、ほぼBGフリーな測定を目指す

リジッド基板の放射線量を高純度Geで測定し、
シミュレーションで 1ヶ月間のBGを推定

Y. Onuki et al., NIM-A, 924, 448–451 (2019)
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Table 1
Result of radioactivities in the chip-board.
No Category Quantity 238U(214Bi) 232Th(208Tl) 40K

[/board] [mBq/unit] [mBq/unit] [mBq/unit]

1 Chip-board 1(16.4 g) 52.5 ± 2.3 94.7 ± 3.7 71.7 ± 9.0
2 Connector 2 2.24 ± 0.15 2.13 ± 0.20 1.91 ± 0.56
3 Inst. amp. 1 *0.02 ± 0.24 *0.03 ± 0.38 *1.8 ± 1.2
4 Potentiometer 1 *0.07 ± 0.24 0.59 ± 0.40 1.4 ± 1.3
5 Ferrite beads 2 0.000 ± 0.010 0.042 ± 0.016 *0.01 ± 0.05
6 EMI filter 4 0.097 ± 0.012 *0.014 ± 0.016 *0.13 ± 0.05
7 0.047 �F MLCC 1 1.24 ± 0.03 0.031 ± 0.017 *0.05 ± 0.05
8 100 �F MLCC 6 0.63 ± 0.02 0.09 ± 0.02 *0.11 ± 0.05
9 0.1 �F MLCC 19 0.083 ± 0.012 0.028 ± 0.018 *0.04 ± 0.05
10 10 �F MLCC 4 0.082 ± 0.013 0.028 ± 0.019 *0.03 ± 0.05
11 10k⌦ Resistor 1 0.004 ± 0.009 0.020 ± 0.015 *0.03 ± 0.05
12 6k⌦ Resistor 1 0.016 ± 0.010 *0.017 ± 0.014 *0.06 ± 0.04
13 10k⌦ Resistor 1 0.003 ± 0.009 0.008 ± 0.014 *0.01 ± 0.05
14 XRPIX5b 1g *0.103 ± 0.090 *0.015 ± 0.153 *0.27 ± 0.45
15 Ag paste 1g *0.049 ± 0.098 0.06 ± 0.16 *0.86 ± 0.48
16 Pb free solder 1g *0.014 ± 0.037 *0.002 ± 0.058 *0.01 ± 0.20
17 Pb/Sn solder 1g 0.021 ± 0.066 *0.01 ± 0.10 0.13 ± 0.34

Total [/board] 1 Ì 64 Ì 100 Ì 76

the signals of the 609.3 keV �-ray from the 214Bi nucleus in the 238U
decay chain, the 583.2 keV �-ray from the 208Tl nucleus in the 232Th
decay chain, and the 1460.8 keV �-ray from the 40K nucleus to estimate
the radioactivity coming from each of these sources. The fitted signal
yields were obtained by fitting a Gaussian with a standard deviation
equal to the energy resolution and a mean equal to the center of the peak
for the signal, and a 1st order polynomial function for the continuum
background. The intrinsic detector background of HPGe detector was
also measured by observing the readout values without any material
in the detector and subtracted from the fitted yields. The detection
efficiency of each �-ray was obtained from a GEANT4 simulation. In
the table, we assumed radioactive equilibrium both the 238U and 232Th
chains.

5.2. Background simulation with GEANT4

The class, G4RadioactiveDecay, provided by GEANT4 was used in the
event generator of radioactive decays to simulate the sequential decay
from 238U, 232Th and 40K to the stable nucleus, 206Pb, 208Pb and 40Ca_
40Ar, respectively. The Livermore model was used for the low energy
electromagnetic interaction.

We performed a prompt simulation with the next simplifications
and assumptions; (1) Only one of two XRPIX5b chips is active during
the simulation. (2) Effect of carrier transportation in the sensor is not
taken into account. (3) No clustering of pixels. We only measure the
total energy deposition in the sensitive region. (4) Anticoincidence
background rejection method is not performed. (5) All the background
comes from the chip-board. Background from other SMDs and from
outside of the shield assumed to be negligibly small comparing with
that of chip-board.

5.3. Sensitivity estimation

The number of simulated background events for 238U, 232Th and 40K
are 4.46ù106, 8.05ù106 and 6.10ù106, respectively. These corresponded
to a 30-day of measurement. Fig. 4 shows the obtained energy spectrum
smeared by the scaled detector energy resolution measured 0.41 keV
(FWHM) at 13.9 keV elsewhere. The solid line shows the best fit function
for the extended maximum likelihood fit defined by

L(Nsig ,NRa,Nbg ,A) =
NNobs e*N

Nobs!

ù
Nobs«
i=1

0Nsig

N
s(Ei) +

NRa
N

r(Ei) +
Nbg

N
c(Ei)

1
. (4)

Fig. 4. Simulated BG energy spectrum.

Table 2
Fitted result of the Fig. 4.

Best fit value

Nsig *25.4 ± 13.8
NRa 138 ± 19
Nbg (3.41 ± 0.06) ù 103
A (*0.19 ± 0.60) ù 10*3

whereNsig ,NRa andNbg are the estimated events of the 14.4 keV signal,
the 13.5 keV characteristic X-ray of the Rn-L from 224Ra ↵ decay and the
continuum background, respectively. A is the slope of the continuum
background. Ei is the observed energy for the ith event. s(Ei) and r(Ei)
is the single normalized Gaussian of signal and 224Ra event, which fixed
by the expected energymean and the energy sigma, 0.173 keV and 0.167
keV, respectively. N = Nsig + NRa + Nbg is the total number of events
andNobs is the number of detected events in the analysis region. c(Ei,A)
is the 1st order normalized polynomial function with slope A. The best
fit values are shown in Table 2.

We extract an upper limit at the 95% confidence level with the profile
likelihood ratio [20] defined by

q(Nsig) = *2 ln �p(Nsig) (5)

�p(Nsig) = L(Nsig ,
ÇÇ✓(Nsig ))L(Nsig , Ç✓)

(6)

where ✓ is the nuisance parameters of NRa, Nbg and A. The ÇNsig and
Ç✓ are the values in Table 2 which maximize the likelihood in Eq. (4),
ÇÇ✓ is the value which maximize the likelihood under the specific Nsig .
The upper limit of Nsig at 1 * ↵ confidence level is defined to satisfy
q(Nsig) < qMC (Nsig) at a fraction ↵ in the pseudo experiment data
sets generated by the likelihood function in Eq. (4) with Monte Carlo
simulation. We got the confidence level distribution shown in Fig. 5
and 95% C.L. is estimated to be at Nsig Ù 2.8. If two XRPIX5b chips
are activated, the upper limit would be naively Nsig < 4.0 due to twice
the statistics. Finally, we got the expected sensitivity mA < 104 eV for a
30-day measurement.

6. Summary

We are developing the stack XRPIX detector for the solar KSVZ axion
search experiment. The XRPIX has a noble advantage of allowing an
event-driven mode and makes possible anticoincidence measurements.
We surveyed radioactivities of all components in the stack XRPIX detec-
tor using an HPGe detector and found that the dominant radioactivities
come from the G10 chip-board. We promptly simulated the expected
backgrounds in the two stacks of XRPIX5b including the radioactivity
of the chip-board using GEANT4 under the some simplifications and

450

遮蔽後の一番のBG源はチップ付近の
積層セラミックコンデンサ（9番）

実測で1/5の低BGのものを実装
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๏ 有感体積を最悪値で計算 
‣ 57Fe箔とXRPIXの可能な距離感 : 1mm 
‣ 更に間に Al箔 : 0.2um,  Si : 0.2um 

‣ 検出効率 : 14.9% 

๏

Efficiency計算

57Fe foilXRPIX7 XRPIX7

14.4keV Gamma

300um 300um
40um

Al Si

Air
1mm

Eventの様子

Energy Spectrum 島田、身内 
（神戸大）


