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低BG化のためのR&D

1. Low-α µ-PIC

2.    NIµTPC

à検出器の性能評価を完遂
à2017年12月から神岡にインストール

à現在性能評価中
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る場合が考えられる。また gap領域は 5mmと短く α 線が全てのエネルギーを落とさずに通過する
ことが予想され、さらに gap 領域は GEM によるガス増幅 (∼ 10) を得ることができない。このこ
とから α 線の gap事象が閾値付近のバックグラウンド、すなわち暗黒物質に対する感度を制限する
バックグラウンドになりえる。
こうした議論から µ-PICに放射性不純物の混入が予想されたため、HPGe検出器を用いて µ-PIC
に含まれる U/Thの含有量が測定された [57]。測定の結果、µ-PICに使われる素材で最も不純物が
含有していたのが、ポリイミドの補強材として使われていたガラス繊維であった。µ-PIC 表面のポ
リイミド中で崩壊した α 線が TPC事象、または gap事象として観測されたと考えられる。測定結
果から得られた値をもとに、Geant4 によってシミュレーションされたスペクトル図を 5.8 に示す。
µ-PIC中のアルファ線 BGによって、実験で得られたスペクトルが再現されている。
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図 5.8: Geant4 シミュレーションにより予想されたエネルギースペクトル。µ-PIC の上層ポリイミドに 238U を 0.39ppm、232Th を
1.81ppm を混入させている。青の帯は µ-PIC のポリイミド厚さ、GEM のガス増幅率の不定性を示す [75]。
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ü 2015年の結果ではμ-PICに含まれる不
純物U/ThからのBGを確認

測定したU/Th量から計算されたエネルギースペクトル

Sys.	error
GEMのGain
μ-PIC基板の厚さü μ-PICのBGを削減する研究に尽⼒

• īûźŀlq|Čŷ
• 97 E¡��ƀm¯įŇTdsoiC	BLŃĔĽTģjluhT{pc`
• a�#�5İçšl?Uc��.3���#sB�26G"Ruh|ĕć

6

3����au|
!�5� [g] 238U[ppm]

U,	
232Th[ppm]
Th,	

PI$100μm 35 0.39?0.01 1.81?0.04

M]S/- 15 0.84?0.03 3.48?0.12

CuSO4 72 <0.009 <0.06

GEM 27.0 <0.022 <0.12

!�5� 238U[μBq/cm2]
U,	

232Th[μBq/cm2]
Th,	

PI$100μm 68.5?1.5 102.1?2.3
M]S/- 64.5?1.5 86.8?1.1

! �~Z�!(4L3����}�

• ±¥� �(

aP®lC	BL|�¤�ƄŬgÙ0ęķÍgrx
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ü 低バックグラウンド化のための2つのアプローチ

MPGD2016橋本

橋本の発表
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その1. Low-α μ-PIC
ü μ-PIC基板の表⾯素材を低BG素材に変更

30cm角のLow-α	μ-PIC 神岡で測定されたエネルギースペクトル

16pS13-6

30cm

30cm
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新材料のU/Th測定結果

à含有量1/100倍を達成

ü ⼤型検出器(30×30cm2)の開発・評価を完遂し、神岡にインストール
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その2. NIμTPC

Ø 陰イオンガス特有の信号(マイノリティピーク)を用いることでZ軸方向の
絶対位置を決定できる
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ü 陰イオンガス検出器をμTPCに応⽤ =	Negative	ion	μTPC
Zの決定原理(C
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(a) E = 172 V/cm
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(b) E = 343 V/cm
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(c) E = 515 V/cm
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(d) E = 686 V/cm
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(e) E = 858 V/cm
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(f) E = 1029 V/cm

Figure 2: 20 Torr SF
6

of the broad structure also increases. However, this behavior is not only
dependent on the field strength but also on the pressure as well, and is not
a simple reduced field (E/p or E/N) e↵ect. The pulse shapes from the 30,
40, 60, and 100 Torr SF

6

data acquired with E = 1029 V/cm are shown
in Figure 4. Besides the positive valued features, in each of Figures 2b -
2f, a small amplitude dip arriving after the primary peak is observed. This
feature has to do with the way the THGEM is connected. The surface of the
THGEM facing the cathode and opposite the readout surface is grounded
to the anode lid. Positive ions produced from the avalanche will drift away
from the positive voltage readout surface and towards the grounded THGEM
surface as well as the anode ground. The ions induce a small positive signal as
they move away from the readout surface but then a small negative signal is
induced as the ions approach the grounded anode end plate. This is because
one of the THGEM surfaces is connected to the anode but is capacitively
coupled to the readout surface.
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Fluorine recoil energy (keVr) NIPs

10 140
20 332
50 1055
100 2528
150 4165
200 5852

Table 1: NIPs yield as a function of energy for fluorine recoils, from Ref. [34].

forthcoming paper. However, the results of Refs. [31, 32, 33] suggest that the
addition of 1 Torr O2 will change the W-value by ⇠ 1%, which is a factor of
two smaller than the uncertainty of the W-value used here [30]. Fluctuations in
the 55Fe energy measurement were observed at the ⇠ 4% level over the course
of the full 46.3 live-day dataset. Table 1 shows how the NIPs yield varies with
energy of the fluorine recoil. It is based on calculations in Ref. [34], as validated
experimentally in [27].

The use of z-fiducialisation has increased the signal acceptance relative to
Ref. [27] by replacing a set of low-e�ciency cuts that had been necessary to
remove background events originating from the electrodes, with a reduced set
of straightforward, high-e�ciency cuts described below. The ratio between the
ionisation measured in the minority peaks to that measured in the I peak on the
channel with the highest maximum voltage in the ROI (see Figure 1) was found
to be a powerful parameter for discriminating between nuclear recoils caused
by calibration neutrons and background events such as sparks [26]. Events for
which this ratio was < 0.4 were cut. One further high-e�ciency (⇠ 97%) cut was
added to ensure that the ionisation detected on the grid was in agreement with
that detected on the anode, which removed a residual population of oscillatory
background events described in Ref. [35].

An event passing the preceding set of cuts had its maximum amplitude chan-
nel’s waveform passed to a peak-fitting algorithm, which used a three-Gaussian
fit to find the arrival times of the I, S and P peaks at the anode. The D peak was
not used, since its amplitude was often within the noise. The time di↵erence
between any two peaks can be used to calculate the event’s z position using:

z = (ta � tb)
vavb

(vb � va)
. (1)

Here, a and b represent two di↵erent carrier peaks (I, S or P), and t and v are
the arrival time relative to trigger, and drift velocity, respectively. In practise,
the I and P peaks were used, since the S peak is suppressed for events with
high z [26]. Events for which the algorithm failed to calculate a z position were
cut, which removed all events from the WIMP-search run other than the well-
understood radon progeny recoils (RPRs) and low-energy alphas (LEAs) [22],
whilst preserving ⇠ 70% of recoil-like events from the neutron-calibration runs.
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Ø 2種類の陰イオンの検出時間を用いることで、絶対位置Zを測定できる

絶対位置 Z
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その2. NIμTPC

Ø Full-Fiducialカットによってさらに感度が向上
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ü 陰イオンガス検出器をμTPCに応⽤ =	Negative	ion	μTPC
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(e) E = 858 V/cm
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(f) E = 1029 V/cm

Figure 2: 20 Torr SF
6

of the broad structure also increases. However, this behavior is not only
dependent on the field strength but also on the pressure as well, and is not
a simple reduced field (E/p or E/N) e↵ect. The pulse shapes from the 30,
40, 60, and 100 Torr SF
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data acquired with E = 1029 V/cm are shown
in Figure 4. Besides the positive valued features, in each of Figures 2b -
2f, a small amplitude dip arriving after the primary peak is observed. This
feature has to do with the way the THGEM is connected. The surface of the
THGEM facing the cathode and opposite the readout surface is grounded
to the anode lid. Positive ions produced from the avalanche will drift away
from the positive voltage readout surface and towards the grounded THGEM
surface as well as the anode ground. The ions induce a small positive signal as
they move away from the readout surface but then a small negative signal is
induced as the ions approach the grounded anode end plate. This is because
one of the THGEM surfaces is connected to the anode but is capacitively
coupled to the readout surface.
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forthcoming paper. However, the results of Refs. [31, 32, 33] suggest that the
addition of 1 Torr O2 will change the W-value by ⇠ 1%, which is a factor of
two smaller than the uncertainty of the W-value used here [30]. Fluctuations in
the 55Fe energy measurement were observed at the ⇠ 4% level over the course
of the full 46.3 live-day dataset. Table 1 shows how the NIPs yield varies with
energy of the fluorine recoil. It is based on calculations in Ref. [34], as validated
experimentally in [27].

The use of z-fiducialisation has increased the signal acceptance relative to
Ref. [27] by replacing a set of low-e�ciency cuts that had been necessary to
remove background events originating from the electrodes, with a reduced set
of straightforward, high-e�ciency cuts described below. The ratio between the
ionisation measured in the minority peaks to that measured in the I peak on the
channel with the highest maximum voltage in the ROI (see Figure 1) was found
to be a powerful parameter for discriminating between nuclear recoils caused
by calibration neutrons and background events such as sparks [26]. Events for
which this ratio was < 0.4 were cut. One further high-e�ciency (⇠ 97%) cut was
added to ensure that the ionisation detected on the grid was in agreement with
that detected on the anode, which removed a residual population of oscillatory
background events described in Ref. [35].

An event passing the preceding set of cuts had its maximum amplitude chan-
nel’s waveform passed to a peak-fitting algorithm, which used a three-Gaussian
fit to find the arrival times of the I, S and P peaks at the anode. The D peak was
not used, since its amplitude was often within the noise. The time di↵erence
between any two peaks can be used to calculate the event’s z position using:
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(vb � va)
. (1)

Here, a and b represent two di↵erent carrier peaks (I, S or P), and t and v are
the arrival time relative to trigger, and drift velocity, respectively. In practise,
the I and P peaks were used, since the S peak is suppressed for events with
high z [26]. Events for which the algorithm failed to calculate a z position were
cut, which removed all events from the WIMP-search run other than the well-
understood radon progeny recoils (RPRs) and low-energy alphas (LEAs) [22],
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Ø 2種類の陰イオンの検出時間を用いることで、絶対位置Zを測定できる

絶対位置 Z
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NIμTPCの開発
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ü 10cm⾓のμ-PICを使った⼩型のNIμTPCの開発

アナログボード

デジタルボード

TPC

14.4cm

1.28cm 検出体積

ü 検出体積は1.28cm×2.56cm×14.4cm

横面

ß KEKで開発された液体アルゴン検出器
⽤の読み出しボードを利⽤

2GEM+μ-PIC

• 64×2チャンネル読み出し

SF6 20Torr



NIμTPCの開発:Zの分解能測定
ü 多チャンネル読み出しボード(LTARS-2014)を⽤いてマイノリティチャージ
の読み出しに成功
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Figure 2: (a) Example of 32 channel signals from µ-PIC anode, demonstrating the minority

carrier signature. The position of primary peaks correspond to the arrival time at 89 mm drift

length. Each waveform has o↵set of 100 mV per channel number. (b) An average waveform

of 32 channel anode signals. The waveform consists of two peaks. The large primary peak

and the smaller secondary peak were created by SF

�
6 and SF

�
5 , respectively.

the negative ion SF�
5 as the minority carrier. The drift velocity is 8.9cm/ms

and 8.5% faster than SF�
6 . We can fiducialize using this time di↵erence , as

shown in the Section 3.3.

3.2. The detection e�ciency of minority carrier

A temporal region of interest (ROI) was defined between �30 µs and �70090

µs relative from the main peak (see Figure.2a). The peak search algorithm is

applied at ROI of each anode strip and found peaks were subject to an analytical

threshold of 40 mV. The detection e�ciency of minority carrier relative to one

strip is shown Figure.3. Above 4 keV energy, the constant e�ciency is about

91%. For fluorine nuclear, its deposit energy at 20 Torr SF6 is about 7 keV per95
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Figure 4: Distribution of the reconstracted absolute z coordinate. The

241
Am source position

is shown the blue dashed line.

from acrylic supporter for discharge at copper rings. H2O in SF6 gas creates

stable SF�
6 (H2O)n clusters and finally can produce the negative ions SOF�

4 and

F�(HF)2. These negative ions will create fake peaks like SF�
5 . Actually two

or more peaks appear in Figure.2a and these peaks confused the peak finding

algorithm.115

4. The performance of reconstructing 3D track

Although the negative ion gas TPC were used among, the most gas am-

plification device was wire based. Hence there is no measurement of 3D track

detection with O(100µm) spatial resolution and we need such spatial resolution

to detect the nuclear track. The MPGDs are more appropriate device for nu-120

clear track measurement. Our question is MPGDs like µ-PIC with the negative

ion gas can reconstruct 3D track similar to conventional micro TPC used the

noble gases and what spatial resolution it has.

8

絶対位置の再構成
線源位置

𝜎 = 16𝑚𝑚

Ø 絶対位置Zの位置分解能16mmを達成
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Figure 6: The residual distribution of measurement data and Geant4 simulation. The simu-

lation data has 130 µm spatial resolution and correspond to the measurement data.

4.3. the simultaneous measurement of absolute z coordinate and 3D track

Finally, we calculated the absolute Z location of track from minority peaks

and checked consistency of that position with elevation angle ✓. We show cor-

relation of absolute Z position and sin✓ in Figure.7. The distribution has cleary145

positive correlation. The shadow of distribution about sin✓ is created by copper

rings. There is no event at Z < 60 mm because our algorithm can’t search

minority peak close to primary peak. We confirmed that correlation by Geant4

simulation and then the linearity appreaed. The linear fit line is shown as pur-

ple dashed line in same figure. The center of distribution each sin✓ is consistent150

with the fit line of the simulation. This result supports we could reconstruct

the 3D track and determine the absolute z coordinate at the same time.

5. Result

We developed the negative ion micro TPC with SF6 gas and study its funda-

mental performance using 241Am source. Utilizing minority carrier, we could de-155

termine absolute the z coordinate and the spatial resolution is 16 mm. Like con-

10

3次元位置分解能

Figure 5: The examples of reconstructed track with coincidence methode.

4.1. The reconstruction of 3D track

We set 241Am source at position of (�46 mm, �50 mm, 89 mm) and the125

data was taken by the external trigger of cathode signal from µ-PIC. In order to

reconstruct alpha track, we used the time coincidence method. We calculated

over threshold timing from smoothed waveform each anode and cathode signal.

The coincidence window which depend on slope at X-Z dimension was defined

and we took coincidence between over threshold timing of anode and cathode.130

The example of five events is shown Figure.5. Almost alpha particles from

241Am source has about 5.5 MeV energy and they have straight tracks in 20

Torr SF6 gas. The reconstructed tracks agree with that.

4.2. The 3-D spatial resolution

To estimate 3D spatial resolution we calculated the residual distribution135

about track points and fit line. The events which elevation angle is below 10�

was not used because such events can’t be taken coincidence for trigger strip

position. Also we calculated the residual distribution from Geant4 simulation.

Figure.6 shows comparing experiment data with simulation and then we got the

3D spatial resolution as 130 µm. This value is comparable to the conventional140

micro TPC used noble gases.
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ü NIμTPCの⾶跡検出能⼒の評価を
⾏った

Ø 3次元位置分解能130μmを達成
Ø Zの位置決定と⾶跡検出の同時測定が可能
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NIμTPCの開発:飛跡検出

検出された飛跡
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ü ⼤⾯積読み出しに向けて、NIμTPC専⽤の読み出しボードを開発中
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241Am

絶対位置

ASICチップ
LTARS2016_K01

ßASICチップ評価⽤ボードTOSHIZOUv2要請値 測定値

Gain	high/low	[mV/fC] 10/0.5 10.05/0.54

ENC@300pF 4000 6000

Dynamic	range
high/low	[fC]

80/1600 160/2400



50cm

30cm

30cm

SF6

µ-PIC

大容積検出器の開発

ü まずはBGの確認のため、GEMだけで読み出しを⾏うàダブルGEMの開発へ

CYGNUS/NEWAGE vessel

ü 将来は2m2の検出⾯積の読み出しを⾏いたい

2018/9/15 2018年⽇本物理学会秋季⼤会@信州⼤学 9

実物写真
ü 容積1m3の真空容器を製作、神⼾⼤学に搬⼊

1.6m

1.6m45cm

45cm



大型ダブルGEM検出器

ü ⼤容積検出器に使⽤するための⼤型ダブルGEM検出器(31×31cm2)を開発

2018/9/15 2018年⽇本物理学会秋季⼤会@信州⼤学 10

GEMの写真

3.8cm

31cm

31cm

厚さ:100μm
素材:	Liquid	crystal	polymer	(LCP)

実物写真

ü 材料は低BGなものを使⽤

238U [ppm] 232Th	[ppm]

μ-PIC 1.17±0.01 5.84±0.03

GEM <0.02 <0.12

U/Th含有量

GEM1
GEM2

Cathode

GND

1cm

3mm
3mm

ダブルGEM構成図



大型ダブルGEM検出器:基礎試験

2018/9/15 2018年⽇本物理学会秋季⼤会@信州⼤学 11

ü Ar:C2H6(9:1)ガスを⽤いてダブル
GEM検出器の基礎特性を評価

Ar:C2H6(9:1) 1atm

Ga
in

ΔGEM

FWHM 35%

ΔGEM=450Vü 標準ガスでのガスゲインは⼗分に
出ている

ü 今後、陰イオンガスSF6での試験を
開始する

ü ⼤型検出器の1ユニットと同サイズ
の真空容器を製作

1000

10000

Co
un

t

Volt[V]



まとめ

p NEWAGE実験では低BG化のための研究が⾏われている

p検出器の⼤型化に向けた検出器開発が進められている

ü Low-α	μ-PIC
• 神岡へインストール済み、RUN継続中

ü 30cm⾓2段GEM検出器の開発
• 標準ガスでの基礎試験終了
• 陰イオンガスの試験へ

ü NI-μTPC
• ⼩型の試験機を開発
• 性能評価中

2018/9/15 2018年⽇本物理学会秋季⼤会@信州⼤学 12



Back-up
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⽅向感度のポテンシャル

前後比 2倍

50-100keV

×⾓度分解能×Head-tailの分解能でフル

100GeV

2018/9/15 2018年⽇本物理学会秋季⼤会@信州⼤学 14
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Explanations for the rich structures shown in Figures 2, 3, and 4 and their
dependence on the drift field and gas pressure lie in the complex chemistry
associated with electron capture and drift in SF

6

[REFs]. Although modeling
of the detailed shape of the waveform is beyond the scope of this work, here we
discuss some of the chemistry that could describe some of the gross features.
However, as will become clear below, a full understanding of the mechanisms
leading to the observed structures eludes us at present.

Measurements made under di↵ering conditions have shown that electron
capture by the electronegative SF

6

occurs very quickly [REFs], with the
immediate product being SF�⇤

6

, a metastable excited state of the anion, SF�
6

,
which is subsequently formed from the collisional or radiative stabilization
of the excited state [2]. The electron capture cross-sections by SF

6

are very
large and estimates of the capture mean-free-path are of order XXX at the
pressures and drift fields of our experiments. The metastable SF�⇤

6

leads to
subsequent products, besides SF�

6

, whose relative abundance depends on the
lifetime of SF�⇤

6

, the electron energy, gas pressure, and drift field:

SF
6

+ e� ! SF�⇤
6

(attachment, metastable) (3)

SF�⇤
6

! SF
6

+ e� (auto-detachment) (4)

SF�⇤
6

+ SF6 ! SF�
6

+ SF
6

(collisional stabilization) (5)

SF�⇤
6

! SF�
5

+ F (auto-dissociation) (6)

Under collision-free conditions, time-of-flight (TOF) mass spectrometric
experiments indicate the lifetime for autodetachment (4) to be between 10
- 68 µs [16, 17, 18, 19, 20, 21]. Measurements made with ion cyclotron res-
onance (ICR) experiments indicate the lifetime of the metastable SF�⇤

6

ion
to be in the ms range [22, 23, 24]. The di↵erence in the measured lifte-
time between the two techniques has to do with the experimental conditions.
Specifically, the electron energies in ICR experiments are usually much lower
than in TOF experiments [2]. For our experimental conditions, the mean-free
path, �, which can be estimated from the measured drift speed by

� =
(3MkT )1/2 vd

eE
(7)
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ASICの開発
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Figure 2: Block diagram of the static gain architecture. Rf and Rpz are within the range of several MΩ adjusted by the gate voltage Vpre.
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Figure 3: Signal processing chain of the dynamic gain switching architecture. Typical values of resistors and capacitors in the band-pass filter
are R1 = R2 = 46.3/9.3 MΩ, C1 = 216 fF (=4× C2), and C2 = 54 fF.

Figure 4: Output comparison of the static (Left) and dynamic (Right) architectures in the slow peaking time mode: dashed lines indicate
SPICE simulation and solid lines show measurement results. Injected charges are both 50 fC with a pseudo-detector capacitance of 300 pF.
The gain setting was fixed to high-gain mode for dynamic architecture.

the performance requirement of the experiment. The gain225

fulfillment holds also in the fast peaking time, 10.29 mV/fC
and 0.51 mV/fC. Gains of the dynamic architecture are
7.05 mV/fC and 0.49 mV/fC in the slow peaking time,
and 7.33 mV/fC and 0.51 mV/fC in the fast peaking time,
respectively.230

The dynamic ranges of both architectures in the low-
gain mode look narrower than the requirement of±1600 fC,
however, it is achievable when we adjust offset levels of the
output baselines in either plus or minus direction. This is
not problematic in actual experiments since the ASICs are235

operated for the pre-determined polarity, in principle.
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4

• 2つの回路(Static/Dynamic)のTEGチップを製作

Dynamic	architecture

Static	architecture
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• H2Oの混入量が増加すると
- SF5のピークが大きくなるように見える
- SF5よりドリフト速度の速い電荷が増える
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アウトガスによる影響H2O
��G4P�N2
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PRE SF5 SF6

INTER

�R��Yq r���R¡��P

• 電荷量の変化はSF6とH2Oの反応で説明できる
• SF5-領域の電荷の増加はSOF4-が寄与している
• F-(HF)2-とSF4O-の生成比は1:4(J.	Phys.	Chem.	A	2001,	105,	3527-3531	)、PREチャージはF-(HF)2-で説明可能

• SF6-(H2O)�H2O��N

SF5の質量 :	127.05g/mol
SOF4の質量 :	124.05g/mol
F-(HF)2-の質量 :	59.00g/mol

SF6-�bm SOF4�{Q

(SOF4-)

I[
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n
SF' H0O + H0O →

F2(HF)0
SOF@2
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