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これまでの研究

シリカエアロゲル

波長変換ファイバー

ストロンチウム90
放射能濃度測定

荷電レプトン普遍性破れ探索

千葉大

TREK ‒ J-PARC E36

Radon as Background study

神戸大
極低放射能技術開発 暗黒物質探索

NEWAGE

表面アルファ分析装置開発

WLSFを用いたPET

水チェレンコフ実験

低放射データベース開発
2018/4~

・スパイラルファイバートラッ
カー開発
・ CsI(Tl)カロリメータ性能評価
・ !! → #!$% (SD)の研究

BG study

2015/4~

2013/4 ~2017/9

2017/10 ~ 2019/3

東大ICRR
・水中ラドン測定
・太陽反電子ニュートリノ
・表面アルファ分析装置開発

（今日の話）
・放射能データベース
・���

2019/4 ~

"* � �#*

1.7 ton

1.4m

1.
0m

+ !! → #!$$
+ !! → ,!$%

今やっている研究
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表面α線分析装置
α線汚染画像の必要性
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PRD92(2015)072011
NEMO3 Event	display
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(NEw generation WIMP search with an Advanced Gaseous tracker Experiment )
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	 ����#![8]	 ZnS(Ag)+Si-PM	[9]	 Ultra-Lo	1800	[10]	
����	 ��TPC	 �����
�	 ��'& 	
��(�	 10	cm	 �	 10	cm	 8	mm	 �8	mm	 2,600	cm2	

�!�$"	 7	mm(σ)	 0.2	mm(FWHM)	 )	

�	����$"	 7%(σ)@5.3MeV	 74%(FWHM)@5MeV	 4.7%(σ)@5.3MeV	

��%�	 10-3	a/cm2/hr	 0.06	counts/min	 10-4	a/cm2/hr	[11]	
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to be longer, which improved the tracking perfor-111

mance when the gas pressures were low, while the112

discharge rate of the µ-PIC increased. The range113

of 5 MeV alpha particle is ∼8 cm in 0.2 bar CF4114

gas, which would provide a reasonable detection ef-115

ficiency considering the detector size. The electric116

field in the drift volume, E = 0.4 kV/cm/bar, was117

formed by supplying a negative voltage of 2.5 kV118

and placing field-shaping patterns with chain resis-119

tors every centimeter [15]. The drift velocity was120

7.4± 0.1 cm/µs. The µ-PIC anode was connected121

to +550 V. The typical gas gain of µ-PIC was 103122

at ∼ 500 V.123

µ-PIC (30×30cm2)

Sample	window
(9.5×9.5	cm2)

Drift	plate	(Cu)

= rayE
CF4 gas	0.2	bar
Volume:	
(35×35)×31cm3

Cu	mesh

!!

31cm

Drift axis

……

Field	cage	
Cu	wire

Chain	resistor

… …… …

……

1cm

GND

Teflon wall

Fig. 2: Schematic cross section of detector setup. Sample
window size is 9.5 × 9.5 cm2. Electric field is formed by a
drift plate biased at -2.5 kV and copper wires with 1 cm
pitch connecting with chain registers.
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Fig. 3: Drift plate with a sample window (hole size is
9.5× 9.5 cm2) and copper support mesh.

2.2. Low-α µ-PIC124

The background study for the direction-sensitive125

dark matter search suggests that µ-PIC has ra-126

dioactive impurities of 238U and 232Th which emit127

alpha particles [5]. A survey with a HPGe detec-128

tor revealed that µ-PIC’s glass cloth was the main129

background source, and so the impurities were re-130

moved [16]. Details of the device with the new ma-131

terial, a low-α µ-PIC, will be described in Ref [17].132

2.3. Gas circulation system133

A gas circulation system that uses activated char-134

coal pellets (Molsievon, X2M4/6M811) was devel-135

oped for following purposes: a suppression of radon136

background and a prevention of gain deteriora-137

tion due to the outgassing. A pump (EMP, MX-138

808ST-S) and a needle-type flow-meter (KOFLOC,139

PK-1250) were used to flow the gas at a rate of140

∼ 500 cm3/min. The gas pressure was monitored141

to ensure the stable operation of the circulation sys-142

tem, operating within ±2% for several weeks.143

2.4. Electronics and trigger data acquisition system144

The electronics for the µ-PIC readout consisted145

of amplifier-shaper discriminators [18] for 768 anode146

and 768 cathode signals and a position-encoding147

module [19] to reconstruct the hit pattern. A data148

acquisition system consisted of a memory board149

to record tracks and a flash analog-to-digital con-150

verter (ADC) for the energy measurement. The151

flash ADC with 100 MHz sampling recorded the152

sum signal of the cathode strips with a full time153

range of 12 µs. The anode sum signal issued the154

trigger. The trigger is occurred when the electrons155

closest to the detection plane (indicated with the156

largest circle (e−) in Fig. 2) reach the µ-PIC. Since157

the main purpose of the detector is the alpha par-158

ticle from the sample, the emission position of the159

alpha particle in the anode-cathode plane was de-160

termined at the position most distant from the µ-161

PIC in the track (the smallest circle in Fig. 2).162

3. Performance check163

3.1. Alpha-particle source164

A 10× 10 cm2 copper plate with 210Pb accu-165

mulated on the surface was used as an alpha-166

particle source for the energy calibration and167

energy-resolution measurement [13]. The source168

emits alpha particles with an energy of 5.3 MeV169

as a decay of 210Po. The alpha-particle emission170

3
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(90%CL) for 214Bi [10]. Therefore, the background40

of 0νββ decay is not only a contamination by the41

end point of continuous energy in an ordinary 2νββ42

decay process, but also the radiative impurities such43

as 238U and 232Th in the detector.44

To estimate the radioactive impurities in the de-45

tector material, the XMASS group measured 210Pb46

and 210Po in the bulk of copper by using a commer-47

cial alpha-particle detector (Ultra-Lo 1800, XIA)48

[11]. The alpha detector has a good energy resolu-49

tion (as explained in Sec. 3.2) and a mechanism to50

reduce the background by waveform analysis, and51

thus a sensitivity is ∼ 10−4 α/cm2/hr. However,52

it has no position sensitivity. A sample such as a53

micro pattern gas detector board has not an uni-54

form radioactive contamination. For example, the55

impurities might be contaminated to the electrodes56

in a pattern making process. Therefore, a position-57

sensitive alpha detector is required to select mate-58

rials for the rare-event-search experiments.59

This paper is organized as follows. The details60

of the alpha-particle detector, setup, low-α micro61

pixel chamber (µ-PIC), gas circulation system, elec-62

tronics, and trigger data acquisition system are de-63

scribed in Sec. 2. The performance check that uses64

the alpha-particle source, a sample test, and back-65

ground estimation are described in Sec. 3. The66

remaining background of the detector and future67

prospects are discussed in Sec. 4. Finally, the study68

is concluded in Sec. 5.69

2. Alpha-particle imaging detector based on70

gaseous micro-TPC71

A new alpha-particle detector was developed72

based on a gaseous micro-TPC upgraded from the73

NEWAGE-0.3a detector [12] which was used to74

search for dark matter from September, 2008 to75

January, 2013. The detector consisted of the micro-76

TPC using a low-α µ-PIC, a gas circulation system,77

and electronics, as shown in Fig.1. The TPC was78

enclosed in a stainless-vessel for the gas seal during79

the measurement.80

2.1. Setup and configuration81

Figure 2 shows a schematic view of the detector,82

where the gas volume is (35× 35)×31 cm3. The de-83

tector was placed underground at the Kamioka fa-84

cility in Institute for Cosmic Ray Research, Japan.85

An oxygen-free copper plate with a surface pol-86

ished to a roughness of 0.4 µm was used as the87

Gas Circulation system

Electronics

micro-TPC 

Fig. 1: Photographic of detector.

drift plate. The drift plate had an opening with88

a size of (9.5× 9.5 cm2) as a sample window. A89

copper mesh was set on the drift plate to hold the90

sample at the window area, as shown in Fig. 3.91

The electrons ionized by the alpha particles drift92

toward the µ-PIC with a vertical upward-pointing93

electric field E. CF4 gas, which was also used in94

the NEWAGE-0.3a, was used as the chamber gas95

because of the low diffusion properties. The pres-96

sure was set at 0.2 bar as a result of the optimiza-97

tion between the expected track length and the98

detector stability. The track length was expected99

to be longer, which improved the tracking perfor-100

mance when the gas pressures was low, while the101

discharge rate of the µ-PIC increased. The electric102

field in the drift volume, E = 0.4 kV/cm/bar, was103

formed by supplying a negative voltage of 2.5 kV104

and placing field-shaping patterns with chain resis-105

tors every centimeter [13]. The drift velocity was106

7.4± 0.1 cm/µs. The µ-PIC anode was connected107

to +550 V. The typical gas gain of µ-PIC was 103108

at ∼ 500 V.109

2.2. Low-α µ-PIC110

The background study for the direction-sensitive111

dark matter search suggests that µ-PIC has radia-112

tivoactive impurities of 238U and 232Th which emit113

alpha particles [5]. A survey with a HPGe detec-114

tor revealed that µ-PIC’s glass cloth was the main115

2
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愛称：AI-cham (α-ray imaging chamber)
NEWAGE-0.3a装置をα線測定に特化改良している。

表面α線分析装置
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AIP Conf. Proc. 1921, 
070001 (2018).
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https://arxiv.org/abs/1903.01090
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表面α線分析装置
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Fig. 7: Anode–cathode projection distributions of (a) top
and (b) bottom of tracks for alpha particles emitted from the
source. The dashed line is the edge of the sample window.

source, created the peak around 6 MeV and the295

contribution to the energy range below 3.5 MeV296

was limited.297

For criterion C3, as shown in Fig. 7 (a), to reject298

the remained the radon and detector-αs, the selec-299

tion region for alpha-particle emission point was set300

between −8.0 cm and 8.0 cm in both the anode and301

cathode coordinate. The rate of radon-α in the se-302

lected region was less than a few hundred time of303

source-α, and thus the it was a negligible.304

The selection efficiency for C1, C2, and305

C3 containing the detection efficiency was306

(2.17± 0.29)× 10−1 counts/α (the ratio of the307

count rate to the α rate of the source), where308

the error represents the systematic error of C1309

to C3 selections and uncertainly of the source310

radioactivity and the statistic error is negligible.311

3.8. Sample test and background estimate312

3.8.1. Setup313

A 5× 5 cm2 piece of the standard µ-PIC whose314

α rate was known to be 0.28 ± 0.12 α/cm2/hr in315

previous work [14] served as a sample and was in-316

spected by using the detector. The setup is shown317

in Fig. 8. The live time was 75.85 hr.318

Fig. 8: Setup for a 5× 5 cm2 piece of the standard µ-PIC as
sample.

3.8.2. Background in sample region319

The α rate of the sample was estimated by sub-320

tracting the background rate. Considered back-321

ground was mainly the radon-α. The detector mea-322

sured both the α rates on the region of the sample323

and around the sample (outer region). The back-324

ground rate could be determined from the α rate in325

the outer region. The net α rate from the sample326

was thus evaluated by subtracting the background327

rate from the rate of the sample region. It was nec-328

essary to confirm that the background rates in both329

regions were consistent with each other.330

We checked the upward-oriented (Fdwn ≤ 0.5)331

α rate in both regions because the alpha parti-332

cles from a sample are typically emitted downward.333

Measured energy spectra are shown in Fig. 9. The334

red- and black-shaded histograms show the energy335

spectra inside and outside the sample region, re-336

spectively. These spectra are scaled by the se-337

lection efficiency. Both peaks are around 6 MeV338

and α rates are (2.16+0.54
−0.35)× 10−2 (inside) and339

(1.54+0.64
−0.40)× 10−2 α/cm2/hr (outside). Therefore,340

the background condition inside the sample region341

6

rate (hereinafter called the α rate) of the source171

plate was calibrated to be 1.49± 0.01 α s−1 for 4.8–172

5.8 MeV by using the Ultra-Lo 1800 [13].173

3.2. Energy calibration174

An energy calibration was conducted with the175

alpha-particle source (5.3 MeV). The energy was176

converted from the charge integrated the voltage177

in time of flash ADC. In this paper, the alpha-178

particle equivalent is used as the energy unit, MeV.179

Figure 4 shows a typical energy spectrum of the180

alpha-particle source. The energy resolution was181

estimated to be 6.7% (1σ) for 5.3 MeV, which is182

worse than the Ultra-Lo 1800 resolution of 4.7%183

(1σ) for 5.3 MeV. This deterioration was thought184

to be due to the gain variation of the µ-PIC detec-185

tion area.186

Co
un

ts
/ M

eV

Energy (MeV)

6.7% (sigma)

Charge (nC)

Fig. 4: Energy spectrum for alpha particles from 210Po
(5.3 MeV). Red line is a fit result with a Gaussian

3.3. Event reconstruction187

Figure 5 shows a typical event display with the188

tracks and flash ADC waveform data for alpha-189

particle emission from 210Po. The hit points were190

determined based on coincidence of anode and cath-191

ode detections. Figure 5 (c) shows the anode-192

cathode plane for the track. The open circles corre-193

spond to hits registered in data. The red solid line194

is a linear fit result. The dashed line represents195

the edge of the sample window. The solid blue196

point is the emission point of the alpha particle.197

The scheme of the determination of the emission198

point, or the track sense, is explained in Sec. 3.4.199

Figure 5 (a) and (d) show anode- and cathode-drift200

planes, respectively. The drift coordinate is con-201

verted from the timing and is set to zero base, which202

corresponds to the drift-plate position. Figure 5 (b)203

shows a flash ADC waveform.204

The track angles were determined on the anode-205

cathode, anode-drift, and cathode-drift planes.206

These angles were determined with a common fit-207

ting algorithm. First, the weighted means of the208

hit points (xw, yw) were defined as209

(
xw

yw

)
=

1

n

n∑

j=0

(
xj

yj

)
, (1)

where xj and yj are the measured hit points and n210

is the number of points. Next, the track was shifted211

and rotated through the angle θ as follows212

(
x′
j

y′j

)
=

(
cos θ − sin θ
sin θ cos θ

)(
xj − xw

yj − yw

)
. (2)

Here x′
j and y′j are the points after the shift, the213

rotation angle θ were determined to minimize the214

quantity f , which is defined as215

f(θ) =
∑

y′
2
j , (3)

where this formula means a sum of the square of the216

distance between the rotated point and the x axis.217

This method has the advantage to determine the218

angle with no infinity pole at θ = 90◦ (i.e. parallel219

or perpendicular to the µ-PIC plane) in contrast220

with a linear fit.221

3.4. Track-sense determination222

Backgrounds in low radioactivity alpha-particle223

detectors are in general alpha particles from the224

radon (radon-α) and material in the detector225

(detector-α). The radon-α’s are expected to be dis-226

tributed uniformly in the gas volume with isotropic227

directions. The detector-α’s are expected to have228

position and direction distributions specific to their229

sources. One of the main sources of the detector-α’s230

is the µ-PIC so the directions of α’s coming from231

this component are mostly upward-oriented. Since232

the direction of alpha particles from the sample are233

downward, these detector-α’s and half of the radon-234

α’s can be rejected by the cut of upward-direction235

events.236

The deposit energy per unit path length, dE/dx237

of an alpha particle with an initial energy over a few238
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Fig. 5: Event display of an alpha particle from 210Po.
(a) cathode-drift projection, (b) flash ADC waveform (c)
cathode-anode projection, and (d) anode-drift projection are
displayed. The drift coordinate is set to zero base corre-
sponding to the drift plate position for the top of the track.

MeV, has a peak before stopping (Bragg peak). The239

number of electrons ionized by the alpha particle in240

the gas is proportional to dE/dx, and dE/dx along241

the track profile is projected onto the time evolution242

in the signal due to the mechanism of the TPC.243

This time profile was recorded as the waveform and244

thus the track sense (i.e., whether the track was245

upward or downward) can be determined from the246

waveform.247

A parameter to determine the track sense is248

Fdwn = S2/(S1 + S2), (4)

where S1 and S2 are the time-integrated waveform249

before and after the peak. They are defined as250

S1 =

∫ tp

t0

v(t)dt, (5)

S2 =

∫ t1

tp

v(t)dt. (6)

Here, t0 = 0 µs, t1 = 1.5 µs, and tp are the start,251

stop, and peak time, respectively, for the waveform252

shown in Fig. 5 (b). The tp is determined as a253

time when the voltage is the highest in region be-254

tween t0 and t1. Figure 6 (a) shows typical Fdwn255

distribution with the alpha-particle source, where256

most of the events are expected to be downward-257

oriented. The Fdwn values of the downward events258

are distributed around 0.7, as shown by the black-259

shaded histograms. Conversely, radon-α’s have an260

isotropic direction, i.e., Fdwn has two components261

of upward- and downward-oriented, as shown by262

the red solid histogram, where the radon-α are263

background events in the sample test data, as ex-264

plained later. The scale of the source-α was normal-265

ized to the radon-α peak of downward for clarity.266

Figure 6 (b) shows the efficiency related on Fdwn267

threshold for downward-(black solid) and upward-268

oriented (blue dashed). The selection efficiency of269

Fdwn > 0.5 was estimated to be 0.964 ± 0.004 in270

the source-α spectrum while the radon background271

was reduced to half. The blue dashed histogram is a272

spectrum that subtracted the normalized source-α273

from the radon-α. The cut efficiency of the upward-274

oriented events (Fdwn ≤ 0.5) was estimated to be275

0.85± 0.04. The energy dependence of Fdwn will276

be explained in Sec. 3.6.277

3.5. Distribution of emission position278

Since alpha particles are mainly emitted from the279

source, the top points of the alpha-particle tracks280

trace the shape of the radioactivity on the sample.281

Figures 7 (a) and 7 (b) show the anode–cathode282

projection distribution of the top and bottom of the283

alpha-particle tracks, respectively, where the top284

and bottom are defined as the zero and maximum285

drift coordinate, respectively, as shown in Figs. 5286

(a) and 5 (d). The dashed line represents the edge287

of the drift-plate sample window. Comparing Fig. 7288

(a) with Fig. 7 (b) clearly reveals the shape of the289

radioactivity.290

The position resolution was evaluated along the291

four dashed lines in Fig. 7 (a). The number of292

events was projected onto the axis perpendicular293

to the lines and was fit with error functions as294

shown in Fig. 8. The Fig. 8 (a) and (b) repre-295

sent the alpha-particle emission position projection296

to cathode and anode, respectively. The red lines297

are the fitting based on the error functions. As a re-298

sult, the position resolution was determined to be299

0.68± 0.14 cm (σ), where the error is a standard300

deviation in the four positions.301

3.6. Detection and selection efficiency302

To select good events for alpha particles from the303

sample, we use the following criteria: (C1) selec-304

tion for events with good fitting tracks, (C2) cut305
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is consistent with the background condition outside342

the sample region. The alpha-particle energy spec-343

trum is interpreted as the radon peaks at 5.5 MeV344

(222Rn), 6.0 MeV (218Po), and 7.7 MeV (214Po).345

The downward-oriented (Fdwn > 0.5) α rate out-346

side the sample is (1.58+0.29
−0.26)× 10−2 α/cm2/hr, as347

shown in the black-shaded spectrum of Fig. 11. In348

this work, the background rate was improved by one349

order of magnitude in comparison with that of our350

previous work [14]. The background reduction is at-351

tributed to the track-sense determination to reject352

upward-oriented alpha (for > 3.5 MeV) and the re-353

placement of the low-α µ-PIC (for ≤ 3.5 MeV). In354

the energy region between 2.0 and 4.0 MeV, where355

most radon background is suppressed, the back-356

ground rate is (9.6+7.9
−5.6)×10−4 α/cm2/hr.357
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Fig. 9: Downward-oriented alpha-particle energy spectra in-
side (red) and outside (black shade) the sample region.

3.8.3. α rate of sample358

Figure 10 shows the distribution of the top of the359

tracks for the sample, where the candidates are se-360

lected by the criteria C1 and C2. The regions 1⃝361

and 2⃝ are sample and background regions, respec-362

tively. The sample region is the inside of ±5 cm363

of anode and cathode. The background region is364

the outside of the sample region and the inside of365

±7.5 cm of anode and cathode. Figure 11 shows366

the energy spectra of downward-oriented alpha par-367

ticles in the sample (red) and the background re-368

gion (black shaded). The α rate of the sample369

was calculated to be (3.57+0.35
−0.33)× 10−1 α/cm2/hr370

(> 2.0 MeV) by subtracting the background rate.371

Assuming the alpha spectrum is constituted only372

from 232Th or 238U, the impurity is estimated to373

be 6.0 ± 1.4 or 3.0 ± 0.7 ppm, respectively. The374

impurities of 232Th and 238U are measured to be375

5.84 ± 0.03 and 2.31 ± 0.02 ppm, respectively, by376

using the HPGe detector. Although the error is377

huge because of the continuous energy spectrum, it378

is consistent with the prediction of prior measure-379

ment. In this sample test, it was demonstrated to380

observe the background alphas at the same time.381
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Fig. 10: Distribution of the top of downward-oriented alpha-
particle track. The regions 1⃝ and 2⃝ are the sample and
background regions, respectively.

4. Discussion382

We begin by discussing the sensitivity for the en-383

ergy between 2 and 9 MeV based on long-term mea-384

surements. In this energy range, the background is385

dominated by the radon-αs with ∼ (1.58+0.29
−0.26) ×386

10−2 α/cm2/hr. The statistical error (σ) is ex-387

pected to scale with the inverse of the square root388

of the measurement time (t) given as σ ∝ 1/
√
t. In389

this work, the live time was only three days, and the390

statistical error was σ ∼ 3× 10−3. With a measure-391

ment time of one month, the error of radon-αs was392

estimated to be σ ∼ 1× 10−3 α/cm2/hr. When the393

α rate as the same of the radon-αs was observed, the394

sum of squares of these σs for the sample and radon-395

αs would be expected to be a few 10−3 α/cm2/hr396

as the measurement limit by subtraction with these397

α rates.398

The edges region (anode ∼ ±15 cm or cathode399

∼ ±15 cm) has a high rate of background, as shown400
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Fig. 7: Anode–cathode projection distributions of (a) top
and (b) bottom of tracks for alpha particles emitted from the
source. The dashed line is the edge of the sample window.

source, created the peak around 6 MeV and the295

contribution to the energy range below 3.5 MeV296

was limited.297

For criterion C3, as shown in Fig. 7 (a), to reject298

the remained the radon and detector-αs, the selec-299

tion region for alpha-particle emission point was set300

between −8.0 cm and 8.0 cm in both the anode and301

cathode coordinate. The rate of radon-α in the se-302

lected region was less than a few hundred time of303

source-α, and thus the it was a negligible.304

The selection efficiency for C1, C2, and305

C3 containing the detection efficiency was306

(2.17± 0.29)× 10−1 counts/α (the ratio of the307

count rate to the α rate of the source), where308

the error represents the systematic error of C1309

to C3 selections and uncertainly of the source310

radioactivity and the statistic error is negligible.311

3.8. Sample test and background estimate312

3.8.1. Setup313

A 5× 5 cm2 piece of the standard µ-PIC whose314

α rate was known to be 0.28 ± 0.12 α/cm2/hr in315

previous work [14] served as a sample and was in-316

spected by using the detector. The setup is shown317

in Fig. 8. The live time was 75.85 hr.318

Fig. 8: Setup for a 5× 5 cm2 piece of the standard µ-PIC as
sample.

3.8.2. Background in sample region319

The α rate of the sample was estimated by sub-320

tracting the background rate. Considered back-321

ground was mainly the radon-α. The detector mea-322

sured both the α rates on the region of the sample323

and around the sample (outer region). The back-324

ground rate could be determined from the α rate in325

the outer region. The net α rate from the sample326

was thus evaluated by subtracting the background327

rate from the rate of the sample region. It was nec-328

essary to confirm that the background rates in both329

regions were consistent with each other.330

We checked the upward-oriented (Fdwn ≤ 0.5)331

α rate in both regions because the alpha parti-332

cles from a sample are typically emitted downward.333

Measured energy spectra are shown in Fig. 9. The334

red- and black-shaded histograms show the energy335

spectra inside and outside the sample region, re-336

spectively. These spectra are scaled by the se-337

lection efficiency. Both peaks are around 6 MeV338

and α rates are (2.16+0.54
−0.35)× 10−2 (inside) and339

(1.54+0.64
−0.40)× 10−2 α/cm2/hr (outside). Therefore,340

the background condition inside the sample region341
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Fig. 11: Downward-oriented alpha-particle energy spectra in
sample region (red) and background region (black shade).

in Fig. 10. These events have an energy and path-401

length dependence similar to that of the alpha par-402

ticles. The alpha particles were mainly oriented403

upward and were emitted from outside the detec-404

tion area. As an impurity candidate, a piece of405

the printed circuit board (PCB) was inspected and406

the α rate was (1.16± 0.06)× 10−1 α/cm2/hr. Al-407

though the alpha-particle events could be rejected408

by the fiducial region cut, these impurities could409

be the radon sources (see Fig. 12). Therefore, as410

a next improvement, a material with less radiative411

impurities should be used for the PCB.412

µ-PIC

E
"#

Printed Circuit Board

Sample	α
Radon	α

PCB	α

222Rn/220Rn

Fig. 12: Schematic cross section of background alpha parti-
cles in detector setup.

The goal for detector sensitivity is less than413

10−4 α/cm2/hr, which corresponds to measuring414

radioactive impurities at the ppb level. We can415

potentially improve the background rate by using416

the cooled charcoal and using a material with less417

impurities. A recent study reported that a cooled418

charcoal could suppress the radon by 99% in the419

argon gas [18]. A recent NEWAGE detector sup-420

presses the radon to 1/50 by using cooled charcoal421

[5]. With these improvements, the detector would422

achieved to the goal of performance.423

5. Conclusion424

We developed a new alpha-particle imaging de-425

tector based on the gaseous micro-TPC. The mea-426

sured energy resolution is 6.7% (σ) for 5.3 MeV al-427

pha particles. The measured position resolution428

is 0.68± 0.14 cm. Based on a waveform analysis,429

the downward-oriented events’ selection efficiency is430

0.964± 0.004 and the cut efficiency of the upward-431

oriented events is 0.85± 0.04 at > 3.5 MeV. Also,432

a piece of the standard µ-PIC was measured as a433

sample, and the result is consistent with the one by434

another measurement. A measurement of the alpha435

particles from a sample and background was also436

established at the same time. A background rate437

near the radon-α ((1.58+0.51
−0.42)× 10−2 α/cm2/hr)438

was achieved.439
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Fig. 11: Downward-oriented alpha-particle energy spectra in
sample region (red) and background region (black shade).

in Fig. 10. These events have an energy and path-401

length dependence similar to that of the alpha par-402

ticles. The alpha particles were mainly oriented403

upward and were emitted from outside the detec-404

tion area. As an impurity candidate, a piece of405

the printed circuit board (PCB) was inspected and406

the α rate was (1.16± 0.06)× 10−1 α/cm2/hr. Al-407

though the alpha-particle events could be rejected408

by the fiducial region cut, these impurities could409

be the radon sources (see Fig. 12). Therefore, as410

a next improvement, a material with less radiative411

impurities should be used for the PCB.412

µ-PIC

E
"#

Printed Circuit Board

Sample	α
Radon	α

PCB	α

222Rn/220Rn

Fig. 12: Schematic cross section of background alpha parti-
cles in detector setup.

The goal for detector sensitivity is less than413

10−4 α/cm2/hr, which corresponds to measuring414

radioactive impurities at the ppb level. We can415

potentially improve the background rate by using416

the cooled charcoal and using a material with less417

impurities. A recent study reported that a cooled418

charcoal could suppress the radon by 99% in the419

argon gas [18]. A recent NEWAGE detector sup-420

presses the radon to 1/50 by using cooled charcoal421

[5]. With these improvements, the detector would422

achieved to the goal of performance.423

5. Conclusion424

We developed a new alpha-particle imaging de-425

tector based on the gaseous micro-TPC. The mea-426

sured energy resolution is 6.7% (σ) for 5.3 MeV al-427

pha particles. The measured position resolution428

is 0.68± 0.14 cm. Based on a waveform analysis,429

the downward-oriented events’ selection efficiency is430

0.964± 0.004 and the cut efficiency of the upward-431

oriented events is 0.85± 0.04 at > 3.5 MeV. Also,432

a piece of the standard µ-PIC was measured as a433

sample, and the result is consistent with the one by434

another measurement. A measurement of the alpha435

particles from a sample and background was also436

established at the same time. A background rate437

near the radon-α ((1.58+0.51
−0.42)× 10−2 α/cm2/hr)438

was achieved.439

Acknowledgments440

This work was supported by a Grant-in-Aid for441

Scientific Research on Innovative Areas, 26104004442

and 26104008, from the Japan Society for the Pro-443

motion of Science in Japan. This work was sup-444

ported by the joint research program of the Insti-445

tute for Cosmic Ray Research (ICRR), the Univer-446

sity of Tokyo. We thank Dr. Y. Nakano of the447

ICRR, University of Tokyo, Japan for providing us448

with a helium-gas leak detector.449

References450

[1] R Bernabei, et al., J. Phys. Conf. Ser. 1056 (2018)451

012005.452

[2] XENON Collaboration, Eur. Phys. J. 77 881 (2017).453

[3] D. S. Akerib, et al., Phys. Rev. Lett. 118 021303 (2017).454

[4] T. Tanimori, et al., Phys. Lett. B 578 (2004) 241.455

[5] K. Nakamura, et al., Prog. Theo. Exp. Phys. (2015)456

043F01.457

[6] The GERDA Collaboration, Nature 544 (2017) 47.458

[7] K.Asakura, et al., Nucl. Phys. A 946 (2016) 171.459

[8] R. Arnold, et al., Eur. Phys. J. C 78 (2018) 821.460

8

PCB基盤の上４辺にアキ
レスビニラスを貼った。
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PCB基盤：綺麗な素材を使用
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• 主なBGはラドン
• ラドン源１：実装プリント基盤
• ラドン源２：μ-PIC下層の絶縁体
• アウトガス？
=> 冷却活性炭の導入が近道

今やっている課題と対策(2/4)
 ����������-
��

����-���� ��

3

���������

����	���


9:00 per8 DAQ stop
HV, 電源 down
純空気注入
蓋開けて
サンプル交換: LA-uPIC -> alpha-source
蓋閉める

9:30
冷却活性炭の実装
配管取り替え作業

10:43
真空引き開始

14:00
内圧 1.5 Paまで行った
CF4 flush, CF4 injection

14:20 導通箇所の切断(次ページ詳細)
冷却機ON => -50℃まで達する。

15:00 エンコーダー電源ON
背面LED 真っ赤っか,  ノイズだらけ
冷却装置電源を落とすとノイズが消え

る。

v10
v6

v11 v7

��	��

	�
��
• ��������GND�����
• ������GND�����
• �����

冷却機にアルミホイルを巻いたが、雑音は減らず,

配管を外して電源ON
=> 雑音消えず、でもレートは軽減した。

�����������
��	

冷却機電源オペレータは10Aも使うみたい
=> TPCへ繋がる電源にノイズカットフィルターを通す
=> 雑音消えず。FADC波形は綺麗に、eff改善

4

����


�	���
�
	�

Name Current
���� ULVAC GVD-101 6.1 A
�������� 10A
����MX-808ST-S 1A

����		��� Output 10A

冷却機電源アースは電源を入れると300mV GNDから沈む.
… リターン電流が起きて雑音になっている？
Lab-Eでは問題なかった？

Lab-A 配線の遠い箇所
冷却機電源をoutlet1, 2, 3に繋いでみたが解決せず.
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まとめ

• GhS_BXL.7�D\�	αY�")�/I^Z
(AI-cham)�cT��.
• WH��$)�'�(9:(WV8(2<*)
• PMT�#��P���

• U/Th	ppmNJ& %�αY�")�1/LK4[.	
(>10-3 alpha/cm2/hr)

• A=D6�;U��	�����a�	��.
• PCB5g…�)�
b]>?CZ,	EWH�+�.
• -3O@R�<,…	MeQ`0F�df5g
• Tracking�%�$�!D\
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現在の性能と課題
• 現在の性能
• 限界感度a few10-3 a/cm2/hr
• 目標値：10-4 a/cm2/hr

• 壁際のアルファはPCB由来は確認ずみ
=> PCBの表面にシートを敷いてαを遮蔽

• 主なBGはラドン
• ラドン源１：実装プリント基盤
• ラドン源２：μ-PIC下層の絶縁体
=> 冷却活性炭の導入が近道

μ-PIC

���	
�����
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Fig. 11: Downward-oriented alpha-particle energy spectra in
sample region (red) and background region (black shade).

in Fig. 10. These events have an energy and path-401

length dependence similar to that of the alpha par-402

ticles. The alpha particles were mainly oriented403

upward and were emitted from outside the detec-404

tion area. As an impurity candidate, a piece of405

the printed circuit board (PCB) was inspected and406

the α rate was (1.16± 0.06)× 10−1 α/cm2/hr. Al-407

though the alpha-particle events could be rejected408

by the fiducial region cut, these impurities could409

be the radon sources (see Fig. 12). Therefore, as410

a next improvement, a material with less radiative411

impurities should be used for the PCB.412

µ-PIC

E
"#

Printed Circuit Board

Sample	α
Radon	α

PCB	α

222Rn/220Rn

Fig. 12: Schematic cross section of background alpha parti-
cles in detector setup.

The goal for detector sensitivity is less than413

10−4 α/cm2/hr, which corresponds to measuring414

radioactive impurities at the ppb level. We can415

potentially improve the background rate by using416

the cooled charcoal and using a material with less417

impurities. A recent study reported that a cooled418

charcoal could suppress the radon by 99% in the419

argon gas [18]. A recent NEWAGE detector sup-420

presses the radon to 1/50 by using cooled charcoal421

[5]. With these improvements, the detector would422

achieved to the goal of performance.423

5. Conclusion424

We developed a new alpha-particle imaging de-425

tector based on the gaseous micro-TPC. The mea-426

sured energy resolution is 6.7% (σ) for 5.3 MeV al-427

pha particles. The measured position resolution428

is 0.68± 0.14 cm. Based on a waveform analysis,429

the downward-oriented events’ selection efficiency is430

0.964± 0.004 and the cut efficiency of the upward-431

oriented events is 0.85± 0.04 at > 3.5 MeV. Also,432

a piece of the standard µ-PIC was measured as a433

sample, and the result is consistent with the one by434

another measurement. A measurement of the alpha435

particles from a sample and background was also436

established at the same time. A background rate437

near the radon-α ((1.58+0.51
−0.42)× 10−2 α/cm2/hr)438

was achieved.439
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検出効率が雑音レベルによって変わる。

• ノイズカットフィルターを実装してから、
オシロの波形がすこぶる綺麗になった。

• それにより、飛跡情報でゴミが減ったこと
で、fittingでgood trackの効率が上がった。

• 喜ばしいことだが、毎回calibしないといけ
ないのは大変。

=> �	α������calib�
��
�	�
�
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9:00 per8 DAQ stop
HV, 電源 down
純空気注入
蓋開けて
サンプル交換: LA-uPIC -> alpha-source
蓋閉める

9:30
冷却活性炭の実装
配管取り替え作業

10:43
真空引き開始

14:00
内圧 1.5 Paまで行った
CF4 flush, CF4 injection

14:20 導通箇所の切断(次ページ詳細)
冷却機ON => -50℃まで達する。

15:00 エンコーダー電源ON
背面LED 真っ赤っか,  ノイズだらけ
冷却装置電源を落とすとノイズが消え
る。
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v11 v7

a65@792C=
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冷却電源つけてないときの信号 冷却電源つけると雑音まみれ

冷却電源、真空ポンプ電源を同じと
ころから供給したら、雑音減った。
これでいけるかも？
不思議なことに、真空ポンプ電源を

切るとノイジーになる

DAQ走らせるとめっちゃなる。
１００Hz

Base line = -150 mV

110 mVth

Base line = -150 mV

60 mVth

Base line = -150 mV

85 mVth
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9:00 per8 DAQ stop
HV, 電源 down
純空気注入
蓋開けて
サンプル交換: LA-uPIC -> alpha-source
蓋閉める

9:30
冷却活性炭の実装
配管取り替え作業

10:43
真空引き開始

14:00
内圧 1.5 Paまで行った
CF4 flush, CF4 injection

14:20 導通箇所の切断(次ページ詳細)
冷却機ON => -50℃まで達する。

15:00 エンコーダー電源ON
背面LED 真っ赤っか,  ノイズだらけ
冷却装置電源を落とすとノイズが消え
る。
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配管を外して電源ON
=> 雑音消えず、でもレートは軽減した。

-. �GZIbmS2?@7>

冷却機電源オペレータは10Aも使うみたい
=> TPCへ繋がる電源にノイズカットフィルターを通す
=> 雑音消えず。FADC波形は綺麗に、eff改善
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表面α線分析装置
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Po-210 alpha source
(5.3 MeV)
1.49�0.01 α s-1
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rate (hereinafter called the α rate) of the source171

plate was calibrated to be 1.49± 0.01 α s−1 for 4.8–172

5.8 MeV by using the Ultra-Lo 1800 [13].173

3.2. Energy calibration174

An energy calibration was conducted with the175

alpha-particle source (5.3 MeV). The energy was176

converted from the charge integrated the voltage177

in time of flash ADC. In this paper, the alpha-178

particle equivalent is used as the energy unit, MeV.179

Figure 4 shows a typical energy spectrum of the180

alpha-particle source. The energy resolution was181

estimated to be 6.7% (1σ) for 5.3 MeV, which is182

worse than the Ultra-Lo 1800 resolution of 4.7%183

(1σ) for 5.3 MeV. This deterioration was thought184

to be due to the gain variation of the µ-PIC detec-185

tion area.186

Co
un

ts
/ M

eV

Energy (MeV)

6.7% (sigma)

Charge (nC)

Fig. 4: Energy spectrum for alpha particles from 210Po
(5.3 MeV). Red line is a fit result with a Gaussian

3.3. Event reconstruction187

Figure 5 shows a typical event display with the188

tracks and flash ADC waveform data for alpha-189

particle emission from 210Po. The hit points were190

determined based on coincidence of anode and cath-191

ode detections. Figure 5 (c) shows the anode-192

cathode plane for the track. The open circles corre-193

spond to hits registered in data. The red solid line194

is a linear fit result. The dashed line represents195

the edge of the sample window. The solid blue196

point is the emission point of the alpha particle.197

The scheme of the determination of the emission198

point, or the track sense, is explained in Sec. 3.4.199

Figure 5 (a) and (d) show anode- and cathode-drift200

planes, respectively. The drift coordinate is con-201

verted from the timing and is set to zero base, which202

corresponds to the drift-plate position. Figure 5 (b)203

shows a flash ADC waveform.204

The track angles were determined on the anode-205

cathode, anode-drift, and cathode-drift planes.206

These angles were determined with a common fit-207

ting algorithm. First, the weighted means of the208

hit points (xw, yw) were defined as209

(
xw

yw

)
=

1

n

n∑

j=0

(
xj

yj

)
, (1)

where xj and yj are the measured hit points and n210

is the number of points. Next, the track was shifted211

and rotated through the angle θ as follows212

(
x′
j

y′j

)
=

(
cos θ − sin θ
sin θ cos θ

)(
xj − xw

yj − yw

)
. (2)

Here x′
j and y′j are the points after the shift, the213

rotation angle θ were determined to minimize the214

quantity f , which is defined as215

f(θ) =
∑

y′
2
j , (3)

where this formula means a sum of the square of the216

distance between the rotated point and the x axis.217

This method has the advantage to determine the218

angle with no infinity pole at θ = 90◦ (i.e. parallel219

or perpendicular to the µ-PIC plane) in contrast220

with a linear fit.221

3.4. Track-sense determination222

Backgrounds in low radioactivity alpha-particle223

detectors are in general alpha particles from the224

radon (radon-α) and material in the detector225

(detector-α). The radon-α’s are expected to be dis-226

tributed uniformly in the gas volume with isotropic227

directions. The detector-α’s are expected to have228

position and direction distributions specific to their229

sources. One of the main sources of the detector-α’s230

is the µ-PIC so the directions of α’s coming from231

this component are mostly upward-oriented. Since232

the direction of alpha particles from the sample are233

downward, these detector-α’s and half of the radon-234

α’s can be rejected by the cut of upward-direction235

events.236

The deposit energy per unit path length, dE/dx237

of an alpha particle with an initial energy over a few238

4

Energy	calibration

σE=6.7%	(5.3	MeV)
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Fig. 5: Event display of an alpha particle from 210Po.
(a) cathode-drift projection, (b) flash ADC waveform (c)
cathode-anode projection, and (d) anode-drift projection are
displayed. The drift coordinate is set to zero base corre-
sponding to the drift plate position for the top of the track.

MeV, has a peak before stopping (Bragg peak). The239

number of electrons ionized by the alpha particle in240

the gas is proportional to dE/dx, and dE/dx along241

the track profile is projected onto the time evolution242

in the signal due to the mechanism of the TPC.243

This time profile was recorded as the waveform and244

thus the track sense (i.e., whether the track was245

upward or downward) can be determined from the246

waveform.247

A parameter to determine the track sense is248

Fdwn = S2/(S1 + S2), (4)

where S1 and S2 are the time-integrated waveform249

before and after the peak. They are defined as250

S1 =

∫ tp

t0

v(t)dt, (5)

S2 =

∫ t1

tp

v(t)dt. (6)

Here, t0 = 0 µs, t1 = 1.5 µs, and tp are the start,251

stop, and peak time, respectively, for the waveform252

shown in Fig. 5 (b). The tp is determined as a253

time when the voltage is the highest in region be-254

tween t0 and t1. Figure 6 (a) shows typical Fdwn255

distribution with the alpha-particle source, where256

most of the events are expected to be downward-257

oriented. The Fdwn values of the downward events258

are distributed around 0.7, as shown by the black-259

shaded histograms. Conversely, radon-α’s have an260

isotropic direction, i.e., Fdwn has two components261

of upward- and downward-oriented, as shown by262

the red solid histogram, where the radon-α are263

background events in the sample test data, as ex-264

plained later. The scale of the source-α was normal-265

ized to the radon-α peak of downward for clarity.266

Figure 6 (b) shows the efficiency related on Fdwn267

threshold for downward-(black solid) and upward-268

oriented (blue dashed). The selection efficiency of269

Fdwn > 0.5 was estimated to be 0.964 ± 0.004 in270

the source-α spectrum while the radon background271

was reduced to half. The blue dashed histogram is a272

spectrum that subtracted the normalized source-α273

from the radon-α. The cut efficiency of the upward-274

oriented events (Fdwn ≤ 0.5) was estimated to be275

0.85± 0.04. The energy dependence of Fdwn will276

be explained in Sec. 3.6.277

3.5. Distribution of emission position278

Since alpha particles are mainly emitted from the279

source, the top points of the alpha-particle tracks280

trace the shape of the radioactivity on the sample.281

Figures 7 (a) and 7 (b) show the anode–cathode282

projection distribution of the top and bottom of the283

alpha-particle tracks, respectively, where the top284

and bottom are defined as the zero and maximum285

drift coordinate, respectively, as shown in Figs. 5286

(a) and 5 (d). The dashed line represents the edge287

of the drift-plate sample window. Comparing Fig. 7288

(a) with Fig. 7 (b) clearly reveals the shape of the289

radioactivity.290

The position resolution was evaluated along the291

four dashed lines in Fig. 7 (a). The number of292

events was projected onto the axis perpendicular293

to the lines and was fit with error functions as294

shown in Fig. 8. The Fig. 8 (a) and (b) repre-295

sent the alpha-particle emission position projection296

to cathode and anode, respectively. The red lines297

are the fitting based on the error functions. As a re-298

sult, the position resolution was determined to be299

0.68± 0.14 cm (σ), where the error is a standard300

deviation in the four positions.301

3.6. Detection and selection efficiency302

To select good events for alpha particles from the303

sample, we use the following criteria: (C1) selec-304

tion for events with good fitting tracks, (C2) cut305
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evolution in the signal due to the mechanism of the224

TPC. This time profile was recorded as the wave-225

form and thus the track sense (i.e., whether the tack226

was upward or downward) can be determined from227

the waveform.228

A parameter to determine the track sense is229

Fdwn = S2/(S1 + S2), (4)

where S1 and S2 are the time-integrated waveform230

before and after the peak. They are defined as231

S1 =

∫ tp

t0

v(t)dt, (5)

S2 =

∫ t1

tp

v(t)dt. (6)

Here, t0 = 0 µs, t1 = 1.5 µs, and tp are the start,232

stop, and peak time, respectively, for the waveform233

shown in Fig. 5 (b). Figure 6 shows typical Fdwn234

distribution with the alpha-particle source, where235

most of the events are expected to be downward-236

oriented. The Fdwn values of the downward events237

are distributed around 0.7, as shown by the black-238

shaded histograms. Conversely, radon-αs have an239

isotropic direction, i.e., Fdwn has two peaks, as240

shown by the red solid histogram, where the radon-241

α are background events in the sample test data,242

as explained later. The scale of the source-α was243

normalized to the radon-α peak of downward for244

clarity. The selection efficiency of Fdwn > 0.5 was245

estimated to be 0.964± 0.004 in the source-α spec-246

trum while the radon background was reduced to247

half. The blue dashed histogram is a spectrum that248

subtracted the normalized source-α from the radon-249

α. The cut efficiency of the upward-oriented events250

(Fdwn ≤ 0.5) was estimated to be 0.85± 0.04. The251

energy dependence of Fdwn will be explained in Sec.252

3.6.253

3.5. Distribution of emission position254

Since alpha particles are mainly emitted from the255

source, the top points of the alpha-particle tracks256

trace the shape of the radioactivity on the sample.257

Figures 7 (a) and 7 (b) show the anode–cathode258

projection distribution of the top and bottom of the259

alpha-particle tracks, respectively, where the top260

and bottom are defined as the zero and maximum261

drift coordinate, respectively, as shown in Figs. 5262

(a) and 5 (d). The dashed line represents the edge263

of the drift-plate sample window. Comparing Fig. 7264

(a) with Fig. 7 (b) clearly reveals the shape of the265

radioactivity.266
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Fig. 6: Downward-oriented distribution for source-α (black
shade), radon-α (red solid), and a histogram made by sub-
tracting the radon-α spectrum from the source-α one(blue
dashed).

The position resolution was evaluated along the267

four dashed lines in Fig. 7 (a). The number of268

events was projected onto the axis perpendicular269

to the lines and was fit with error functions. As270

a result, the position resolution was determined to271

be 0.68± 0.14 cm (σ), where the error is a standard272

deviation in the four positions.273
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tion for events with good fitting tracks, (C2) cut278
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events > 3.5 MeV, because the radon background,293

which was assumed to be the dominant background294

5

evolution in the signal due to the mechanism of the224
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form and thus the track sense (i.e., whether the tack226
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Here, t0 = 0 µs, t1 = 1.5 µs, and tp are the start,232

stop, and peak time, respectively, for the waveform233

shown in Fig. 5 (b). Figure 6 shows typical Fdwn234

distribution with the alpha-particle source, where235

most of the events are expected to be downward-236

oriented. The Fdwn values of the downward events237

are distributed around 0.7, as shown by the black-238

shaded histograms. Conversely, radon-αs have an239

isotropic direction, i.e., Fdwn has two peaks, as240

shown by the red solid histogram, where the radon-241

α are background events in the sample test data,242
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normalized to the radon-α peak of downward for244

clarity. The selection efficiency of Fdwn > 0.5 was245

estimated to be 0.964± 0.004 in the source-α spec-246
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half. The blue dashed histogram is a spectrum that248
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α. The cut efficiency of the upward-oriented events250

(Fdwn ≤ 0.5) was estimated to be 0.85± 0.04. The251
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projection distribution of the top and bottom of the259

alpha-particle tracks, respectively, where the top260
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Fig. 6: Downward-oriented distribution for source-α (black
shade), radon-α (red solid), and a histogram made by sub-
tracting the radon-α spectrum from the source-α one(blue
dashed).
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a result, the position resolution was determined to271
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dashed).
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shade), radon-α (red solid), and a histogram made by sub-
tracting the radon-α spectrum from the source-α one(blue
dashed).
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four dashed lines in Fig. 7 (a). The number of268

events was projected onto the axis perpendicular269

to the lines and was fit with error functions. As270

a result, the position resolution was determined to271

be 0.68± 0.14 cm (σ), where the error is a standard272

deviation in the four positions.273
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For criterion C1, the good fit to track events281

was selected as fmin(θ)/(n − 1) < 0.02 cm2 for282
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planes to remove events that had any noise and284

to remove candidates for electron tracks, where285

fmin(θ) is a minimum of Eq. (3).286
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upward- and downward-oriented tracks can be de-290

termined with 95% or more certainly at over291
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(black shade), radon-α (red solid), and a histogram made
by subtracting the radon-α spectrum from the source-α
one(blue dashed) (b) Efficiency of downward-(black solid)
and upward-oriented (blue dashed) events as a function of
Fdwn threshold.
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for events with emission points in the sample region.307
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Fig. 7: Anode–cathode projection distributions of (a) top
and (b) bottom of tracks for alpha particles emitted from the
source. The dashed line is the edge of the sample window.

which was assumed to be the dominant background321

source, created the peak around 6 MeV and the322

contribution to the energy range below 3.5 MeV323

was limited.324

For criterion C3, the source-α was selected within325

a region of ±8 cm in both the anode and cathode,326

as shown in Fig. 7 (a). The radon-α rate in the327

selected region was less than a few hundred time of328

source-α, considering it negligible.329

The selection efficiency for C1, C2, and C3 con-330

taining the detection efficiency was calculated to331

be (2.17± 0.29)× 10−1 counts/α (the ratio of the332

count rate to the α rate of the source), where the333

error represents the systematic error of C1 to C3 se-334

lections and uncertainty of the source radioactivity,335

being the statistical error negligible.336
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Fig. 8: Alpha-particle emission position projected to cathode
(a) and anode (b). Red lines represent fitting with error
functions.

3.7. Sample test and background estimate337

3.7.1. Setup338

A 5× 5 cm2 piece of the standard µ-PIC whose339

α rate was known to be 0.28 ± 0.12 α/cm2/hr in340

previous work [16] served as a sample and was in-341

spected by using the detector. A photograph of the342

sample position over the setup mesh is is shown in343

Fig. 9. The measurement live time was 75.85 hr.344

Fig. 9: Setup for a 5× 5 cm2 piece of the standard µ-PIC as
sample.

3.7.2. Background in sample region345

The α rate of the sample was estimated by sub-346

tracting the background rate. Considered back-347

ground was mainly the radon-α. The detector mea-348

sured both the α rates in the region of the sample349

and around the sample (outer region). The back-350

ground rate could be determined from the α rate in351

the outer region. Typically, the upward and down-352

ward radon-α rates are same. The sample-α has353

mainly downward-oriented. Thus, the background354

rate could be estimated by the upward rate in the355

sample region and independently cross-checked by356

the upward rate in the outer region.357

We checked the upward-oriented (Fdwn ≤ 0.5)358

α rate in both regions because the alpha parti-359

cles from a sample are typically emitted downward.360

Measured energy spectra are shown in Fig. 10. The361

red- and black-shaded histograms show the energy362

spectra inside and outside the sample region, re-363

spectively. These spectra are scaled by the se-364

lection efficiency. Both peaks are around 6 MeV365

and α rates are (2.16+0.54
−0.35)× 10−2 (inside) and366

(1.54+0.64
−0.40)× 10−2 α/cm2/hr (outside). Therefore,367

the background condition inside the sample region368

is compatible at less than 1σ with the background369

condition outside the sample region. The alpha-370

particle energy spectrum is interpreted as the radon371

peaks at 5.5 MeV (222Rn), 6.0 MeV (218Po), and372

7.7 MeV (214Po).373

The downward-oriented (Fdwn > 0.5) α rate out-374

side the sample is (1.58+0.29
−0.26)× 10−2 α/cm2/hr, as375

shown in the black-shaded spectrum of Fig. 11. In376

this work, the background rate was improved by one377

order of magnitude in comparison with that of our378

previous work [16]. The background reduction is at-379

tributed to the track-sense determination to reject380

upward-oriented alpha (for > 3.5 MeV) and the re-381

placement of the low-α µ-PIC (for ≤ 3.5 MeV). In382

the energy region between 2.0 and 4.0 MeV, where383

most radon background is suppressed, the back-384

ground rate is (9.6+7.9
−5.6)×10−4 α/cm2/hr.385

3.7.3. α rate of sample386

Figure 12 shows the distribution of the top of387

the tracks for the sample, where the candidates388

are selected by the criteria C1 and C2. The re-389

gions 1⃝ and 2⃝ are defined as sample and back-390

ground regions, respectively. The sample region391

corresponds to the sample window. The sample392

region is the inside of ±5 cm of anode and cath-393

ode. The background region is the outside of the394

sample region and the inside of ±7.5 cm of anode395

and cathode. Figure 11 shows the energy spectra396

of downward-oriented alpha particles in the sample397

(red) and the background region (black shaded).398
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Source was calibrated to 1.49±0.01 α/s
in 4.8-5.8 MeV

(Efficiency)
= (count rate) / (source α rate)
= !. #$% ± !. !#' counts/α

Event selection criteria
(C1) Select of good fit tracks
(C2) Cut upward-like alpha ray
(C3) Select alpha ray in fiducial area

inside (8x8 cm)

Count rate is 1.18 ± 0.01 ×10! hr"#
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Raw	data:	
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