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Abstract

An important issue for rare-event-search experiments, such as the search for dark matter or neutrinoless
double beta decay, is to reduce radioactivity of the detector material and the experimental environment. The
selection of materials with low radioactive impurity, such as isotopes in the uranium and thorium chains,
requires a precise measurement of surface radioactivity. An alpha-particle detector has been developed based
on a gaseous micro-time-projection chamber. A low-a p-PIC with reduced alpha-emission background was
installed in the detector. The detector offers the advantage of position sensitivity, which allows the alpha-
particle contamination of the sample to be imaged and the background to be measured at the same time.
The detector performance was measured by using an alpha-particle source. The measurement with a sample
was also demonstrated and the sensitivity is discussed.

Keywords: Alpha-particle detector, Position sensitivity, Time projection chamber, u-PIC, Low
background

1. Introduction 18 micro-time-projection chamber (micro-TPC) and

) ) ) .1 the main background is surface alpha particles from
Approximately 27% of the universe is domi- , 23877 und 232Th in the detector material or in the
nated by nonbarionic matter, called dark mat- ©-PIC [5].

ter. Although many experimental groups have been

searching for dark matter, no direct detection of Neutrinoless double beta (0v38) decay is a

dark matter has yet been reported. Typical experi- ,; opton-number-violating process, which suggests

ments that search for dark matter are performed by, the peutrino as a Majorana particle (it is its own
using massive, low-background detectors. Although antiparticle) and provides the absolute neutrino
the DAMA group has observed the annual modula- . | 7«c The GERDA (6] and KamLAND-Zen [7]
tion with a significance of 9.30 as the dark matter groups recorded a lower-limit half-life over 102 yr
contribution [1], other groups such as XENONIT = .+ 90CL by using Ge and 136Xe, respectively,
[2] and LUx [3} did not reproduced the signal. ;4 the 0v38 decay has yet to be observed. Con-
Meanwhile, a direction-sensitive method has bee.n » versely, a tracking system for two electrons pro-
focused because of an expected clear anisotropic _  yides strong evidence of the OvB3 decay process.
signal due to the motion of the solar system in the _  Tphe NEMO3 group precedes the measurement with
galaxy [4]. The NEWAGE group precedes a three- ¢ Tyjp > 2.5 x 102 yr (90%CL) for $Se [8], and
dimensionally sensitive dark matter search with a w T1/2 > (1.1-3.2) x 1021 yr (90%CL) for 150N 9]
s and a contamination of 2°8T1 and 2'“Bi in the detec-

*Corresponding  author. E-mail  address: 3 tor dominates the background. The SuperNEMO
ito.hiroshi@crystal.kobe-u.ac.jp (H. Tto). s group has developed the BiPo-3 detector to mea-
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sure the radioactive impurities with sensitivity less
than 2 uBq/kg (90%CL) for 2°8T1 and 140 uBq/kg
(90%CL) for 2!4Bi [10]. Therefore, the background
of OvBp decay is not only a contamination by the
end point of continuous energy in an ordinary 2v303
decay process, but also the radiative impurities such
as 238U and 2%2Th in the detector.

To estimate the radioactive impurities in the de-
tector material, the XMASS group measured 2'°Pb
and 2'9Po in the bulk of copper by using a commer-
cial alpha-particle detector (Ultra-Lo 1800, XIA)
[11]. The alpha detector has a good energy resolu-
tion (as explained in Sec. 3.2) and a mechanism to
reduce the background by waveform analysis, and
thus a sensitivity is ~ 107 a/cm? /hr. However,
it has no position sensitivity. A sample such as a
micro pattern gas detector board has not an uni-
form radioactive contamination. For example, the
impurities might be contaminated to the electrodes
in a pattern making process. Therefore, a position-
sensitive alpha detector is required to select mate-
rials for the rare-event-search experiments.

This paper is organized as follows. The details
of the alpha-particle detector, setup, low-a micro
pixel chamber (u-PIC), gas circulation system, elec-
tronics, and trigger data acquisition system are de-
scribed in Sec. 2. The performance check that uses
the alpha-particle source, a sample test, and back-
ground estimation are described in Sec.3. The
remaining background of the detector and future
prospects are discussed in Sec. 4. Finally, the study
is concluded in Sec. 5.

2. Alpha-particle imaging detector based on
gaseous micro-TPC

A new alpha-particle detector was developed
based on a gaseous micro-TPC upgraded from the
NEWAGE-0.3a detector [12] which was used to
search for dark matter from September, 2008 to
January, 2013. The detector consisted of the micro-
TPC using a low-a u-PIC, a gas circulation system,
and electronics, as shown in Fig.1. The TPC was
enclosed in a stainless-vessel for the gas seal during
the measurement.

2.1. Setup and configuration

Figure 2 shows a schematic view of the detector,
where the gas volume is (35 x 35) x31 cm®. The de-
tector was placed underground at the Kamioka fa-
cility in Institute for Cosmic Ray Research, Japan.
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Fig. 1: Photographic of detector.

An oxygen-free copper plate with a surface pol-
ished to a roughness of 0.4 um was used as the
drift plate. The drift plate had an opening with
a size of (9.5 x 9.5 cm?) as a sample window. A
copper mesh was set on the drift plate to hold the
sample at the window area, as shown in Fig. 3.
The electrons ionized by the alpha particles drift
toward the u-PIC with a vertical upward-pointing
electric field £. CF, gas, which was also used in
the NEWAGE-0.3a, was used as the chamber gas
because of the low diffusion properties. The pres-
sure was set at 0.2 bar as a result of the optimiza-
tion between the expected track length and the
detector stability. The track length was expected
to be longer, which improved the tracking perfor-
mance when the gas pressures was low, while the
discharge rate of the p-PIC increased. The electric
field in the drift volume, E = 0.4 kV/cm/bar, was
formed by supplying a negative voltage of 2.5 kV
and placing field-shaping patterns with chain resis-
tors every centimeter [13]. The drift velocity was
744 0.1 cm/us. The p-PIC anode was connected
to +550 V. The typical gas gain of u-PIC was 103
at ~ 500 V.

2.2. Low-a p-PIC

The background study for the direction-sensitive
dark matter search suggests that u-PIC has radia-
tivoactive impurities of 233U and 232Th which emit
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Fig. 3: Drift plate with a sample window (hole size is
9.5 x 9.5 cm2) and copper support mesh.

alpha particles [5]. A survey with a HPGe detec-
tor revealed that u-PIC’s glass cloth was the main
background source, and so the impurities were re-
moved [14]. Details of the device with the new ma-
terial, a low-a u-PIC, will be described in Ref [15].

2.3. Gas circulation system

A gas circulation system that uses activated char-
coal pellets was developed for radon-background
suppression and to protect a against gain deteri-
oration due to the outgassing. A pump (EMP,
MX-808ST-S) and a needle-type circulate meter
(KOFLOC, PK-1250) were used to flow the gas at a
rate of ~ 500 cm?®/min. The gas pressure was mon-
itored to ensure the stable operation of the circula-
tion system and as maintained within an increase
of ~ 2% for several weeks.
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2.4. Electronics and trigger data acquisition system

The electronics for the u-PIC readout consisted
of amplifier-shaper discriminators [16] for 768 anode
and 768 cathode signals and a position-encoding
module [17] to reconstruct the hit pattern. A data
acquisition system consisted of a memory board
to record tracks and a flash analog-to-digital con-
verter (ADC) for the energy measurement. The
flash ADC with 100 MHz sampling recorded the
sum signal of the cathode strips with a full time
range of 12 us. The anode sum signal issued the
trigger. With this way of triggering, in contrast to
the trigger by signal (for example, primary scintil-
lation) in the TPC before the drift, the absolute
position along the drift direction cannot be mea-
sured. However, because the alpha particles were
expected to be emitted from the sample, the drift-
along coordinate of the emission point was assumed
to be the position of the drift plate.

3. Performance check

3.1. Alpha-particle source

A 10 x 10 cm? copper plate with 21°Pb accu-
mulated on the surface was used as an alpha-
particle source for the energy -calibration and
energy-resolution measurement [11]. The source
emits alpha particles with an energy of 5.3 MeV
as a decay of 2'°Po. The alpha-particle emission
rate (hereinafter called the « rate) of the source
plate was calibrated to be 1.49 + 0.01 o s~ ! for 4.8
5.8 MeV by using the Ultra-Lo 1800 [11].

3.2. Energy calibration

An energy calibration was conducted with the
alpha-particle source. The energy was calculated
from the flash ADC waveform. Figure 4 shows
a typical energy spectrum of the alpha-particle
source. The energy resolution was estimated to be
6.7% (lo) for 5.3 MeV, which is worse than the
Ultra-Lo 1800 resolution of 4.7% (1o) for 5.3 MeV.
This deterioration was thought to be due to the
gain variation of the u-PIC detection area.

3.5. Event reconstruction

Figure 5 shows a typical event display with the
tracks and flash ADC waveform data for alpha-
particle emission from 2'°Po. The hit points were
determined based on coincidence of anode and cath-
ode detections. Figure 5 (¢) shows the anode-
cathode plane for the track. The open circles are
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Fig. 4: Energy spectrum for alpha particles from 21°Po
(5.3 MeV).

data. The red solid line is a linear fit result. The
dashed line represents the edge of the sample win-
dow. The solid blue point is the emission point of
the alpha particle. The scheme of the determina-
tion of the emission point, or the track sense, is
explained in Sec. 3.4. Figure 5 (a) and (d) show
anode- and cathode-drift planes, respectively. The
drift coordinate is converted from the timing and
is set to zero base, which corresponds to the drift-
plate position. Figure 5 (b) shows a flash ADC
waveform.

The track angles were determined on the anode-
cathode, anode-drift, and cathode-drift planes.
These angles were determined with a common fit-
ting algorithm. First, the weighted means of the
hit points (2, yy) were defined as

1 n
()=ax(2)
3=0
where z; and y; are the measured hit points and n

is a number of points. Next, the track was shifted
and rotated through the angle 8 as follows

Ty
Yw

Zj
Yi

(1)

cos 0

x; B —sin 6 Tj— Tw (
y. )\ sinf cos6 Yi—Yw )
Here z; and y; are the points after the shift, and

rotation and the angle # were determined to mini-
mize the quantity f, which is defined as
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where this formula means a sum of the square of the
distance between the rotated point and the x axis.
This method has the advantage to determining the
angle with no infinity pole at § = 90°, in contrast
with a sample linear fit.
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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.

3.4. Track-sense determination

Backgrounds in low radioactivity alpha-particle
detectors are in general alpha particles from the
radon (radon-o) and material in the detector
(detector-ar). The radon-as are expected to be dis-
tributed uniformly in the gas volume with isotropic
directions. The detector-as are expected to have
position and direction distributions specific to their
sources. One of the main sources of the detector-as
are the p-PIC and the directions are mostly up-
ward. Since the direction of alpha particles from
the sample are downward, these detector-as and
half of the radon-as can be rejected by the cut of
upward-direction events.

The deposit energy per unit path length, dE/dx
of an alpha particle with an initial energy over a
few MeV, has a peak before stopping (Bragg peak).
The number of electrons ionized by the alpha parti-
cle in the gas is proportional to dF/dx, and dE/dx
along the track profile is projected onto the time
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evolution in the signal due to the mechanism of the
TPC. This time profile was recorded as the wave-
form and thus the track sense (i.e., whether the tack
was upward or downward) can be determined from
the waveform.

A parameter to determine the track sense is

Fdwn :SZ/(Sl +S2)7 (4)

where S7 and S5 are the time-integrated waveform
before and after the peak. They are defined as

tp
&:/v@%

to

t1
&:/v@ﬁ
t

p

(6)

Here, to = 0 ps, t1 = 1.5 us, and t, are the start,
stop, and peak time, respectively, for the waveform
shown in Fig. 5 (b). Figure 6 shows typical Fawn
distribution with the alpha-particle source, where
most of the events are expected to be downward-
oriented. The Fyy, values of the downward events
are distributed around 0.7, as shown by the black-
shaded histograms. Conversely, radon-as have an
isotropic direction, i.e., Fywn has two peaks, as
shown by the red solid histogram, where the radon-
«a are background events in the sample test data,
as explained later. The scale of the source-a was
normalized to the radon-a peak of downward for
clarity. The selection efficiency of Fyyyn > 0.5 was
estimated to be 0.964 + 0.004 in the source-a spec-
trum while the radon background was reduced to
half. The blue dashed histogram is a spectrum that
subtracted the normalized source-a from the radon-
a. The cut efficiency of the upward-oriented events
(Fawn < 0.5) was estimated to be 0.85 4 0.04. The
energy dependence of Fyyy, will be explained in Sec.
3.6.

3.5. Distribution of emission position

Since alpha particles are mainly emitted from the
source, the top points of the alpha-particle tracks
trace the shape of the radioactivity on the sample.
Figures 7 (a) and 7 (b) show the anode—cathode
projection distribution of the top and bottom of the
alpha-particle tracks, respectively, where the top
and bottom are defined as the zero and maximum
drift coordinate, respectively, as shown in Figs. 5
(a) and 5 (d). The dashed line represents the edge
of the drift-plate sample window. Comparing Fig. 7
(a) with Fig. 7 (b) clearly reveals the shape of the
radioactivity.
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Fig. 6: Downward-oriented distribution for source-a (black
shade), radon-a (red solid), and a histogram made by sub-
tracting the radon-a spectrum from the source-a one(blue
dashed).

The position resolution was evaluated along the
four dashed lines in Fig. 7 (a). The number of
events was projected onto the axis perpendicular
to the lines and was fit with error functions. As
a result, the position resolution was determined to
be 0.68 £ 0.14 cm (o), where the error is a standard
deviation in the four positions.

3.6. Efficiency of event selection
3.7. Detection and selection efficiency

To select good events for alpha particles from the
sample, we use the following criteria: (C1) selec-
tion for events with good fitting tracks, (C2) cut
for the upward-oriented events, and (C3) selection
for events with emission points in the sample region.

For criterion C1, the good fit to track events
was selected as fuin(0)/(n — 1) < 0.02 cm? for
the anode-cathode, anode-drift, and cathode-drift
planes to remove events that had any noise and
to remove candidates for electron tracks, where
fmin(#) is a minimum of Eq. (3).

Criterion C2 rejects the upward-oriented tracks
with > 3.5 MeV and Fywn < 0.5 because the de-
termination efficiency depends on the energy. The
upward- and downward-oriented tracks can be de-
termined with 95% or more certainly at over
3.5 MeV. Note that this cut was applied for the
events > 3.5 MeV, because the radon background,
which was assumed to be the dominant background
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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 the
contribution to the energy range below 3.5 MeV
was limited.

For criterion C3, as shown in Fig. 7 (a), to reject
the remained the radon and detector-as, the selec-
tion region for alpha-particle emission point was set
between —8.0 cm and 8.0 cm in both the anode and
cathode coordinate. The rate of radon-« in the se-
lected region was less than a few hundred time of
source-a, and thus the it was a negligible.

The selection efficiency for C1, C2, and
C3 containing the detection efficiency was
(2.174£0.29) x 107! counts/a (the ratio of the
count rate to the « rate of the source), where
the error represents the systematic error of C1
to C3 selections and uncertainly of the source
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radioactivity and the statistic error is negligible.

3.8. Sample test and background estimate

3.8.1. Setup

A 5 x 5 cm? piece of the standard p-PIC whose
« rate was known to be 0.28 + 0.12 a/cm?/hr in
previous work [14] served as a sample and was in-
spected by using the detector. The setup is shown
in Fig. 8. The live time was 75.85 hr.

Fig. 8: Setup for a 5 x 5 cm? piece of the standard u-PIC as
sample.

3.8.2. Background in sample region

The « rate of the sample was estimated by sub-
tracting the background rate. Considered back-
ground was mainly the radon-a. The detector mea-
sured both the « rates on the region of the sample
and around the sample (outer region). The back-
ground rate could be determined from the « rate in
the outer region. The net a rate from the sample
was thus evaluated by subtracting the background
rate from the rate of the sample region. It was nec-
essary to confirm that the background rates in both
regions were consistent with each other.

We checked the upward-oriented (Fgyn < 0.5)
arate in both regions because the alpha parti-
cles from a sample are typically emitted downward.
Measured energy spectra are shown in Fig. 9. The
red- and black-shaded histograms show the energy
spectra inside and outside the sample region, re-
spectively. These spectra are scaled by the se-
lection efficiency. Both peaks are around 6 MeV
and « rates are (2.16175323) x 1072 (inside) and
(1.547055) x 1072 a/em? /hr (outside). Therefore,
the background condition inside the sample region
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is consistent with the background condition outside
the sample region. The alpha-particle energy spec-
trum is interpreted as the radon peaks at 5.5 MeV
(22Rn), 6.0 MeV (?*¥Po), and 7.7 MeV (?'“Po).

The downward-oriented (Fgyn > 0.5) « rate out-
side the sample is (1.581532) x 1072 a/cm? /hr, as
shown in the black-shaded spectrum of Fig. 11. In
this work, the background rate was improved by one
order of magnitude in comparison with that of our
previous work [14]. The background reduction is at-
tributed to the track-sense determination to reject
upward-oriented alpha (for > 3.5 MeV) and the re-
placement of the low-a p-PIC (for < 3.5 MeV). In
the energy region between 2.0 and 4.0 MeV, where
most radon background is suppressed, the back-
ground rate is (9.6722)x107* a/cm? /hr.
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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. « rate of sample

Figure 10 shows the distribution of the top of the
tracks for the sample, where the candidates are se-
lected by the criteria C1 and C2. The regions (1)
and (2) are sample and background regions, respec-
tively. The sample region is the inside of £5 cm
of anode and cathode. The background region is
the outside of the sample region and the inside of
+7.5 cm of anode and cathode. Figure 11 shows
the energy spectra of downward-oriented alpha par-
ticles in the sample (red) and the background re-
gion (black shaded). The « rate of the sample
was calculated to be (3.577033) x 107! a/em? /hr
(> 2.0 MeV) by subtracting the background rate.
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Assuming the alpha spectrum is constituted only
from 232Th or 238U, the impurity is estimated to
be 6.0 £ 1.4 or 3.0 £ 0.7 ppm, respectively. The
impurities of 232Th and 238U are measured to be
5.84 + 0.03 and 2.31 &+ 0.02 ppm, respectively, by
using the HPGe detector. Although the error is
huge because of the continuous energy spectrum, it
is consistent with the prediction of prior measure-
ment. In this sample test, it was demonstrated to
observe the background alphas at the same time.
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Fig. 10: Distribution of the top of downward-oriented alpha-
particle track. The regions (D) and 2 are the sample and
background regions, respectively.

4. Discussion

We begin by discussing the sensitivity for the en-
ergy between 2 and 9 MeV based on long-term mea-
surements. In this energy range, the background is
dominated by the radon-as with ~ (1.5815:3%) x
1072 «/cm?/hr. The statistical error (o) is ex-
pected to scale with the inverse of the square root
of the measurement time () given as o o 1/v/%. In
this work, the live time was only three days, and the
statistical error was o ~ 3 x 1073, With a measure-
ment time of one month, the error of radon-as was
estimated to be o ~ 1 x 1073 a/em? /hr. When the
« rate as the same of the radon-as was observed, the
sum of squares of these os for the sample and radon-
as would be expected to be a few 1073 a/cm? /hr
as the measurement limit by subtraction with these
« rates.

The edges region (anode ~ +15 cm or cathode
~ £15 cm) has a high rate of background, as shown
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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-
length dependence similar to that of the alpha par-
ticles. The alpha particles were mainly oriented
upward and were emitted from outside the detec-
tion area. As an impurity candidate, a piece of
the printed circuit board (PCB) was inspected and
the o rate was (1.16 4 0.06) x 10~ o/cm? /hr. Al-
though the alpha-particle events could be rejected
by the fiducial region cut, these impurities could
be the radon sources (see Fig. 12). Therefore, as
a next improvement, a material with less radiative
impurities should be used for the PCB.

s

Printed Circuit Board

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

The goal for detector sensitivity is less than
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10~* a/em? /hr, which corresponds to measuring
radioactive impurities at the ppb level. We can
potentially improve the background rate by using
the cooled charcoal and using a material with less
impurities. A recent study reported that a cooled
charcoal could suppress the radon by 99% in the
argon gas [18]. A recent NEWAGE detector sup-
presses the radon to 1/50 by using cooled charcoal
[5]. With these improvements, the detector would
achieved to the goal of performance.

5. Conclusion

We developed a new alpha-particle imaging de-
tector based on the gaseous micro-TPC. The mea-
sured energy resolution is 6.7% (o) for 5.3 MeV al-
pha particles. The measured position resolution
is 0.68 £ 0.14 cm. Based on a waveform analysis,
the downward-oriented events’ selection efficiency is
0.964 + 0.004 and the cut efficiency of the upward-
oriented events is 0.85 + 0.04 at > 3.5 MeV. Also,
a piece of the standard p-PIC was measured as a
sample, and the result is consistent with the one by
another measurement. A measurement of the alpha
particles from a sample and background was also
established at the same time. A background rate
near the radon-a ((1.587533) x 1072 a/cm? /hr)
was achieved.
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