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6.1 High energy backgrounds

Figure 6.1.1 schematically shows the candidates of the high-energy background. Events

crossing the outer region of the fiducial area, or the veto area, as 1⃝ is removed by the fiducial-

cut. Remaining events are categorized into three types; the events from +z ( 2⃝), the events from

gas ( 3⃝, 3⃝’, 3⃝”), and the events from −z ( 4⃝, 4⃝’, 4⃝”, 5⃝, 5⃝’, 6⃝, 7⃝, 7⃝’). These three types of

events differ in the drift length. By the gas diffusion, a large TOT-sum is obtained for an event

with a long drift length. Figure 6.1.2 shows the simulated TOT-sums assuming three origins

of the background sources. The events generated from the −z region (red points; 4⃝, 4⃝’ 4⃝”, 5⃝,

5⃝’, 6⃝, 7⃝, 7⃝’), have a short drift length and a small diffusion, and result in small TOT-sums.

On the other hand, the events generated from the +z region (green points; 2⃝) and generated

from the gas region (blue points; 3⃝, 3⃝’, 3⃝”) have a long drift lengths and a large diffusions,

and result in large TOT-sums.

Figure 6.1.1: Candidates of high-energy background events (500− 15000 keV).
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RUN14で検出器感度を制限していたBG

-->μ-PICのガラス繊維由来のα線
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ability to fiducialize events with the minority peaks would have a huge impact on 
DRIFT and other rare-event TPCs. 

Fortunately, the addition of a small amount of O2 to the gas mixture has been 
found to greatly increase the size of the minority peaks, as presented in Fig. 1. 
 

 

 
FIG. 1 – The arrival time distribution of negative ions after a 15.24 cm drift in a 273 V/cm drift 

field in a mixture of 30 Torr CS2, 10 Torr CF4 and 1 Torr O2.  Followng earthquake fidudialization 
and spectroscopic notation the minority peaks are labeled as shown. 

It will be shown below that the I carriers in mixtures with small additions of O2 
are the same as the I carriers observed in previous experiments.  Only 3 minority 
peaks have been identified thus far.  The appearance of the D peak is ephemeral 
so this paper will focus solely on the properties of the S and P peaks. 

It is now thought that the appearance of the miniscule S and P minority peaks 
in [4] was due to a small concentration of O2 in the gas due to outgassing.  
Previous mobility measurements have been performed with gas mixtures of CS2 
and CF4, Ar, Xe, CH4, He, Ne and CO2 [2-4, 6, 8] and there have been no reports 
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p 陰イオンガスを⽤いたZの位置決定
DRIFTグループ(英・米)が陰イオンガスCS2 を用いて
MWPC-TPCでZの絶対位置決定に成功した

à陰イオンガスをμTPCに導入し、高位置分解能飛跡
検出と同時にZの有効体積カットをしたい

Ø NIμTPC(陰イオンμTPC)の開発

[Physics of the Dark Universe 9-10(2015)1-7]
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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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信号波形

N.Phan talked	@CYGNUS2015

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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前回JPSの発表
• 3チャンネルを⾜したμ-PICストリップからマイノリティチャージを観測
• Zの絶対位置決定に成功した
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Ø 本研究では多チャンネル読み出し回路を⽤いて、⾶跡検出と同時にZの絶
対位置を測定した

第72回JPS発表スライドから
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セットアップ

ü 検出容量 :	1.28cm×1.28cm×16.1cm

241Am PIN

16.1cm

GEM+μ-PIC

Field ring
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• KEK・岩⼿⼤学で共同開発された液体
アルゴンTPC⽤の読み出しエレキ

• 64ch	×4000	sampling
• サンプリング周波数<20MHz以下

Anode	32ch Cathode	32ch Drift
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1イベント例
• アルファ線イベント例 (PINフォトトリガー)
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Zの絶対位置較正
• PINフォトトリガーイベントからZの絶対位置を較正する

Main	Peak	Dist.

Minority	Peak	Dist.

SF6 (Main	charge)	Drift	V	:	8.0	[cm/ms]

SF5 (Minority	charge)	Drift	V	:	8.6	[cm/ms]

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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3次元の⾶跡再構成

Event	19
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• セルフトリガーモードでの3次元の⾶跡再構成

⾓度分布

α Track



+	Zの絶対位置
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Ø 3次元の飛跡検出と同時にAの絶対位置決定に成功



まとめと今後

p まとめ

• 1.28cm×1.28cm×16.1cmの検出容積を持つ陰イオンμTPCを開発した

• 3次元の⾶跡検出をするとともにZの絶対位置測定を⾏なった

p 今後

• 陰イオンμTPC専⽤の読み出し回路の開発

• ⼤型の検出器の性能評価を⾏い暗⿊物質探索実験に導⼊

2018/3/23 第73回JPS 10



BACK	UP

2018/3/23 第73回JPS 11



Minority	detection	Eff

1.6                     3.2                    4.8                     6.4                     8.0

1ストリップに落としたエネルギー[keV]

検
出
効
率

フッ素原子核が1ストリップに落とす最小エネルギー = 8keV
2018/3/23 第73回JPS 12



3D	Position	Resolution

Residual	[mm]

• カソードストリップに沿ったイベントが多いため分解能が
過⼩評価されている?

𝜎 = 220𝑢𝑚

2018/3/23 第73回JPS 13



Zの決定精度

• Zの位置決定精度

SF6 20Torr
E=435V/cm

- 8.9cm
- 16.1cm

2017 JINST 12 P02012

Table 1. THGEM parameters and results.

d (mm) p (Torr) �V (V) Eh (kV·cm�1) Eh/p (V·cm�1Torr�1) Ge� �/E (%)
0.4 30 820 20.50 683 3000 25
1.0 30 1005 10.05 335 3000 45
0.4 40 880 22.00 550 2000 42
0.4 60 1020 25.50 425 – –

multiple THGEMs should work and other MPGD devices, such as thin GEMs and Micromegas,
should be attempted as well. The latter two could also achieve much higher reduced fields, albeit
over a shorter avalanche region, which could help with improving the energy resolution. These are
interesting questions for future studies.

7 Event fiducialization

7.1 252Cf data
We showed in figure 2 of section 3.2 that at high drift fields, the waveform of the charge arriving
at the anode consists mainly of the two SF�5 and SF�6 peaks. Having two or more species of charge
carriers with di�ering mobilities is critical for event fiducialization in gas-based TPCs employed
in dark matter and other rare event searches. The ability to fiducialize in these experiments allows
for the identification and removal of the most pernicious backgrounds, which originate at or near
to the inner surfaces of the detector. While identifying the event location in the readout plane
(X,Y) of a TPC is straightforward, locating the event along its drift direction (Z) is challenging.
Unlike in accelerator-based experiments, the time of interaction (T0) in a gas-based TPC used for
rare searches is not available, so Z-fiducialization had proven di�cult. The recent discovery of
minority charge carriers in CS2 + O2 mixtures [19], has changed this by allowing the di�erences in
their mobility to be used to derive the Z coordinate of the event (e.g., see equation (7.1)). This has
transformed the DRIFT dark matter experiment [17], which, until this discovery, had operated for
close to a decade with backgrounds from radon progeny recoils at the TPC cathode that severely
impacted the dark matter search [16, 77–80].

The di�erences in the SF�5 and SF�6 mobilities in pure SF6 are used to measure the Z coordinate
of the event through the relation:

Z =
vs · vp
vs � vp

�T, (7.1)

where vp and vs are the drift speeds of the negative ions in the primary (SF�6 ) and secondary (SF�5 )
peaks, respectively, and �T is the time separation of the peaks. Note that the anode (THGEM) is at
Z = 0, and the cathode at Z = 58.3 cm.

To test how well one can determine the location of events in SF6 using this method, we used
a 252Cf source to generate ionization events at di�erent locations in the detection volume. The
252Cf source was placed near the outside surface of the vessel and about 20 cm from the cathode.
The detector was operated at 30 Torr with E = 1029 V·cm�1 where the highest gas gains were
achieved (section 6). This was important for identifying the small SF�5 peak in low energy recoils,
which produce less ionization than the nitrogen laser illuminating the cathode. Preceding the

– 25 –

線源位置

• 𝑍 ∝ 	∆𝑇

𝜎# = 2.6	𝑐𝑚

2018/3/23 第73回JPS 14
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アウトガスH2Oによる波形の変化
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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



陰イオンの⽣成過程
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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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