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WIMP	 γ	

•  原子核反跳イベントを 
-  シンチレータ検出器(Energy + Time) 
-  原子核乾板(Energy + 3-d) 
-  ガス飛跡検出器(Energy + Time + 3-d) 
などで取得する 
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Fig. 3. Simulated recoil angle distributions for the ST (semi-tracking) mode (upper) and the FT (full-tracking) mode (lower). The pressures
of the CF4 gas are 30 and 20 Torr for the ST mode and FT mode, respectively. Neutron background is estimated based on the measured fast
neutron flux (1.9± 0.21) × 10−6 n/(cm2 s) at Kamioka Observatory and a 50 cm water shield. WIMP signals, neutron background, and the
total observable events are shown in the hatched, filled, and solid-line histograms, respectively. Theoretical calculations are also shown by the
dashed lines.

Fig. 4. Asymmetry-detection confidence level (ADCL) [σ ] as a
function of the gas pressure and the corresponding recoil energy
threshold. It is seen that FT (full-tracking) and ST (semi-tracking)
modes have different optimum pressures.

4. Conclusions

In this Letter, we have shown that µ-TPC filled
with CF4 gas is a promising device for WIMP-wind
detection via SD interactions. By the full-tracking
method with sufficient exposure, it is expected that
we cannot only detect the WIMP-wind, but can also
precisely study the nature of WIMPs.
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Figure 1. Experimental model-independent residual rate of the single-hit scintillation events,
measured by DAMA/NaI over seven and by DAMA/LIBRA over six annual cycles in the (2 – 6)
keV energy interval as a function of the time [4, 5, 17, 18]. The zero of the time scale is January
1st of the first year of data taking. The experimental points present the errors as vertical bars
and the associated time bin width as horizontal bars. The superimposed curve is A cos ω(t− t0)
with period T = 2π

ω
= 1 yr, phase t0 = 152.5 day (June 2nd) and modulation amplitude, A,

equal to the central value obtained by best fit over the whole data. The dashed vertical lines
correspond to the maximum expected for the DM signal (June 2nd), while the dotted vertical
lines correspond to the minimum. See Refs. [17, 18] and text.

more than one detector “fires”. In fact, since the probability that a DM particle interacts in
more than one detector is negligible, a DM signal can be present just in the single-hit residual
rate. Thus, this allows the study of the background behaviour in the same energy interval of
the observed positive effect. The result of the analysis is reported in figure 2 where it is shown
the residual rate of the single-hit events measured over the six DAMA/LIBRA annual cycles, as
collected in a single annual cycle, together with the residual rates of the multiple-hits events, in
the same (2–6) keV energy interval. A clear modulation is present in the single-hit events, while
the fitted modulation amplitudes for the multiple-hits residual rate are well compatible with
zero [18]. Similar results were previously obtained also for the DAMA/NaI case [5]. Thus, again
evidence of annual modulation with proper features, as required by the DM annual modulation
signature, is present in the single-hit residuals (events class to which the DM particle induced
events belong), while it is absent in the multiple-hits residual rate (event class to which only
background events belong). Since the same identical hardware and the same identical software
procedures have been used to analyse the two classes of events, the obtained result offers an
additional strong support for the presence of a DM particle component in the galactic halo
further excluding any side effect either from hardware or from software procedures or from
background.

The annual modulation present at low energy has also been analyzed by depicting the
differential modulation amplitudes, Sm, as a function of the energy; the Sm is the modulation
amplitude of the modulated part of the signal obtained by maximum likelihood method over
the data, considering T = 1 yr and t0 = 152.5 day.

The Sm values are reported as function of the energy in figure 3. It can be inferred that
a positive signal is present in the (2–6) keV energy interval, while Sm values compatible with
zero are present just above; in particular, the Sm values in the (6–20) keV energy interval have
random fluctuations around zero with χ2 equal to 27.5 for 28 degrees of freedom. It has been
also verified that the measured modulation amplitudes are statistically well distributed in all
the crystals, in all the annual cycles and energy bins; these and other discussions can be found
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p 暗黒物質の直接探索	
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p 最近では方向情報を利用した
様々な解析手法が提案されて
来た 

•  暗黒物質の速度分布の検証 

Bradley J Kavanagh (IPhT - CEA/Saclay) CYGNUS 2015 - 4th June 2015 Discretising f(v)

N = 5 discretisation - event numbers

In principle, we can carry on increasing N 
indefinitely… 
        …but the conference is nearly over…
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Maxwell?	  Non-‐Maxwell?	  Stream?	

Standard	  Halo	  ModelとStreamの速度分布	
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Detector Target M (ton) E
th

(keV) �t (Lat., Long.) ⌫ backgrounds
A Xe 0.1 0.1 1 yr (45.2�, 6.67�) 8B, hep, Atm., DSNB
B Xe 104 5 1 yr (45.2�, 6.67�) Atm., DSNB, hep

[17] (low) Xe 0.19 (ton-year) 0.003 - - 7Be, 8B, pep, 15O, 13N, 17F, hep, Atm., DSNB
[17] (high) Xe 9.3⇥ 103 (ton-year) 4 - - Atm., hep, DSNB

TABLE II: The properties of the two detector set-ups we consider: M is the target mass, E
th

the energy threshold and �t the
length of time, from Jan. 1st 2015, over which data is taken. In both cases the detector is located at Modane. For reference we
also show the properties of the detector set-ups used in Ref. [17] to generate the neutrino floor shown in Fig. 7 and subsequent
plots. Also listed are the neutrino backgrounds present in each experiment, in order of number of expected events from highest
to lowest.
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FIG. 8: The discovery limit as a function of the energy
threshold for head-tail discrimination for 1-d (red), 2-d (blue)
and 3-d (green) directional readout (with energy and time in-
formation in all three cases). The dashed black line shows the
discovery limit with energy information only. The left (right)
hand set of curves is form� = 6 (100)GeV and detector set-up
A (B), with low (high) mass and threshold.

of a discriminating WIMPs from an arbitrary isotropic
background.

C. Sense recognition

As well as the 3-dimensional reconstruction of the re-
coil track, a key experimental concern is head-tail recog-
nition i.e., the ability to measure the sense (+q̂ or �q̂)
of the nuclear recoils. Determining the sense of a recoil
is expected to be possible in a gas TPC by measuring
the asymmetry in the charge collected along the recoil
track as well as asymmetry in the shape of the track
itself [57]. Whilst there has been important progress
with the experimental e↵ort, sense recognition remains
one of the outstanding challenges for current and fu-
ture detectors [58, 59]. Whether or not this information
can be retrieved from a detector plays a key role in its
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FIG. 9: The discovery limit as a function of WIMP mass
for detectors with full sense recognition (solid lines) and no
sense recognition (dashed) and 1-d (red), 2-d (blue) and 3-d
(green) directional readout. The upper (lower) set of lines are
for detector set-up A (B), with low (high) mass and threshold.
The dashed black lines show our discovery limit with energy
information only and the black curve and shaded region shows
the neutrino floor from Ref. [17].

ability to discriminate WIMP induced recoils from back-
grounds [38, 39, 60]. This is because in the absence of
head-tail discrimination the angular recoil rates in the
forward and background directions are added together
and the anisotropy of the WIMP induced recoils is e↵ec-
tively decreased.

Figure 8 shows how the discovery limit depends on the
energy threshold for head-tail discrimination, for m

�

= 6
and 100GeV and our two example detector set-ups (Ta-
ble II) with 3-d, 2-d and 1-d readouts. For simplicity, we
assume that above (below) the head-tail energy thresh-
old there is perfect (no) head-tail discrimination. For
the light WIMP and the low mass and threshold detec-
tor, the discovery limits are weakened as the head-tail
energy threshold is increased from 0.1 keV to ⇠ 1�2 keV
before flattening o↵ to a factor between ⇠ 1.5 (1-d) and
⇠ 10 (3-d) below the energy only limit. For lower dimen-

方向情報を用いることで太陽
ニュートリノと暗黒物質の原子
核反跳イベントを分別できる 
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FIG. 4: Mollweide projections of the WIMP plus 8B neutrino angular di↵erential event rate integrated within (from left
to right) three equally sized energy bins spanning the range Er = 0 to 5 keV, for a WIMP with mass m� = 6GeV and
���n = 4.9 ⇥ 10�45 cm2 and a Xe target. The top row shows the signal on February 26th, when the separation between the
directions of the Sun and Cygnus is smallest (⇠ 60�), and the bottom row on September 6th, when the separation is largest
(⇠ 120�). The WIMP contribution is to the left of the neutrino contribution on the top row and to the right on the bottom
row. The Mollweide projections are of the event rate in the laboratory co-ordinate system with the horizon aligned horizontally
and the zenith and nadir at the top and bottom of the projection respectively.

the angular spread decreases with increasing energy i.e.,
the highest energy recoils have the smallest angle between
the incoming particle direction and the recoil direction.

In addition to the standard case of a detector with full
3-dimensional sensitivity, we will also assess the discov-
ery potential of a detector which only has sensitivity to
1-dimensional and 2-dimensional projections of the 3-d
recoil track. Using Eq. (18) we define the 2-d readout to
be the projection of the recoil track onto the x-y plane
such that only the angle � is measured, and the 1-d read-
out to be the projection on to the z-axis such that only
the angle ✓ is measured.

Figure 5 shows the daily evolution of the 1-d, cos ✓,
and 2-d, �, recoil angle distributions at a single energy
(0.5 keV) from 8B neutrinos and a WIMP with mass
m

�

= 6GeV. The � distributions from 8B neutrinos
have two peaks, because at a fixed recoil energy the neu-
trino energy spectrum produces recoils in a ring around
the incident direction. In the WIMP case, however, the
distribution of recoils is peaked in a single direction, to-
wards �v

lab

. The 2-d and 1-d distributions for both at-

mospheric and DSNB neutrinos are flat, and therefore we
do not show them for clarity. The WIMP and neutrino
distributions are significantly di↵erent, not only in their
shape at a single time but also how they evolve over the
course of a day. This suggests that a detector with only
1-d or 2-d readout should still be able to discriminate
WIMP and neutrino induced recoils.

IV. ANALYSIS METHODOLOGY

In this section we introduce the analysis methodology
we use to assess the discovery potential of each readout
strategy for future low-threshold, ton-scale experiments.
Discovery limits were first introduced in Ref. [39] and are
defined such that if the true WIMP model lies above this
limit then a given experiment has a 90% probability to
achieve at least a 3� WIMP detection. To derive these
limits, it is necessary to compute the detection signif-
icance associated with di↵erent WIMP parameters, for
each detector configuration. This can be done using the
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solar	  neutrino	

DM	

暗黒物質が発見された際に、少
ない統計量での暗黒物質の速度
分布の検証方法なども提案され
てきている 

10-‐45	



(IRSN- Cadarache) allowing to select the energy of the neutrons by the angle with respect to a
proton beam producing a neutron resonance on a LiF target.

On fig 4 (center and right panel), 3D tracks of nuclear recoils following elastic scattering of
mono-energetic neutrons are represented. On the center panel, a 8 keV proton recoil leaving a
track of 2.4 mm long in 350 mbar of 4He + 5%C

4

H
10

is represented. The right panel presents a
50 keV (in ionization) fluorine recoil of 3 mm long obtained in a 55 mbar mixture of 70% CF

4

+ 30% CHF
3

.

4. MIMAC at the Underground Laboratory of Modane (LSM)
In June 2012, we have installed the bi-chamber module, at the Underground Laboratory of
Modane (LSM), see fig.5 .

Figure 5. The bi-chamber module installed at Modane in June 2012.

The set-up includes a close loop gas system with in-line filtering and is able to reach a vacuum
of 10�6 mbar. The pressure was regulated at 50 mbar. The gas mixture used was 70% CF

4

+
28% CHF

3

+ 2% C
4

H
10

We have calibrated twice a week by means of fluorescence produced by
X generator on thin foils of Cd (3.2 keV), Fe (6.4 keV), Cu (8.1 keV) and Pb (10.5 and 12 keV).
In the fig. 6, we show the low energy calibration obtained, its linearity and the stability of the
calibration given by the bin position of the di↵erent peaks as a function of time. The first data
acquisition started on June 22nd and it has been continuously run and remotely monitored up
to October 12th .

Figure 6. Left: The fit of the five X-ray peaks produced by fluorescence. Centre: The linear
calibration obtained from the fit. Right: the gain stability from July 5th to August 28th.

In order to characterize the total background of our detector at Modane, we worked without
any shielding. Besides the very good stability of the calibration validating the gas circulation,

Figure 4.0.1: Sensitivity goals of the NEWAGE project. Thick and dotted lines show expected 3σ asym-
metry detection sensitivities by the ST(semi-tracking) and FT(full-tracking) modes, respectively. Details
are described in [73]. An experimental result of NAIAD (thin dashed dotted line labeled UKDMC) and
MSSM predictions (thin line labeled MSSM) are also shown [41, 74].

4.1 NEWAGE-0.3b’ detector

A new detector, NEWAGE-0.3b’, was designed and developed to improve the sensitivity by

one order of magnitude. NEWAGE-0.3b’ consists of a micro time projection chamber (µ-TPC),

its electronics system, and the gas circulation system (Figure 4.1.1).

Figure 4.1.1: The photograph of whole system of NEWAGE-0.3b’ in Kamioka underground laboratory.
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ガス検出器と暗黒物質実験の世界情勢	
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Figure 4.0.1: Sensitivity goals of the NEWAGE project. Thick and dotted lines show expected 3σ asym-
metry detection sensitivities by the ST(semi-tracking) and FT(full-tracking) modes, respectively. Details
are described in [73]. An experimental result of NAIAD (thin dashed dotted line labeled UKDMC) and
MSSM predictions (thin line labeled MSSM) are also shown [41, 74].

4.1 NEWAGE-0.3b’ detector

A new detector, NEWAGE-0.3b’, was designed and developed to improve the sensitivity by

one order of magnitude. NEWAGE-0.3b’ consists of a micro time projection chamber (µ-TPC),

its electronics system, and the gas circulation system (Figure 4.1.1).

Figure 4.1.1: The photograph of whole system of NEWAGE-0.3b’ in Kamioka underground laboratory.

57

•  ２次元飛跡検出器μ-PIC 
•  前置ガス増幅器GEM 
•  検出体積 30×30×41cm3 
•  CF4 0.1気圧 
•  飛跡検出を利用したガンマ線BG
除去 
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Figure 5.2.2: Limits of SD cross section, σSD
χ−p, as a function of mass of WIMP mass Mχ. Red thick solid

line is the result of a directional method in this work. Blue thick dotted line is a result obtained with
the conventional method for reference. Red thin lines labeled ”NEWAGE surface run” and ”NEWAGE
2010 (RUN5)” are previous results measured at surface and Kamioka, respectively[83]. Allowed region
(DAMA[39]) and upper limits of other experiments are shown for comparison. Green lines are limits set
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reference. The largest systematic error is arised from the uncertainty of the energy resolution.

Since the shape of the expected energy spectrum is exponential (Figure 2.1.2), the lower limit

is obtained for the larger energy resolution. As described in the Section 4.4.2, the energy

resolution is sum of σuni = 20 ± 5% and σnoise = 2keV. In order to obtain the conservative

limit, σuni = 15% is used for the analysis (total energy resolution is 7.8 keV for 50 keV). It

should be noted that the direction-sensitive analysis and conventional method provide similar

limits with this low statistic results. Figure 5.2.3 shows the calculated χ2/d.o.f. values with the

WIMP model (red), and calculated that with the flat-background model (black). The minimum

χ2 values are shown in the 20− 70GeV mass region. As for the 100− 1000GeV mass region,

86

Conditions  RUN14�
•  period：2013/7/20~∼8/11,  
10/19~∼11/12�

•  live  time  ：31.6  days�
•  fiducial  volume：28×24×41  cm3�
•  CF4  gas(76Torr)�
•  mass：10.36  g�
•  exposure：0.327  kg・days�

p 最新結果	
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RUN14のデータとシミュレーション	

2013年のデータから、主なBGはμ-PICの構成物質に含まれる放射不純物のU/
Th系列の崩壊によって出てくるα線(図中C,C’’)であることが示唆  

T.Hashimoto@72JPSのスライドから	
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Low BG μ-PIC^WM
低BGμ-‐PIC試作機(10cm角)	

橋本隆(神戸大学)の修士論文から	

64.5±0.8�
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-HV	

SF6 gas	

Amp	
µ-PIC+GEM	

SF6
- 

SF5
- 

E=〜1000V/cm	

va	

vb	

N. Phan, Cygnus 2015 15June 4, 2015

SF-5 ?

SF-6

20 Torr SF6

2.6%

∆T

9 % faster 
than larger 
peak

Fiducialization?

N.Phan	  talked	  @CYGNUS2015	
Waveform	

ta	tb	

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.

6

SF6-‐	  

SF5-‐	  

マイノリティチャージの生成 
àこの時間情報を使ってドリフト方
向の絶対位置を測定できる 

電子ではなくイオンがドリフトする	

解析的にμ-PIC由来のBGを除去するà 陰イオンガスμTPC(NIμTPC)の開発 



SF６ガスゲイン 
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p  SF6ガスを用いたμ-‐PIC+GEMのガスゲイン	

•  SF6 20Torrで最大ガスゲイン2000程度 
•  エネルギー分解能FWHM70%@5.9keV 
•  μPIC+GEMシステムは陰イオンSF6中で
も十分なガスゲインが得られている 

2015年から自分が研究してきたSF6ガスを用いたNIμTPCの開発 
talked	  at	  MPGD2015	



マイノリティピークの観測 
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p  ドリフト距離30cmのTPCを用いたマイノリティピークの観測	

•  観測できたとは言えない 
•  これから定量的に評価をしていく予定 



SF6ガスとμ-PICの2次元飛跡検出 
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p  241Amのα線の2D飛跡検出	

•  陰イオンガスSF6でも従来の手法で2次
元飛跡再構成が可能 

•  2次元位置分解能  
 σXY(RMS) = 130μm 
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SF6ガスのおいしいところ(シミュレーションから) 
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p  Head-‐Tail	

p 拡散	

CF4(76Torr)からSF6(20Torr)にすることでうれしいことが結構ある 

拡散@30cmドリフ
ト距離	

飛跡長@100keV	

CF4(76Torr)	 1.7mm	 2mm	

SF6(20Torr)	 0.5mm 4mm 

By	  SRIM&MAGBOLZ	
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By	  SRIM	

Ø  Head-Tailの感度は2倍向
上@100keV 



大型化へ 
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CYGNUS（数年からその先）

CYGNUS-KM 200 kgdays

目標感度

- CYGNUS方向に感度を持つ国際共同研究
(proto-collaboration)

-新チェンバーを設計中
NEWAGE-0.6(3次元方向感度あり)
+ CYGNUS-KM (lowBG,大容積方向感度は1次元のみ)

CYGNUS-KM
GEM 13組～300g
（各30×30cm2）

NEWAGE-0.6
μPIC+GEM 4組 ~100g
（各30×30cm2）

SF6 50Torr

ドリフト面
(-HV)

0.5m

1.8m

GEM 5組
DM

1.8m 0.5m

NEWAGE 50kgdays

K.Miuchi@第72回JPSのスライドから	



まとめ&展望 
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p NEWAGE実験 
•  方向に感度を持った暗黒物質探索実験を行ない、方向に感度を持つ制
限を更新している 

•  現在はバックグラウンド除去の研究（NIμTPC、低BGμ-PIC)が進行
中 

p NIμTPCの開発 

•  SF6ガスを用いたμ-PIC+GEMで、ガス気圧20Torrでガスゲイン最大
2000程度、２次元位置分解能140umが得られた 

p 展望 

•  次期計画ではSF6ガスを用いた容積60×60×100cm3のNIμTPCを開発
し、方向情報を用いた手法でDAMA領域の探索を目指す 
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Back	  up	
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PTEP2015 (RUN14-1,2)以降
DM RUN継続 (RUN 14- RUN17)
2013/7/20-2016/8/24
live time : 31.6 days →   230.2 days
制限 2倍程度更新

preliminary

preliminary

from	  K.Miuchi’s	  slide@72回JPS	
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Electron capture 	Ion transport 	Electron release 	

Diffusion is ~ thermal	

Drift speeds are ~ 5cm/ms	

三拍子そろう陰イオンガスはあまりない	
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Negative Ion Gas	
SF6	

陰イオンガスの候補	

•  無毒、 不揮発性、不燃性 
•  電子親和力1.1eV 
•  絶縁ガスとして用いられる 
•  THGEMでの実績がある 

•  ガスゲインの要請  
 
 

CF4(electron drift(normal) gas)	
•  DM実験でターゲットとしても使用 
•  典型的なドリフト速度 : ~cm/μs 

•  ガスゲイン 3000 (76Torr) 
•  プリアンプ 160mV/pC(ASDchip) 

典型的なドリフト速度: 10-2cm/μs We can use slow shaping time amplifier(good S/N). 

[N.Phan	  talk	  at	  CYGNUS2015	  ,	  June	  2015]	

•  有毒、揮発性、可燃性 
•  電子親和力0.89eV 
•  MWPCでの実績がある 
•  DM実験ではCF4ガスを加える必

要あり 
•  ガスゲインの要請 
 
 

 
	

CS2	

76Torr	
P	~480・	

with amplifier(1V/pC) 

76Torr	
P	~980・	
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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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•  DRIFTグループがMWPC-TPCでのZの絶対位置決定に成功 
 
•  陰イオンガスCS2にO2加えることでドリフト速度の異なる陰イオンが複数生成される	

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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MWPC	

Z	

ta	tb	

CS2
-	minority charges	

陰イオンを用いたTPCのZの絶対位置決定	

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

waveform	

DRIFTグループはσz ~2mmの精度でZを決定できてる	 Time[ms]	



NIμPIC ASIC 
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α線の飛跡検出試験 
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12.8mm	

•  12.8mm×12.8mmの検出領域でα線(241Am)の飛跡検出を行なう	

(-10,13,36)	

Cathode	  32strips	

3mm	
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to	  デジタルボード	

SF6(20Torr)	

セットアップ図	

cathode	  RO	  Board	

gas gain〜1000	



µlow=22.79 ±0.25[cm2V-1s-1] 
µhigh=27.19±0.50[cm2V-1s-1]	

Measurement by N.Phan@Cygnus2015	

SF6-Drift Velocity 
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2[cm]/(152[us]-12.5[us]) =1.4 ×104 [cm/s]	

Latest time – fastest time 

[×200ns]	

758 ± 60 digit	

GEM&μPIC間3mmのドリフト時間	

•  カソード信号の最大時間差がドリフト距離2cmを走ったイベントであることを
用いてSF6-イオンのドリフト速度を求める 
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•  NIμTPCではシェイピングタイムの長いアンプが必要(O(us))	  
•  KEK・岩手大学で共同開発された液体アルゴンTPC用読み出しエレキを用いる	

Ref:	  K.Sakashita’s	  slide(KEK)@計測システム研究会2015RCNP	  
	  	  	  	  	  	  	  	  Y.Kuromori’s	  slide(岩手大)@2015JPS秋季大会	
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Conversion	  gain	  約9.0mV/fC	  
最大入力電荷	  60~100fC	  
ENC	  2000以下@300pF	  
Shaping	  Gme	  1us	

Analog Board (64ch RO)	 Digital Board (64ch RO)	

32ch	  differenGal	  inputs(2Vpp)	  
12bits	  FADC	  
4000	  sampling	  
サンプリング周波数<20MHz	  

デジタルボード	


