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Introduction

2 Thank you for the good tour yesterday!



Direction-sensitive DM searches

• Detect scattering angle of nuclear recoils (NR) 
from the “Cygnus direction” 
➡ leads a strong signature of WIMP 

➡allows to explore beyond the neutrino-floor
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NEWAGE: 3D track detection with gaseous TPC

• TPC is filled with CF4 gas (76 torr) 

• Recoil angles can be measured by 
reconstructed tracks

5

2D position + drift time 
→WIMP search with 3D track

• μ-PIC readouts 2D position 

➡400 um pitch 2D strip 

➡also has capability of gas amplification 

• GEM allows to cause further amplification
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→WIMP search with 3D track
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2020 JINST 15 P07015

TPC using negative-ion gas: SF6

• Molecules capture ionized electrons and form 2 types of negative-ions
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SF6 + e� ! SF�⇤
6

<latexit sha1_base64="ZqVBN9Se4rhNcdRdRSYLgFPEa7k=">AAACDHicbVDLSgMxFM3UV62vqks3wSKIYpmR+lgWBXFZ0T6gM5ZMmmlDk8yQZIQyzAe48VfcuFDErR/gzr8xbWehrQcCJ+fcS3KOHzGqtG1/W7m5+YXFpfxyYWV1bX2juLnVUGEsManjkIWy5SNFGBWkrqlmpBVJgrjPSNMfXI785gORiobiTg8j4nHUEzSgGGkjdYolV/Lk9qqTnKbwEJL75CiFrg7hRDLXgzQ1U3bZHgPOEicjJZCh1il+ud0Qx5wIjRlSqu3YkfYSJDXFjKQFN1YkQniAeqRtqECcKC8Zh0nhnlG6MAilOULDsfp7I0FcqSH3zSRHuq+mvZH4n9eOdXDuJVREsSYCTx4KYgZN2lEzsEslwZoNDUFYUvNXiPtIIqxNfwVTgjMdeZY0jstOpXxyUylVL7I68mAH7IJ94IAzUAXXoAbqAINH8AxewZv1ZL1Y79bHZDRnZTvb4A+szx+R9JoP</latexit>

SF�⇤
6 + SF6 ! SF�

6 + SF6

<latexit sha1_base64="WkUIIejkJQr8QNG3Qyx2aphwLto=">AAACGnicbVBLSwMxGMzWV62vVY9egkUQxbIr9XEsCuKxon1Ad12yadqGZrNLkhXKsr/Di3/FiwdFvIkX/41pu/hoHQhMZr6PZMaPGJXKsj6N3Mzs3PxCfrGwtLyyumaub9RlGAtMajhkoWj6SBJGOakpqhhpRoKgwGek4ffPh37jjghJQ36jBhFxA9TltEMxUlryTNsRQXJ94SXH6W1ysJfCfTi+QUeF8Nv40VPPLFolawQ4TeyMFEGGqme+O+0QxwHhCjMkZcu2IuUmSCiKGUkLTixJhHAfdUlLU44CIt1kFC2FO1ppw04o9OEKjtTfGwkKpBwEvp4MkOrJSW8o/ue1YtU5dRPKo1gRjscPdWIGdephT7BNBcGKDTRBWFD9V4h7SCCsdJsFXYI9GXma1A9Ldrl0dFUuVs6yOvJgC2yDXWCDE1ABl6AKagCDe/AInsGL8WA8Ga/G23g0Z2Q7m+APjI8v6fGe7Q==</latexit>

SF�+
6 ! SF�

5 + F

<latexit sha1_base64="tMdVAQYFvyyYSEmoymWniNn+szw=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhCsSTSqsuiUFxWtA9oYphMJ+3QyYOZiVBC1m78FTcuFHHrF7jzb5y0WWjrgYFzz7mXO/e4EaNCGsa3trC4tLyyWlgrrm9sbm3rO7ttEcYckxYOWci7LhKE0YC0JJWMdCNOkO8y0nFHV5nfeSBc0DC4k+OI2D4aBNSjGEklOfqBxf3ktuEkZ+l9clJOoSVDmNW1rE7LjdTRS0bFmADOEzMnJZCj6ehfVj/EsU8CiRkSomcakbQTxCXFjKRFKxYkQniEBqSnaIB8IuxkckoKj5TSh17I1QsknKi/JxLkCzH2XdXpIzkUs14m/uf1Yuld2AkNoliSAE8XeTGD6twsF9innGDJxoogzKn6K8RDxBGWKr2iCsGcPXmetE8rZrVSu6mW6pd5HAWwDw7BMTDBOaiDa9AELYDBI3gGr+BNe9JetHftY9q6oOUze+APtM8fqWKZnA==</latexit>

DM
DM N

N SF�
6

<latexit sha1_base64="9snAG3LTWmE4gt//tMVlJH7P9aU=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwY5jUxnRZFMRlRVsLbQyT6bQdOnkwMymUkD9x40IRt/6JO//G6UNQ0QMXDufcy733BAlnUiH0YRSWlldW14rrpY3Nre0dc3evJeNUENokMY9FO8CSchbRpmKK03YiKA4DTu+C0cXUvxtTIVkc3apJQr0QDyLWZwQrLfmmmXVFCG8ucz87y++zk9w3y8iquW7FRRBZtoOcmqPJabViIxvaFpqhDBZo+OZ7txeTNKSRIhxL2bFRorwMC8UIp3mpm0qaYDLCA9rRNMIhlV42uzyHR1rpwX4sdEUKztTvExkOpZyEge4MsRrK395U/MvrpKpf8zIWJamiEZkv6qccqhhOY4A9JihRfKIJJoLpWyEZYoGJ0mGVdAhfn8L/Sati2VXLua6W6+eLOIrgAByCY2ADF9TBFWiAJiBgDB7AE3g2MuPReDFe560FYzGzD37AePsEdLqTkQ==</latexit>

SF�
6

<latexit sha1_base64="9snAG3LTWmE4gt//tMVlJH7P9aU=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwY5jUxnRZFMRlRVsLbQyT6bQdOnkwMymUkD9x40IRt/6JO//G6UNQ0QMXDufcy733BAlnUiH0YRSWlldW14rrpY3Nre0dc3evJeNUENokMY9FO8CSchbRpmKK03YiKA4DTu+C0cXUvxtTIVkc3apJQr0QDyLWZwQrLfmmmXVFCG8ucz87y++zk9w3y8iquW7FRRBZtoOcmqPJabViIxvaFpqhDBZo+OZ7txeTNKSRIhxL2bFRorwMC8UIp3mpm0qaYDLCA9rRNMIhlV42uzyHR1rpwX4sdEUKztTvExkOpZyEge4MsRrK395U/MvrpKpf8zIWJamiEZkv6qccqhhOY4A9JihRfKIJJoLpWyEZYoGJ0mGVdAhfn8L/Sati2VXLua6W6+eLOIrgAByCY2ADF9TBFWiAJiBgDB7AE3g2MuPReDFe560FYzGzD37AePsEdLqTkQ==</latexit>

SF�
5

<latexit sha1_base64="KMGDCzXYauUx6i+pQHEgYPDc8Rc=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHw4tCTxUxuQUE8RjQLJDH0dHqSJj0L3T2BMMyfePGgiFf/xJt/Y2cRVPRBweO9KqrquRFnUiH0YWRWVtfWN7Kbua3tnd09c/+gKcNYENogIQ9F28WSchbQhmKK03YkKPZdTlvu+HLmtyZUSBYGd2oa0Z6PhwHzGMFKS33TTLrCh7dXaT8pp/fJWdo388iyS1VUQBBZxeo5qjiaOBWnVLShbaE58mCJet987w5CEvs0UIRjKTs2ilQvwUIxwmma68aSRpiM8ZB2NA2wT2UvmV+ewhOtDKAXCl2BgnP1+0SCfSmnvqs7faxG8rc3E//yOrHynF7CgihWNCCLRV7MoQrhLAY4YIISxaeaYCKYvhWSERaYKB1WTofw9Sn8nzQLOiirfFPK1y6WcWTBETgGp8AGFVAD16AOGoCACXgAT+DZSIxH48V4XbRmjOXMIfgB4+0ThkWTng==</latexit>

SF�
5

<latexit sha1_base64="KMGDCzXYauUx6i+pQHEgYPDc8Rc=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHw4tCTxUxuQUE8RjQLJDH0dHqSJj0L3T2BMMyfePGgiFf/xJt/Y2cRVPRBweO9KqrquRFnUiH0YWRWVtfWN7Kbua3tnd09c/+gKcNYENogIQ9F28WSchbQhmKK03YkKPZdTlvu+HLmtyZUSBYGd2oa0Z6PhwHzGMFKS33TTLrCh7dXaT8pp/fJWdo388iyS1VUQBBZxeo5qjiaOBWnVLShbaE58mCJet987w5CEvs0UIRjKTs2ilQvwUIxwmma68aSRpiM8ZB2NA2wT2UvmV+ewhOtDKAXCl2BgnP1+0SCfSmnvqs7faxG8rc3E//yOrHynF7CgihWNCCLRV7MoQrhLAY4YIISxaeaYCKYvhWSERaYKB1WTofw9Sn8nzQLOiirfFPK1y6WcWTBETgGp8AGFVAD16AOGoCACXgAT+DZSIxH48V4XbRmjOXMIfgB4+0ThkWTng==</latexit>

Absolute position can be calculated from Δt
- Need to detect 2 pulses 
- Slow pulse due to slow drift velocity

Δt
Δt

Δt

(BR: ~97%)

(BR: ~3%)

SF6-

SF5-



Benefit of negative-ion gas
• Reduce alpha ray backgrounds produced in material surface 

➡ detector and drift cathode 

• lower diffusion improves precision of track reconstruction 

➡ allows to reconstruct short track 

‣ more sensitive for low mass dark matter search

7 T. Ikeda’s master thesis

GEM
μ-PIC

field cage
chamber

7



Today’s topics
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- Test of prototype negative-ion TPC w/ μ-PIC

- Development of fine granularity 
  pixel readout MPGD for negative-ion gas
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Prototype detector
• 400 μm pitch μ-PIC readout + 2 GEMs amplification 

• Dedicated electronics

chamber

(LTARS2018 ASIC: T. Kishishita, et. al. 2020 JINST 15 T09009)

Amplifier 
(LTARS2018)

Digital board 
(ADC + FPGA)

μ-PIC: 256 ch × 256 ch 
(64 ch × 32 ch active)

2.56 cm

1.
28

 c
m

14.9 cm

E (400V/cm)

252Cf
(neutron source)

Filled with pure SF6 gas (20 torr) 

241Am source (calibration) 
252Cf source (NR measurement)

241Am
(alpha source)
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Demonstration using Alpha rays
• (Somehow) collimated 241Am alpha source are placed 

➡come across to the drift region 

• Both SF5- and SF6- are clearly seen
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NR detection in neutron run (252Cf)
• Detect NR: signals inside the fiducial region 

➡no signals at the corner of strips 

• Small SF5- signals are also clearly appear
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Absolute position reconstruction efficiency
• Absolute 3D position reconstruction successfully performed 

• Good 2-peak detection efficiency 

➡defined as “#events with SF5- peak / #NR evens” 

• Ready to use for dark matter searches (directionality study is still ongoing)
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252Cf run 
Total: 85 ± 3%

2-peak detection efficiency
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Today’s topics
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- Test of prototype negative-ion TPC w/ μ-PIC

- Development of fine granularity 
  pixel readout MPGD for negative-ion gas
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100 μm pitch pixel readout
• Enable to achieve lower energy threshold 

➡100 keVr (current: 400 μm pitch) → 10 keVr  (100 μm pitch + SF6 20 torr) 

➡allows to explore lower DM mass region 

• Pixel readout can reduce ghost tracks
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NEWAGE 2021

C/N-1.0  
1m3 × 1y (expected)

C/N-1.0 + pixel 1m3 × 1y (expected)

DAMA allowed

Ultra-large chamber + pixel 
100k m3 × 6y (expected)

Neutrino floor

Expected limits with pure SF6 gas (20 Torr)

CYGNUS arxiv:2008.12587



Pixel readout system for gaseous TPC
• Some excellent systems are already exist 

➡but we need to detect 2-peak events (=multi hit readout for each trigger)

16
we need to produce
dedicated ASIC for SF6!

e.g. ) ASIC TimePix FE-I4 LArPix QPIX (by JP group)

Application Gas TPC Silicon (ATLAS) 
Gas TPC (SuperKEKB) LAr TPC Gas TPC

Digitization Time over Threshold Time over Threshold Charge integral ADC Charge integral ADC 
Time over Threshold

Pixel size 55 × 55 μm2 50 × 250 μm2 4 × 4 mm2 (Pad) 200 × 200 μm2 (ASIC) 
400 × 400 μm2 (Pad)

TPC @KEK (w/ FI-I4) 

Excellent track 
reconstruction! 

M.Hedges, S.Vahsen, et. al. 
NIM A, Volume 1026, 1 March 2022, 166066

however…



Pixel readout system for gaseous TPC
• Some excellent systems are already exist 

➡but we need to detect 2-peak events (=multi hit readout for each trigger)

16
we need to produce
dedicated ASIC for SF6!

e.g. ) ASIC TimePix FE-I4 LArPix QPIX (by JP group)

Application Gas TPC Silicon (ATLAS) 
Gas TPC (SuperKEKB) LAr TPC Gas TPC

Digitization Time over Threshold Time over Threshold Charge integral ADC Charge integral ADC 
Time over Threshold

Pixel size 55 × 55 μm2 50 × 250 μm2 4 × 4 mm2 (Pad) 200 × 200 μm2 (ASIC) 
400 × 400 μm2 (Pad)

TPC @KEK (w/ FI-I4) 

Excellent track 
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however…

GridPix!!!



To achieve 100 μm pixel readout, …
• Need bump bonding to connect to electrode pads 

• Usually ASIC not only has pixelized region (e.g. I/O, digitization, …) 
➡need to prepare <100 μm pitch pixel region on ASIC

17

ASIC

electrode pads bump bonding

LTCC PCB

e.g. QPIX

TimePix

arXiv:1801.07178

LArPix

2018 JINST 13 P10007



QPIX NEO v1 prototype

18

First production finished on Oct. 2022!

Thanks to the electronics group in KEK

2010 μm

20
10

 μ
m

(version mismatched…?)

8 × 8 = 64 ch



QPIX NEO v1 prototype
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First production finished on Oct. 2022!

Thanks to the electronics group in KEK

2010 μm

20
10

 μ
m

(version mismatched…?)

155 μm

15
5 
μm

Larger pixel size than that 
in initial plan for some reasons

8 × 8 = 64 ch



ASIC Specification
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ASIC
…

Analog pulses

• 2 type output format prepared (waveform & ToT) just for tests 
➡ADC: main plan, ToT + time: backup plan

ADC waveform

ToT + time (max 4 hits)

…

…



ASIC Specification
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ASIC
…

Analog pulses

• 2 type output format prepared (waveform & ToT) just for tests 
➡ADC: main plan, ToT + time: backup plan

ADC waveform

ToT + time (max 4 hits)

…

…

Keyword: Multi-hit readout 
(instead of SF6- and SF5- detection)

DM search-specific → general purpose?



c.f. Eqivalent circuit for each channel
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Amp+ 
Shaper

×8 Amp
ADC

10bit 2.5Msps

Comp

ToT counter

ToF counterVth

10bit ×4 (multi-hit)

12bit ×4 (multi-hit)

4 μs shaping time 
due to slow negative-ion drift



c.f. Eqivalent circuit for each channel
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Amp+ 
Shaper

×8 Amp
ADC

10bit 2.5Msps

Comp

ToT counter

ToF counterVth

10bit ×4 (multi-hit)

12bit ×4 (multi-hit)

Achieve large dynamic range

×8 Amp ON
×8 Amp OFF

4 μs shaping time 
due to slow negative-ion drift



PCB development
• First prototype electronics production ongoing 

➡w/o chamber, electronics only 

➡QPIX NEO is packaged 

• ASIC board + ZYNQ evaluation board 
➡ASIC evaluation will be started from Jan. 2023. Stay tuned!

21

+ +

Packaged QPIX NEO ASIC board 
(will obtain on Jan. 2023)

Xilinx ZC702 (ZYNQ board)



Conclusion
• Negative-ion TPC + MPGD has capability to improve sensitivity for 

direction-sensitive dark matter search 

• First absolute 3D position reconstruction successfully worked using μ-PIC  

• Development of high granularity readout electronics is started
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Thank you!



Backup
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Drift diffusion

24

• In case of electron drifts, difficult to reconstruct <1 mm short tracks due to drift diffusion 

➡Limited by readout pitch (400 μm for our μ-PIC) 

• Negative ion drifts slowly and with small diffusion, which enable to explore low mass DM search

• Need to readout with high granularity

current threshold
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Event selection
• Events which have no signals at the corners are selected 

➡ for alpha ray BG rejection 

• Length - Energy cut is applied 

➡ for ambient gamma  BG rejection
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BG 
(e.g. alpha ray)

Detection region

NR F trajectory 
(expected)

Mainly from 
ambient gamma
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Fiducial region



0 0.2 0.4 0.6 0.8 1 1.2

X [cm]
1.5−

1−
0.5−

0
0.5

1
1.5

Y [cm]

0
2
4
6
8

10
12
14

Z 
[c

m
]

3D hit map 
252Cf source

µ-PIC 

(+GEMs)

Future plans
• For directional dark matter searches, we need to … 

➡measure angular resolution  

➡ increase the number of readout channels → electronics updating 

➡ increase detection volume → Large scale (~1 m3) commissioning

26

C/N-1.0 (~1 m3) 
for “CYGNUS” community



Diffusion of electron drifts
• Electron drift: calculated by MAGBOLZ 

• Negative ion drift: calculated using thermal diffusion model

27 T. Ikeda’s master thesis
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