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OUTLINE

« OTPC Detector Setup:
— Triple-thin GEMs for ~100-150 Torr
— Double-THGEMSs and Glass GEMs for ~50 Torr
— CCD and CMOS cameras

+  Optimizing CF4/NI mixtures for an OTPC:
— Measuring/minimizing diffusion
— Measuring/maximizing light and light yield

- Results

— Proton, alpha and nuclear recoil tracks at ~150 Torr
— Low energy electron tracks at ~50 Torr
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OTPC Detector

* 10 cm x 10 cm GEMs:
- Standard thin GEMs
- THGEMSs ~ 0.45 mm pitch,
0.4 mm thick mme——
- Glass-GEMs 280 um Nikon NoctNIKKOR
pitch, 570 um thick

« 1.5-2 cm drift

CCD Camera

100 mm dia x 19 mm thick
1/10 wave BK7 optical window

- 1D wire grid anode [

- Optical readout: onremn | e
- CCD/CMQOS cameras Cathode
- 58 mm /1.2 Nikon lens o
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+ Determine Optimal CF,+NI Mixtures for NID

Doping CF, with small amount of NI gas and:

1. observe transition to negative ion drift (NID) in signal
waveforms and alpha track images

2. quantify and optimize diffusion as a function of NI %:
- Estimate o, using 60 cm drift TPC with charge readout
- Estimate o; using width of Po-210 alpha tracks in optical readout
3. quantify effect of NI on light and light yield (LY):
- Estimate light(charge) using optical(charge) Fe-55 spectrum
- LY == light/charge using peaks in respective spectra
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1. Transition to NID with increased NI content

seen qualitatively in waveforms:
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...and also in images of
Po-210 alpha tracks:
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~40 Torr CF4
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2a) Quantify diffusion (o,) and find optimal
NI % using charge readout:

Clear plastic High Voltage Shield

Spring loaded end

Remotely switchable

Ejected Tm——
Primary  Captured
Cathode ¢ioctrons  bY SFe Anode Used to measure:
= = — « diffusion
oo SF; 7 GEM - mobility

S . N
S B Laser © waveforms

Phan et al 2017 JINST

I 58.3cm |

R. Lafler, PhD Thesis, UNM, 2019



Results for g, in low pressure CF4/SF6 mixtures:

0, (mm) over 60 cm drift in CF 4/SF6 mixtures
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2b) Quantify diffusion (o7) and find optimal
NI % using alpha tracks in an OTPC:
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150 Torr CF,

Pure_CF4/alpha-151DClight.fit
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150 Torr CF, + 2.9 CS2

2.9Torr_CS2/alpha-002DClight.fits
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150 Torr CF, + 4.2 CS2

4.2Torr_CS2/alpha-003DClight.fits
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150 Torr CF, + 5.4 CS2

5.4Torr_CS2/alpha-112DClight.fits
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Results for o5:

150 Torr CF4 + x Torr CS2

0
2.9
4.2
5.4
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~400
133.53
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~45 Torr CF4 + x Torr CS2

0 ~550
4 ~150-200
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3. Fe-55 to quantify effect of NI on light and light yield (LY):
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May 12 14 201 7 Fe-55 optlcal spectra of 0 to 41 Torr CS2 in 1 50 Torr CF4
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Light Yield (LY) in 150 Torr CF4 + x Torr CS2

Normalized Light Yield in 150 Torr CF4 + x Torr CS2 mixtures

LY (normalized)
o o o
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Nuclear recoils in 150 Torr CF4 + 5 Torr CS2

Fluorine recoils,
proton and CRs |\
CF,+CS,

Wi \
(UL

g b
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What about low energy electrons and NRs?

* Need to go to lower pressures, ~50 Torr
- Higher signal-to-noise for low dE/dx particles

— 10cm x 10 cm
— 280 um pitch, 570 ym thick

0.27 electrons rms 90% @5m
Ultra-quiet Scan Back-illuminated gCMOS

120 fps 4096 x 2304

@ 4096 x 2304 pixels (16 bit) 9.4 Megapixels

4.6pmx 4.6 pm 25900:1

Ultra-quiet Scan
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2 . Realization of photon number resolving (PNR) output

! Realization of photon number resolving by low-readout noise

Simulation data of photoelectron probability distribution (Average number of photosiectrons generated per pixel: 2 electrons)
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* FPholon number resciving Is unigue and quite dfferent from photon counting (Maore precisely the method resolves he number of photoelectrons. However, since single photon counting Instead
of single pholosiectron couniing has been used for a comparable method In this Neid, we wil use the t=m “photon number resoving” In this brochure).
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Low light - Photon # Resolving

«10% Pixel histogram of image #1
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More light
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Imaging low-energy Fe-55 electron tracks in a
NI-OTPC

QUEST + G-GEMs:
— 50 Torr CF4
— 45 Torr CF4 + 4.3 Torr CS,
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5.9 keV electron tracks in

Image 2, zeroed: zZSNR: 556.42
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| Figure 1 ‘

Image 4, zeroed: zSNR: 540.09
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Fe-55 optical spectra and SNR:
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Zeroed Binned Image 27
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Zeroed Binned Image 37
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Conclusions

«  With with G-GEMs and Quest camera high SNR
we have shown at a negative ion OTPC can image
particle tracks with the very high resolution

- This enables:
— detailed reconstruction of the particle’s trajectory
— mapping of the ionization loss
— particle ID, from NRs to low energy electrons
— reconstructing the interaction vertex and initial direction

— efc

« Applications include
— directional DM and v searches (CYGNO, CYGNUS)
— Migdal effect (MIGDAL)
— X-ray polarimetry
— rare nuclear decays, and many others
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Bragg Curve along Trajectory

Trajectory and Initial Direction

Track Length is:
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| Specification

Product number C15550-20UP
Imaging device qCMOS® image sensor
Effective number of pixels 4096 (H) x 2304 (V)

Pixel size

4.6 pm (H) x 4.6 pm (V)

Effective area

18.841 mm (H) x 10.598 mm (V)

Quantum efficiency (typ.)

90 % (peak QE)

Full well capacity (typ.)

7000 electrons

Readout noise (typ.) Standard scan

0.43 electrons rms

Ultra quiet scan

0.27 electrons rms

Dynamic range (typ.) *' 25 900: 1

Dark signal non-uniformity (DSNU) (typ.) *2 0.06 electrons rms

Photoresponse non-uniformity (PRNU) (typ.) **** 0.1 % rms

Linearity error I EMVA 1288 standard (typ.) [05%

Cooling Sensor temperature Dark current (typ.)
Forced-air cooled (Ambient temperature: +25 °C) -20°C 0.016 electrons/pixels/s
Water cooled (Water temperature: +25 °C) -20°C 0.016 electrons/pixels/s
Water cooled (max cooling) (typ.) ™ -35°C 0.006 electrons/pixels/s

D. Loomba, UNM
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Four key features

that enable the ORCA®-Quest

to achieve ultimate quantitative imaging

Ultra-low readout noise 0.27 electrons rms
at Ultra quiet scan

In order to detect weak light with high signal-to-noise, ORCA®-Quest has been designed and optimized to evi
structure to its electronics. Not only the camera development but also the custom sensor development h:
technology, an extremely low noise performance of 0.27 electrons has been achieved.

f\
’ \ —qCMOS‘
, —— Gen Il sCMOS
Gen Il sCMOS

01

Relatve frequency
o
<

0001 1

0.0001

8

0 4

Readout noise (electrons)
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. Low-dark current 0.006 electrons/pixel/s
at -35 °C

In the field of single photon counting and photon number resolving, even dark currents as low as 0.5 electrons/pixel/s can affect photon detection. The
0.008 electrons/pixel/s @-35 °C value achieved by ORCA®-Quest is an extremely low probabilistic value of only 1 electron of dark current generated in
approximately 167 pixels when exposed for 1 second.

Thus, the ORCA"-Quest, which is less affected by dark current, is ideal for quantitative imaging and analysis.

ORCA®*-Quest Gen Il sSCMOS camera

Image quality comparison at long exposure time (pseudo-color)
Incident light Intensity: 0.05 photons/pixel’s Exposure time: 15 min (10 s X 90 times Integration)

39
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2 . Realization of photon number resolving (PNR) output

! Realization of photon number resolving by low-readout noise

Simulation data of photoelectron probability distribution (Average number of photosiectrons generated per pixel: 2 electrons)
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* FPholon number resciving Is unigue and quite dfferent from photon counting (Maore precisely the method resolves he number of photoelectrons. However, since single photon counting Instead
of single pholosiectron couniing has been used for a comparable method In this Neid, we wil use the t=m “photon number resoving” In this brochure).
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3. Back-illuminated structure and high resolution

! Trench structure to suppress crosstalk

High QE is essential for high efficiency of detecting photons and achieved by back-illuminated structure.

! High QE 90 % at 475 nm 33 % at 900 nm

It also has high quantum efficiency in the near-infrared region because of w
its thicker layer of the charge detection region. w0
/"‘\
Normally, there is a trade-off between the thickness of the layer of the ® "\
photon detection region and the resolution, but the trench structure - 70
suppresses the degradation of the resolution. z { \\
&0
f,, / N
SHE, N\
1. \
20
10 \
0

300 40 500 800 o 800 00 1000 1100
Wavelength (nm)
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4. Realization of a large number of pixels and high speed readout

I Realization of PC/PNR with a large number of pixels and high speed
at Ultra quiet scan

Phaton counting (PC) level Images have typlcally been acq using p camera such as EM-CCD camera with about 0.3
megapixels. However, ORCA®-Quest can acquire not only PC level Images but aso photan number resoving Images with 2.4 megapixels.

In addition, It is not fair to compare readout speeds of cameras with differant pixel number by frame rate. In such a case the pixel rate (number of plxels X
frame rate), which Is the number of pixeis read out per sacond, Is used.
Untll now, the fastest camera capable of SPC readout was the EM-CCD camera with about 27 megaplxels, but the ORCA®-Quest enabies photon
number resoiving Imaging at about 47 megaptuel's, nearty twice as fast.

ORCA®-Quest (4096 x 2304)

ORCA"-Quest

EM-CCD camera

EM-CCD camera (1024 x 1024) Data rate (megaplreds)

D. Loomba, UNM

I Excellent pixel count and readout speed m.'i‘..'":ﬂ".'-‘";...
at Standard scan

ORCA®-Quest dellvers low noise and It nas 4096 (H) X 2304 (V) pixels,
about 2.2 times larger than a conventional Gen Il 5CMOS camera,
allowing for the simultaneous capture of a large number of objects.
Standard scan dellvers less readout nolse (0.43 electron), and 2.8 fimes
faster speed than a conventional Gen Il 5SCMOS camera, which enabies
high-speed low light imaging.

NN ORCA®-Quest NN Gen N 3CMOS2 camers NN EM-CCD camera

I Sensor sizes that can be used with general-purpose optical systems

10840
As the number of pixels Increases, the size of the sensor also Increases, =
resulting In cases where the peripheral field of view Is missing when using
optics such as under a microscope. The ORCA®-Quest has 18.841 mm
(H) X 10.588 mm (V) by 9.4 megapixels, 4.6 ym px size, that fits In a
C-mount of (3.25.4 mm, making It suitabie for use with general-purpose
optics.
* An F-mount option Is aiso avallabie. £ W
H %
®
Nurbar of feld of view
Rwn
Image circe
N0em
[JorcA™Quest: () mcroscope Adapter (O Macro rens
field of view angle (Four thirds lens)
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More Noise - standard scan

«10% Pixel histogram of image #1
[Std 0.1s

—— Zero
5t photon
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Darks - 0.2s, ultra-quiet
1x1 binning, full chip (~9.4 Mpix)

photon

Zero —,

One
photon
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Distribution of Darks for a sample of pixels
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