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High precision 3D TPC with optical readout via PMT + sCMOS

JINST 13 (2018) no.05, P05001
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High precision 3D TPC with optical readout via PMT + sCMOS

JINST 13 (2018) no.05, P05001 PMT:
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High precision 3D TPC with optical readout via PMT + sCMOS
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High precision 3D TPC with optical readout via PMT + sCMOS

‘ ’ VI,

[}
H H lonization clusters °
high granularity Y T g vack integrated
X-Y + energy measurements = S e Z + energy measurement
P ab 4.4 & c
e0® Qe Electrons _g
o, -.00.. -o” o ‘g
T e ..
L ‘. h LA R R R NN RNRERERERNRERENNENRNENERRENNNRNNENHN.]
| s » ,op qc# <> 5 - ) >
Soft electron from natural radioactivity Phoions ° i E straight trac
S
(triple thin) GEM amplification 3 l
E_ o
. 0.5 l\
He nuclear recoil r
= IJ’
: 30(;0 3500 40‘00 4500 5000 5500 6000 651‘%?“9 (:;))OO
02 R 4
L ““‘
Q ‘,““
dh, “““
° — ““‘-
&1 /3 noise w.r.t. CCDs b
$ = tilted track
® Market pulled 3D track B S 00 bronemn 4018 —
8 c: e . ' from data § Al ;o
® Single photon sensitivity " g2k T T E !
ﬁ Az fem] < 04 g ‘&‘ ;% :
Decoupled from target 2 w Wb 3 ' g |
, x ook R
¥ Large areas with proper optics S osf  F PR
o 200 1of AT
e N 29 ¥ xen S0 a0 as0 50 50 600 650
y [pxl & S o Time (ns)
N 350

Xray CMOS: a wide field of view Xray polarimeter - ASAPP 2023 - Perugia - Elisabetta Baracchini 5



QE (%)

100
90
80
70
60
50
40
30
20
10

sCMOS characteristics & He/Ar:CF4 emission spectra

Orca Flash

Orca Quest

https://www.hamamatsu.com/eu/en/product/cameras/cmos-cameras.html
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pixel size sensor area dynamic readout noise min exposure
[um?] [em2] range (fast scan) time (fast)
2048 x 2048 | 6.5x 6.5 1.33 x 1.33 37000:1 1.4 (1.6) rms 33 (10) us
Used for
6.5x6.5 |1.498x1.498| 21400:1 0.7 (1.4) rms 280 (17) us | the results
shown
Recently
4096 x 2304 | 4.6x4.6 [1.884x1.060| 25900:1 0.27 (0.43) rms | 200 (7.2) us
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Photographing particle tracks

Compton : He:CF4 @ 1 atm
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Optical readout features

&Camera focused on last amplification stage

Lens de-magnification sCMOS sensor
geometrical acceptance

f 1

5= 2 _
@) 0= (4(1/5+1) x a)*

sCMOS-GEM Focal lenght
distance F.L.

&The further the camera, the larger the area it
can image

€ a 36 x 36 cm2 area with an effective granularity
of 155 x 155 um? (large volume application)

€a 10 x 10 cm? area with an effective granularity
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of 41 x 41 um? (small volume application) e PMTs geometrical acceptance:

&The further the camera, the lower the light
yield detectable

¢+ 1 x 10-4 coverage for large volume application

&+ 1 x 103 coverage for large volume application

Camera electronics is integrated,
the output is an USB plug 3

= critically depends on the position of the
emission on the GEM plane w.r.t. the PMT

position

= Empirical measured scaling:

Light collected

by the PMT #i @=

Distance from the
light emission

@ Total light emitted

@ ) We measured o ~ 4
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The CYGNO/INITIUM project:
large realisation of detector
concept for underground
directional Dark Matter searches
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DECEMBER O N
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Requires capability to determine direction of O(keV) nuclear recoil

Xray CMOS: a wide field of view Xray polarimeter - ASAPP 2023 - Perugia - Elisabetta Baracchini 9



C Y GNO detectors & timeline

F. D. Amaro et al [CYGNO Collaboration], Instruments, Volume 6, Issue 1

PHASE 0: PHASE 1: PHASE 2:
R&D and prototypes O(1) m3 Demonstrator 30 m3 Experiment

2015/16 2017/18 2019/22 2023/26 2026..
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LIME: Long Imaging ModulE

50 L active volume

33x33 cm?
_— Copper Rings
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. LIME SETUP
DETECTOR ONLY 3-GEMs g
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CMOS sensor ‘|;| !ﬂﬁ:xaaisaeaa—é-é\!\

50 cm Field Cage Cathode
1 sCMOS + 4 PMT + 3 GEMs
33 x 33 cm2readout area 1 keV = 1200 photons < 2.7 spikes/hour
50 cm drift length | S— e
| b P S M

€1.498 x 1.498 cm?2 sensor | thr 0.5 keV
€6.5 x 6.5 um? pixels | | 1
€2304 x 2304 pixels ' Y- | -
¢Imaging 36 x 36 cm? area R et i
&Effective pixel granularity 155 x 155 um? sCMOS fake cluster

&Sensor geometrical acceptance Q =1.1 x 10 threshold < 0.5 keVee Stability

D
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\N\E 50 L volume (33 x 33 cm2 for 50 cm drift) He:CF460:40 1 bar .

Low energy electrons calibration  arXiv: 2305.06168

*
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About 15% energy resolution (o) along the whole volume
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LIME underground installation @ LNGS since May 2022

5 -

Gas and environmental parameters

Experiments

_LUNA-MV Gas Temperature

CUPID R&D

_CUPID R&D
BOREXINO
Detector performance
” Clusters/image

Clusters/run

o Running

o Construction/Commissioning

o Decommissioning )
Avg clusters/img

———— ~

Avg light/cluster size

%,

PRELIMINAR

Increasing shielding configuration foreseen
Data already acquired for no shielding & 4 Cu shielding

|
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LIME 50 L volume (33 x 33 cm2 for 50 cm drift) He:CF4 60:40 1 bar ...

- LIME sCMOS images MC simulation

track

¢ Electron tracks generated with GEANT4 Hit: AE, (x,y,2)

&# of primary ionisation electrons extracted from a g e
Poisson distribution with mean Ne= AE/W; with Wi=
46.2 eV/pair ! :‘:::\\UD - /D% 7
¢ Primary ionisation electron diffused longitudinally and or!ii)
transversally along drift following Gaussian RN
distribution with or - sqrt(o2, + D27 z ) with oo & Dt from g
measurements GEMstack L~ ™) 070

tot — NG1 G2 G2 G3
Nc = Ne : (G : 8exlr) -G

¢ Electron avalanche fluctuation taken into account for
the first GEM foil

¢ For each ionisation electron k, NG1.k. multiplication electron
at first foil extracted from exponential distribution with mean
= GGEm

data/MC energy response comparison

70000

. .
— —*— Simulation .

light integral

¢ Total # of multiplication electron from first foil NG1g = 3 x NG1ke
& Ggem = 123 from IEEE, Vol. 65, No.1, Jan 2018 50000

—*— Data

& Total electron gain Ntote = NG1¢ - (Ggem)? 40000

¢ Mean total number of photon Ntot, from Poisson 30000
distribution with mean Nmean, = 0.07 y/e

20000

& Number of photon hitting the sensor Ny = Ntot, - Q)

10000
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&sCMOS sensor noise from real data
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e esiswork 50 L volume (33 x 33 cm2 for 50 cm drift)

Low energy electron directionality on LIME simulated sCMOS images

o

Original goal: feasibility of Solar neutrino measurement
with elastic scattering on electrons in CYGNO

Interaction
Algorithm adapted from X-ray polarimetry: 1240f point i
“Measurement of the position resolution of the Gas Pixel Detector” ‘220:
Nuclear Instruments and Methods in Physics Research Section A, Volume 700, 1 February 2013, Pages 99-105 1200: o
: &
1180
First part of the algorithm: search for the beginning of the track with: :
1160 4(
Skewness E
1140
Distance of pixels from barycenter (farthest pixels) "205_ Track main axis —— i
FETEFE EPEEE SPETErE BrEErS SrEErS SrErErel SrErar SrErare 0
1040 1060 1080 1100 1120 1140 1160 1180
Second part of the algorithm aims to find the direction: X
Track point intensity rescalad with the distance from the
. . . % . 10
Interaction point: W(d,-l,) . exp(—d,.p/w) 1260~ ;
Direction taken as the the main axis of the rescaled track ‘2“°;— ) :zz
passing from the interaction Point 1220 10°
L 107
Orientation given following the light in the Pixels 1200 10°
10°®
- - 1180 5
Angular resolution evaluated as difference . e
between real and reconstructed direction " . ssss0881 s 10°
1140} 10"
Please note: for the moment, analysis developed L p e he
only for sCMOS images, i.e. 2D o ioss ios0 oo Tize” ia0iesgg 10
pX

PMT information can further improve results

N |
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How to compare angular resolution with
modulation factor?

Practical Aspects of X-ray Imaging Polarimetry of  , vink & P. Zhou, Galaxies 6 (2018) 2, 46
Supernova Remnants and Other Extended Sources

J. Vink & P. Zhou formula

3 50
o © 2 L
Sof & so—
c 8 [
.0 >
$3r ~ < wf
- -
€ < B
Sof 30—
C L
o L
5ol .
- QO -
c ¢ n
10~
(@] 4 1 4 1 : | . | | =L | | il g | | | [FEEE R
0 2 4 6 8 10 1 2 3 4 5 6 7 8 9 1% [kev1]1
Energy (keV)
GDP modulation factor for 100% polarised IXPE GDP modulation factor
+ source (not correcting for instrumental effect) correspond to an angular resolution
Muleri et al., Nucl. Instrum. Methods Phys. between 54° and 26°
Res. A 2010, 620, 285-293. 7
A =) =0 4k(]\
Modulation factor from simulating with Aa = 5"+ 35 E
an angular resolution as in the formula:

*N.B. paper formula has typo, authors confirms this one
I
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o, [mm]

From S. Torelll PhD 50 L volume (33 x 33 cm2 for 50 cm drift) He:CF4 60:40 1 bar

Low energy electron directionality on LIME simulated sCMOS images

o

Tracks generated with random diffusion and random inclination w.r.t.
amplification plane in the whole 50 L volume

0.42

0.4 ® X coord

—@— LIME Simulation
® Y coord

——— IXPE-like detector ? i

lllIlIIIIII IIlIIIlIIIIIIIIIIlIII
70 80

10

0.38

Impact point resolution Angular resolution

0.54/— g 0L
sk < 500 um up to 70 keV g - GDP angular resolution in the 2-10 keV
F o £ ol range as from J. Vink & P. Zh
0.5:— + % # -
0.48/— -

- ii i ¢ ¢ * 30:—
0.465— § #é t ¢ P$ i &
3 \2 wf §

0.36

)
S
8t
8
g
3
o

20 40 60 80 100
E [keV]

In addition, angular & impact point resolution independent from diffusion
(i.e. good match of granularity vs drift distance for the gas of choice)

Same angular resolution than GDP > 10 keV, improved for > 30 keV
Expect similar modulation factor in 10-20 keV, improved for > 30 keV

N
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o

Developments towards x-ray
polarimetry

N
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LIME

From a LIME underground to a MANGO in space

PRIN 2020

€000

This project has been funded by the ltalian Ministry of Education,
University and Research through the project PRIN: Progetti di
Ricerca di Rilevante Interesse Nazionale “HypeX: High Yield

Polarimetry Experiment in X-rays ” (Prot. 2020MZ884C)

This project has received fundings under the European Union’s
Horizon 2020 research and innovation programme from the Marie

Sklodowska-Curie grant agreement No 657751 and from the
European Research Council (ERC) grant agreement No 818744 mmm—m—S—

T—rdY CMOS: a wide field of view Xray porarimeter='ASAPP 2023 - Perugia - Elisabetta Baracchini
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Developments for X-ray polarimetry:
the MANGO detector

Goal: x-ray polarimeter with large field of view in the 20-60 keV energy band

Schematics External structure Internal field cage + GEMs

A) Active volume
B)Lens 1/0.95, F.L. 25.6 mm

C) Camera
(C)

LI L I L I

. 1150 T
readout drift leght active :if::Idsl;;: ge:i:'::':cal f 11005 30 keV electron dat -
3 c H
area [em?] [em] volume [L] [um?] - 10505 in MANGO —250
1000
9501 -
SR 113 x 113 10 1.27 49x 49 | 1.1x103 | sqvore ;
simulation geometry 900 150
850/
. cilindrical 8002— L
Used in the  IRTSNETY 5 0.22 61 x 61 4x 104 [volumes7s 750F 5
data shown c<m internal c
radius 700:...|....|....|....|....|....|....|....|...
11001200130014001500160017001800

X [px]
D |
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Many thanks to E. Costa, A. Di Marco, S. Fabiani, F. Muleri, P. Soffitta

MANGO setup at IAPS/ INAF

Spectrum of contained

¥
05 1.0 1.5 20 25
p-particle energy (MeV)

GEANT-4 simulation MANGO data tracks from simulation
90;— [ htemp ]
— Fntries 770
80— § 1.0
= = 90
70— 2 0.8 Eg ag=0.3 MeV Sn
= % T spectrum
eog— E 0.6
= E 0.4 Egua=2.2 MeV
Source 40;_ T: 0.2
3of— g
= = 0.0

0 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |- 1 fﬁl |
0.02 0.04 0.06 0.08 0.1

“MeV

o

&N.B.: very first preliminary test to demonstrate feasibility of proposal, to be repeated in better optimised conditions
$90Sn source positioned outside the field cage rings with 2 mm thick collimator with 2000 um hole

¢ Initial £ 1 cm of the track outside the sensitive volume

¢Thin plexiglass window facing the camera had to be replaced at last minute with a thick 0.5 cm one
& Forced camera position to a larger distance from the GEM, reducing pixel granularity and solid angle w.r.t. proposal for polarimetry
¢ Thick window strongly affected light transparency, further reducing the light yield

& Forced operation above typical GEM voltages, resulting in saturation of the signal and uncertainty in the energy scale

¢GEANT-4 simulation to evaluate efficiency of tracks containment and intrinsic angular spread of detected tracks
& About 20% of tracks fully contained

¢ About 20 degrees intrinsic angular spread

From S. Torelli PhD

¢ Systematics from the uncertainties on the actual source position still to be evaluated thesis work

. |
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He:CF4 60:40 1.1 bar

Energy calibration

Preliminary spectra of monochromatic gamma sources for calibration purpose

Fe55 ad Cd109 used (very intense sources O(MBq) )

From S. Torelli PhD

thesis work

’

From S. Torelli PhD

thesis work

Calibration curve

55Fe spectrum 109Cd spectrum
300f 109 — 35000{—
6keV Peak *2/ ndf 172.5/116 0 £ Cdl109 ¥/ ndf 301.9/295 -
Prob 0.0005183 [T Prob 03785 -
700p pO 5.939+0.389 1 ° tersone 30000{—
p1 -3325 £ 165.3 _1 e e -
3001 p2 779.7+9.6 | 3 1.099¢+04 + 9.2496+01 25000 —
p3 1.186e+04 + 1.669e+01 102 =1 p 324741166 -
500F p4 1620+ 12.8 E 22.1 keV Peak IS 31392078 -
p5 64.26 +2.44 C L 6 29666404 + 3.3050+02 200001
100F P6  2.411e+04 £8.184e+01 N 81942863 -
p7 2258 +66.8 -
300f 10 15000—
FeS5 3 : -
200F C T I 10000 =
1ol Double iron spot L | il #ﬂ ; 5000
0 i AT ISR PR B R G, El PR Ml ’ | ‘jl “ ‘l H E
5000 10000 _ 15000 20000 _ 25000 _ 30000 10000 20000 30000 40000 50000 60000 70000 80000 .

X2/ ndf
Prob
po

p1

1.374e-25/0

0

5351 +122.9
1105 +£20.52

LC =5351+1105*E

sc intearal

|3% energy resolution @ 6 keV, while 30% energy resolution @ 22 keV

Response of 2010 ph/keV from Fe55 and only 1350 ph/keV from Cd109

clear sign of gain
saturation as expected ==
large uncertainty in the
energy scale above 22 keV

R
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Y_IP

He:CF4 60:40 1.1 bar

Test performed From S. Torelli PhD

on 25th May! VE RY preliminary reSUIts thesis work

Reconstructed impact Reconstructed angle of all Reconstructed angle of
point of all tracks tracks tracks with selection on I.P.

- 45 180 60_— htemp
1800 — e 40 1602— - EE;E:V 06?‘3252
1e3009—0$rI souice . & B a0 ol f::l’;:szm 5:3:379/11;53
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- 25 100__ C
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- 1’ eo— 20—
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600/ — ; 5 20 o
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Wm0 w00 Tao0 " Te00 1800 0 = - - . . ol Blavar il

Al sc_dir sc_dir
Reconstructed angle of tracks with selection on I.P. at different measured energies
135_ ( o n B——] \ e T "
(e SaE| Toweewev| ]\ EamE x OO LN BB Uy BB
12~ — r (0 \ 25— 8o /
102— /\ 155— ¥ L 200 y E /
e / —’ | \L 10— 155, / \ 20 \
4; ’7 u \\ 55_ )/j/ B\ 10;— /J/T/ Xﬁ\ 10:— J/‘ #\
LB TR ’\*M o I \L b hoo
....Kkeep in mind uncertainty on energy scale due to saturation From S. Torelli PhD

thesis work

|
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He:CF4 60:40 1.1 bar
From S. Torelli PhD

e VERY preliminary results ™

Comparison of angular resolution from simulation
with measured angular distribution after
subtraction in quadrature of intrinsic angular
spread

Comparison of intrinsic angular spread from
simulation with measured angular distribution

70

—eo— Intrinsic spread
from GEANT-4

60
—o— Data

T .

40

50

AngRes [deg]

GDP angular resolution in the 2-10 keV
range as from J. Vink & P. Zhou

40

AngRes/IntrinsicSpread

30

IIII|IIII|IIII|IIII|IIII|IIII

IIII|IIII|IIII||I||IIIIIIIIIII

—— 30
F ~
;_._0—6—4
20
= o i o
®\ —@— El Recoil Simulation
10 Qs'\,\ 10{—| —e— Measured \‘[\
Q TR g\'
I I I I 1 l 1 1 l 1 1 L L l I 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I@ 1 I 1 1 1 1 I 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
E [keV] E [keV]

¢ Results affected by uncertainty in energy scale due to atypical mode of operation
forced by technical reason, that will not happen in the future

¢ Possible additional collimation effect by field cage rings not yet taken into account

& Still, results and simulation > 5 keV close to (or even better than) GDP performances

] |
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He:CF4 60:40 1.1 bar
From S. Torelli PhD

e VERY preliminary results ™

Comparison of angular resolution from simulation
with measured angular distribution after
subtraction in quadrature of intrinsic angular

Comparison of intrinsic angular spread from
simulation with measured angular distribution

AngRes/IntrinsicSpread

i 5 ™ spread
— —@— Intrinsic spread from = A
: GEANT-4 8 N
50— —e— Data né, 60~
L < I
B SubQuad 50| GDP angular resolution in the 2-10 keV
40:_ - range as from J. Vink & P. Zhou
- 40(—
30 — R
B —— 30/
- o + :
20 — :’::_é_‘ ! %* -
- —— } 20— ~
i o S &
R o - El Recoil Simulation
10— RS g\o\ 10— N
- —&— Measured
- $ : IXPE-like (J. Vink & P. Zhou, »\
- ? - Galaxies 6 (2018) 2, 46) | | | |@$ | |
= PN T YT A T T T T T AN TN T T T AT N T T O M A T O — e — e — L1 |
0 10 20 30 40 50 slo 710 alo 0 10 20 30 40 50 60 70 80
E [keV] E [keV]

¢ Results affected by uncertainty in energy scale due to atypical mode of operation
forced by technical reason, that will not happen in the future

¢ Possible additional collimation effect by field cage rings not yet taken into account

& Still, results and simulation > 5 keV close to (or even better than) GDP performances

] |
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Absorption lenght from
simulation

X-ray absorption lenght [cm]
in He:CF4 60:40 1 bar

X-ray absorption lenght [cm]

18 keV

24 keV

30 keV

(rough) X-ray absorption efficiency

40 keV

in Ar:CF4 80:20 1 bar 215 543 ST 57.1
LIME ('\:vﬁ:?_lg?gg'c'e"cy 100 (48)% | 60(20)% | 9(3)% 5% | 25(0.8)% | 2.1(0.7)% | 1.5(0.5)%
. 4
Hlilz (“cv‘?tﬁi?_):;f'c'ency 100 (100)% | 100 (100)% | 88(30)% | 53(18)% | 22(M% | 12(4)% | 4(1)%
. 4
30.0
= = The average absorption
For efficiency E 25.01 ) =23.6(36) cm . s ¢ § tgngth is 23.6(36) cm for
~< b L b Fe x-rays in He-40%CF
: 2225 ) ¢ 4
calculatlor_l, the s-;maIIeSt §’ : ¢ The absorption length does
detector dlmenzlons are 2200 not seem to depend on z.
assumed: S o
30 em LIME B LIME data
2 15.0 .
—10 cm MANGO < _conflrrn
12> simulation
10.95 10 20 30 40 50
z [cm]

N
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Conclusions & outlook

.

‘?’ 50 —@— LIME Simulation 227 ndf 36.88/10

& High precision TPC with optical readout with sCMOS camera appears I B ey
2 p 174 +2.905
<

prosiming technique not only for rare events searches, but also for
X-ray polarimetry

40
GDP angular resolution in the 2-10 keV
range as from J. Vink & P. Zhou

¢ Development and tailoring for X-ray polarimetry only recently started

¢ Assuming validity of J. Vink & P. Zough formula relating angular 20
resolution to modulation factor:

-
o

¢ LIME simulation returns performances similar to GDP from 10 keV

TR Y T T W AT ST SO S T ST TN ST Y NN SO N
20 40 60 80 100

OrT T T

¢ MANGO simulation returns performances similar to GDP from 5 keV

E [keV]
& Preliminary experimental tests with beta source and MANGO (in an g "} e et [T @S
orrible operating condition) are consistent with simulation £ wf —e— Measured W _sserian
<

TTT1T

—— IXPE-like detector

o
o

¢ Beta source data acquired also with Ar:CF4 80:20, data still to be
analysed

&

TTTT[TTET [T T rrrr
[ | I I

keV range as from J. Vink & P. Zhou

GDP angular resolution in the 2-10
¢ ;
¢

¢ Foreseen absorption efficiency (from simulation verified at 5.9 keV
with data):

¢ 10% at 15 keV with LIME (3% with MANGO) with He:CF4
& 12% at 30 keV with LIME (4% with MANGO) with Ar:CF4

w
o

n
=]

-
o

10 20 30 40 50 60 70 80

opTTT

¢ Project just started, large room for optimisation of:
§ Detector geometry 15 kev 24 keV 30 keV

& Amplification stage (thin/thick GEMs, Micromegas, MMThickGEM...) [RUA(C1OX=1) 8 o [=H o 2
¥ Gas mixture/pressure STAY B[R R 100% | 9% | 25% | 2.1%

MANGO eff Ar:CF 7% | 4%
UNIED) :
LIME eff He:CF 22% | 12%
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Thanks for your |
attention!

aCYGNO
underground
surfer
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..... or else soft electrons *,

measured by LIME at
underground LNGS ;)
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Backup slides
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LME

50 L volume (33 x 33 cm? for 50 cm drift)

When & why algorithm fails

% Real interaction point

Calculated interaction point

2
0
1.5
0.5 3
E
>
-1 e .
AR 05 , + when track is
| | | | : | | perpendicular to the
-0.5 0 0.5 1 15 -1 -0.5 0 amplification plane
X (mm) X (mm)
1 emmes 0
°.'..° % 4
0.5 T 2% Performances to
05 xR improve when PMT
’ £ R information is added
0.5 ;_."‘ > - o
*
B 15
1.5 1 0.5 0 0.5 -1 -0.5 0 0.5
X (mm) X (mm)

From S. Torelli PhD thesis work
D
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From S. Torelli PhD
thesis work

LIME angular resolution dependences

\_\N\E
As a function of diffusion
= 60
3 C
E -
" L 7 ndf 27.45710
5] - Prob 0.002213
T 50— 100-200 mm | po 11.21+0.4824
5: - p1 477.3+£16.96
40__ xZ I'ndf 18.3/10
N 00 jod <0400 200-300
- p1 467.5+16.18
30—
20—
B 300-400
— x2 7 ndf 13.6/10
u Prob 0.1923 D1
10— po 8164204347 | 0y = P+ ——
p1 464+ 15.21
- Vx
o_llllIlllllllllIllllIlllllllllllllllllllllll
0 10 20 30 40 50 60 70 80

E [keV]

10-20 cm diffusion
20-30 cm diffusion
30-40 cm diffusion

AngRes [deg]

[*4]
o

~
o

D
o

(o))
o

H
(=}

w
o

n
o

'y
(=}

As a function of inclination
w.r.t. amplification plane

- - || <09 X7 ndf 33.35/19
- Prob 0.02192
- - || >0.9 pO 5.899 + 3.808
- p1 191.5+ 25.43
- »2/ ndf 76.19/19
: Prob 8.342e-09
= p0 2.388e-09 +0.05261
- * p1 151.2+0.6556
C ¢ = 0 parallel to the GEM plane
_l 1 l Ll 1l Jl l Ll 1 1 l Ll 1 1 l Ll 1l 1 l Ll 1 1l l LAl 1 1 l Ll 1 1l I Ll J
0 10 20 30 40 50 60 70 80
] E [keV]
phi<0.9
phi > 0.9

Angular & impact point resolution independent from diffusion
(i.e. good match of granularity vs drift distance for the gas of choice)
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Diffusion coeff. (um/ycm)

He:CF4 properties

Diffusion during drift Drift velocity

300 =12
- \:'a. B
.. 5§ |
2505, - Longitudinal 10—
- g [
- > Transverse T
200 °* 2 8-
- . S
150 °.*., 6
100:_ °°o°°oo;;‘..........'000......000.0..0.0..000' 4__
50— 2+
o_l 1 L 1 l 1 1 1 1 l 1 L 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 o 1 1 1 1 I 1 1 1 1 I 1 1 1 1 [ 1 1 1 1 I 1 1 1 1 l 1 1 1 1
0 0.5 1 1.5 2 2.5 3 0 0.5 1 15 2 25

3
Electric Field (V/cm) Drift field (kV/cm)

D
Xray CMOS: a wide field of view Xray polarimeter - ASAPP 2023 - Perugia - Elisabetta Baracchini



Range in He:CF1 60:40 @ 1 bar

—— He recoll

UL .

AR

3D Range [um]

—=— @ recoll

LAY

RALLLL

L 1111l
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2
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—
—
o
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sCMOS pictures reconstruction

JINST 15 (2020) 12, T12003 Measur.Sci.Tech. 32 (2021) 2, 025902

e Reconstruction algorithm: clustering +

computation of observables (energy, length,
width, etc.)

—

0
[]

X
o
>

e 4 steps for clustering:
1. zero suppression
2. optical corrections
3. super-clustering for long tracks

= seneralization of RANSAC algorithm
= needed to deal with overlapping tracks

4. additional clustering step for small
deposits

= based on iDBSCAN algorithm

y (macro-pixels)
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~
1000

2000

Image after zero suppression
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Preliminary results from PMT reconstruction

4

GEM
plane Typical SFe spot-like interaction
e
T n Light -0.02
plane emission -0.04
e In principle possible to associate =
single waveforms to single tracks —_
in the pictures! . s

357 ns
463 ns
541 ns
625 ns
667 ns
715 ns
813 ns

896 ns
991 ns
1065 ns
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\_\‘\“E

LIME absolute Z coordinate @ 5.9 keVee
from fit to diffusion

of photons per slice

Number

r of photons per slice

Numbe

y (pixels)

1600
1400
1200
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60T

16004 *

15801« »

Iron spot

Image after zero suppression

X (pixels)
transverse profile

P L e s A e |
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I
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1200 -

600

1 1 L 1 1
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Xlonglmdlnnl (mm)

—

o

Q of the residuals (cm)

~70

60

50

30
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10

¢ = sigma of transverse profile x

RMS of # pixels inside the spot

P0O=10.5+0.2

P1=1.02+0.1
P2 =-0.006 + 0.001 \

III]Illl]llll]llll]lll‘llllllf[ll

........

oH
(3]
-
o
—
3
n
o
n
(3]
w
o
&L
o

%Fe source z (cm)

{ residuals
12
_  P0=3.64+0.08
10— P1=0.109 +0.003
8
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2
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clustes (noanaized 1o AmBe)

bikg. sub¥. dats

Particle identification

#_‘counts/pixel (i.e dE/dx)

120

0.7 x no source

} 5.2 keVe. nuclear
) - recoil candidate.

y (pixels)

Bkg Rejection

M Can spot direction
and sense!

25 “
d (photons/pixel)

40% nuclear recoil efficiency for energies
< 20 keVee, with 99% 55Fe events rejected

Signal efficiency = Background efficiency

Egresel 5% ggotal Ezgesel 853 gtgtal
098 0.51 050 | 0.70 0.050 0.035
098 0.41 040 | 0.70 0.012 0.008

Reconstruction based on custom multiple
iteration of IDBSCAN + morphological
geodesic active contours (GAC)

Measur.Sci.Tech. 32 (2021) 2, 025902

Background Rejection with 50% eff. & 40% on signal

3 | = GBC 40% eff.

—— DNN 50% eff.
—— RFC 50% eff.
— GBC 50% eff.
~—— DNN 40% eff.

RFC 40% eff.

\
@

5 10 15 20 25 30 35
EnergylkeV]

A. Prajapati PhD Thesis

Models || Signal Bkg. Rej.
Efficiency| Efficiency
[€5]1% [1-€%]1%
RFC 40 99.1
50 97.5
GBC 40 98.3
50 96.5
DNN 40 96.6
50 93.5
For the full 1-35 keV

energy range

9

On going work on ML techniques

O
?
$
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CYGNO R&D

Enhancing the light yield through electroluminescence

Cathode

55
Fe 1 cm, E=0.9 kV/cm
740 MBq

— e e e s s wem GEM1 A V=400 V
2mm E=2.5kV/cm GEM?2 A V=400V

First evidence of electroluminescence in He:CF4

induced by low ionising electrons

_|_2 mm, E=2.5kV/cm ' * o
— — —— s s wmm GEM3 A V=400V Y Q‘
[3mmE = 8
Mesh 5 V\V
e, Y ) \Q\ ratio
oV/emN11.3 ; \ o
el Q& Photons g
. K4 LEMON
\“ 2 Q o .7
o O o ©
................ g--- -5~ "o o
Current-meter = 5 A GAS Flow: 166 e
sensitivity 100 cc/min . Electrons
1 atm 0 2 4 6 8 10 12 14 16 18
0 kV/cmin ELgap 55Fe data
s 0 kV/em in 2. 13.6V/cmin
g EL gap H EL gap
10° Polya fit Polya fit
Mean = 159 Mean = 567
Sigma =70 Sigma = 233
10
X(D'd) 107
11 3 kV/cm in EL gap
1} 1
0200 400 600 800 1000 1200 0200 400 600 800 1000 1200
Number of photons Number of photons
- JINST 15 (2020) PO8018
T
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Neutrinos & directionality

Nuclear recoils

Number of Events in 1000 m® in 6 years

107 = - 1.

10~ 104 10 10" 10!

Ejprahoi [keVi]

He:SF,

755:5 Torr

10¢

Coherent Neutrino-
Nucleus scattering

j NOTE: only a directional
’ DM detector can distinguish
from WIMP signal

P
¢

Number of Events in 10000 m® in 6 i\‘-mls

‘'

NEWI Physms reach under study

Electron recoils
T T

107

He:SF,

w:th event by event preclse

neutrino energy measurement

S T T T T U1 T AT ETTr e Epree e Y
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—“\

NOTE: only a directional
DM detector can distinguish
from ER background

i €«

¥ ¥ € -z
‘IR -

{ v .". € - =

Background can be x
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sidebands data | ' |
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- 5K
SR

|

cos{d)"
Fig. 4. The events of one year as a function of the reconstructed scattering angle.
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Solar neutrinos with elastic scattering on electrons

o

Expected number of ER and NR events as a function
of the cosine of the angle away from the Sun

j

Nuclear recoils E, € [1,50] keV;

F He:SF¢
E 740:20 Torr
g 1000 m®x 5 years

Electron recoils E, € [5,1000] keV ) .

Exposure xdR/d cos 0

Given the Sun position, € .. Differently from WIMPs,

recoils in opposite e _.7 background can be
direction are ek measured on
kinematically forbidden @~ — = ® \ sidebands data
A%

—~

¢ Electron recoils directionality in CYGNUS enables solar neutrino spectroscopy
through neutrino-electron elastic scattering on an event-by-event basis

¢ An O(10) m3 ER directional detector could extend Borexino pp measurement
to lower energy

¢ CYGNUS 1 ton could measure the CNO cycle by breaking the degeneracy with

7 N .
L pep + 7Be fluxes through directionality D

100 T T rrTT T—r rrrrr T T T T
2AInL =1
Nondirectional

1 Low performance
I Mid performance
B High performance

| 1000 m? x 5 years
He:SFg at 740:20 Torr

20

10! 0? 10°

Rpg/Rpp

1 o sensitivity to pp flux as a function of the
total non-neutrino ER background

1412A1n £ = 6.18 contours: 10;)0 m? x5 ylears 7
Nondirectional He:SFg at 740:20 Torr
12H Low performance Background rate = 10 x Rp, |
BN Mid performance

B High performance
10H = Borexino -

10
f pep+7Be

2 o sensitivity to combined measurement of the
CNO and pep + 7Be pp fluxes, fixing the background
rate to 10 times the pp electron recoil rate

y I
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