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i Outline

$Time Projection Chambers advantages and the limitations
$The CYGNO high precision optical 3D TPC experimental approach

$Negative ion drift operation with optical SCMOS + PMT readout

€Demonstration of feasibility at LNGS atmospheric pressure (900 mbar)

€Observation of minority carriers and negative ions mobilities evaluation at 650 mbar

€Spoiler on diffusion measurements ;)

€Conclusions & outlooks
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Time Projection Chamber advantages & drawbacks

Anode-and charge Depending on the anode segmentation (x-y) and time
sampling (z), tracks can be reconstructed in 1D, 2D or 3D
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i 3D pixel
@Advantages: 1D GEM 2D Optlcal pixels

€Reconstruct track topology, i.e. “imaging”
€Measure track sense and direction through energy loss profile

€Infer particle identity through energy loss characteristics
€Gaseous TPCs down to O(keV), liquid TPCs down to O(MeV)

EDrawbacks:

$TPCs need a “proxy” to define the absolute coordinate along the drift direction

& Either a to from another detector or a way to extract from data

&All TPCs advantages result spoiled by diffusion during drift

T I
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s  Classical TPC “fiducialization” techniques
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(i.e. absolute coordinate along drift direction)
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., Transport and diffusion during drift in TPCs

¢ Electrons and ions drifting through a gas under the influence of an E field are scattered on
the gas molecules so that their direction of motion is randomised in each collision

€ On average, they assume a constant drift velocity u in the direction of the E field, which is
much smaller than the instantaneous velocity c between collisions

¢ Electrons are accelerated very rapidly by the E field, and they lose very little energy when colliding
elastically with the gas atoms due to their small mass. Electrons reach random energies far in
excess of the energy of the thermal motion

¢ lons are accelerated much slower than electrons by the same E field due to their larger mass. They
lose a large fraction of it in collisions, since their mass is comparable to the gas atoms and therefore
ions random energy is mostly thermal

|§| = 0 > thermal diffusion
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ﬁ How to minimise electrons diffusion during drift

By using polyatomic gases '
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%> How to minimise electrons diffusion during drift

By using polyatomic gases |
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By properly introducing a magnetic field '

NOTE: only transverse diffusion can

E

-—=— 0T =B T > 1 be reduced with magnetic field
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How to minimise diffusion:
El ' exploit negative ions as charge carriers instead of electrons

& Electronegative dopant in the gas mixture (SF,

CS2, CH3NOg, ...)

¢ Primary ionization electrons captured by
electronegative gas molecules at O(100) um

€ Anions drift fo the anode acting as the effective
image carrier instead of the electrons

€ Longitudinal and transverse diffusion reduced
thanks to the large mass of the charge carrier

€ Allow for realisation of larger TPC volume with same
(or improved) tracking performance

¢ Negative ion drift velocity is O(cm/ms), compared
to O(cm/us) electon drift velocity because of
larger mass

€ Significant improvement of resolution along drift
9 P 9
direction thanks to slower image carriers for low rate
applications
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> Additional feature: minority carriers in negative ions

lllbut drift at ©
start together . . : Lt
g different velocity L
i : | : 1 A e %] v
: ® a1k | : ® 1 E Y D. Snowden-Ifft,
: e E ; 1 Rev. Sci. Instrum| 85
S B — — z =7 =0 zox At (2014) 013303
%aao{?i(e) = l\z/N?P((Z) %athofég MWPC
Drift direction — o Drift direction —w J : o M
. . ) § _ Tt ri
CSZ-CF4-02 SF6 20 Torr §} <= (tm - tp) pm — P ¥
30:10:1 Torr : “drift  drift J
1000 . : : . . e e TR
. o
o | Minority carriers |. Main peak 900} |_E= 1022 V/em |
© ] region region 800l 20 Torr SFg \
¥ 700}
S o ’ —. 600 SFg
ES 2
§ E 500¢ 9 Y taster il
= ] L than larger | H H
2 s | Multiple charge carriers =
| event coordinate along
100p 0% ] H H = I
N ’ o1 the drift direction!!
‘T L T T T R'OII T T T T E| T T T T IR'OI T T T |‘—.|
1000 -500 0 500 1000 '%%0 5000 2100 2200 2300 2400 2500 2600
Time relative to trigger (us) Time (us)
J. Battat et al Phys.Dark N.S. Phan et al.,
Univ. 9-10 (2015) 1-7 JINST 12 (2017) 02, 02

.

Negative ion drift operation: a new window on high precision particle detection and tracking - Bi-national conference on detector R&D - E. Baracchini



G S ° ° ° °
5. Negative ion drift: history and status
3 : |
Charge Readout Optical Readout
e Concept demonstratred in 2000 at 40 Torr CS» ¥ 50-150 Torr CF4CS: with glass GEM and
(:;; with MWPC [1] CMOS [D. Loomba, talk at RD51 June 2022
o :
o € Pioneered in a actual experiment by DRIFT with meeting]
a2, CS2:CF4:0O2 at 40 Torr with MWPC [2]
% & 20-40 Torr pure SFs in 2017 with THGEM [3]
- ¢ 20 Torr pure SFs with THGEM-multiwire [4] and
muPIC in 2020 [5]
_g o € Demonstrated in 2010’s in He:CS2[6] and
< = CO2:Ne:CH3NO2[7] with GEMs and MWPC
—
% B & In 2017 at 610 Torr of He:CF4:SFs with GEMs THIS TALK
® ©  andTimePix2 [8]
O o 8
= ® In 2021 in Ar:iC4H10:CS2 with GridPix (Ingrid
+ Timepix3) [?]
[1] C. J. Martoff et al. NIM A 440 335 [4] A. C. Ezeribe NIM A 987 [7] C. J. Martoff et al, NIM A 598
[2] G. J. Alner et al., NIM A 535 [5] T. Ikeda et al, JINST 15 07, PO7015 [8] E. Baracchini et al, JINST 13 04, P04022
[3] N. S. Phan et al, JINST 12 (2017) 02, 02 [6] C. J. Martoff et al, NIM A 555 [9] C. Ligtenberg et al, NIM A 1014 165706
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5 CXGNO experiment

High precision 3D optical TPC for directional Dark Matter searches and
solar neutrino spectroscopy

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..
ROMAT1 LNF LNF/LNGS LNF/LNGS LNGS
ORANGE LEMON LIME CYGNO 04 CYGNO_30

. i
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-1cm drift - 3D printing - 50 cm drift - background
- 20 cm drift - underground tests - materials test, gas purification ]
- MC validation - scalability - Physics research

Instruments 6 (R0RR2) 1, 6 JINST 15 (2020) P10001
JINST 15 (2020) 12, T12005 2019 JINST 14 PO7011
JINST 15 (R020) PO8018 NIM A 999 (ROR1) 165209

Measur.Sci.Tech. 32 (RO21) &, 05902 arXiv:2305.06168

https://web.infn.it/cygnus/
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o He:CF; @ 1 atm
ECYGNO :3D TPC with optical readout via PMT + sCMOS

JINST 13 (2018) no.05, P05001
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o He:CF, @ 1 atm
asl CHXGNO :3D TPC with optical readout via PMT + sCMOS

JINST 13 (2018) no.05, P05001
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o He:CF; @ 1 atm
s CHGNO :3D TPC with optical readout via PMT + sCMOS

JINST 13 (2018) no.05, P05001
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¢Camera focused on last amplification stage

Lens de-magnification sCMOS sensor

geometrical acceptance

5:L 1

@) = TR

sCMOS-GEM Focal lenght
distance F.L.

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

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

¢ a 10 x 10 cm? area with an effective granularity
of 43 x 43 um? (small volume application)

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

¢+ 1 x 104 coverage for large volume application

¢+ 1 x 10-3 coverage for large volume application

Camera electronics is integrated,
the output is an USB plug

ORANGE prototype

e GVAWG

sCMOS

lens I camera

(ww g) deb Jojsuer)
L X X X X X 3 X 3 ¥ T 3

(ww g) deb Jojsuel)

(ww 0}) deb yug

36 x 36 cm?

sl ot bk 1.3 x 1.3 cm?

*not in scale
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He:CF; @ 1 atm

30 Imaging tracks with CYGNO

=

....with classical electron drift

: CYGNO undergrouncim-«‘(:
Vo, surfer!!

Soft electron from natural radioactivity
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electron

° Wd{ WMW WH\ *W Uw( W M Low energy electrons in
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50
X (mm)
3
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450 MeV electron with its § ray
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r *Detector operated at LNGS (1100 m): atm pressure is 900 mbar
J ' Negative ion R&D setup: the MANGO detector

Acquired with

Triple thin 50 um Hokawo 3.0 software

GEM stack
10 x 10 cm?2
* sCMOS camera Orca
Fusion @ 20.5 cm distance

focused through
Schneider lens (f/0.95) on
the last GEM
PMT

AN 3l YINING

L# N3O
c# W39
€# W3O

N
N
h

Acquire sCMOS images, PMT & GEM
waveforms with 241Am source

wo oL

(ww g) deb Jajsues)

(ww 2) deb sejsuel)

(ww o) deb yua

Charge sensitive

Drift gap (variable - -
from 5 to 15 cm) preamplifier Oscilloscope
300 us decay time
0.113 mV/fC
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Eyes (and waveforms) can’t lie

sCMOS image GEM preamp output PMT waveforms
08 | ~ E A ; ' e " L
:: W™ Ep
06 / ED D:
0 / D o .

0.2}

~0.0005 0 0.0005 0.001 0.0015

Amplitude [mV)

1[ms]

HG%:E? ;Ige::??glz.jl::?l.:g O(us) r.ise for ED 0O(0.1 us) time extent for ED
1 KV/em 0.4 kV/em O(ms) rise for NID O(10 ms) time extent for NID
(ED) (NID)

0.90 atm

(LNGS atmospheric pressure)
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*First time ever NID are observed with PMTs!

‘B NID PMT waveforms: how peculiar!
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. *First time ever NID are observed with PMTs!

g NID PMT waveforms: how peculiar!‘
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. *First time ever NID are observed with PMTs!

M NID PMT waveforms: how peculiar!"
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*First time ever NID are observed with PMTs!

&' NID PMT waveforms: how peculiar!

- - NID WF at i w
S oosf- g | ) e i
8 B z : varying drift field
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Given the PMT bandwidth and the "slow" arrival of charge carriers, individual clusters
are visible in the PMT signal --> ideally, this could allow cluster counting technique for
superior energy resolution

H. Fischle et al., NIM A G. Cataldi et al., NIM A G. Chiarello et al., JINST
301, 202 (1991) 386, 458 (1997) 12 (07) C07021

Not a topic of this talk, but ongoing work along this line
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&° Innovative NID PMT waveforms analysis &

OO0 First ever PMT analysis for optical NID signals 00O

Amplitude [mV]

Amplitude [mV]

Initial approach = Time rebinning

a. Threshold = Only peaks above 6*RMS are taken into account

b. Rebin = Selected points are put into histogram

Delimitation = Start (end) when 2 bins are above(below) 10 mV

d. Systematics = Varying #bins & threshold voltage (reworked analysis)

1 1 | 1 |
2 0 2 4 6
t[ms]
IEt' 429
ntries
[,.
|
:.I‘..I..‘l..l..l...l.
4 -2 0 2 B 6
t [ms]

Amplitude [mV]

Amplitude [mV]

Dr. D. Marques PhD

thesis, arXiv:2509.10890

2 0 2 <
t[ms)
]
Entri 429
J‘ ] ‘ I ntries
| -
Y
| d
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] 2 0 2 4 6
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’
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sCMOS camera images analysis

Absolute alpha track integral at 900 mbar
* Alphas selection:

-
(=]
o

 tracks reconstructed with iterative DBSCAN algorithm [10] g z;"pse‘a"‘oo1os;6fz;;‘£2:
 track length > 1.47 cm Ny E |
: bon) 1 Tra00s o NT 9 wk Paper in preparation
e track slimness < 0.3 -
e Sum of pixel content is light integral B
104
|

| RSN TR £t | ‘ Il | - — ‘ L1 1 L | R R } L | 1 L L1 | 1 L | |
1400 1450 1500 1550 1600 1650 1700

VGEM[
NID mixture scintillation spectrum
1e12 He:CFa:SFs mixture at 650 mbar
ScLength*0.0049 {Scintegral>2000} ScWidth/ScLength {Scintegral>2000} 10
180: Entrier:empmso 2000: htemp
160F- r:;a; 014;::: 1800 Entries 13053 5
L ev . C - s 05
< track length w | track slimness |w- oo
C C StdDev  0.1786 8
120~ H 14001 Z 0o —
F 1200 2
100— C
F JJ 1000 -05
80; 300; LL
60— L
C 600— -1.0
40;— H’JJ “ 400; . 200 300 400 500 . 600 700 800 900
201, ,ub L 200?— ‘WL - - - -
Al trparge Py | RS N Preliminary charge gain evaluation - O(103)
0 0.5 1 15 ZScLength*O.zdg49 0 0.2 0.4 0.6 OIBScWidth/Scr_ength

Implies O(keV) theshold at atmospheric pressure for charge readout!
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5. A MANGO “in the keg”

Longer drift distance is necessary to evaluate diffusion and mobility: MANGO was installed in a
vacuum vessel that could host a longer field cage

Because of geometry constraints, the camera is now at 26.6 cm distance (w.r.t. 20.5 cm of the
previous setup): the light yield reaching the camera sensor is reduced of 2/3 with respect to
previous configuration

For this reason and in order to be able to measure the diffusion at -10 cm drift length and low
-250 V/cm drift fields, we reduced the pressure to 650 mbar in the diffusion measurements

NOTE: diffusion and (reduced) mobility are independent of pressure
D |
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als] Minority carriers demonstration and
I

S | mobility evaluation |

In presence of minority carriers, the measured average waveform time

extension depends linearly on the drift distance Z.
This dependence can not exist if only on charge carrier is present

| 1 /1 1
(AT)(Z, B) = po(B) +m(E) Z, p(E)=:% n®=-g ().

Hs/f = mobility of the slower/faster charge carrier

Egn* ATVS Z

1300| PO 301+ 32
99 + 6

¢ Perform multiple AT measurements varying

drift distances and drift fields

e Multiply for E to remove drift field
dependence and average for each drift
distance

e Linear fit returns po and p1

e From po obtain slower carriers SF-s mobility
consistent with [1] 800

e From p1 estimate a ps + 3 cm2 V-1 s-1

©
'y

1200

E*ATI[V*ms/cm]

1100

1000

900

700

600

+IIII|IIIIIIIIIlIIII|IIII|IIII|IIII|

Paper under internal collaboration review

500

[1] E. Baracchini et al, JINST 13 04, P04022 Z [cm]
T
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&%  Spoiler! ED & NID diffusion

Sigma [um]

He:CF460:40 (ED)

Transverse Profile Sigma Transverse profile sigma at 9 cm

: distance and 400 V/cm
1000 +

: + - ' Sigma_ED_650mbar_400Vcm_310V_9cm Sigma_NID_650mbar_400Vcm_525V_9cm
800+ — i ehtemp 100 : nhtemp

I~ —f- - -*-' 80 :::: ’ o.osgg i :::: ’ 0402:?1;

: | + : : — ] 8°;_ :S r :;;:? 2 80 :— ;u: o 10030:’5:
600 :__ i : . = — i - . - "':':' :Zg_ ED Constant 39.3‘517.28 : N I D Constant 70.‘3737.86

L . 2= - E 3 Soma_ooosusasoorss | % Sme_oovisissacomsn

L ; ;'.:: :ﬁ T soz— i
400:* = A - 401 a0

i Electron drift measured N3 590 +/- 20 : 271 +/- 20
2001 diffusion perfectly consistent 20 20

- with Garfield++ simulation AT e

i % ~ 002 004 006 008 01 012 014 016 018 02 % 001 002 003 004 005 006 007 008 009 04

P PR (SR ST VN T NN N SN N ST S SN ST ST S S '

0= 4 6 8 10 12
Drift distance [cm]
o = o) 2 + € 2L . : £ 9
meas — 0 Note that He:CF; is already a very “cold” gas

with one of the smallest diffusion coefficients

| Drift field [V/em] | of? [pm] | €¥P [pm/{/cm] |

150 300 £ 100 280 + 20

200 290 + 60 230 + 10 .

250 200+ 60 | 210 =+ 10 Analysis performed, results

300 300 £ 40 190 £+ 10 . - - - -

- 0 interpretation under flnallsa_tlon and
400 310 £ 30 | 160 = 10 paper under preparation

600 320 £+ 20 140 &+ 10
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=° Negative ion drift operation implies

From this.... ....to this with same experimental layout

*real data!;

He:CF, He:CF4:SFs
60:40 59:39.4:1.6
with full fiducialization (i.e. 3D)
From this.... ....to this with same tracking performances
30m? 30m?
%4 m? 62 m?
60 m? 2m  20m?
readout readout
30 m? less surface:

= Less material
3 (background)
m
Im Less redout sensors
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G S

T Conclusions & outlook

¢We obtained Negative lon Drift operation at LNGS atmospheric pressure
with optical readout with both PMT and sCMOS

gFirst time NID are observed with a PMT!
¢ We developed an innovative analysis for NID PMT waveforms

¢ Possibility of cluster counting and improved energy resolution and PID?
¢0(103) charge gain achieved

&¢We performed measurements at 650 mbar (due to detector constraints)
&¢We demonstrated for the first time the existence of minority carriers in He:CF4:SFe

&¢We evaluated and SFs- mobility consistent with literature and estimated from this a
mobility of the fast charge carriers about 30% faster than SF¢-

&§We measured diffusion and transport properties and analysis in ongoing

$0nly the first step towards a systematic investigation of He:CF4:SFe¢ NID
mixture potentialities at atmospheric pressure

STAY TUNED!
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Backup slides
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....with classical electron drift arXiv:2305.06168

&° Selected c¥GNO results with LIME

50 L active volume

Energy response linearity Energy resolution @ 5.9 keV
. UMESETUP S o o e [T
DETECTOR ONLY e Pl e e =
MAX WEIGHT = 200, > 40- S o 0 amaw LB E
C - —8— E(ms) ]
% 35; s 0.35( =
B 30- ! 03fF .
3 25- ; 0 L - N
S 20 e 02 = .
15( 47 015k u =
100 i 0.1 s 5 " .0 . d -
- % |Greatlinearity of the 00 y E
50 #7 low energy response! - T )
:’l’llll‘\H\‘lIII‘I\\l||||1|IIII|IIIllllllll\\\lll\\ 0“”” Y- = R T
% 5 10 15 20 25 30 35 40 45 50 > = T2 = 2 e 45( G
Expected energy (keV) z (cm)
1 sCMOS + 4 PMT + 3 GEMs
33 x 33 cm2readout area
50 cm drift length Particle Identification
EEm— s 7 | ~Curl 40% nuclear recoil efficiency  1mprovement with ML over the
‘ L = for energies < 20 keVee, with entire 1-35 keV energy range
.................. i - 99% 55Fe events rejected S BT
. . » odels igna g. Rej.
Signal efficiency ~ Background efficiency Efficiency| Efficiency
g presel 5 total | _presel 3 total [°]1% [1-€°]%
. \ €s s fs | %B B B RFC 40 99.1
=1/ . b 098 0.51 0.50 | 0.70 0.050 0.035 50 97.5 3
— b % 0.98 0.41 040 | 0.70 0.012 0.008 GBC 40 98.3 Q‘k
- / 24 50 96.5 Q?
= e "W B A i X DNN 40 96.6
Underground shielded Measur.Sci.Tech. 32 (2021) 2, 025902 50 93 58
= - "]
installation @ LNGS 0
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Rolandi - Blum - Riegler book

Diffusion during drift recap

Macroscopic quantities Microscopic quantities
2 Otot F.Mm.S. normal distance at time t c instantaneous velocity between collisions
atot — 2D ¢ D diffusion coefficient lo mean free path of the drifting particle
l u constant drift velocity <<<c T average time between collisions
D = C_O M mobility N number density
3 L = ut distance travelled after time t

If the drifting particle are electrons, the average time t between collision can be approximated by:

I§ _clo_cz'r_ZET

3t 3 3 3m

m mass of the drifting electron
€ energy of the drifting electron

1
— =Noc lo=cT
T

D=

For electrons with the lowest possible energy, i.e. due to thermal motion only:
by exploiting the definition of mobility y, the thermal diffusion limit can be written as

9 2kTL
therm— ———
eE
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