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[ Outline ]

1. Introduction to the Liquid Argon dual-phase technology
2. Toward giant dual-phase detectors
3. Description of the 4-tonne demonstrator

4. Main results from the light analysis in the demonstrator
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[ Liquid Argon Time Projection Chamber (TPC)

> one active volume of Liquid Argon (LAr), single-phase
> energy lost by a crossing parficle ionizes Ar atoms
> driff field applied allow electron driffing and collection
o 2D frack frajecftory projection in the xy plane
(segmentafion of the anode ¢ frack resolution)
© 3D track reconstruction including arrival fime measurement
o particle identification from dE/dx measurement (calorimetry)
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why Argon?

> advantages
© can be found in nature (~1% of atmosphere)

o ifis dense (1.4 g/cm3) and inert
o large dieltectric rigidity
© good purificafion

> drawbacks
o intrinsic presence of radioactive isotopes (Ar, Ar° Ar*)

. Neutrino interaction with LAr (event from Icarus T600 detector)
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[ Dval phase technology ]

> argon vapour (GAr) on the top of the LAr phase, dual-phase
o verfically drift of the e- from ionization
o extraction and amplification of e- in the GAr phase

e- extraction and
amplification in the
LAr-GAr interface
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[ Dual phase technology

> Charge signal

> argon vapour (GAr) on the top of the LAr phase, dual-phase
o vertically drift of the e- from ionization o exfraction grid allow e- access fo the GAr phase
o Large Electron Multipliers (LEMs) holes amplify the n. of e-

o extraction and amplification of e- in the GAr phase
exfracted

o e- collection in the anode plane (frack frajectory reconstruction)
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[ Dual phase technology ]

> Charge signal
o exfraction grid allow e- access fo the GAr phase

o Large Electron Multipliers (LEMs) holes amplify the n. of e-

> argon vapour (GAr) on the top of the LAr phase, dual-phase

o vertically drift of the e~ from ionization

o extraction and amplification of e- in the GAr phase
exfracted

o e- collection in the anode plane (frack frajectory reconstruction)
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[ Deep Underground Neutrino Experiment (DUNE) ]

> muon neufrino beam
> Near Detector (ND) at FermiLab
:> Far Detector (FD) at SURF laborafory

ermi National
Accelerator Labo r

South Dakota Illinois

> 4x10kton LArTPC modules in the FD

:> 3D frack reconstruction ar high resolution
> sensitivity fo low energetic eventfs

> both SP and DP are foreseen

o first module will be SP

© af least one module is expected fo be DP
© open fo other possibilities for the other ftwo modules
> demonstrafre the two technologies at such large scale is cruciall

o profotypes @ CERN

C. Lastoria - GDR Neutrino - Light production and propagation in the 4 tonne DP demonstrator



[ Toward bigger detectors

> the sfaged approach

from R&D to the large scale

© small
sefups
for R&D

@ CERN, r
(2010~2014) ~ M 9 |

o DP =

: "
LAr-TPC \\\\\\\\\\\\\\\\\\\\\\\ ‘

-300 ron N\
W

© cosmic
muons
and fest
beam

@ CERN,
EHNIT S
(2016~2019) RN

{ INSTRUMENTATION COMPLETED! —f Masm

e . <

o first DP
LAr-TPC
at fon
scale

O cosmic
muons

@ CERN,
bld. 182
(2014~2017)

Anode deck

ield shaping rings

more info in Dominique’s talk!

Field cage suspersion
chimreys
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[ The 4 tonne demonstrator detector ]

> dafa collection period:
May-Nov. 2017

«— Topcap

> exposed to cosmic muons 3x1x1 m3 detector

tank outer structure
4.7 m
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[ The 4 tonne demonstrator detector ] > 3x1x1 technological milestones:
o extraction of ionization charge over 3m? area

> dafa collecfion period:
May-Nov. 2017

o amplification in pure Ar vapor by combined

Top cap operation of multiple 50x50 cm? LEMs
o readout of the signal on two collection

> exposed to cosmic muons 3x1x1 médetector  planes with sfrips (up fo 3m length)

Charge Readout Plane (CRP)

tank outer structure
4.7 m

CRP Frame

WA 05 —= preliminary (first track seen - 21.06.17)
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[ The 4 tonne demonstrator detector ] > 3x1x1 technological milestones:
o extraction of ionization charge over 3m? area

> dafa collecfion period:
May-Nov. 2017

o amplificafion in pure Ar vapor by combined
« Topcap operation of multiple 50x50 cm? LEMs

o readout of the signal on two collection

> exposed to cosmic muons 3x1x1 médetector  planes with sfrips (up fo 3m length)

Charge Readout Plane (CRP)

tank outer structure
4.7 m

CRP Frame

cathode

ground grid

PMT (x5)

(first track seen - 21.06.17)

prompt scintillation
light (S1)

electro-luminescence
light confinuum (S2)
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[ The scintillation light signal

]

> scinfillation emission mechanism, two contributions in LAr: self-tfrapped excifation luminescence and recombinafion luminescence

M Ar excitation 8
A

*®

@

Ar ionization

323

slow

[ The light detection system of the 4 tonne demonstrator ]

> five R6921-02Mod PMTs by Hamamatsu (8 inch) with different configurations:

o 2 TPB" coating (direct coafing O, TPB on PMMA plate @)

() retraphenyl-butadiene

scintillation light
(128 hm)

wavelength shifter

PMT

| fast component ~ 6ns
+ slow component

k

‘ | ~ 1.6 us
> | L™
][ ﬂm"m*””"*mwwm%
§
time }

time profile of scintillation
light signal
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[ The scintillation light signal

]

:> scinfillation emission mechanism, ftwo confributions in LAr: self-frapped excitation luminescence and recombination luminescence
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[ The light detection system of the 4 tonne demonstrator ]

> five R6921-02Mod PMTs by Hamamatsu (8 inch) with different configurations:

o 2 TPB" coating (direct coafing O, TPB on PMMA plate @)

o 2 bases configurations

(posifive @D or negative @ polarization)

() retraphenyl-butadiene

PMT frigger
5 fold coincidence in a time
window over a fixed threshold

PMT

\

+
|

J

N\

fast component ~ 6ns
slow component
~ 1.6 us

mﬂ“‘fmw
Wmﬂwwmw

time }

time profile of scintillation

light signal
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Typical triggered event rate ~3 Hz (~3*108 of triggered ev.)
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[ Cosmic Rays Taggers (CRTs) ]

> 4 modules of scinfillators made by 16 strips per module (2 modules per side,
1.8m x 1.8m each)
— each sfrip is read by 2 optical fibers connected fo 2 SiPMs

> direct geometrical track reconstruction for the friggered event
(only one muon, no multiple fracks)

Typical triggered event rate ~ 0.3 Hz (~7*10® of triggered ev.)
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[A real event reconsiructed in the 4 tonne demonstrator]
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[ Data taking conditions

)

> Different defector configurations has been investigated

© a lof of dafa available af O kV/cm

—» characterizafion of the scintillation light

- study the Rayleigh scaftering

(CRT reconstruction and data-MC comparison)

© a dedicated drift field scan with PMT trigger

(ho charge informafion available)
o different drift, exftraction, amplificafion fields

- study of the scinfillation light vs driff field

- study of electron luminescence light

> Limitation by the maximum voltage applied to the grid
(lower Geff reached than the nominal)

nominal volrage

anode GND
LEM -1 kV
top

LEM, -4.3 kV

extr. grid -6.8 kV

drift field
exrraction field
amplificarion field

induction field

componenfs
_ 30
miny
l: \'N L A 4 I 25
| h
20 LEMs
VAPOR
15
LIQUID
10
5 extraction grid
0
electric field
(kV/cm)
norninal achieved
0.5 kV/cm [0.3; 0.7] kV/cm
2 kV/cm 2kV/cm (with -5 kV at extr.)
33 kV/cm limitation by grid
5 kV/cm limitation by grid
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[ The light Monte Carlo simulation ]

3x1x1 light maps

> events generation following the CRT geometry based on 3x1x1 datfa

> light propagation of the 3x1x1defector through fthe light maps (LightSim software)
o light maps for LAr and GAr phases

o 3x1x1 light maps available for different Rayleigh scattering length (20cm, 55cm, 163cm)
average waveform (sim. of PMT response)

ox. =30m
abs e SR T e e e Fe e PR
- (PMT 2 i
> PMT response from 3x1x1 data included in the MC simulafion, 0.8:— e MC _:
final average waveform is (S1+ S2) ® PMT response - i ]
0.6 =
0.4 -
0.2f .
ok —

pEEEEEnE e e e e R
-400 200 0 200 400 600 800 1000

C. Lastoria - GDR Neutrino - Light production and propagation in the 4 tonne DP demonstrator



[ Data-MC comparison - scintillation light

> comparison befween data and MC has been performed for Rayleigh scattering length = 85 cm and X

=30m

o the collected charge distribufion comparison shows quite good agreement

(PMTs with different TPB coating configurafion but same base)

@ PMT 3 - direct TPB
B data
O ® MC

o ~Zy

1000 2000 3000 4000 5000 6000 ?GEHJ EGEHJ gom 10000
track-PMT distance [mm]

References:
E. Grace, J, Nikkel, arXiv:1502.04213v2
B. J. P Jones et al., arXiv:1306.4605v2

@ PMT 4 - TPB plate

? B data
B . © MC
&

i L //////\ /

E Uy

1000 2000 3000 4000 SGI:HJ E:}I:HJ 7000 B000 9000 10000
track-PMT distance [mm]
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[ The Rayleigh scattering length ]

> comparison of different Rayleigh scattering length values 20cm, 55cm, 163cm (N = 30 m)

o found better agreement for a Rayleigh scattering length befween >\Ray = ©5cm and >\Ray = 163cm

i
o PMT 5 - direct TPB
] 10‘_— T @
g [ e
E L
3 -
z -
i . %TT
T
Y a
« Data /]//%/\:'ll-
e " :lh."-ﬂ =2 ecm /44'//\
L4 Ay =55cm Ay =
v gy, = 163 cm
1 ] 1 1 I 1 1 1 | 1 1 | 1 1 I I 1 1
200 400 GO0 800 1000 1200

PMT-Track distance [mm]
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| The scintillation light signal ]

> the recombination factor has been studied for all the CRT runs available

814000 — PMT 3
5 C —e— drift field = 0.00 kV/em
- 12000 —
o C + —e— drift field = 0.49 kV/cm
10000 — + (3x1x1 data)
sooo|—  +
C +
5000 — *.
C - + -+
4000 — ++ . e,
= -+ -
2000 b --+ - +--h...
C R S S
OD_ 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
500 700 500 800 7000 1200 1400 1600

track-PMT dist [mm]

© good agreement among the five PMTs

(agreement within 3%)
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[ The scintillation light signal

References:
S. Kubota et al., Phys. Rev., vol. B20, pp. 3486-3496, 1979

> the recombination factor has been studied for all the CRT runs available (Birks’ law curve)

o the relafive n. of PE. has been calculated af the different drift field values - j index in the formula

(I

814000 — PMT 3
5 C —e— drift field = 0.00 kV/em
- 12000 —
o C + —e— drift field = 0.49 kV/cm
10000 — + (3x1x1 data)
sooo|—  +
C +
5000 — *.
C - + -+
4000 — ++ . e,
= -+ -
2000 A -.-+ - +..+ .
C R S S
OD_ 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
500 700 500 800 7000 1200 1400 1600

track-PMT dist [mm]

© good agreement among the five PMTs

(agreement within 3%)

relative total n.of PEs [a.u.]

1.1

Kubota et al.

—

1T

0.9

0.8

0.7

0.6

0.5

0.4

0.3

+ 3x1x1 data, CRT trigger
(diagonal tracks, 6~[-20, -6] deg.)

rel. n. ofPE =

~PRELIMIFARY

o

0.2 0.4 0.6 0.8 1
Drift Field [kV/cm]

o measured ~40% of recombination for drift field = 0.5 kV/cm

(good agreement with Kubota measurements)

C. Lastoria - GDR Neutrino - Light production and propagation in the 4 tonne DP demonstrator 14



References:
E. Segreto, arXiv:1411.4524v2
R. Acciarri er al, JINST 5 PO6003

[ The scintillation light signal

e.g. PMT 5 (no fields) ) .
S10' 9 > Fit function:
: - 2
Sk ﬁr;bndr 2‘49?‘%“4‘“993 convolution of a gaussian with three exponentials
B o 8.903 £ 0.813 et ee et e oo et e ettt st ene e :
0 At 5.392 + 0.239 : . :
= A, 3.017 +0.327 p G-, 0) @ X2 (A /T ) expl-(-1)/T)
C Tt 87.56 £ 16.10 :
: Aﬁmw 2??4tﬂ.34 e iissssssmssssssmssssssssssssssEssssssmessssssssssssssssssssssssssssmssssssssd
1 “siow 1510 £626 o model the defector response o the friggered parficles
E (3x1x1 data) . .
= (gaussian function)
- T .
_ slow o fast and slow components fitted by two exponentials
10

o an infermediafe exponential fo improve the fit in the

fast/slow fransition region

‘. | o Al relative amplitudes — YiAi = infegral of the average

|
00 B0 1000
Time [ns]

waveform

> infermediate component not expected from Ar afoms de-excitafion but measured by all LAr-TPC experiments

> possible origins of the intermediate component:
o due fo the presence of TPB
o instfrumental effects
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References: . -
The scintillation light signal R. Acciari et al, JINST 5 P05003 § | ommosiom
doi:https://doi.org/10.1016/j.nima.2009.03.142 % I r s .
B. Aimard ef al., arXiv:1806.03317 "~ % -
> moniftoring of the LAr purity through the T .
slow 05
- each point is the average among the fau slow obtained from NB-PMTs

- the error takes info account the estimafted error from the fit and the 02 @ 0, Contamination Test :

dispersion among the channels .

1 10
0, Contamination (ppm)

> 1 almosf constant during all the data faking

(very small amount of 0, and N, impurities < ~ppm from the beginning)
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a decreasing of the LAr purity can be defected monitoring the T
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[ The scintillation light signal ]

> study of the effect of the drift field on the scintillation light signal with the dedicated drift field scan
o evident difference in PMT waveform shape
o invesfigation with a defailed analysis of the scinfillation light signal

2 L LR LR L IR IR LR LR IR LR
:Ef 1 PMT 1 ==
£ E — 0WV/em E

I 0.29 kV/em ]
i == —
1072 3
1073 L Ml PRI EPEPETErE TR P | Looo ool o o4y

0 500 1000 1500 2000 2500 3000 3500 4000
Time Since S1 [ns]
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[ The scintillation light signal

> decreasing of the T due to the increasing of the drift field

o driff field acts like a quenching

o phenomenon not well documented in literature

1450

PRELIMIT [ARY

Tslow [ns]

s

1400

—
-
i

1300

B N

1250

Drift field [KV./cm]

T =(1310,1 + 7,4) ns

slow,0.5

(at 0,5 kV/cm, ~11% lower
than at O kV/cm)
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[ The scintillation light signal ]

> study of the intermediate component, T as a function of the driff field

o no clear dependence with the driff field and on the frigger condition

LIMITTARY

11

g . Dr
= PR

95

90

[ TT1
—_——
——
—_—
——]
—_——

[ S—
—
; '—OE—'
[

o)
a1
TTTT
—_——

80

75

|
0.4 0.5 0.6
Drift field [KV./cm]
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[ The scintillation light signal ]

';:' rel. anIitude trigger
< PRELINIIIARY Lo * AT ugger
§ v slow O PMT trigger
: Al £
> measurement of the relative amplitudes Rel. Ampl. i = SiA 5 1
1A E v
o dependence with the driff field < e =
k:
> measured the ratio A__/A__ as a function of the drift field
© dependence with the trigger conditions (under study)
A A, lower for particles friggered by CRT w.rt. PO S S &
ast é 5 o o > o
pamcles friggered by PMT 107
(hyp.: PMT trigger select more energetic parficles due fo
the threshold - under further investigation) . ' ' E— E— S—
. . s L -~ CRT trigger
© dependence with the driff field, ‘\‘E ~ PRELIMII IARY ~ PMIT trigger
Afasr/AsIow increases ar higher driff field = esl jf
(opposite behaviour found in literature - sfill under study) - Lo + P o Jf '
0.25 - % v
02—}
1 1 | 1 1 1 | 1 1 ‘ 1 1 1 | 1 1 1 | 1 1 1 1 | 1
References: 0 0.1 0.2 0.3 04 0.5
S. Kubota et al., J . Phys. C : Solid State Phys., Vol. 11, 1978 Drift Field [kV/em]

R. Acciarri er al, JINST 5 PO6003
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[ The electro-luminescence light signal ]

> developed a dedicate algorithm to characterize S2 signal

e.g. of real 3x1x1 event

T T T T Povary) 10" I T TV TP T | 1
200 900 400 500 600 700 800 200 300 400 500 600 700 800
Time [ns] Time [ns]

(] i L 1 L L 1!
200 300 400 500 600 700 B
Time [ns]

4010 |- S2 duration |

ADG counts

4000 P
age0 F
3980 |

39?02 S2 charge

F A
asa0 [ w
F [\
3950 ; =
i AT 3
E S2-S1 ('[I)
3940 -
L T T N R A I N ||||||||h Lo L abetn?
200 300 400 500 600 T00
Time [ns]

o S2 time, time distance AT

$2-S1
between S2 and S1 peaks and S2
duration (related with track

fopology)
o integrated S2 charge

> electro-luminescence gain, imporfant parameter not measured yet and related with the S2 light infensity

G = n. of S2 generated N

extracted e- in the GAr phase
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[ Measurement of the drift velocity

> global measurement by the 5 PMTs

1400 [(drift = 0.5 kv/cm - ampl. 235 kv/em | | |

—® Vg = (1.468 +/- 0.119) mm/us

(from 3x I X1 dara) :

Drift Length mean [mm]
o ® o D
o o o o
o [=] o o

T/'T“’TT‘T

- |

B n
[ #e 200 00
T I T R N I

000
_200 L1 | \\_| | T
0 100 200 300 400 500 600 700

A Tg, oy mean [us]

gaussian fit on each slice of 25us (error bar from fir)

0.5 kV./em drift 3x1x1 data

drift velocity 1.468 + 0.119 mm/ps
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60
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40
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0
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[ Measurement of the drift velocity

> global measurement by the 5 PMTs

= = [ drift = 0.5 KV/cm- ampl. 25i5 kV/cm | : B ™
gMOO— —=— vy, = (1.468 +/- 0.119) mm/us (from 3x1x1 dafa)
% — 70
()
1S
£ — 60
(@)
[
(6]
T_', . — 50
a [ |
....... =40
;: e
:\ 20
233 10
_| i- L )
_2000 100 200 300 400 500 600 700 0
A Tg, oy mean [us]
gaussian fit on each slice of 25us (error bar from fir)
0.5 kV./cm drift 3x1x1 data MC

drift velocity 1.468 + 0.119 mm/ps

1.496 + 0.131 mm/ps

2000

——— 3x1x1 data (0.5 kV/cm)

—=—— MC simulation (0.5 kV/cm)

—_
(&)}
o
(=)

—_
o
o
(=)

Drift Length mean [mm]
I

500

\|\|\|||\(l>|\|><103

0

100 200 300 400

o the dafa-MC comparison shows a good agreement (within 2%)

500 600 700
A Tg, g, mean [ng]
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[ The electro-luminescence light signal ]

> preliminary sfudied of the elecfro-luminescence gain

Ampl. 25.0 kV/cm Ampl. 25.5 kV/cm
— 00 ~
C 40D ; ; i 5
8;” o F g” #r ; 5 PMT5
- - 7y H
S asof = asof S W - 3xixidaa |
(s) 8 6 o | MC - Gel=150
‘apof Tt P : : P e 1]
Ny b N\ 200} i : S
& F o> F : : : :
o 250f O 25
— —
@ r @ . 15
< L < 3
O 2&[‘.!_ O 200:
10

100|-

500 800

ATS2—SI [LLS]

> still in early stage complicated by the presence of different confribution mixed fogether
o there are still other contributions that must be fested (e.g. Rayleigh scattering, e- diffusion,

)

C. Lastoria - GDR Neutrino - Light production and propagation in the 4 tonne DP demonstrator
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| Conclusions ]

A lot of analysis have been performed and inreresting resulrs on the light production and
propagation have been found

> preliminary analysis that combine charge and light are ongoing
> paper in preparation
> more results from ProtoDUNE-DP

C. Lastoria - GDR Neutrino - Light production and propagation in the 4 tonne DP demonstrator 24
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[ Deep Underground Neutrino Experiment (DUNE) ]

Sanford Underground
Research Facility,
South Dakota

Fermi National
Accelerator Laboratory,
Illinois

> Physics goals:

© measurement of neufrino flux in the FD (1300km away from ND)
—» neufrino oscillation paramefers from muon beam
- neufrino mass ordering

—» CP violafion phase in the leptonic secfor

O sensitivity fo non beam searches
— proton decay
— afmospheric neutrinos
- Super-Nova explosions

> muon neutrino beam
> Near Detector (ND) at FermilLab
:> Far Detector (FD) at SURF laborafory



[ The light detection system of the 4 tonne demonstrator ]

> five RB921-02Mod 8 PMTs by Hamamtfsu with different configuration:

o 2 TPB® coafing (direct coatingQ) , TPB on PMMA plare© )

o 2 bases configurations (positive @ or negative @ polarization) PMT trigger
| S . .
5 fold coincidence in a time
(PB) (NB) window Ll Trigger Threshold |
GND -~ HY —— .
+HV = GND 1L L hower suppl 3400:_ —— Neg. Base PMT
"AV P pply N E
i [~ — I'0S. bas¢
‘T+HV_ 7 signal 3200} 80 ns
Decoupling capacitor it i Wi‘?d‘.’wi P A s R
400 500 600 700 800 900

& power supply filter .
Time [ns]

only one cable for power supply and signal

Typical triggered event rate ~3 Hz (~3min of triggered ev.)




[ PMT characterization in the 3x1x1 detector ]

> PMT gain calibration with dedicated random trigger runs > PMT response characterization:
.+ RTin2015+Au O safurafion observed when a huge number of PE. is collected in
% v RT in 2018 (Run 4)- CAEN power suppy - LED and Oscilloscope 5 .
S 10°E o CryogenicT- PULSER. JUL17 Metied - a short time (events removed)
E +  Cryogenic T - PULSER - OCT17 Method 1~ ~ 1
—_— ogenic T- PULSER- OCTI7 Mefhod 1 _ ! {
; ;
B 5 3 typical PMT waveform
108 o iy 29 S L 1 T 7 S
F ‘ @ 1z = i —
e — - -~ 0l e St (| SNSRI SRS SRR - 11451l SN S __ § :::g { %WWW
[ g 10 b ’ f
! 12 = f
o - =
Gain-Voltage curve (PMT 4) | b E - } |
107 = S N B - % 3650;: W
s 100}~ ; = [ T OO ERPRT N
T 1300 1400 1500 1600 1700 1800 1900 gl iy tr— BT ——Todo fime ]
Voltage [V] S1Charge, [P.E]

> PMT noise stability monitored looking af the Pedestal RMS

g 10 _l. T T T 5 ]
CHNN —e— Neg. base PMT E
127 = -
5 e °  —e— Pos. base PMT ]
5 Ofr -
6 C o N
g 4 e
il C ° ]
2t ® o _
p%&%...- o o 4 4 .eq
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[ CRT-PMTDAQ communication

o CRT trigger is creafed upon 4-fold coincidence

among fthe 4 CRT panels (af least one sfrip per panel)

o CRT-DAQ publishes the event informafion on a ZMQ server

© PMTs are ridden-out upon receiving the external trigger from
the CRTs

o PMT-DAQ query the ZMQ server to refrieve the event which
generafed the frigger

CRT frigger
- TimeStamp
(PCPMTTime)

Connection with PMTs

HV Crate

Event publishing

-

Connection with CRTs

TimeStamp

(server)

v v

A4

PMT signals

S

"y

CAEN v 1720

AL A AAA

i

A
L

External NIM trigger from CRT
(faster)

(slower)

CRT electronic

—>

Socket connection

CRT-PMT DAQ fimes matching

© CRT server pulled each 1s (max 10 events stored in the buffer)

o off-line matching of the events closest in fime af the ms level




[ Muon selection in CRT analysis

> CRT and PMT information are marched within ms precision

mm hit
|
> from CRT panels it is possible fo reconsfruct a frack if the frigger signal fired only 1 hit per panel  strip p» B8 SiPMTs
(= only two strips with signal in SiPM)
CRT jpanel
> CRT panels allow fo have a good fopology reconstruction of the muon tracks crossing the il

detector

| CRT reconsrrucﬁon]

wall side door side
7S

‘ t 0 GAr

;/ 1

N

;/ }

A

‘ y

) > P tracks with 6 in [-20°; 0°]

> from CRT information it is possible fo define:

o fthe coordinafes in the door and wall sides
x .,y )

© £, the minimum approach distance of the fracks from the

and x

’ ’ V4 ’ y ’ V4
door door door wall wall wall

cenfer of the surface of each PMT
@ the coordinates of the closest point C
@ d, the driff length calculated from extraction grid level

@ ftrack length
o Time of Flight (ToF), time difference between the CRT trigger
on the door side panels and the wall side ones



[ Muon selection in CRT analysis

quality cuts

no fake CRT tr.
good ToF

min track length

analysis cufs

CRT-PMT DAQ matched ev.

CRT reco ev. (1 hit/panel)

no ADC safurafion

no. PMT response safurafion

inside LAr active volume

minimum S1 ampl. (ch by ch)

-40<ToF<40

L>3100 mm

' sino sishjeue
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o2
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(3x1x1 data)
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[ The scintillation light signal ]

> scintfillation emission mechanism, two contirbutions in LAr: recombination luminescence (A) and self-trapped excitation

luminescence (B)

muon track crossing possible Ar states
LAr volume
(g7 (A)
(A): li> = Ar+, then Ar™ + Ar = Ar', Ar ionization

Ar +e = AT+ Ar
: '
A= Ar® + heat \
A+ Ao A N ®)
Ar*, = Ar + Ar + hv (= scinfillation light, ~) Ar excitation

(B): li> = Ar", then Ar™ + Ar - Ar*2

Ar* Ar + Ar + h infillafion light. ~) tfime profile of the m
ro—-Ar r V (= Scintiiarion i
’ = SHon gk A scintillation light M
signal | ﬁ
[
+

time



[ The scintillation light signal
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[ The scintillation light signal ]

> Birk’s law calculation has been studied for all the CRT runs available

— comparison among channels for runs af 0.48

— 09
= — drift field 0.48 kV/cm
IEi‘ : (v lativs N fPE _ Chargel’ J ] + ampl 2500 kVI‘Cm
LIJ_ 085: rerarve 11 A2 B B = Char e ........ 06?9 +/_0015
o - 9o ¥ ampl. 25.50 kv/cm
O 08 T s 0.651 +/- 0.014
c - ¥ arithmetic mean
é 0.75f [ ] 0.665+-0.014
« -
e - T
0 7 — i T i .............
B
0.65 7 % % $ ,.3,.......m,,“.......m,,,,, ivatunase
0.6 : ....................................................
0551 e
050 | | | | |
’ 1 2 3 4 5
PMT n.

[ > good agreement among fthe five PMTs (agreement within 3%) ]




[ The scintillation light signal

> Birk’s law calculation for runs

friggered by PMTs

12 2 ndl 14.01/12 P &gt 2279712
s Prob 03 3 Prob 08779
=2 PO 0.75532 0.0154 & PO 0.7252 £ 001133
d i p1 0.07905 % 0.02056 g p1 0.06938 + 0.01274
5 f 5
c <
® 1 @

09f-

0.8}~

07

0:; TR (RN T W AT ST TN S N TN TN T W T T SN ST W (N WA T W (O W S S Dan PR T ST TN WO S TN (O S T SN W ST S T W TV W ST T U S

o 0.1 02 0.3 0.4 05 06 0 (K] 02 03 04 05 06
drift field [kV/cm) driftfield [kV/cm)

12 AT 3636/ 12 12 KT o 617712
= r Prob 0.9891 3 Prob 09073
< F PO 0.7129+001728 £ p0 0.754 20,0191
¢ p1 0.09716 + 0.0218 g pi 0.09235 £ 002792
B o k-]
g 1 e 1
i r é

09f- 09

08

0.7

06

- reached the agreement among all channels:

$

| I S S T [ S S S [ S SR | PRI R

" drift field [kV/em)

05 06
it field [kV/cm)

relative n. of PEs [a.u.]

%2/ ndt
Prab
p0

p1

9.554 /12

0.655

0.7148 £ 0.01105
0.08031+ 0.0126

<p0> = 0.73 +/- 0.02 (preliminarily, ~27% of recombined charges)

il
05

0.76 +/- 0.02

——0s
drift field [kV/em|

0.73 +/- 0.01
0.71 +/- 0.01
0.71 +/- 0.0.2

0.75 +/- 0.02



[ The scintillation light signal

> a driff scan was performed with PMT frigger and no charge collecfred

o Birk’s law calculation has been studied

- good agreement among the © channels (within 3%)

- same threshold for all the drift field applied (increasing the driff field, lower energetic particles are lost)

o runs friggered by PMTs cannot be analyzed as the ones friggered by CRTs

(if the light information is combined with charge information we can perform a similar analysis - sfudies on going)

relative n.of PEs [a.u.]

1.1

0.9

0.8

0.7

0.6

0.5

E —&— CRT trigger, 6 ~[0, 6] degree

L —+— CRT trigger, 6 ~[6, 20] degree

T

B ——s—— PMT trigger

— (3x1x1 data)

- B o
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-ﬁ'4.5
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[ The scintillation light signal

> study the fir on waveforms filled in different range of ST amplitudes (using

step of 200 ADC counts)

> difference in the ratio A_ /A, due fo the frigger (with and without drift field)

© comparison

between CRT and PMT frigger selection

- higher the S1 amplitude, higher the rafio (in CRT frigger)

> hinf for explanation: dependence with the energy lost by the crossing parficle

(higher S1 amplitude, higher LET)

CRT trigger
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[ The scintillation light signal

> decreasing of the T due to the increasing of the drift field

1600

Tslow [ n S]

1550

1500

1450

1400

1350

1300

1250 =

REL

E
<
et
}
-

/\.«
-~

_IILL.DII\I [TTTTTTITPTTTT ITITITT T TTT T ITT

offline PMT trigger
| —®— CRT trigger

PMT trigger

Drift field [kV/cm]




[ The scintillation light signal ]

> study of the intermediate component, T as a function of the driff field

120 1= offline PMT trigger

T [NS]

—e— CRT trigger
PMT trigger

110

100
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80 f *

70
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[ The scintillation light signal ]
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[ The scintillation light signal ]
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[ MC simulation ]
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[ Data-MC comparison - geometric reconstruction ]

© geomeitric reconsfruction

[ 0 € (-20; 6) degree ] [kp € (-180; 180) degree ]
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[ MC simulation ]
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[ S2 algorithm performance, data-MC comparison ]
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[ S2 algorithm performance, data-MC comparison ]
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[AII other measurement and results from data-MC comps]
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[ Drift velocity

:> the driff velocifty has been calculated for the runs triggered by CRTs, due fo the low stafistic only two runs can be used

1400
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Drift Length mean [mm]
©® o
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(drift = 0.5 kV/cm - ampl. 25.5 KV/cm _

—%—— Vg = (1.468 +/- 0.119) mm/us
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gaussian fit on each slice of 2bus (error bar from fit)
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