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Motivation

* real data cosmic ray in 3x1x1 Dual phase TPC ~ ADC
0 10 20 30 40 50 60

Next generation of long baseline experiments
aiming for CP discovery.

2100 1
High resolution imaging is the key to o BRI e B g2 \
efficient background rejection and w BEEEE SRS o el |
good particle identification. o R S SRR oy e S

-25 =20 -15 -10 -5 5 10 15 -10 -5 0 5 10 15 20 25
View 0 [cm] View 1 [cm]

Dual phase principle = LArTPC potentialities + amplification inside Ar vapour

Key concepts:
Amplification of the signal inside the LEM

Why LAr? + Equal charge sharing in the anode
view 0
: : : 2 view collecti
- High den3|t_y med_lum. _ - oo SR LS A::)e«;::co o
- Excellent dielectric which allow ¢ Inm | “ ﬂ | le 4] II low 1
high voltages inside the detector. 1 WGP §988 N 2° R

=
- It is cheap and easy to obtain, so |

it is scalable to large detectors. 120

- High energy resolution. + VAP()UR

- Excellent calorimeters which |13
allow for precise 3D
reconstruction of the track of 10
ionising particles traversing the -
liquid. N
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Towards large scale DP detector

2007-2014 2014-2017 2016-2019

10x10 cm3 TPC

40%x80 cm3 More details in: e
TPC "The protoDUNE §48 i i
4 t detectors” ‘

Leigh Whitehead

WA105 3x1x1 m3 700 t

DP LAr TPC demonstrator

DUNE DP Far detector
ProtoDUNE DP 6X6X6 M3

6X6X6 M3
10 kt

@CERN BLDG.182

250 |

ERN BLDG.182 o
@c G.18 More details in:

"The DUNE Experiment”
Jae Yu

I
@CERN NORTH AREA -
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The 3x1x1m?3 dual phase prototype
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Feedback from performance

Summary of the performance in:
“A 4-tonne demonstrator for large-scale dual-phase liquid argon time projection chamber”

arXiv: ins-det/1806.03317, submitted to JINST

[s]

- First time charge extraction over a 3 m2
squared area and amplification inside
90x50 cm?2 LEMs. However, the target Sl
effective gain of 20 was not reached. o o
Performance limited due to discharges of the B
extraction grid at -5kV (nominal -6.5 kV).

- Stable liquid surface as required for detector
operation, good performance of the '
cryogenic system and excellent liquid
argon purity (compatible with ms electron
lifetime).

- Stable drift field of 500V/cm.

Drift time
[3%)
(]

=20 0 20

« Observation of first (in liquid) and second (in £ 21
as) scintillation light FUEEE Y el
g ] 300 =“_ -tf!‘ = e 300
400 ,, }7. v 400 FEE w-
View 0 [cm)] View 1 [em)]
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https://arxiv.org/abs/1806.03317

The 3x1x1m?3 dual phase prototype

1m
< >

Non-evacuable

Top cap
1.2 m passive insulating
lid with all feedthroughs
and services

Membrane
cryostat
1m of passive
insulation
" First GTT design
o cryostat
=L (same company
L as protoDUNEs)
> —
© o)
o 7 2
= g S
0w Q
8 Q9 £
o [=o
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n
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Primary and secondary scintillation in argon

S212

PMT

LAr

* Clearly visible light from
primary and secondary
scintillation.

- Correlation between the
quantity of light and charge
detected between matched
events.

- Comparison between the
light simulation and data.

—
o
w
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Extraction field in LAr: 2.94 kV/cm
Extraction field in LAr: 2.16 kV/cm - Amplification field: 26 kV/cm

3

Amplitude [ADC counts]
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Collected charge in the PMTs - S2 (uC)
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Collected Charge in the Anode (ADC)
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The 3x1x1m:3 dual phase prototype: Generate and sustain the voltage

Large detectors require Ionger drift dlstances =»1) higher voltages

Field cage , : i ii‘l; 3 =
Cathode at -56 kV | , High voltage feedthrough

DAL R ELTERTTRNTAAY

Tested up to ~300 kV

C. Cantini et al., “First test of a high voltage
feedthrough for liquid Argon TPCs
connected to a 300 kV power Supply’,

JINST 12 P03021 arXiv:1611.02085
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The 3x1x1ms3 dual phase prototype: LAr purity

Large detectors require Ionger drift dlstances -)2) Good LAr purity

u - e ——
\ \
¥ »
T .
\

HI"HHIM

Cryogenic system designed and
operated by CERN cryogenic
group (as in protoDUNES).

Tm

Laura Molina Bueno
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The 3x1x1ms3 dual phase prototype: LAr purity

Select tracks that cross
the entire 1 m drift.
Compute the deposited
charge (dQ/dx) as a
function of drift.

d@/ds e tarift/Te

v electron lifetime of few
milliseconds achieved
(as required for ktonne
scale TPCs)

00 100 200 300 400 500 600 0 100 200 300 400 500 600
Drift Time [us] Drift Time [us]
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The 3x1x1ms3 dual phase prototype: Charge readout system

im

The 3x1 m2 CRP:
12 50x50 cm2LEM

tensioning
screw

s spension points

stainless steel support structure

_________
N wm s == [ 4

50x50 cm?2 anodes (x12) .
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The 3x1x1m?3 dual phase prototype: Charge readout system

Yoo B
g 4 | &=+ (3m strips)
B To digitisers

-
- — p
—

Y IR (1 M strips)

- Amplifiers === - e — —_— =
| Inside closed volume, accessible during operation.
Close to anodes, T~110 K
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Cosmic track reconstruction

High performance View 1
imaging in both views
requires:

1)Low noise
2)Amplification: effective
gain inside the TPC
3)Equally charge sharing

<

channel number

Many analysis ongoing->See
L.Zambelli poster for more details

50 100

channel number

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich



Cosmic track reconstruction: 1)Low electronic noise

Pedestal RMS [# ¢-] View |, 3m, 960 channels
s & < > N
3 .
F T
] - |
Noise stable = 1
. = . _
at cryogenic = z | View O
- -
temperature E T Im
= -o 320 channels
at around & E
1550 e- s
[DaV] S s9pad
3 i :
o \ M | ' 2000E
2?2 L. 'MV TRy L TR
- ,>M~.m i, I s e e '
g | | *A_\ i ' MM %"W‘m 1(}0‘_!5
a0 50 100 150 200 25()(: ha?'n(:\% | 50 400 450 500 550 éll;)gme] 330 700 TS0 s 830 Ql]éhan‘;i(i) —
600 600
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\ 20 raw
i : ®) filtered
55400 \ 400 8
= < 15
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channel numnber

channel numnber drift time (us)
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Cosmic track reconstruction: 2)Effective gain

Deposited charge measured on view 0 (3m strips)
and view 1 (1 m strips)

2viewcollectionf—- — — — —m - - —m A m e m e e e eV e e e e e e — — — —
= Anode

2 4
Q

LEM Amplification

EXtraCtion efficienpy multiplication factor of the electrons
fraction of electrons which are X transparency of its bottom fraction of electrons

extracted from the liquid electrode transferred from LEM to
anode

-——p

Getr, effective gain—+goal 20

ETH .
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Cosmic track reconstruction: 2)Effective gain

Deposited charge measured on view 0 (3m strips) N 1
and view 1 (1 m strips) I—_I—

) X |dQ/dSexpected

28 kV/cm of LEM field corresponds to an
operation of the 3x1x1 TPC at Ges =3.

% 0.2 L e e o L o e e L B e e e e T e e T

LEM :E) | <d Q/d S>view0 LEM Field and fitted Most Probable Value _

Amplification £ o1s|- e

increase Of the — 71 25.5kV/ecm - MPV =42 fC/cm —
26.0 kV/cm - MPV =4.6 fC/cm

mean and MPV 01— 26.5 kV/em - MPV = 5.0 fC/cm B

of the dQ/dx - 27.0 kV/em - MPV = 5.4 fC/em ~

distributions as 005 — - — 27.5kV/em - MPV = 6.0 fC/cm ]
a function of St = ——280kV/em-MPV =84 {C/em

the LEM fields. i S - |

% —0 - 20 25

dQ/ds [fC/cm]
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Cosmic track reconstruction: 3)Charge sharing

Deposited charge measured on view 0 (3m strips)
and view 1 (1 m strips)

T

dQ/ dSwew , fshare X(.E.extr X G LEM X = )X dQy/ d.S.expected

:. Anode
view 1
ool We need to reconstruct the same charge in each view

fgloz_""l""l""l""l""I""l""I""I""I"" g1-2_""I""l""l""l""l""l'"'l""l""l""_
= I 1 £ .
= I View 0 : 4 = IF View 1 : §
= 1 £ I ;
< 0.8F MPV =12.07 £ 0.01 fC/cm . < 0.8F MPV =11.63 = 0.00 fC/cm ]
0 6:— Lwidth = 1.50 = 0.01 fC/cm 1 0 6:— Lwidth = 1.34 = 0.00 fC/cm -
} Gwidth = 2.61 = 0.02 fC/cm - } Gwidth = 1.91 + 0.01 fC/cm -
0.4 . 0.4F >
i AQ = 17.78 fC/cm Z i AQ = 17.83 fC/cm i
0.2 .
. Y N I

B 10 20 30 40 50 60 70 80 90 100 D 10 20 30 40 50 60 70 80 90 100
AQO/ As, [fC/cm] AQ l/ As, [fC/cm]
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Conclusions

« The 3x1x1 m3 has successfully opened the path towards large DP LAr TPCs:

- Extraction efficiency over 3m? area and LEM amplification with gain has
been demonstrated on the 50x50 cm? for the first time. Performance
limited by the extraction grid maximum voltage.

 First LAr TPC operation in a membrane tank and excellent performance of
the cryogenic system.

- Stable drift field of 500V/cm over 1m.
 Purity compatible with ms electron lifetime.

- First time use in a LAr TPC of accessible cold front end electronics: they
have shown to be robust to discharges and offer excellent noise performance.

« More than 500k events recorded. Full infrastructure for data transfer has
been set up and tested in the 3x1x1.

* Fully engineered versions of many detector components with pre-
production and direct implementation.

 First overview of the complete system integration: set up full chains for
QA, construction, installation and commissioning

- Large experience has been gained for protoDUNE-DP design, installation
and commissioning.
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Back-up
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Dual phase principle

A. Rubbia 2004
“In order to allow for long drift (= 20 m), we consider charge attenuation along drift and compensate this effect

with charge amplification near anodes located in gas phase.”
Experiments for CP violation: A Giant liquid argon scintillation, Cerenkov and charge imaging experiment? pp

321-350 (Preprint hep-ph/0402110) view 0
— 2 view collection
induction anode GND I I ||\ ” “ || H 30 I .* Anode
>kViem LEMa-1 v BROL RN IR 'I'i“’ A1 ‘““ |
amplification ..I nm, | 1L g N 2o L9
33 kV/em LEMpor 4.3 kV (i ‘ |
extraction (vapour) 120
3 kV/em VAPOUR
115
LIQ
extraction (liquid) 110
2 kV/em
Extr. Grid -6.8 |
kv |\ >
drift
0.5 kV/em 0
electric field
(kV/cm) AT

Key concepts:
Amplification of the signal inside the LEM + Equally charge sharing in the anode

Eidgendssische Technische Hochschule Ziirich 21 Laura MOIIna Bueno
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Towards large scale DP detector

10x10cm LEM/anode R&D ’ 40x80cm?: stable operation of large area readouts

literature

NIM A617 (2010) p188-192
NIM A641 (2011) p 48-57
JINST 7 (2012) P08026
JINST 8 (2013) P04012
JINST 9 (2014) P0O3017
JINST 10 (2015) P03017

0.0 00 01 02 03 04 05 06 07 08 09 10 1.1 1.2 1.3 14 15
Time since run start [d]

Hole geometry ]
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B N ~o— Square j
‘ 410 1] - ]
LR e — —
102 a . ob— Hole diameter —
';;,blo 3 “ ;'- _f ) 8 % - Y —w— SO0 um -
by {1 1 " J e = [~ . o— 400 pm .
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% « 300 um (x=0 905) - square (x=0900) 'i 10 - I T2 049049 L an P o P——
¥ o 300 pm (x=0938) ] ok -
a : : A . - 3
t t t t N Thickness ]
Thichness 10* - e | mm .
o 1 mm (x=0X30) o 4 ] - \ « 08mm -]
E10°F « 08 mmx=0.789) ¢+ 3 ; ¢ B [ 0.6 mm .
g = Op— o
co 0.6 mm (x=0.710)8 ’ . y = - » -
¢ o ; - s :
. i o ™
E o Rim size [ N
= 10 o ! g o=
" WX w " — : —_:
oo st i | P Rim size N
o Stable Gain 20- MIP S/N 100 =4y .
C 30 35 40 45 30 ~o— B0pm
~~
dC/dl ~ 120 pF/m P =w
— - v L0 0 N
- ol il 8 [y 0 | SO O T I I A R l P P P
~ ( \J \/ 2° ‘.. = [ .
I o i .

A

Operating with amplification of about

a factor 20
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Two dual phase liquid argon detectors

Same technology— different sizes — different goals _‘

Common aspects
v LEMs and anode: design, purchase,
cleaning and QA
v chimneys, FT and slow control sensors
v membrane tank technology
v Accessible cold front-end electronics
and DAQ system

v amplification in pure Ar vapour on large

. Decommlssmned ;j;

| :
| WA105 3x1x1 m orotoDUNE-DP

ETH .
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3x1x1 Timeline

purge in open loop purge in close loop upgrade LNz piping tank cooling down
10 ]
L Y
|
10 A‘ﬁ\k .
£ "
S
o 1
> .
5
o
E
1
[+ Oxygen
....... * Nitrogen
* Moisture
1 .
10 01-25 02-01 02-08 02-15 02-22 03-01
Time [M-D]
Jan 2017 -
Commission started
cal Browse| N

Run 732: Event 7 / 127, Wed, 21 Jun 2017 15:32:53 +0000 (GMT) +158447504 nsec

PMT raw signal

ADC

1 L 1 1 L L L L L 1 L 1 1 L L L L
0 200 400 600 800 1000 IZOA() 1400 1600 0 200 400 600 800 1000 1200 1400 1600
tde tde

Mar 2017 - Operation June 12th - June 15t - evidence
‘frozen’ due to cryostat Recirculation —%] of extraction from
issues started LAr to GAr
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The 3x1x1 Dual phase LAr TPC
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The cryogenic system

Cryogenic Aims to safely condense the boiling-off gas LAr purity better
system and provide purification to both the gas and ~———— _ |than 0.1 ppb oxygen
tasks liquid argon equivalent

Boiling-Off gas LAr recirculation
compensation and and purification
purification system

1.Purge in open loop
‘Oxygen, nitrogen and moisture \
below 50 ppm

2.Purge in closed loop
ppm and moisture 25 ppm
T~
3.Cool down

Average temperature in the tank~87 K

- ProtoDUNE cryogenic system will be designed and operated by .

- Successful test of the performance on the 3x1x1 prototype.

ETH .
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The cryogenic system

_— -7320
| purge in open loop ge in closed loop cool down
102 = 0 volume changes ~1O volume changes
| 300
] | | R LR
o
1 - *
\ -280¥
g- 101 ‘ K._——P_.--\ D -
o E \ = 2605
- * -
E’ \ \ as injection ) *** —24043
% - g J . * 8_
Q 100_5 * T, 220 £
E i ******** ()]
- M ++ i "
o ® * _200
10| moisture T Ttankbottom ‘ﬁ-t."l\ +++++
I ® nitrogen *  Ttankmiddle . +. 1180
| e oxygen tank top 7 S PRI W LT TR
| | — | , . . ' 160
10 12 14 16 18 20 22 24
Time in days
ETH
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The 3x1m2 Charge readout plane (CRP)

- The CRP is designed to precisely maintaining the interstage
distances between the grid, LEM and anodes at warm and cold.

- The CRP is modular and independent from the drift cage.

* It is suspended by 3 ropes coupled to motors on top-cap with a

orecision of 100 um over 4 cm.

- It allows to remotely adjust the liquid argon level in between the

_EMs and the extraction grid.

* It is surrounded by 8 capacitive level meters to readout the LAr

evel.

CRP for the 3x1x1

-

- - - S . - L C DTSN - -~ - N
P = - - - -
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LEM-anode sandwich

dC/dl 140 pF/m. about 450-500
pF before preamp on 3m
readout. ENC of ~ 1500
electrons at 110 K

design has matured from EM-anode sandwich
many year of R&D on small

prototypes and from
dedicated tests in cryogenic
environment of a 50x50.

LEMSs

LEM

Anodes

=]

4-layer 3.4 mm thick PCB

Rather standard to manufacture
electrical continuity tested by company
Minimal QC needed on our side.

v PCB CNC drilled with 0(150) holes
per cm2. 1 mm thick.

v 500 um hole diameter 800 um
pitch.

ETH JINST 8 (2013) P04012 JINST 9 (2014) P03017 JINST 10 (2015) PO3017 |
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LEM-anode sandwich

LEM HV contacts

2 mm FR4 clearance

e 68 pin KEL
: connectors

€&— ground strip

50— B LEM A: 1.14 mm (RMS: 0.01 mm)
u B LEM B: 1.13 mm (RMS: 0.01 mm)
: I LEM C: 1.13 mm (RMS: 0.01 mm)
40— I LEM D: 1.13 mm (RMS: 0.01 mm)
_ [ LEME: 1.12 mm (RMS: 0.02 mm)
30 [ ] LEMF: 1.13 mm (RMS: 0.01 mm)
- [ LEMG: 1.12 mm (RMS: 0.01 mm)
— [ ] LEMH: 1.12 mm (RMS: 0.01 mm)
20— [ ] LEMI: 1.12 mm (RMS: 0.02 mm)
L [ LEMJ: 1.12 mm (RMS: 0.01 mm)
: I LEMK: 1.12 mm (RMS: 0.01 mm)
10— I LEML:1.12 mm (RMS: 0.01 mm)
~ B LEM M: 1.11 mm (RMS: 0.02 mm)
ol N I DR R

[—
o

13 14 15
Thickness [mm]

20.0

17.5

15.0

=
N
wv

frequency
[
o
o

5.0

2.5

0.3.

E Mean: 3.0282 mm, RMS: 0.0739 mm

2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4
distance in mm
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Charge readout

amplifiers accessible during
operations

e il
s
- 3 Y '.'.1'0‘00' ‘ &Y “\‘ \
view 0 (3m i P N\ e
.g{,—"' N

- —
o i ——

view 1 (1 m strips) amplifier g\
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The 3x1x1m?3 dual phase prototype: Charge readout system

1m

pulse inj.

view 1 ch. # 960

* anode signal
i anode signa

reado t VIEW 0

: i
w m

| IR e = S -

1
| A :
W rteeem

view 0 ch. # 320

readout

4 Signal Feedthroughs
| “warm” flange {Sis \ S8 [cables to AMCs e R T
L 3 - 2 \ . ! o~ WR-MCH

JJJ. - EY .\
PR o B Rl
10 Gbit/s F = =
~ GEIER{

) / f _
“ 1.5 m G10 blades |

I

1 Ghit/g [SI——
WR fibeg =

o o

4
- .‘
R .

oA\

>~ " X

‘;'/{ o . &

A «flat cables to anodes
= ) A
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Summary of HV configurations during data taking

Voltage
Anod o kV Collection
node field 5 kV/cm
1 2//LE'\,lup '1 .0 kV
_,f_'L_)LEMdown '4.3 kV

cathode

shielding
PMTs

S

All measurements in mm

.. 49,18, ... Extgrid -6.5 kV

-7.6 kV

-56 kV

33 kV/cm

Extraction > 2 kV/cm

field

Drift field | 500 V/cm

Nominal values

Electric fields

1-5 kV/cm
24-31 kV/cm

0.6-2.5 kV/cm

180-700 V/cm

Values reached

During operations we have always stayed below

the nominal operating voltages as the extraction
grid trips before reaching its nominal value.

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

33

Laura Molina Bueno



First look at data: Uniformity

Run 840: 2945 crossing tracks

<dQ/ds> uniformity across the CRP

I R T et~

—

View 0

BT TE T ST LT L NI LA 1;.1.','1'.
" [} i i

Drift

s Tk W Ml i L ) L 1 = POV S
50

View 1

Drift

Drift field: 500V/cm
Extraction field in liquid:
1.9 kV/cm

Amplification field: 28
kV/cm (except the
corners at 24 kV/cm)
Induction field: 1.5 kV/
cm

:FI
5% 40 30 20 -10 0 10 20 30 40 5

View 0
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Through going muon

B * No signal of
£ oo attenuation in 1 m
S a0 S8 : drift.
= - S/N ratio > 10.
=50 y cw(()) o 50 -150 =100 =50 Vicw(: o 50 100 150
Drift Distance [cm] Drift Distance [cm]
60 80 100 0 20 40 60 80 100
I B — m AO——71 717 "7 T 1 T
. [, A i . i
View 0 =*’ 33 A View 1
L |
| I
AL LR
QAR SRS I 2
o.n»mqmr»WMWTW*W:-‘#IWW'M»Illnm-mwrnmwwlsﬂmhl
_50 100 200 300 400 500 600 _50 100 200 300 400 500 600
Time [us] Time [us]
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LAr stability

an important point on requirement of level position:

e for a given AViem-gria the extraction field depends on the
position of the LAr level.

o At sufficiently large AViem-gria >~2.5 KV) the extraction

7 efficiency is near maximal and therefore almost independent
of the liquid level.

¢ The boundary conditions are that the liquid should not

touch the LEMs and the grid stays immersed.
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Effective gain factorisation

Extraction

Efficiency

LEM

Amplification
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