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The T2K experiment and the role of ND280

High intensity, 0.6 — 2.2 GeV vybeam produced at J-PARC

(Tokai) — v or~” mode by changing the horn polarity
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Neutrinos detected at the Near Detector (ND280) and at the

vy survival probability
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Near Detector complex at |
280 meters from the target
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Baby MIND
positioned here

WAGASCI/BabyMIND
Installed in 2019
Cross-sections on water

)
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INGRID: on-axis detector
Monitoring v beam profile day-by-day
Cross-section measurements
In operation since 2009

8

Several detectors installed to monitor the beam reduce systematic
uncertainties in oscillation analyses, and measure v and v cross-

sections

ND to measure un-oscillated beam flux and v cross sections
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The ND280 experiment: the upgrade

efficiency

» Reduced angular acceptance v events, mostly reconstruct forward
going tracks entering the TPCs
» Low efficiency to reconstruct low momenta protons

— lower efficiency
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New detectors to extend acceptance for tracks at high angles
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ND280: the upgrade detectors

Scntillator cube

% New concept of detectors, 2x106 1cm3 = =*k New TPCs instrumented with
cubes Encapsulated Resistive Anode

% Each cube is read by 3 WLS — 3D view MicroMegas (ERAM)

6 TOF planes to reconstruct
track direction
Time resolution ~150 ps
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ND280: upgrade completed! Top-HATPC installed in the end of April 2024

Upgrade Detectors before Side TOF |
(North)
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ND280: upgrade completed! Top-HATPC installed in the end of April 2024
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Installation of the
Detectors of the ND280
upgrade

successfully
completed in May
2024
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The ND280 experiment: High Angle TPC highlights

e The HATPC detector
* A short introduction

« Encapsulated Resistive Anode Micromegas (ERAMS)
« The realization of the 50 ERAM sensors
« The ERAM characterization
» Detector response, signal

« HATPC performance
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The ND280 experiment: HATPC requirements

_ High Angle TPC
Momentum resolution cp/p < 9% at 1GeV/c Drift volume

(neutrino energy) + field cage

MicroMegas
Resistive

MF with
8 micromegas

Energy resolution o, < 10%
(PID muons and electrons)

Space resolution O(500 um) Module Frare Central cathode

(3D tracking & pattern recognition) 8 micromegas

Low material budget walls ~ 3% X, Atmospheric pressure TPC _

(matching tracks from neutrino active target) + Gas: T2K mixture (Ar-CF4-Is0C4H10 = 95-3-2)

« Gas contaminants better than O(10 ppm) level
o Drift length 1m
o Central Cathode @ -27kV
o E field unif. < 103 @1cm from walls
. Low material budget, thin walls
« Active volume ~ O(3m3)
Resistive MicroMegas sensors (ERAMS)
. Overall anode active surface ~ O(3m?)
« Sampling length ~ 80-160 cm

« pads ~ 1xlcm?
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HATPC, an overview on the main elements

Looking for defects on StfipS So|dering V0|tage =
. and strip-strip short-circuits ivi i
® HATPC In tWO half FCS and repgiringpthem dIVIder reSIsors
» « Central cathode L
~1.o0m . " e vy
- Special cathode flanges w/ HV ft === _miorsties™ =
« Two End Plates (Al) o =
= 8 Readout Modules each ‘
~ 0.8m ‘ = -
Produced at CERN EP-DT LAB
' [ ,«"l Measuring single resistors
' "t Due to ‘
=4 resistor
Inner surface selection,
i ol 4 resistance
values show
ol rms
better than
20 10-4
relative
I FUDETOU, || TUORTOUETON: - . YI-STUR Y I
== Wallthickness N Electric field shaping by two Cu strips layers (‘Field’ and ‘Mirror’ strips)
R— ~ 40 mm » & Field and Mirror strips staggered strip width 3mm pitch Smm-—Mirror sprips TWO VOItage
~ 2% radiation length ﬁh - dividers In
T "o wal \ fom the wall where parallel  ~400
Alu (shielding) : : Double layer of strips on Kapton foil E g 5 1MQ
Dimensions = 5m (inner surface cage perimeter) x 1m (drift distance) = Simulation .
Resistors soldered( on the inners su?faze (con“agt Mirro(r strips ttJy viai‘_ E:eelcdtric I‘eSIStO Is eaCh:

nearwalls | Qverall R ~
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The ND280 experiment: High Angle TPC highlights

e The HATPC detector
* A short introduction

» Encapsulated Resistive Anode Micromegas (ERAMSs)
» The realization of the 50 ERAM sensors
« The ERAM characterization
« Detector response, signal

« HATPC performance
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ERAM: MicroMegas with DLC resistive foll

Resistive layer enables charge spreading mesh

— space resolution below 500um with larger pads — G S— S —— — —
— less FEE channels (lower cost) I_BT Ampiicationgap: “200im: B
— improved resolution at small drift distance N %as

(where transverse diffusion cannot help)

Resistive layer prevents charge build-up and quench sparks . mesh

— enables operation at higher gain ~128um Amplification gap | AEAB -

— No need for spark protection circuits for ASICs m T
— compact FEE — max active volume Ry in.ltor: 150 pm Id

7

Resistive layer encapsulated and properly insulated from GND
— Mesh at ground and Resistive layer at +HV

— improved field homogeneity — reduced track distortions

— better shielding from mesh and DLC — potentially better S/N
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ERAM Module breakout

MF with
8 micromegas

Drift volume

MM-DLC PCB
1x FEM-II + field cage
IRFU / CERN + backend TDCM )
IRFU MicroMegas
Resistive

DAQ
software
Module Frame
IFAE MF with

.8 micromegas

Central cathode

16x Test benches
FEM-I cooling plate < Very compact Electronics
: IREL parallel to the detector
MM Stiffener lrEe L
IEJ PAN With cooling plates 1x PDC card
Lpnhe lRFU Readout PCB Original T2K-TPC HA-TPC V1 + ARC FEE HA-TPC V2 + final FEE V1 HA-TPC V2 + final FEE V2
Size 34 x 36 cm? 34 % 42 cm® 34 x 42 cm? 34 x 42 cn??
Pads 48 x 36 cm? 32 x 36 cm? 32 x 36 cm? 32 x 36 cny
36x32=1152 pads : 2x 576 ch. FEC + 1 FEM2+ 1 PDC [ eew T ovow | ooiiw §wovew
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Charge spread on low resistivity foll

Charge Spreading 2D telegraph eqgn. solution

time scale is driven by RC

R- surface resistivity
C- capacitance/unit area

Gaussian spread

2 3, 1o
- = h » P m) p1)=
at ort  ror
t =~ shaping time (few 100 ns)
|2t 180 Rpa/m]
Or = E Rc[ns/mmz] = =

d[#m] /1?5

<1um DLC 0.4MQ/O resistive layer on 50 um APICAL
150 mm glue

4mm

34x42 cm? PCB with 32x36 pads (10,09 x 11,18 mm?)

RC —rERCa’HI}

2.21mm

A

bulk MicroMegas resistive anode MicroMegas

H B Mesh @ GND

DLC (~ 100 nm)

- Mesh @ ~ -360V
/ @~ 360V

Amplification gap: ~128un

- . — insulator ~ 50 1Y
Amplification gap: ~128ur E glue ~ 75-200
|

FR4 PCB

/NN

FR4 PCB

Final ERAM layout choice for series production:
Considering pads of 11x10 mm? parameters
- 400 kQ/o DLC resistivity — low resistivity
- 150 um thickness glue — C ¢ ,ag/qng ~ O(20pF)

- RC ~ O(100ns/mm?)
Trade-off optimal charge spread VS spark protection

Gain not affected by resistivity

147~ Oct 18" 2024 USTC:Heel,Chi

L | DLCHV @~ 400V o panical (transparency to induced signals is guaranteed)
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ERAM production ~ 50 detectors

Crucial steps in production
(CERN EP-DT MPGD workshop)

1) Selecting DLC foil resistivity

Large variations from DLC provider
Value stable after annealing

2) Gluing steps by Pressing

DLC to PCB
Stiffener to DLC-PCB

INFN ;r_%/ﬁ\ 17.10.2023

ERAM detector production

N/EP-DT/EF MPGD workshop

. ™
Halog. Free FR4 . PCB Electrical Q/C
{Thickongess selection}_'[ PC8 production Amomiied ?est%ench
- L No defects y
[ DLC foils ] DLC foil resistivity tuning
900 +/- 150 k2 Annealing @ 220°C for 2h ( PCB Thickness & flatness Q/C
T

+ optical inspection
Mechanical metrology
24+/-01mm >

DLC foils (be-sput Cie)
Resistivity map

DLC foil pressing

) (€

.
Resistivity in 4 measurement zones

Pyralux PCl/
360 +/-80 KQ on final detector

\

Mesh stret(

Visual Q Global Current Q/C in « dry » air @850V

All pads grounded, I < 20 nA

D/

/

Detector metrology )

Stack thickness : PCB cut in 2 zones
Glue thickness : 150 +/- 5 um
Detector : 340 x 420 mm +0/-0,2 mm
Detector bending < 2 mm

FR4 Imm thic )

s

ERAM module
production

CERN NPO7 lab.

T2K/TPC Europe

® [El il
2

Stiffener iTrener glueing
Mechanical Q/C |
340 x 420 -0/+01 mm '
Thickness: 14 +/- 0,05 mm [

ERAM detector
42x34 cm?

ERAM detector FR4 cover remove h’

& mounting in test chamber (Laminar| §)
: )
|

Final ERAM module Calibration in T2K gas (330~370V§
Warsaw test bench =

55Fe pad scanning, with Automated x-y stage and final &8
Batch of 8 ERAM module caracterization with cosmic

[ ERAM Module

Delivery of

] On half HA-TPC @ CERN bdg. 182 .

VLT | VUL LU T VUL LU VLT VO T UTTITITE wliinia | 9. '

ERAM module packaging




DLC layer: foil selection, QC

Bot. TPC production (batch 1,2,4) Top. TPC production

———————————————- 2 1 ERAM
2 RC prototype Production prototype Restart of production for Top TPC

i DLC batch 3 i DLC batch 4 i DLC batch S is DLC batch 7 DLC batch 8
— Before baking (min-mean-max) — Before baking (min-mean-max) — Before baking (Min-mean-max) ,‘- Before baking (min-mean-max) e — Before baking {min-mean-max)
After baking 220 (min-mean-max) After baking 220 (min-mean. -max) After baking 220 (min-mean-max) After baking 220 (rmi . -
—  After baking 240 (min-mean-max) (sheet 3-4-6-7) — After baking 240 {min-mean-max) only sheet S
1.6 1.6 1.6 4 1.6 1.6
X=1,2 m A batch = 7 DLC foils (0,6x1,2 m?2)
" > M -] - o
For each X, 2 measures (Y=0 & 0,6 m) for each foil

1.2 1.2 1.2 1.2 1.2
g 2 g g 2
% 10 ® 10 X 10 X110 x 10
¥ 2 s | » = =
£ 08 - & 0.8 1 & 0.8 4 & 08 A& 0.8
g Before baking £ S g E
g 3 : = F: F

- o Nominal sa | —— o o6

for production oc %
0.4 0.4 | : I ‘ 0.4 4 W\/_‘{ 0.4 0.4
! 3h/240°C baking 3h/240°C baking
0.2 T 1 0.2 4 0.2 4 .2 0.2
After 2h/220°C baking X position
oo o 2 x‘ L] 8 oo o 2 x. 6 B e o 2 x-l -3 8 o0 -] 2 x‘ " 6 8 . o 2 xd 6 B8
1% R, ¥4 RC nominal R, RC Tz R, 1/z glue thick. ~Nominal R, RC
> ERAM-18 ERAM-17,19,20,21 Nominal RC ~8 ERAMSs for Top TPC
23,24,26,28,30 > ERAM-29 Order of 2 new DLC batches

INFN ;I'_%/iz\ 17.10.2023 MPGD 2024 | Oct.14th - Oct.18th 2024 USTC-Hefei, China | S. Levorato



ERAM Series production experience: X-ray scan

X-rays Test Bench at CERN P —
fundamental to 'ih X-ray scan

‘B2& Nlesh pulsing
1) Qualify, characterize and calibrate 12 :

all prototypes and series ERAMs &= :;:i

= Sy -
i

Source spot (gain scan)

2) Support the development of
detailed ERAM response model

B) X-ray scan of finalized detectors with final electronic
modules. Remote controlled station for scanning with mm step

A) Mesh Pulsing: before and after stiffener

gluing fine steps

Aim: detector geom defects (i.e. pillar detach), Aim: QC and fine calibration in terms of gain, resolution and RC

stiffener gluing issues, electronic noise A Map(osm) | ERANSD e Gantieefon "Fespecn SN
ERAM-16 ERAM-21 T E B o

1150

1100

1800 1050 et
1000

1600

Ve
[ B8

:; . N

o 5 10 1';“‘? 25 30 3 ¢ 5 D 55 20 2 % 3 Mi RC map of ERAM30 | 24 USTC-Hefei, China Gain map of ERAM30 17

X-axis

1400




ERAM Series production experience: X-ray scan

i . | [ | [ ey s i eeant

Production step_s. tough! B2 RC map of ERAMS on bottom HATPC EP1
(needed long tuning) - e o— — )
1) Selecting DLC foil resistivity P
- Large variations from DLC provider
- Stable values only after annealing | \* up 20% RC variation

(o

. . \ over same ERAM

2) Gluing steps by Pressing N\ W
= S’[iffenel’ tO DLmB\ B 3h/240°C baking

.

—»
- ~ ERAM with DLC-PCB gluing issue Gain map of ERAM OK

Resolution (%)

12 |
25 30 35 0 5 10 15 20 25 30 35
Xpad Xpad

INFN ;r_g/iZ\ 17.10.2023 1um mesh-DLC gap variation => 10% variation in gain a| S. Levorato
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ERAM Series production experience: X-ray scan
the importance of the (fast) QA

Gain maps of eight ERAMs tested together in a field A map of gain non-uniformity within a pad.
cage prototype relative shift of the mean amplitude reconstructed in the top,
g e = | bottom, left or right region of each pad under study w.r.t

mean amplitude of the pad

> o

Soo~ o OGO OD POV TOOPEG RGO OH
= " «

0 5 10 15 2 25 30 35

. Buffer foam Pad X

" DLC folls
©_pce

-~ _~ Copper
"~ Soldermask

Buffer foam

e
I L
Q "' [ #l\\ Li.1v.2uco wirGD 2024 | Oct.14th - Oct.18th 2024 USTC-Hefei, China | S. Levorato el K

DLC pressing on the PCB during detector assembly
resulting in the non-uniformities observed on the 2D gain
and energy resolution maps
- The solder mask is removed and replaced by the
copper mesh.

) Oct 147 Oct. 1



ERAM Series production: a summary table

Gain distribution @350V

c 2400 —
E = i
O 2200 — i
2000
1800 —
1600 —
1400 —
1200 —
1000 — - — -
P N N S N N O o B N O O (O
3 §8582:§ 331282898583 48588848588 %397%%F3%9%%5¢%
= £ £ ¥ E E E E E E E E E E E E E E E EZET E E E E E E E E E E E E E E E E E
4 €4 € < 4 € 4 € 4 < o« <« a4 2 4 o 2 < o« =« a4 € oG o« 2 <4 o« o« o o < o < < o« =« o
§ 6 § 6§ 8§ 56 68§ 66 66§66 666§ HGE§ 6 HE 4§66 6868 8§ 6
= 18
) [ —_
L — E 220
5 — £
2 14— 5
=] — - 200
2 - o
& 12— o 180
= 160
10—
- 140
8 — 120
6 — |
CL0 0 i [ I N &0
$ ¥§gs53 eIz r 228883 85888858893 ¢¥9F ¢ EGFO¥
SRR EEEEEEEEEEEEEEEEEEEEEEEREEEEREEE
€ £ & ¢ E&E 6 EFEEEEEEE S EEEEEEEEEE L ESEEEE LG

> Lower and upper bounds of box:

> Lower and upper bounds of bars:

100 (=

2000

Gain

1900

1800

1700

1600

1500

1400

1300

1200

1100

F ——
E .
: °
E , o X N
- .
T T P

0 100 120 140 160

RC (ns/mm?)

T[T T

ERAM-01
ERAM-02
ERAM-03
ERAM-07
ERAM-09
ERAM-10
ERAM-11
ERAM-12
ERAM-13
ERAM-14
ERAM-15

ERAM-16

ERAM-17

ERAM-19

ERAM-20

ERAM-21

ERAM-23

ERAM-24

ERAM-26

ERAM-27

ERAM-28

ERAM-29

ERAM-30

ERAM-36

[Mean — 25%, Mean + 25%] of distribution (50% of values within box).

ERAM-37
ERAM-38
ERAM-39
ERAM-40
ERAM-41
ERAM-42
ERAM-43
ERAM-44
ERAM-45
ERAM-46
ERAM-47
ERAM-48

r
! DLC resistivity = 500kQI] i
1
| Glue thickness: 150 ym |

[Mean — 49%, Mean + 49%] of distribution (98% of values within bars).
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ERAM Assembly and Operation experience

Low resistivity DLC O(~500kQ/o) [after annealing] features

» Optimal charge spread — uniform response across pad
(combined with C ~ O(20pF/cm?)

« Fast Q removal and Effective Protection against sparks

« Leakage currents at level of few nA in normal conditions
(no beam)

iIncluded at moderate rates ~ O(1kHz) tracks crossing pads

Challenging installation
conditions

ERAM assamitty (and siorage) n Clean Room

ERAM @ test beam 2022

ERAM stability »
» We have operated 8 ERAM
modules during ~ 7.7 days @ o
CERN 2022
- Intense beam activity
- One ERAM module was not
working during cosmic test
(solved by hammering on it)

~ 0.8 + 2 sparks/day

MMMMM

Current [ua]
] 5

and 1.7 per day (higher than

* We have observed no major
issue s
- The spark rate is between 0.8 ‘ l

2022-09-0:
.

ZUA) 20220902 2022.09-03  2022:09-04 20220905  2022-09

20220911 20220912

— high sensitivity to dust
— low H20 level (100ppm) before HV on

Goey tent area In ot of Cean Room
large entrance kr enhanced dean condtons

— Confirmed by the detector operation at T2K
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Amplitude in dB

Amplitude in dB

Noise: stability of the installed detector

60

Comparaison of averages for each Eram

Sept 23 . .
55 +15 Erams are quasi-identical
N h\\\ «One Eram singles out:
\ Eram 27
e double layer of glue
o = Higher capacitance
= Higher noise

35

RMS of the ADC distributions
30 | in Eram 27 is 7.0 against 6.0

Mod 0, Old data et for the others Erams
25
207 5 J 6 T
L 12 Frequency18-iz)
Comparaison of averages over all erams of a module
60
55
50 &
45
40 ™,
35
Mod 0, Old data
i

0 Mod 0, New data ‘SR
25 Mod 1, New data
20 !

Amplitude in dB

Comparaison of averages for each Eram

June 24

S0rF Mod 0, New data

25

5 6 7
10 10 Frequency18-|z)

Noise in module 0 has been stable between September 23 and
June 24

All the Erams are quasi-identical but one, Eram 27, due its higher
capacitance

-> the excellent uniformity of the electronics and of the
mechanical definition of the glue layer driving the detector
capacitance

5 (& 7
10 10 Frequency18—|z)
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ERAM detector response — Noise model

Previous conclusions supported by the noise detailed model included in the MC for Simulation of
charge deposition in events

Record of the baseline (no trigger) by D. Calvet

- | ,’}L 601 Dominated by
N T.=412 ns frequencies lower
Onerecord ™ [ | d i BNt e
T=412ns w ’q “,i “ Fi=25MHz 0 = than 1 MHz
Fo=25MHz § | | MV '.ﬂ ”'\ }
B‘J'i ”“» I N g
= ‘ ‘ | 'M» H + a b,rv Z 40 4
1 | S
‘ U L I ' ‘ ‘\ 2
‘ n }'l 1!‘ | g- 30 1
‘ <
035 050 075 100 135 150 175 200
T8 e 20 1 — FFT of one pad for one event

Mean FFT over all the pads
and all events

7T n(tb — tmaX) +- one RMS of the FFTs of all the
. s i - pads
S(tb) _Amax ( ) Sin ( ; i and all events
w
fs 105 106 107

+ A cos (Zﬂ'sz + 71') Frequency (Hz) .
The spectrum can be fitted

quite decently with a
+ Z I(f)|H(i27tf)| cos (wty + ¢ + P r) “simple” analytical function

2

A — 2
| =2 |+ AVF Hopr ()] + A

G ~tN&® E




The ND280 experiment: High Angle TPC highlights

e The HATPC detector
* A short introduction

« Encapsulated Resistive Anode Micromegas (ERAMS)
« The realization of the 50 ERAM sensors
« The ERAM characterization

» Detector response, signal

« HATPC performance
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The ND280 experiment: High Angle TPC highlights

How does the signal look ? Point deposition for example

Electronics response
— Waveform sum
leading pad Wf
— 7' neighbour Wf

2% neighbour Wf

3" neighbour Wi

Charge deposited punctually
on a pad (X ray)

2000

1500

Signal amplitude (ADC)

1000

500
ADC signal : max 4096 counts

Time window of 511 time bins -J"\\zl—
I‘-l—\—._________-___ —

Time bin (typ.): 40 ns (25 MHz sampling) 0 L"L.lt‘*:__l
Peaking time (typ.) : 412 ns

1 1 1 1 1 1 1 1 1 Il 1 1 1 | 1 Il 1
160 180 200 220 240 260

time bins (40ns)

Leading pad: highest and earliest signal
= current induced on pads from by avalanche, ie ions signal (as electrons’ signal is too fast)
Adjacent pads: lower and later signals

= current induced by potential field adjustments after electrons are collected by on DLC
(current induction by “charge spread on resistive layer”)

INFN ;I'_%ﬁ(\ 17.10.2023 MPGD 2024 | Oct.14th - Oct.18th 2024 USTC-Hefei, China | S. Levorato
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Reconstruction of charge deposition 1/2

primary Waveforms of a punctual deposit
! e- cluster —— Leading pad
i = Sum of waveforms 3x3
600 - Sum of waveforms 5x5
H EEEEEEEEEEEE ... EE . Dirac Pulse Response (DPR)

avalanche

Q diffusion «——

400
insulator ~ 50 I
glue ~ 75-200 um

ADC count

200

0 500 1000 1500 2000 2500 3000
Time (ns)

Recovering information about deposited Q is not trivial

Within our electronics shaping time scale
In primary pads, the signal of ions is diluted by the signal of charge spreading
=> Need to combine information of all pads (primary and secondary)
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Reconstruction of charge deposition 2/2

primary
' e-cluster
i

H B § F FE FEFE S EEEEEEEEEm
avalanc

Q diffusion «— Charge on DLC spreads along any direction

glue ~ 75-200 «longitudinal correlation» across primary
pads within our electronics shaping time scale

)

requires a dedicated signal formation model

<
v
[
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ERAM response — Signal formation model

Ve =-350, Va = 460

. . . > =
Main ingredients § o
E T E
In the time scale of our shaping time O(100ns) o~
Charge spread is properly described by -0.002—
-0.004 |—
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ERAM response — Signal formation model
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In the time scale of our shaping time O(100ns) o~
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The ND280 experiment: High Angle TPC highlights

e The HATPC detector
* A short introduction

» Encapsulated Resistive Anode Micromegas (ERAMSs)
» The realization of the 50 ERAM sensors
« The ERAM characterization
« Detector response, signal

« HATPC performance
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ERAM detector response: impact on reconstruction

Use of the model for Reconstructing the charge deposition

Due to square shape of ERAM pads, the classical method (PRF+clustering) works OK
only for tracks with horizontal or vertical direction (wrt pads coordinates)

Better methods use solutions of telegraph equation in order to
1) compute the pattern templates for charge diffusion on DLC
2) calculate the overall expected signal waveform per each pad
3) find the best matching with the recorded waveforms

Its computationally heavy - different approximations are used for different analysis
1) X-rays analysis — ERAM characterization

2) Measurement of dE/dx — Particle Identification

3) Track reconstruction — momentum measurement
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Reconstructing X-rays charge deposition

Qpad(t) = Solution of 2D Teq. for diffusion of initial Q deposited charge (point-like, delta-pulse initial conditions)

Qpaat) = 2 x [ rf( 3‘1" (,)) """(f)"] [ S

Uhagh

V2a(t)

f(Jlow = Y0

>]

R{E) = \/%

» Obtained from Telegrapher’s equation for charge diffusion.
> Integrating charge density function over area of 1 readout pad.

» Parameterized by 5 variables:

< } Initial charge position

0

t.- Time of charge deposition in leading pad

RC : Describes charge spreading
Q, : Total charge deposited in an event

' X, X_: Upper and lower bound of a pad in x-direction
| Y.+ ¥,: Upper and lower bound of a pad in y-direction
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Reconstructing X-rays charge deposition

Current induced on a pad dQpad(t) / dt
to be convoluted with
electronics transfer function R(t)
dQ/dt ® R(t) = Q(t) ® dR(t)/dt

Q(t) ® dR(t)/dt is more practical

Simultaneous fit of waveforms of
Leading pad + Neighboring pads
to get the best 5 parameters

X
Y } Initial charge position

0
* t,: Time of charge deposition in leading pad

* RC : Describes charge spreading
+ Q. : Total charge deposited in an event

! X, x,: Upper and lower bound of a pad in x-direction |
: Y, ¥.: Upper and lower bound of a pad in y-direction }
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Extraction of RC and Gain maps from X-rays

Use of the method for the extraction of ERAM GAIN and RC

Converted X-ray impact point position is also fitted
—>accurate maps of Gain and RC

Use for detailed studies of charge diffusion and
ERAM response at fine PAD position level

Yol

Indications are that the lower resistivity
the better the performance (eg space resolution)
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Reconstructing Q along tracks

For the reconstruction of the charge along the tracks two methods

- Waveform Sum (WS)
- Crossed Pad (XP)

Compare the performance of the two methods for dE/dx extraction
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Reconstructing Q along tracks: Waveform Sum

. Normalized dE/dx for clusters (¢=0.0° | d=-0.0 mm | RC=120 ns/mm? | z=500 mm)
Simple method based on OK foralmost H & Vtracks — ot
SU m Of WavefOI’mS(t) (WS) o _ _ \ ----- Deposited charge
over pads in a cluster Q missing for inclined tracks  «

DESY21_phi0_z460 Entry 25 Event 48 Display dE/dx estimate in each cluster of Entry 25
30 - :ﬁ; 7 :
25 000 & |
1
20 2500 ? 1
2000 4 : Highest dE/dx fluctuations
" - 5 1 to be truncated 0 500 1000 1500 2000 2500 3000
an I A Tima (nel
Cluster 1000 = N
5 Normalized dE/dx for clusters (p=42.2° | d=-0.0 mm | RC=120 ns/mm? | z=500 mm)
00 ! 1 —— Central pad
~—— Diagonal
’ {J 5 10 15 20 5 an 3-5 o QIJ‘J:JEI 1C'!'I| 1500 Eiﬂ% WFzs?lgnglh E‘hnggsler Ii%ﬂgcnun:gg? :.-': """ gepgosited charge
600
1. Clusterize the pads into 3. Truncate the clusters with o fOf
slices and sum the waveforms the highest dE/dx (top 30%) EuStL:;LTPCE'- g 400
: . : : ic Q
in each slice to get dE to get rid of fluctuations vert 2
200
\/—\ 0
2. Get the track length in 4. Get the mean over 6 500 1000 1500 2000 2500 3000
each cluster to get dx remaining estimates dE/dx
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Reconstructing Q along tracks: Crossed Pad (XP)

1)
2)

Reconstruct tracks and consider only pads crossed (XP) by the track (primary pads)
Reconstruct original (ion induced) charge (Q) for each XP (given the track parameters there)
by Q = A X (Q/A) —where A is recorded amplitude on XP and rescaling ratio (Q/A) from Look Up tables (LUT)

LUTs build from model: original Q is distributed linearly over the segment for each XP so that solutions of diffusion
equations can be used

1200
800 1
600 -
R v 400 -
— /L/V - '
: o
/

=200 - . T T -
""" 0 500 1000 1500 2000 2500 3000

Time (ns)

®
ADC count

1)
2)
3)

No clustering => potentially more accurate method because reconstructing full induced charge on primary pads

«dilution of ion signal» on a XP pad, due to charge spread over the pad is correctly taken into account

«longitudinal correlation» among adjacent XP pads, due to charge spread along track direction is accounted for
though based on model templates (long time is to generate LUTs ...)




Reconstructing Q along tracks: Crossed Pad (XP)

Building the rescaling ratio Q/A ratio 4D LUTs via model

ADC count

-

Track position Wavefoms for an inclined track (¢=18.8° | d=4.1 mm | RC=69 ns/mm? | z=415 mm)
v 3 . —- —-
| : 3

ADC count

’ d
w0
o
R
3
=
Pl )
© 2

ADC count

T

a3

L2

ADC count

E] 0 %00 000 1500 2000 3200 W0 e
ns,

4D Look-Up Table (LUT):
e Angle @: 200 steps [0° 90°]
e Impact parameter: 200 steps [-7.3, +7.3] mm
e Drift distance: 21 steps [0, 1] m

e RC: 21 steps [50, 150] ns/mm?
Q™°%*/ADC__
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dE/dx preliminary results: (WS) and (XP) methods

dE/dx (4GeV electrons) — comparison of WF and XP methods on Test Beam data (DESY)

resolution (%)

12

1

10

Resolution vs ¢ angle

m Resolution a/u ~ 8% and stable

=an N R B ™ + WF
= Vertical | Diagonal
= cluster cluster + XP
3 ¢«
= a E A -
Ey * " ' : :
- g
3 HEE
© 7= =
: = =
~ L4 =
E 1 ] | 4 | E
0 —e =20 & a0
o angle (°

m XP gives better results at diagonal angle

mean (ADC count)

Mean vs ¢ angle

120G_| ] T I T T T T T T T T I } WF
C Vertical | Diagonal
1100 cluster | cluster + XP
1000(— N
L 2 » -]
900(— —
- 2 ] B ® = A = *
800[— —
7001 —
'_I ] 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 n
8005 10 20 30 a0

¢ angle (°)

m Flat distribution of dE/dx across @ for XP

m Slight sink with WF_ _for diagonal clusters
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mean (kelicm)

mean (keV/cm)

dE/dx preliminary results: (XP) method

Bethe-Bloch for different pamcles

Fitting range

T
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dE/dx via XP method on Test Beam data (CERN PS T10)
m Resolution < 6.5%
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Resolution vs energy with XP method
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PID preliminary results (XP) vs (WS)

e/u separation @ 1.5 GeV — Test Beam data (CERN PS T10)

Short tracks (~40cm) Long tracks (~160cm)

Separation power :
dE/dx 1.5GeV with XP P P dE/d 1.5GeV with XP Separation power
£ SO A I 1.5GeV | | LRI I IL TR TR '
3 omf- S(e’ Iu) 335+0086 %nonse ,419: LOmA § cauf S(e’ | p*) = 629+023a posiiong e ‘5G°:’D;
g 018~ i T s | u : F u :;" 1.737 3A~s:5'?.c:.; u+-n+
§ 0-145_ :ﬂ" a:::lx}'a: E % 0.3 Mean ‘mzzws t
012 - one p 15GeY. " ek [ muons i 15GeV
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Reconstructing tracks

For the reconstruction of the tracks

Log(Q) methods

Full Waveform fit Method

INFN ;r% 17.10.2023
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Reconstructing tracks, trajectory fitting: an example

LogQ Method based on clustering & Log[Qprimary /Qsecondary]
ek Ty

logQ method to reconstruct position in each cluster
Helix fit performed on those reconstructed positions

i

dx = f(log(Q,/Q,) or log(0,/0,))

Full Waveform fit Method — based on model & no clustering

1) Use all the pads associated to a track (Q,,,. values) to define a (v,u) local frame
U

2) Distribute “arbitrary” point charges along v axis separated by Av (5mm)
the Q per each point is a free parameter

3) Diffusion model to predict the waveform generated by point charges in surrounding pads

4) Move all points along the u axis to minimize the chi-square difference between
measured waveforms and templates - extract the coordlnates ' (O obs Qszzr 2

i(pad) j(timebin)
INFN ;r% 17.10.2023
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Spatial resolution: the importance of the QA

Top HAT was equipped with ERAMs with larger RC variation w.r.t. Bottom

Bottom
HAT

Illll[llll[lll11[11]11][__1.1111111111

[OT*x+H[1]*x*x*x

EP3 EP2
Top
HAT
7 z
z z
EP1 EPO

III|III|III[Illlllllllllll

dX [mm]

)
)
m
7t
> L
Sl

High RC ~ Iess charge spreading Non negligible RC variation
“flatter curve”

Low RC — more charge spreading among the same Endplate of

dX: distance from the center of the
cluster and the real position

- ERAM dependent....

Need to tune the log(Q) parametrization
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Spatial resolution

after reparameterization

Work in progress, preliminary

T 0.75_ — 0.75
E = o ¢ . £ - i .
§ o . o : With the new T b T Work in progress
T et iy parametrization all § [ "M
B - parametrization per o | B -
. module modules have similar : +
- : ® ° . n i _—_— ¢
osef. ., performances in terms of o ] . b
: . spatial resolution p
05 . WL hies e 0.5F v ]
_ a9y @ !.l"..'. . ] .:.- E t :
o4s® g 0.45[— } ¢
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04— 0.4
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< 8 e e = = ERAM ¢ - ” = ?)orm distance ;c?rg]
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Reconstructing tracks: momentum resolution

¢=5.7° ¢ = 45° ¢=84.3°
ppem mEmEmEEmEEmEEmEEmEEm—_- gog T TT===== []_15__
009 £ 009 I
.08 —@— Clustering 008 ‘} i
0.07 0.07 * { + {. '} + i
& Full WF : ¢ ! ¢ u_1__ il tle _§_ .
0.06 0.05 _* '*' 1 :
e e 0.05 —+— L e - — L . -3 o ‘ i i ‘ i !
0.04 ; by 0.04 —®— Clustering
0.03 ¢ ' 4 d . . . []05 ______________
ot " & 5 % ® # 003~ —@— Clustering aad = Full WF
’ 0.02 -
0.01 0.01 - Full WF
D|:|11::|-I 4::|-ﬁ::l-ﬁal:|| 1|!||:| Onl'IEI{J.'I-i!DI"E.!u"'alu"'ﬂI}G ﬂ-||||||||||||||||||||
Dot distancs ol Drift distance [cm] 0 20 40 60 80 01
Drift distance [cm

c,/p momentum resolution as a function of track drift distance: simulated 700 MeV/c muons
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Event display, full ND280 detector!
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Conclusions

Two new TPCs have been just installed in ND280 at JPARC

Very stable operations in commissioning and technical runs
Firs Neutrino Data taking just completed, restarting now !

Resistive MM with encapsulated anode ERAM

First time use of an encapsulated resistive Micromegas in a High Energy running experiment
Low resistivity & optimal charge spread & no sparks effects

Series production allowed several detailed studies

The ERAM technology is complex and delicate to produce as are all the resistive MPGDs. The
expertise and excellent partnership with the CERN/PCB workshop enabled a high yield (~80%)
of high-quality production

New algorithms for square pads exploiting detailed response model under development
Detector performance, still preliminary but very promising!
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Conclusions

Two new TPCs have been just installed in ND280 at JPARC

- Very stable operations in commissioning and technical runs \,

- Firs Neutrino Data taking just completed, restarting now ! ‘9
&

Resistive MM with encapsulated anode ERAM &

First time use of an encapsulated resistive Micromegas in in a High Energy running experiment
Low resistivity & optimal charge spread & no sparks effects

Series production allowed several detailed studies

The ERAM technology is complex and delicate to produce as are all the resistive MPGDs. The
expertise and excellent partnership with the CERN/PCB workshop enabled a high yield (~80%)
of high-quality production

New algorithms for square pads exploiting detailed response model under development
Detector performance, still preliminary but very promising!
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Spare

Just In Case
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» The goal of Long Baseline neutrino experiments:

v Remaining problems: CP symmetry, Mass ordering, Octant of 6,;

v Precise measurements of 6,3, |Am231| ( ~ |Am232|)

% Muon neutrino disappearance (l/ﬂ — Z/ﬂ) : Sensitive to:

Py, —v,)~1-— (cos2 0,5 sin” 2623) sin’ (Amgz 4;} ) 0,,, ‘Am%l‘ ( N ‘An7,232‘)

% Electron neutrino appearance (l/)u —>U,):

Am2, L / 2 ..
P(v,— ve) = sin? 0,3 sin? 265 sin’ ( 4E33 ) \1 + A (1 — 92gin2 913)) Sensitive to:

013, 6cp» U3, and

it 201y sin 20 in 20, cos fsin dsin? | 2782L | g [ Am0L 2
sin 2612 sin 2653 sin 203 cos ¢13sin 0 sin \ 1B sin 1B Mass ordering Am?;,

P, - 1D,): 0 turns into — 0 and a to -a (“‘a’’ matter effect term)
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Reconstructing tracks: trajectory fitting

LogQ Method based on clustering & Log[Qprimary /Qsecondary]

L R e =
* logQ method to reconstruct position in each cluster T | =_ :
» Helix fit performed on those reconstructed positions == =

dx = f(log(Q,/Qy) orlog(0,/0)))

Full Waveform fit Method — based on model & no clustering

1) Use all the pads associated to a track (Qmax values) to define a (v,u) local frame

2) Distribute “arbitrary” point charges along v axis separated by Av (5mm)
the Q per each point is a free parameter

3) Diffusion model to predict the waveform generated by point charges in surrounding pads X
4) Move all points along the u axis to minimize the chi-square difference between y ':J-‘{“ -
measured waveforms and templates Obs Diiry? |

RungeKutta method to fit (u0, du/dv, g/p, t,, dv/dt) Z Z (O — Qi

i(pad) j(timebin) J
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Figure 28: Comparison of gain extracted using the waveform sum and simultaneous fit

methods for all the analyzed ERAMs.
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Figure 29: Dependence of mean RC on mean gain of all the analyzed ERAMs.

8 55 558 8§8

Figure 30: Left: 2D map of the relative gain in ADC of the ERAM-10 module; Middle:
2D map of the energy resolution in % of the ERAM-10 module; Right: PCB top layer:
the grey area are 20-35 pm thick copper + 50 pm soldermask while the cross hatched area

S0 ﬁ-dﬁ Qf Lopner mgsh anly

Readout PCB

Original T2K-TPC

Figure

the sca:

L

Effect of T/P on the gain of one pad. The low
vas (19.8 °C, 959.5 mbar) and the highest va

of (T,P) recorded during
5 °C, 963.7 mbar).

HA-TPC V1 + ARC FEE

HA-TPC V2 + final FEE V1

HA-TPC V2 + final FEE V2

Size 34 % 36 cm® 34 x 42 cm® 34 x 42 cm?® 34 x 42 cnr
Pads 48 »x 36 cm? 32 % 36 cm® 32 % 36 cm?® 32 % 36 cnr
Pad size 6,85 x 9,656 mm? 10,09 x 11,18 mm? 10,09 x 11,18 mm? 10,09 x 11,18 mm?
Number of pads 1728 1152 1152 1152

INFN - T2\

17.10.2023

MPGD 2024 | Oct.14th - Oct.18th 2024 USTC-Hefei, China | S. Levorato

53



Detalled R measurement (dedicated probe)

ERAMS0 - R k€]
ERAM49 - R [kQ)

A dedicated probe has been built to
perform a fine measurement of the
surface resistivity.

Xcm]

Will be soon complemented with the comparison with the data extracted from X-ray analysis

R inhomogeneities in the sputtering are clearly visible in the direction perpendicular to the drum rotation
axis.
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Comparaison of averages over all erams of a module

60

55

Amplitude in dB

45 \
40 N

35
Mod 0, Old data

Mod 0, New data
25 ~— Mod 1, New data

30 | -

20 5 l 6 7
i il Frequency18-1z)

20/06/24 S. Hassani, J.F.Laporte

« The term , identified as the low-frequency fitting of the deterministic contribution
(Section 5.3.4, Fig. @) The form of the equation ensures that the mean is 0. Additionally,

Aumax controls the maximum amplitude, and t,,, determines its position.

+ The term @, represents the high-frequency adjustment of the deterministic contribution
(Section 5.3.5, Fig. @) is represented by a simple cos(f,) with a frequency of {T The
amplitude is adjusted using the parameter A.

S() = Apas (1 -2 ’sin (”(“’f_i:m)) D 6.1)

+ Acos (2%%1‘1, + ﬂ') (6.2)

*Here are the averages over a
full module (excluding Eram 27

for module 0)

*The old and new data for the
module 0 are identical (but at
very low frequency)

*The modules 0 and 1 are
very, very close
Module 1 is slightly less noisy

s The term E} describe the AFTER chip contribution (Section 5.2), which is the response

of the electronics to the random current:
I(t) = Zl(f) cos (wt + dr)
7

because for a signal such as :
I(t) = Iycos (wt)

the electronic response is by definition of the Transfer Function:

Sax(t) = Io|H(i27f)| cos (wt + )

Mean waveforms, averaged over events and erams

ADC value

-24

-34

000 025 050 075 100 125 150 175 2.00
Time (s) le-5

Figure 5.3: Mean waveforms of few pads in the ERAMs, averages over all events

As is clear from the Fig. , there is two typologies of the mean waveform.
It has been shown that these two types correspond to two populations of pads positioned on the
ERAMs as shown on Fig. b.4.

2.0

15

1.0

0.5

where |H(s = i27tf) and ®y are the norm and the phase of the transfer function (cf 0 5 10 15 20 25 30 35

Fig. B.9).

distribution added for each time bin.

The term @ we refer to the white noise (Section 5.4), which is represented by Gaussian

+ ) 1(f) [H(i27f)| cos (why + ¢pr + dr) (6.3)
7

+MN(0,0) (6.4)

i ——
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Conclusions

Two new TPCs have been just installed in ND280 at JPARC
- Very stable operations in commissioning and technical runs
- Firs Neutrino Data taking just completed, restarting in October 2024

Field cages

- High ratio active/passive volume

- Highly effective insulation & E field uniformity

- Composite material technology exploited at the limit of the technology

Resistive MM with encapsulated anode

- Low resistivity & optimal charge spread & no sparks effects

- Series production allowed several detailed studies

- The ERAM technology is complex and delicate to produce as are all the resistive MPGDs. The
expertise and excellent partnership with the CERN/PCB workshop enabled a high yield (~80%)
of high-quality production

- New algorithms for square pads exploiting detailed response model under development
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HATPC: features, challenges, constrains and solutions

Mechanics and Electric Field uniformity I —_—
« Min dead space & max active volume in the dipole magnet |- '
—~>Rectangular shape & thinnest walls & field shaping electrodes incorporated
into the walls |
« Electric field uniformity better than 10 @1cm from walls F
> Mechanical accuracy: inner surfaces planarity & parallelism ~ O(0.2mm/m) = |
- Shaping Electrode design: Field and Mirror copper strip layers on two sides |
of a Kapton foil
* Low material budget walls
—> lightweight & lowest Z & robust (self supporting)

Electrical insulation Constrains
« HV insulation mantle R > 1TTOhm and volume resistivity, HV
—>geometry: several cm paths for charge from -HV strips to GND
shielding (cathode flanges)
—>insulating materials: very high resistivity & dielectric strength
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HATPC: features, challenges, constrains and solutions

Building process: hand lay-up of composite materials on a Mould &
polymerization in autoclave at high Pressure
« Autoclave dimensions
- Field Cage comprising two halves (symmetrical flanges at central
cathode position)
« Hand layup & large dimensions
—> several hours per process step -> very long pot life for epoxy resin
« Mechanical accuracy of geometry - resin curing at low T < O(40°C)

Materials of choice
« lamination materials: Aramid polymers for peels (Twaron) and for
honeycomb (Nomex paper)
» epoxy resin limited choice: Resoltech 1054 combined with quality control
against contaminants (moisture, ...)
* high insulation layers: Kapton
» box skeleton material: high quality laminated G10
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The ND280 experiment: High Angle TPC highlights

* Field Cage (FC)
« Assembly and layout -
* Production
» Characterization and Quality Assessment
* Mechanical
» Electrical

« Encapsulated Resistive Anode Micromegas (ERAMS)
* Production of 50 sensors
« Characterization
» Detector response, signal and impact on reconstruction

« Impact on HATPC performance

INFN I_ﬁ(\ 17.10.2023 MPGD 2024 | Oct.14th - Oct.18th 2024 USTC-Hefei, China | S. Levorato



“field strips ”

walls stack up layout

Field Cage

/_

“mirror strips "

Field Strip 17 j«m

Kapton 50.:m

Inner surface

—————

~50um Resin
~50um Resin
~50um Resin

125um Kapton
125um Kapton
125um Kapton

~ 2% radiation length

~ 40 mm

tack_ne

Mirror Strip 17p.:m
Glue 50;:m
Twaron 2mm
Honeycomb 35mm
Glue 50;:m

Kapton 125.:m

Glue 50;:m
Kapton 125.:m
Glue 50;:m
Kapton 125.:m
Glue 50;:m

Kapton 50.:m

Prepreg ~ 20:m
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Field cage mechanical detalls
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Field cage mechanical details: charge path to gnd

Flange thickness (5cm) too small for
degrading -30kV to GND over a flat surface

Three deep grooves
for extending the path from HV to GND
for charge moving on surface and with gas =
flanges

~ 7cm thick labirinth

~14 cm path lenght

— voltage drop / path length < 3kV/cm
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The ND280 experiment: High Angle TPC highlights

* Field Cage (FC)
» Assembly and layout
* Production
« Characterization and Quality Assessment
* Mechanical
» Electrical

« Encapsulated Resistive Anode Micromegas (ERAMS)
* Production of 50 sensors
« Characterization
» Detector response, signal and impact on reconstruction

« Impact on HATPC performance
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Field Cage building, assembling and characterization

Production at NEXUS company (Barcelona) ~ 10 weeks Mould building
Validation, QC, electrical and mechanical assembly at CERN ~ 4 weeks (| NFN)

Mold features

* 1cm thick Alu walls
« Anodyzd. Surfaces
« Waviness compl.
is01302 N8

- Surfaces L and ||
better than 80um/m

*  Mount / unmount
geom. reproducibility
with high precision
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Field Cage building, assembling & characterization at NEXUS

er
Production at NEXUS company (Barcelona) ~ 10 weeks

Validation, QC, electrical and mechanical assembly at CERN ~ 4 weeks

Strip foil (by CERN) alignment and
lamination of 3 Kapton layers

5 m perimete
Mold preparation

Inner Vacuum bag
Strip Foil positioning

Thick corners w/ Kapton tape Kapton lamination

Electrical tests on surfaces . Curing at 40C (fast)

Resin samples electrical Tests Electrical tests on surfaces and

resin samples after curing > = ;i 2 y
INFN Jgk\ 17.10.2023 MPGD 2024 | Oct.14th - Oct.18th 2024 USTC'HefC|, i | | . LTVUI LU




Field Cage building, assembling & characterization at NEXUS

Quality controls — Resistivity of early Layers

1) Resistance between mold and 40x45cm2 electrode
-> volume resistivity of layers

2) Surface resistivity
of last layer Twaron

3) Resistance between two 6x80cm2 electrodes
-> mix of surface and volume resistivity

First Twaron layer lamination
Curing at 40C (fast) in autoclave

=13}
x
Electrical tests : Resin Sample 10ev
512 177
- I 11} \
Resin Sample : ‘i" 1) various methods and electrode
- Inner Twaron Iayer 173 X types (optimizing contact)
10} T —— 1 L X — consistent measurements
FC#0 Internal Twaron layer
9 — A.] — 2 — :.3 ..........
INFN ‘I_glk\ 17.10.20

- -X— 2) Resin sample pg ~ 10 TQ/[]
5 “  — very good
Logqot[s] 3t.18th 2024 USTC:} resin sample

rawo
(Resoltech Epoxy)



Field Cage building, assembling & characterization at NEXUS
+ | +

Gluing G10 structural skeleton and casting
resin on flanges for ensuring gas tightness

Gluing G10 “skeleton”

Flanges & Bars
by ORVIM company
(TV, ltaly)

. Casting low viscosity resin on top flange
. G10 skeleton gluing —>sealing flange to laminated layers

. Curing 40C in clean room . Autoclave curing at 40C
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Field Cage building, assembling & characterization at NEXUS
apton Layer + inner Twaron + 0 Skeleton + HC + Ext Twaror

Gluing Nomex Honeycomb . .
Curing 2t 40C in oven Outer Twaron peel lamination

. Flipping the box top-bottom

. Resin casting on second flange
Curing at 40C in autoclave

. Second Twaron peel lamination
Curing at 40C in autoclave

Post-curing at 40C in oven (lasting as long as possible)
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Field Cage machining and final QC at Nexus

Back to NEXUS company for

* Mould removal

« Very fine polishing of flanges

» Correction of defects (eg bubbles)

Vallmall =Spain

w.| BN
%Ei il

¥

Shipment to CERN

Precision
machining
of cathode
and anode
flanges and
surfaces
finishing
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The ND280 experiment: High Angle TPC highlights

* Field Cage (FC)
» Assembly and layout
* Production
» Characterization and Quality Assessment -
* Mechanical
» Electrical

« Encapsulated Resistive Anode Micromegas (ERAMS)
* Production of 50 sensors
« Characterization
» Detector response, signal and impact on reconstruction

« Impact on HATPC performance

INFN ;r_gMZ\ 17.10.2023 MPGD 2024 | Oct.14th - Oct.18th 2024 USTC-Hefei, China | S. Levorato



Field Cage assembling, characterization at CERN

Cathode assembly

Vertical assembly of
two Field Cages into HATPC

High Voltage feedtrough
external connection

R
1 o7
;- ~ <7 A
. -2 “

”~

Connection of last strips to cathode
and to high voltage feedtrough




Field Cage assembling, characterization at CERN

1) He leak tested
sniffer (air + 30mbar of He)

Gas leakages qualification

2) Tested against gas density changes
- He Over-pressure (+20mbar)
- Air Under-pressure (-20mbar)

Several T,P,RH sensors
. BME280 - T, P, RH
InS|de FC leensor-Tgas

Thermocouple and Pt100

\'1

Voltage divider current meas. -
3 p o "
Gas density corrected —
for Volume variation (due to Pin - Pout) = T T e 'Eéﬂ'xm’
Pin(t) _Av o fime [s]
" Tin(t)/Tin(0) (1 VO) (Pin — Pout)

I => Qverall Leak < 102 mbar L /s I
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Field Cage assembling, characterization at CERN

Load et

Dwectional Deformation
Type: Deectional Deformation(Z Axit)
Unit: men

Global Coordmnaste System

Mechanical qualification

Comparison with FEM models
in fair agreement with
» load tests

SOLID MODEL « deformation vs pressure
(symmetric)

0.06 Max
0054

/Y m— . & ¢ U, 0 =60 pum (A = -
MEASURED 40%)
o he— —
— DEFORMATION . i
d s Uz.meas = 1%0 um
E 00t
G10 screws ‘5 E Klea
(No metal near cathode) H BO.E Lw,: Owrectionsl Deformabon(Z Acs
i ’O;: ')Iobnl(eovamue‘//:!tm
60f
s0F % 1 ndf 2283/8 0,07 Max
40F- S p1 0.63 + 0.02291 0,061
4 ——T 0.052 eewie
f 0,084 o
F 0,035
20:' 0,026
E o018
105~ 0,009
E 0,00049
N R T N T Y -0.0081 Min
weight [kg)
Load test performed up to 160 kg
SHELL MODEL
Around ~ ().()%l of deformation w.rt. e U, .,=70um (A = -
horizontal position 30%)

\
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Field Cage assembling, characterization at CERN

Max total defrmation ~200 um

Simulation:
Max deformation of large faces: ~ 50

pm
mbar

Mechanical qualification

Comparison with FEM models
in fair agreement with

* Jload tests

» deformation vs pressure

Max total deformation — 60 um

pm

Max deformation of large faces: ~ 50
mbar

pm

Max deformation of small faces: ~ 8
mbar

Almost linear in the studied pressure range
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DISTANCIA DEL UTIMO STRIP DE COBRE A PLANO SUPERIOR
trmaat grmerns o 143

noen e . phene |
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"

Field Cage assembling, metrology at Nexus

Tolerances and specifications at a level better than 300um/m for planes
parallelism and orthogonality and better than 1SO1302-N8 for waviness are
respected with few localized acceptable exceptions

250] [pumto 252] [punto 251] [punto 253] [pun

Reached limits of composite material technique
_ Large dimensions and hand lay-up
@I-:?\l lg/ﬁ\ 17.10.2023
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Field Cage assembling, metrology at CERN

Metrology at CERN Top—HATPC
(2024, single whole TPC 3D metrology)

Metrology at CERN Bottom—-HATPC (2023)
(Two separate cages and cathode)

{ Measured internal geometry after assembly
agrees with nominal CAD with pull better than
INFN _ng\ 17.10.2023 MPGD 2024 | Oct.14th - Oct.18tr 300um with few localized, acceptable exceptions



Field Cage assembling, ERAM installation

Assembly the 16 ERAMs in Clean room for each TPC Grey tent area in front of Clean Room

large entrance for enhanced clean conditions

’ —1 F’Vﬁil’”" ——

.~ =

RAMs: avoid dl\JEt_ T

-
- - -

K fd}

. = _ - L
A
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Field Cage assembling, commissioning with cosmics

(NFN T2/K\

17.10.2023

. Cosmic shower evwnt Projection on Anode End Plate 2

ATV LT
AN LT

E f‘.':,:_J?

3

Cosmic tracks interaction evwnt
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Field Cage assembling, commissioning: gas contamination at CERN

T2K gas

Safet
Eubbyer

Pickup for RGA

Eﬂ — k|
Exhaust HATPC

4&]—& Purge
L exhaust

Q Flowmeter

Absolute
;9—@ preassure
monitor
@ ok

Flowmeter
() Flowmeter
Bubbler {7 0O, Analyzer ()
Gas
H,O Analyzer () h’@ﬁ'a“n%@?
Exhaust
Bubbler [y~
Bubbler ‘
Exhaust

Exhaust

INFN ‘% 17.10.2023

Water [ppm]

5000

4000

3000

Oxygen [ppm]

2000

1000

Oxygen vs exchanged volume

+« data
—— fit: a=4595. 888 238
b
y=aec" + ¢ \

2500 5000 7500 10000 12500 15000 17500
Volfimel[L]
..........................

10000 +

8000 -

6000 -

2000

® Water [ppm]
— fit: a=10257.14Y, b=-0.0002, c2 ~124

Water and Oxygen
contamination evolution

Large amount of water uptake by
Kapton: 2% in mass, with respect to
dry Kapton, ~ about 70 g = purging
time ~ a couple of months

Different dragging coefficient ?
Under investigation
de(t)y f

di + Ff{fjl =0

O water desorption from
walls - 0.06 g/day water

10000 20000 30000 40000 50000 )
Volume 1 removal / desorption (long)
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Field Cage assembling, commissioning: gas contamination at J-PARC

New gas system (CERN)
Overall recirculation

flow ~ 500 I/h per TPC with
overall few % fresh gas injection

5 —

24 L
23] H
22—

=1 Excellent Performance of the new gas system

-1 1month - ‘,
1 < l H20 6ppm
i |

cepeeminemt= (Gas contamination from Field Cage O, and H,O

tH 1H20 ~14ppm
Installed ﬁ P

ond HATPC I?l'

T / Typical operational values
\ i =”i‘.‘

[
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'
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E —
p e —
E -
P £
B -4 ] -
=3 & = =
> | = e
- . i,
' et
=
e p——
-
~
T
-
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3] | k. .Y Wy i g
x | 1
J | J
! |
3oldTPC + 1 HATPC 3oldTPC + 2 HATPC
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Field Cage assembling, commissioning: drift velocity measurement

Drift velocity

S
Start time End time
g F —— T,,, (bottom cathode) g S00[—— 7, (bottom cathode)
8§ F | [ e Perfect agreement
250}— — T, EP1 —— Ty EP1 : i
E T i (top cathode) 400 Tovas (top cathode) Wlth eXp € Ctatl ons
E — T, EP2 —— Toa EP2
200 — "eps it B (Mag bO|tZ)
B 300—
150(— C
E 200 ‘_ 20 Drift velocity vs electric field ‘
100}— s Canl e
= B 1s + FCl N i lt LI
B B + Q2 “. 4
- 100 iR
50— - 10 i) |
: i 6.5 “A I
sk E X P | g s 0 ot SRLEARRY R YO AR W MOV b VR O . il |
0 100 200 300 400 Nmesb(;g 0 G———— Gy 400 umesgg s )
1.45ps A |
Gas contamination H,O ~ 10 ppm H,O @ J-PARC All TPCs 1 I
Drift velocity in bottom HATPC: 7.769 * 0.005 cm/ps } ;
'

Drift velocity in top HATPC: 7.772 * 0.005 cm/ps CEEEE e

Gas contamination from Field
Cage — O, and H,0 included
500 ppm H,O @ CERN Bottom
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Thanks to CERN

We would like to express our gratitude for the continuous and extremely valuable support from CERN

Burkard Schmidt, Roberto Guida, Frederic Merlet and colleagues = Gas system EP-DT/ED-DT-FS
Davide Tommasini, Roland Piccin, Sebastien Clement, Cedric Urscheler - Polymer lab/TE-MSC
Rui de Olivera, Olivier Pizzirusso~> EP-DT-EF

Eraldo Oliveri, Djunes Janssen-> EP-DT-DD

Francesco Lanni, Lluis Secundino Miralles Verge Albert DE ROECK, Filippo Resnati - Neutrino Platform
Ahmed Cherif, Jean Philipphe Rigaudt > Metrology/TE-MSC-SMT

Antje BEHRENS, Jean Christophe Gayde > BE-GM-ESA

Mauro Taborelli, Colette Charvet, Marcel Himmerlich > TE-VSC-SCC

Paolo Chiggiato > TE-VSC

Patrick Muffat, Loredana ZENI Toberer, Laurence Planque, Stephanie Krattinger, Elsa Clerc> SCE-SSC-LS
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Thanks to CERN

We would like to express our gratitude for the continuous and extremely valuable support from CERN

Burkard Schmidt, Roberto Guida, Frederic Merlet and colleagues = Gas system EP-DT/ED-DT-FS
Davide Tommasini, Roland Piccin, Sebastien Clement, Cedric Urscheler = Polymer lab/TE-MSC
Rui de Olivera, Olivier Pizzirusso-> EP-DT-EF

Eraldo Oliveri, Djunes Janssen-=> EP-DT-DD

Francesco Lanni, Lluis Secundino Miralles Verge Albert DE ROECK, Filippo Resnati = Neutrino Platform
Ahmed Cherif, Jean Philipphe Rigaudt > Metrology/TE-MSC-SMT

Antje BEHRENS, Jean Christophe Gayde - BE-GM-ESA

Mauro Taborelli, Colette Charvet, Marcel Himmerlich = TE-VSC-SCC

Paolo Chiggiato - TE-VSC

Patrick Muffat, Loredana ZENI Toberer, Laurence Planque, Stephanie Krattinger, Elsa Clerc=> SCE-SSC-LS

Thanks to INFN support at CERN and the CEA ANTENNA colleagues
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Events

150

100

|||||||'|'||||'|'||||'|'||||'|_I_

Mean1 = (1382.6 = 1.5) ADC
Mean2 = (710.6 + 6.3) ADC

1800 2000

ADCZ._ (ADC)
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Near Detector impact on Oscillation Analysis

* ND280 magnetized detector

* Select interactions in FGD and measure muon kinematics in the

TPCs

* Separate samples based on number of reconstructed pions

(CCOm, CC1mt, CCNm), protons, photons, etc

* Factor of ~3 reduction on the uncertainty on the event rates at
the Far Detector
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ND280 limitations

0.9
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Efficiency
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* Improve angular acceptance v

» Better reconstruction and usage of the hadronic part of the interactions!
* Currently samples are selected according to their topology (Ort, 11T, 1p, N, ..
additional information to be exploited

* This is due to both, a low efficiency from ND280 to reconstruct hadrons and the difficulties in
modeling the x-sec systematics for the hadronic part

* With the upgrade we plan to improve the efficiency to reconstruct hadronic part
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ND280 Upgrade improvements

Protons — threshold down to 300 MeV/c
(>500/c MeV with current ND280)

Proton tracking threshold
Work In Progress

Muons in TPC o
stopping in SuperFGD

i o
—— E A+ I i

- Muons in
TPC only

——— —  Present muon
. selection in ND2BO

—p—

ND280 Upgrade
Current ND280

DP:H—_'_——Q——-—

08 -08 -04 -02 O B2 o4 08 08 1
true cos 8

TIT[ IO [TOA N[V IR (AT T T[T T[T T[T [ AT A [TT7T

Ll IIIIIIIII III|II|III|III|III|I. Lillldl

» High-Angle TPCs allow to reconstruct muons at any angle with
respect to beam

Tt

* Super-FGD allow to fully reconstruct in 3D the tracks issued by v

2000 1.0

interactions —lower threshold and excellent resolution to @ 1800 0.9
reconstruct protons at any angle =, 1600 . 0.8
ﬁmm 0.7

* Improved PID performances thanks to the high granularity Eﬁ EZ
and light yield 800 0.4

600 0.3

* Neutrons will also be reconstructed by using time of flight 400 02
. . : L 200 0.1

between vertex of v interaction and the neutron re-interaction in TR TN 0.0

— ®6 200 400 600 800 100012001400160018002000
( the detector Phys.Rev.D 101 (2020) 9, 092003 E,. [MeV]



Mantle resistance

Distarsione R di mantella

00025

00420 1

00015 4

Chstorssone [Cm)

Q001D ~

0000 4

0 0030 -

V] n &0 60 i 4] 100
Distanza dall“anodo [em)

Figura 4.2: Spostamento lungo R del punto di arrivo di un elettrone causato da una resistenza R, a0

di un mantello isolante mille volte il valore della catena di resistori R. La distorsione é
mostrata come funzione del punto di partenza z (Distanza dall’anodo).
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ERAM Production - about 50 detectors

Crucial steps in production
(needed tuning)

1) Selecting DLC foil resistivity
- Large variations from DLC provider
- Value stable after annealing

2) Gluing steps by Pressing
- DLCto PCB
- Stiffener to DLC-PCB

ERAM detector production

X-rays Test Bench at CERN
was fundamental to

1) Qualify, characterize and calibrate
all prototypes and series ERAMs

2) support the development of
detailed ERAM response model

L@t g2

ERAM module

=
Halog. Free FR4 ; PCB Electrical Q/C
[Thic:r?ess selecﬁon}_'[ 1SR produchin Automated #est%endu
L No defects b
DLC foils ] DLC foil resistivity tuning 2 <
900 +/- 150 k2 Annealing @ 220°C for 2h PCB Thickness & flatness Q/C
¥ + optical inspection
DLC foils (be-sput Cie) DLC foil pressing l Mechanical metrology
Resistivity map 2,4+/-01mm >
Bulk micromegas Mesh integration ] )
Pyralux PC1025 Resistivity in 4 measurement zones
360 +/-80 K on final detector

Visual Q/C

Pyralux Dvpt,, cleaning & drying =
Sevral times untill Q/C is OK 01

Global Current Q/C in « dry » air @850V
All pads grounded, I < 20 nA

Detector metrology
Stack thickness : PCB cut in 2 zones

Connectors wave soldering (216°C)

[
[ Mesh stretching
|
[

[ Final Polymerization and baking ] N/
[
|

Glue thickness : 150 +/- 5 um
Detector : 340 x 420 mm +0/-0,2 mm

| FR4 Imm thick cover final cutting Detector bending < 2 mm
Delivery of ERAM detector
ERAM detector + FEE pedestal map + « mesh pulsing » %
Cartography of defects A
Stiffener Stiffener glueing Pedestal runs
c Mechanical Q/C < 4 dead channels (<2 side by side)
Ko 340 x 420 -0/+01 mm N
' Thickness: 14 +/- 0,05 mm ERAM detector FR4 cover removal
.§ [ & mounting in test chamber (Laminar flux) i Total thickness )
=4 Mechanical metrology (with 1 mm cover)
" Final ERAM module Calibration in T2K gas (330-370V) 17.6 +/- 0,05 mm
Warsaw test bench Gas tightness Q/C =
55Fe pad scanning, with Automated x-y stage and final FEE
Batch of 8 ERAM module caracterization with cosmics 5 4y ™\
half HA-TPC @ CERN bdg. 182 Final Calibration Data
ERAM Module S el pad per pad and global calibration
Gain, pad response, cross-talk
V’ [ ERAM module packaging ] & 55Fe spectrum, spatial resolution 3]




Field Cage assembling, characterization at CERN

Gas contamination from Field Cage — other

~contaminants.

Analysis ongoing aiming at

EvaluatingN2 contaminationjin TPC Analysis of gas composition during cosmics
Confirming 92 and HZO contamin

HF contamin teSt in May

More accurate estimates ongoing

e * N2 analysis @-
b Ay =D HCl acid
19 _— * Evolution in time of components

v;-.‘.‘.l‘ s N
SRR = = A ~
S - " S ~'\

Main componensts - multi-peaks ¢

sistent with ratios found in literature | {
* H20 (+ HO) contamination *2% —-» c/nsistent with other sensors (Vaisala)
* 02 peak below sensitivity = consistent with ppm level - need further checks

No HF acid ahparently (below Ar++)

Ch/‘rl‘ .'I#I\\



Gain ratio

Gain ratio

ERAM Series Production experience

Effect of gas density on (gas)

GAIN
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Reconstructing tracks dE/dx

[dE/dx — comparison of SWF and XP methods on Test Beam data (4GeV electrons, DESY) j

resolution (%)
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m  Disagreement at small drift distance: reflects the

track fitting quality

m Disagreement for Y scan: taken at small drift distance

m  Disagreement for diagonal tracks: using only on

correction function for WFsum is not suitable



Reconstructing tracks — pattern recognition

o B | 0 e
Lo wEERG e
]
|

« Time and charge definition for each hit

« Waveform multipeak search in order to differentiate
vertices and crossing trajectories

* Merging between different ERAMs and End Plates

INFN - T2\




Reconstructing tracks — trajectory fitting

£ . . |
g - fﬂ;‘ﬂ Work in progress
— * =1t « callbrated data :
E, 0.6 . : _E 13;— = MC -
0.55 . ' + E 12l dE/dx resolution E
, = better than 10%
0.5 i ¥ L 11 [ -
d " i d . = ]
0.45 ‘ i . 1ok E
0.4 - : 1
a9 -
T NN I R " ¥ by
B =
Spatial resolution ¥ bt E
~500 um with muons
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T2K gas propert
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Ref: S. Joshi (Irfu/PhD)

ERAM-07 ERAM-01 ERAM-23 ERAM-02

10 15

Beam dlrectlon
ERAM-10 ERAM-12

Seen from EIectronlcs S|dé"“
ERAM-16

_._v
o o o

Julkl -""- " MF
: l""m-"l: 4

ANS1 - fasile DLE N2 partia dreite
‘e-cult & 220°C avec 150um de colle E

Lok w0 404 e et o sy o s

: . . 122 2944 RC is quite
1 736
RC is derived from the fit of the =k ™ well correlated
pad signal waveforms datas 118 e to the measured
leading and neighbours) with 1209 1697 DLC resistivit
145.4 1635 y
the complete modelization of the N 1351 1629
ERAM-01 R (kQ) finished
detector response 1204 L
330 365 68.98 1277 ~1/2 RC as expected
101.6 1393
102 1318 ~RC as nvpnpfnd

s 30 30 114.3 1161
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Spare

Just In Case
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Figure 31: A map of gain non-uniformit
shift of the mean amplitude reconstruct
pad under study with respect to the me

L

Figure 32: Schematic view of the DLC
resulting in the non-uniformities obsersy
The arrows represent the mechanical ¢
when the soldermask is removed and re)
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Figure 23: Comparing the features of an RC map (a) with the maps of two different
basic-level variables (b) and (c) for ERAM-16. Variables varl and var2 described in plot
(d) are used toé7d6nstPuct the map# PDaiid4 ¢ Predpectivelysth 2024 USTC Hefel, China | S. Levorato 99/20




:: :53.,;
(b)
: ALl f
6.8 E T . T2
6.6 .; varl = 5
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) varz = -
’ N O
" s wzam x0,y0 extracted by baricentrum
(d) Fit independent

(c)

Figure 23: Comparing the features of an RC map (a) with the maps of two different
basic-level variables (b) and (c) for ERAM-16. Variables varl and var2 described in plot
(d) are used to construct the maps (b) and (c) respectively.
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Gain ratio
Ratio of T/P

Timeline of 27 sean

Figure 35: Effect of 7//P on gain of an ERAM. The top and bottom z-axes represent the
timelines of the two full detector scans.

Timeline of 7* scan
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Figure 36: Effect of relative humidity on gain of an ERAM. The top and bottom z-axes
represent the timelines of the two full detector scans.
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Table 7. Typical Electrical Properties of Kapton® Type HN and HPP-ST Films

Property Film Gauge Typical Value Test Condition Test Method
Dielectric Strength V/pm (kV/mm) (V/mil)
25 pm (1 mil) 303 (7700) 60 Hz
50 pm (2 mil) 240 (6100) 1/4 in electrodes ASTM D-149
75 pm (3 mil) 201 (5,100) 500 V/sec rise
125 pm (5 mil) 154 (3900)
Dielectric Constant
25 pm (1 mil) 3.4
50 pm (2 mil) 3.4 1 kHz ASTM D-150
75 pm (3 mil) 35
125 pm (5 mil) 35
Dissipation Factor
25 pm (1 mil) 0.0018
50 pm (2 mil) 0.0020 1 kHz ASTM D-150
75 pm (3 mil) 0.0020
125 pm (5 mil) 0.0026
Volume Resistivity Qe-cm
25 pm (1 mil) 1.5 x 107
50 pm (2 mil) 1.5 x 10V ASTM D-257
75 pm (3 mil) 1.4 % 10V
125 pm (5 mil) 1.0 % 107
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Although a-C:H and ta-C belong to the same material family, they are not produced by the same coating process.
a-C:H is achieved by PECVD (Plasma Enhanced Chemical Vapor deposition) in a gaseous environment.
Whereas ta-C is produced by PVD-arc (Physical Vapor deposition arc) from a solid carbon target.

PVD-arc technology enables the production of a ta-C coating with a higher percentage of sp3 hybridization without
hydrogen and providing a higher hardness.

* Thermal annealing of ta-C is well known

« a-CH as well. But,

* “Thermal annealing of a-C:H also reduces the stress, as in ta-C. However, as
the bonding in a-C:H is less stable during annealing, annealing is less useful

in this case.”

* Mechanism described

%

Sp 3 Diamond-like

Estimated phase of our DLC

: As-deposited \‘\ \i- ta-C:H
+ Thermal annealing converts a small
fraction of sp3 (2%) to sp2 . jz o "
— HC pol
+ Distance between atoms is different U gﬁ_g"é’;ess've sl
between sp? and sp3 sputtered a-C( .
* New sp? structure has aligned electron no films
orbitals Annealed glassy carbon
+ The conversion causes exponential 7 B 0 graphitic C
decrease in resistivity & K Sp2 H
+ Compressive stress relieved by new
S : :
sp* structure with electron orbitals o orbital oo 5 orbital
aligned
Kensuke Yamamoto#
S. BanA,W. LiA, A. OchiB W. Ootani®, A. Oya”, H. Suzukig, M. Takahashi®
(AThe University of Tokyo, BKobe University)
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DOCA

(Distance Of Closest Approach)

Breakdown of the resistive layer < No effect on the resistive layer
O\ i R layer
Polyimide
DOCA

No possibility to create a voltage breakdown

Dielectric ! l

DOCA

A breakdown of the resistive layer means creating a low Ohmic channel in the layer

INFN Tg/K\ 104/20



Antineutrino mode e-like candidates

T2K+3SK joint analysis
* T2K has good sensitivity to dce but mild sensitivity to mass ordering

* SK has good constraint on mass ordering but not on dcp

* Adding SK atmospheric sample allows to break the degeneracies between the

CP violation parameter &cp and the mass ordering — boost sensitivity to CP

True Normal Ordering True Inverted Ordering

T2K Run!-10 Prelimminary | SK+T2K Preliminary Sensitivity
T T T T T

T

SK+T2K Preliminary Scnsi(i\‘ilv
T T T T

F ~ 45 ~ 45m
24— % — o) F o) F
] 2 4k bR 4
zt Inverted | ™/ R - ARHIK i
C R =) - — -] < - - -l
- A5 E < e TK ] < TK
18k & 3 /\\ —SK(ND) £ F  —SK(+ND) E
F R 2sE = LY = =
F E | \ 3 1 g
16: E 2 \‘}3\ / E E 2E E
4 N S\ E Z s \ \ § 153 E
12} Normal 3 £ 4 2 by 3
E 3] N o F
101 g S / \ 3 g 0SE/
e | | ) | = £ H DN NSNS ) 3-4’ Y /4./\_/\ _1_/\
20 40 60 80 100 120 kS -1 0 1 2 3 ® 3
Neutrino mode e-like candidates Mol g True 8¢ etk g Tme b

Mass ordering and 923 octant

F x = ;orm:;ordenng f é
. . 6 \ nverted ordering | E
* Slight preference for normal ordering and 3 || zwa G
upper octant but none of them is significative b \ — g ’;‘ E
_ I"\ / _
* Bayes factor NO/IO = 3.3 3 * E
;g 0.35 04 0.45 05 055 ‘ L] 0.65 ET
* Bayes factor (823>0.5)/(023<0.5) = 2.6
E I I 1 llil‘no l.n:‘djhlr: :nlr.'rv:‘\l 1
= I 20 credible interval
| = I 30 credible interval
sin®fas < 0.5 sin®fay > 0.5 | Sum E ¥ H(dh] ]
NH (Am%, >0) | 023 0.54 0.77 € / \
IH (Am3, < 0) 0.05 0.18 0.23 g oy
Sum 0.28 0.72 1.00 L !
AAJA‘A_ALAJ_LLJ_ 107

" "
=27 2625852423 23 24 25§85 26 27

24| ¢

Both experiments individually prefer normal ordering and 6CP~-
/2, T2K prefers upper octant, SK prefer lower octant

We performed Bayesian and Frequentist analyses — frequentist
analyses shown today

The CP-conserving value of the Jarlskog invariant is excluded
with a significance between 1.9 and 2 ¢

NOVA-T2K joint Fit: takeaways

Advancing the precision frontier on |Am?Zs; |
<2% measurement!
a5 ordering,

NOv
T2KTT e —

2.4 2.5 2.6
|Am3,]. 107 oV2

Mild preference for Inverted Ordering
but influenced by 613 constraint

NOVA+T2K NOVA+T2K
NOVA+T2K only + 1D 6,43 + 2D (813, Am?3;)
10 (71%) 10 (57%) NO (59%)

« NOVA & T2K's first joint results:

Yield strong constraint on Am?;
Weakly prefer |0 or NO depending on which reactor constraint is applied
Strongly favor CP violation in Inverted Ordering

Collaborations in active discussion about joint fit next steps



ERAM49 - R [KQ]
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R inhomogeneities in the
sputtering are clearly visible
in the direction
perpendicular to the drum
rotation axis.
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R inhomogeneities in the
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The ND280 experiment: High Angle TPC highlights

* Field Cage (FC)
» Assembly and layout
* Production
» Characterization and Quality Assessment
* Mechanical
» Electrical

An outsider: Field Cage 0 ?

Electrical Issues, what we understood...
and learnt
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Insulation issue in full scale FCO prototype

Innermost layers stack (first full-scale FC prototype) “field strips ”
{ “mirror strips ”
IR —

m/.

Cu Strips on Kapton foil (electrodes) Cu 17um / Kapton 50um / Cu 17um
Coverlay” (strip insulation / protection) Glue 20um / Kapton 25um

2mm 5

Current drawn by voltage divider starting in large excess wrt nominal
at power on and slowly decreasing to lower value but still in excess

Aramid Fiber Fabric (Twaron™)

Current drawn by voltage divider starting in large excess wrt nominal

at power on and slowly decreasing to lower value but still in excess
- ]
i [ time co constant T decreasmg J

. =4
:I[},.J) Dhoten R = A6
W | Topubd | Lo ‘wnh mcreasmg voltage
_, Current decreasing Ty ~ 600s
Time constant Tioky ™ 60s

S5kv 5/:4-
4o -
| fg‘m# 15 "leé‘}? ||Ir:]c;r:relismg | L5 Steady cuments
e 25ler |5 |winvousge | L oo
; W (k) lj///////; / ,"/’é’
fiam £t

Observed extra-currents in excess w. r. t. expected from voltage divider
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Insulation issue In full scale

FCO prototype

Innermost layers stack (first full-scale FC prototype)

m/.

Cu Strips on Kapton foil (electrodes) Cu 17um / Kapton 50um / Cu 17um
“Coverlay” (strip insulation / protection) Glue 20um / Kapton 25um

Aramid Fiber Fabric (Twaron™) 2mm

Strip-Strip Potential difference of the strips @ S5kV

Voltage difference between Field strips (every 5 strips)
ie V1—V2, V5—V6, V10_V11, V1 = anOde, V‘196 = cathode

\\ Behaviour explained
- by either
te, 25 v E’XPCM s 1) Voltage divi -
P 2" resistors val ¢
?'#,:‘__“ fa38 uniform ajeng t
7/ 2) current diverted from |
%MHS |FV e cenlen voltage divider

(drawn from strips)
more and more along
the 1st half of the cage
going from anode to
cathode returned to

the divider (pulled by
the strips) in the 2" half

kedne 4efe
2ck v/

I Strip to strip V drop disuniformity I

—

150 200

€ hnde.

“field strips ”
] ] I
{ “mirror strips ”
] I

i

Resistance between single strips is very high O(TQ)
...but when joining some tens of strips to form a single
large electrode then finite resistances are measured

Example: measured R ~15 GQ @ 1kV between two
electrodes formed by 20Field+20Mirror strips each
(surface of single electrode is huge ~ 0.5m2)

! No voltage divider there, ie all strips disconnected

Resistance is

- Independent of the distance between electrodes
- Linearly dependent of the number of the strips
— not a surface resistance !

Measured R is rising with time (slow) up to saturation
- when repeating measurement, go faster to saturation
- when inverting polarity of electrodes, slow again

— looks like due to dielectric polarization / relaxation
— or capacitor charging trough high resistance

Find similar value of Resistance for same dimension
electrodes formed in the Field Cage and on a strips foil
when aluminum foil is placed underneath the foil — next 110



Buried resistive layer: a possible explanation

All observed features could be explained by the combination of two factors:

1) Presence of a resistive layer buried underneath the Kapton coverlay layer
protecting the mirror Mirror strip

2) Low resistivity of the coverlay Kapton layer

Anode Q@? & Center FC Cathode
0 § -10kV
| é\{\é . ' Kapton S?p.m
‘%\,"\\ I I I

Kapton R5um - 5kV

Buried Resin /
resistive - SkV impregnated ~ Glue

layer Twaron layer ~ Prepreg.
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Buried resistive layer: phenomenology

Anode Genter FC Cathode
0 -10kV
. . Glue
| Kaptotiwu/ prepreg.
-5 kV — ot —=y A A A A_A_A ., , =x.apton 25um 5 KV
- Resin
Bur_leq impregnated
resistive Twaron layer
layer

After applying HV after applying HV (eg -10kV) to the cathode, two phases:
1) Transient state: in time scale depending on the contaminated layers resistivity (in our case very short O(10s)

time scale) the buried resistive layer become ~ equipotential (setting at intermediate potential -5kV) by drawing
charge from the strips

2) Steady state: Mirror strips on the Anode, first half convey current to the buried layer, while mirror strips on the
Cathode side draw currents from the buried layer

INFN ;I'_%ﬁ(\ 17.10.2023 MPGD 2024 | Oct.14th - Oct.18th 2024 USTC-Hefei, China | S. Levorato 112



Buried resistive layer: phenomenology

Anode & Genter FC Cathode
-10kV
. Glue
pton'i?y/ prepreg.
| IR 1
‘ = apton 25um
VVV "V ——— A Y —

. Resin
Bur_leq impregnated
resistive Twaron layer
layer

After applying HV after applying HV (eg -10kV) to the cathode, two phases:
1) Transient state: in time scale depending on the contaminated layers resistivity (in our case very short O(10s)

time scale) the buried resistive layer become ~ equipotential (setting at intermediate potential -5kV) by drawing
charge from the strips

2) Steady state: Mirror strips on the Anode, first half convey current to the buried layer, while mirror strips on the

Cathode side draw currents from the buried layer
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Buried resistive layer: verification

In fact we verified the following
1) Coverlay Kapton volume resistivity ~ 1GQcm much lower than datasheet)

2) Twaron layer facing the coverlay featured surface resistivity ~ 1G/o

coverlay

/ Kapton 25um
Resin
impregnated

— Twaron layer

Both features could on turn be explained by the accidental use of antistatic spray (resistive) on the
back of the strip foil (ie on the coverlay) after the strip foil was fixed on the Mould, in order to keep the
huge foil surface (5m?) clean from dust and other possible contaminants. The spray contaminated both
the Kapton coverlay (being very easily adsorbed) and the innermost layer of the Twaron (being mixed
with the resin which impregnates the fiber fabric, during the Twaron lamination phase)

We could not exclude alternative sources of contamination affecting the resin and making it resistive
(eg presence of water if epoxy not treated in vacuum after mixing)
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Buried resistive layer: electrical model

Center FC Cathode

-10kV
. Glue
Kapton'iw prepreg.
Buried |
resistive =K apton 25um
layer R——

Resin
impregnated

. . Twaron layer
Kirchhoff law Constraints

[K]=Qm, [T]=Q/0,[R]= Q
I13(x)
X

+ RI1(x) — KI2(x) = 0 J§1,(0)+15(0)=I,(L) —I5(L)

1,(0)=15(0) 1,(L)=-15(L)

Symmetry L}CL/Z) 0

(middle of the cage)
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Buried resistive layer: electrical model results

Anode S o Center FC Cathode
-10kV

Glue

: ptorlii}m/ prepreg.

- 5kV =Xapton 25um - oKV
. Resin
Buried impregnated

Transmission line model

I —I ) T |
Kirchhoff law Constraints waron fayer

The electric field in the active volume is non uniform

layer

Due to the spurious voltage divider formed in parallel to the regular one
V(x)
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Buried resistive Iayer electrical model results

Anode KV m
UAmj | 0.2 0.4 0.6 08 1.0
R=1GQ o |
 K=10GOm - |
5 T=5GQ/o oou 1% _al
| - ..EfieldOK
S _6:_
02 04 ~06 08 10 _8;
-10;

| tot ~ 11uA (extra-current ~ 1TuA)

-5kV

| tot ~17uA (extra-current~ 7uA) . ‘ .
K—/// 0.2 0.4 0.6 0.8 1.C
10F kv
-2/ No Breakdown
UA ¢
j -4
6
R=1GQ - el
4r K=0.1 GOm ase 10%
) T=6 GQ/L] N ... bad Efield ! _ |
04 06 08— 10 10

Al
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Buried resistive layer: fit to the data

AV(x)4
AVmax,-’-i

—— All Field Cage
—— First half
- Second half

25um Kapton
Breakdown observed
at values much lower
than datasheet
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Buried resistive Iayer electrical model results

Anode —kV. m
uAmj | 0.2 0.4 0.6 0.8 1.0
_ R=1GQ oo ol
_ K=10GQm - 1
s T=5GQ/o o 1% 4| // //
| - ..EfieldOK | /”

1,(x)

0.2 0.4 . . 1.0 _s|

Early Stage

| tot ~ 11uA (extra-current ~ 1TuA)

-5kV

| tot ~17uA (extra-current~ 7uA) . . ‘ .
7 0.2 0.4 0.6 0.8 1.
10L/// k\/
-2/ No Breakdown
UA &
,/ _4
6
R=1GQ -
4 K=0.1 GOQm . 10% ~of Later Stage
) T=6 GQ/[] N ... bad Efield ! _ |
04 0.6 08— 1.0 101

Al
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Final layout, materials and procedures fixed for the series production

Key points to avoid failures E— BN E—

- no resin contamination !!! Note: usually glues and resins are the weakest points

- Interpose between strips and Twaron layers a “thick” layer of insulator featuring
- High resistivity p, > 101> Qcm

50um Kapton

- Dielectric strength > 150kV/mm ~50um Resin
125um Kapton
Final layout of the stack: minimal changes to design
« new strip foil w/ thicker Kapton coverlay 50um + 25um glue RENREE
(produced at CERN, gluing in vacuum with press) 125 Katon
« 3 layers of Kapton: 125um + 50um resin each S0 Resin

(to be laminated on the back of strip foil on the mold)
thickness Kapton+Resin ~0.5mm — “vertical R” below 1 strip O(10TQ) @ 10kV

125um Kapton

T p—p—
e -

i
I
'.

R

Materials: Same insulating materials (Kapton + Aramid) and same resin (Resoltech) it It :

Production procedure and enhanced countermeasures and QC

« Minimize moisture trapped in wall layers: drying in oven Kapton & Twaron just before use

* QC epoxy contamination -> proper control of mixing and de-gassing process (new mixing /
degassing tools and QC) and ... avoid antistatic spray...

* QC electrical resistivity measurements after each early step in the production
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ND280: installations at J-PARC

Bottom TPC Super-FGD
TOF installation (July 2023) installation (September 2023) installation (October 2023)

) B
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N280: commissioning at JPARC with cosmics

Detector
commissioning
with and without
magnetic field

Alignment runs

New software
deployment

New T2K gas
system
commissioning
for both vertical
and horizontal
TPCs
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N280: v technical runs in December 2023 and
?Febﬂdary 2024 physics+un

Fun pumicer : 18070 | Subfun rumbar -2 | Evert number : GTNE | Spil | 67538 | Tima - Wed 20231220 221216 JST | Partiton : 61 |Trigger: Beam Spil

Foun rumber ; 18070 | Subfbon rumber 2 | Ewend numsber - 83080 | Spil - 5807 | T - Wed 20051330 2324 20 JST | Partiion ; 81 |Trigges: Basm Spil

L foamibas - V6070 | Bub@un ramber 11 | Event nomber : 253310 | Epl : 5421 | Time - Thi 20231221 0010 JET | Panison - 61 [Trgger: Beam Spll

Fun number © 16070 | SubRun rnumbar -7 | Evant numbsar @ 167539 | Spil : 2124 | Time : Thu 2023-

Run rapmber : 16120 | SubRun rumber 10 | Evenl mamber | 12772 | Spil - 12345 | Time : Sun 2023-12-24 17:20:50 J5T | Fantion : 1 [Trigger: Boom Spil

Faan numibaer : 18070 | SubRun mumiser -7 | Event samber ; 168035 | Spil: 2272 | Tiea : Thu J023-12-21 (2:30:36 J3T | Paritios : 1 [Trigger: Beas Spll

=

INFN ;I;gjla 17.10.2023 MPGD 2024 | Oct.14th - Oct.18th 2024 USTC-Hefei, China | S. Levorato



The T2K run schedule: beam upgrade

v beam @ J-PARC: dedicated upgrade of the MR facility to reach the 1.3 MW beam power

T2K Projected POT (Protons-On-Target)

>
3
1
N

— e December 2023 — Beam

T E § MR Run#
$ ol 1 & MR Shot# 1164758 ; i
51200 MR RF upgrade “he = © (2023/12/25 12:00:27) MR Power: 764.0 [kW] power Increased from 500 to
£ I 3. B : - : v n
§1000— l __‘5 é :\L', Rlim 910‘%28 PPB: 2.5811e+13 [protonspcrbunc]h] 760 kW Stable mOde
= - s @ Event# 1683 | parameter : Last shot : arse
= ™ MA Power Supply upgrade i v 1% 2611625 LI current: 20 [mA] MR shot=: H
wof 4. ills 20U | el e EE 800 kW reached in 2024 for the
ot | e 8 sl < B Blem,. 17 e e first run with the fully upgraded
L 1 = o
18 2 (Iz)(ﬁlés‘h‘“[]’i) 4.02699e+21 | Last shot NU Power is 7769 [kW] cn)
soof =i ND280
L - E
2007 3
. 2K Work in P 3? ~
ol . . £ . el rogress o é\ Eﬂl R Rud Rumd RS Rw6  Ru? RusS  Rund Runld  Runll Runi2 Runl3 —900 3
2020 2021 2022 2023 2024 2025 2026 2027 © 455 lonaed
X 40 Bl Total POT for Physics . ] 800 :
Beam and Window Parameters bacd E v-mode POT for physics : —700 Y
- = 7-mode POT for physic ;x 2
750 kW 1.3mMw 3 5 e . v-mode beam power . i 0
esn TR e o E s 600
Beam Energy [Gev] 30 30 ¥ 30 =4 v-mode beam power 4 N
Protons per spill [-] 330E+14 3206414 = . =
Energy deposited per kg per [J/kg/proto  2.52E-10 2.52E-10 o = » ] 5()0 =
T 2 256 1 1 g —Wg
Energy deposited per kg e [T/kg/pulse] 83300 80640 S = A . ) 4002
Cycle'::me [s] = 20 :_ : -‘ 1 8 =
spll length [ 413606 411E-06 g - § 3 . —300
iy I:Cn;ns. En]s] 58 . 3 15 E_ . t | 1
Gap length [ns] 523 541 Q = 3 = 700
Peak Heat si::::;: {.:‘{:]\ 3/5) 5.25;14 1.1:3:5 o . . < 10 = # t | ik
Heat load pr spil (Wcc/puse] 7818 3661 Expect to select 20k v, CCOpi interactions in the super-FGD s o g 1100
Heat load per Jec 180.09 31561 = R
peak Temp e beh (€] B o0 for 0.2e21 POT (1 month) ‘s NS B 1 | | .
Then;:l,ks?;:ss oar bunlc: [?]Pa] 1652.2277 155933222 0 1 [ o) U | [ I | ‘ (I ‘ T - [ ‘ 10 [ 1 0
T2R P per puls ‘3 . - = 2010201120122013201420152016201720182019202020212022202320242025

Steady improvements to reach 1.3 MW by 2027 with an increase T2K statistics ~ a factor of 3 by 2027 Year
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