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The T2K experiment
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The ND280 Upgrade
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(T\Iew detectors to extend acceptance for tracks at high angles J




ND280 Upgrade new detectors

High-Angle TPCs
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% New concept of detectors, 2x1061cm3 = % New TPCs instrumented with

cubes Encapsulated Resistive Anode

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

6 TOF planes to reconstruct
track direction
Time resolution ~150 ps




New detectors Installation at JPARC

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

L |

TOF installation (July 2023)




ERNEN [HE| LN

Nov 23

ICS IN

ith Cosm

Comm

SPPIE [t b I § S S S0 TAE - T SO VP SE S 4 T Tew P O

-

siddaaa

| e domt

......

issioning w

ST T T P g G

S At YN S T TR LR N T R N T




Neutrino Beam Runs

A | cChnical Runs In Dec'23 and in Feb'24
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Top-HATPC installed end April 2024

Top — HATPC in ND280 ‘ ND280 after lowering of top HATPC

2024.4.25

Lowering bottom HATPC
202398

ND?280 fully upgraded detector ready for next
— Neutrino Beam Run ... starting today



Overview
Highlights Field Cages

Mechanical - Building, assembly and characterization

Electrical - High Voltage Insulation and Electric Field

Highlights ERAM sensors

Production of 50 sensros and Operations experiences

Detector response, signal and impact on reconstruction — TPC performances



High Angle TPC

HATPC specifications ey

+ field cage

MF with
8 micromegas

MicroMegas
Resistive

Momentum resolution o /p < 9% at 1GeVi/c
(neutrino energy)

. Module Frame
Energy resolution o< 10% MF with
(PID muons and electrons) & micromegas

Central cathode

Atmospheric pressure TPC
Gas: T2K mixture (Ar-CF4-isoC4H10 = 95-3-2)
Gas contaminants better than O(10 ppm) level
Drift length 1m
Central Cathode @ -27kV
E field unif. < 103 @1cm from walls

Space resolution O(500 um)
(3D tracking & pattern recognition)

Low material budget walls ~ 3% X,
(matching tracks from neutrino active target)

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?
o 10k+10k channels/ TPC @ End Plates (Anodes)




Some HATPC features

Field Cages — thin walls, lightweight, robust & compact

— Thin walls, low Z, solid dielectric composite materials

— Rectangular shape to minimize dead space & maximize tracking volume
— Electric field uniformity better than 103 @1cm from walls by

MicroMegas detectors

— Encapsulated Resistive Anode MM (ERAM)

— Charge spread: high spatial resolution with large pads

— Intrinsic protection against sparks: simplified & very compact FE electronics



Field Cages — constraints & solutions

* Min dead space & max active vol in dipole magnet

— Rectangular shape & thinnest walls & field shaping electrodes incorporated into wall
 Electric field uniformity better than 102 @1cm from walls

— Mechanical accuracy = inner surfaces planarity & parallelism ~ O(0.2mm/m)

— 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) LMechanlcaland Electric field constraints

o —

— Building process q hand lay-up of composite materials on a mould & polymerization in autoclave at high P
- autoclave dimensions — (symm flanges at central cathode position)
« hand layup & large dimensions — several hours per process step — very
« mechanical accuracy of geometry —

* HVinsulation mantle R > 1TOhm and ... no HV discharges
— geometry = several cm paths for charge from -HV strips to GND shielding (cathode flanges)

— Insulating materials = very high resistivity & dielectric strength & lowest Z . :
Insulation constraints

— Materials of choice

« |amination materials = for peels (Twaron) and for honeycomb (Nomex paper)
* epoxy resin = very & very important (water, ...)
« high insulation layers = and lamination at (no Mylar)

 box skeleton material =



Highlights Field Cages

mm) Mechanical - Building, assembly and characterization

Electrical - High Voltage Insulation and Electric Field



Mechanical Field Cage assembly

« HATPC in two half FCs

 Central cathode

« Special cathode flanges w/ HV ft

« Two End Plates (Al) supporting
8 Readout Modules each




Field Cage walls layout

. Field Strip 17 um  ___

Inner surface aston 50,
DETAIL D : Mirror Strip 17,«m i
SCALE8B0:1

Prepreg ~ 20:m

Kapton 50.:m

Glue 50:m

I
i
I
I
I
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1
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Kapton 125,:m E
Glue 50.m i
. . . i
Twaron (aramid fiber fabric) Kapton 125/.m :
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outer surface

“field strips ”
| [ —
“mirror strips "

_--_-——_--—~-m.-__—--__

~50um Resin
125um Kapton

~50um Resin

125um Kapton
~50um Resin

125um Kapton

Alu (shielding) ~ 2% radiation length



Field Cage walls layout

“field strips ”
. .I: Field Strip 17 um _ — I | (—
INNer surfrace Kapton 50,:m “mirror strips "
DETAIL D Mirror Strip 17,4m {--- 56;,;_Kapton -----
SCALE 80 : 1 H
Prepreg ~ 20:m :
Kapton 50,.m E ~50um Resin
1
]
Glue 50:m : 125""“ Kapton
Kapton 125,:m E :
Glue 50,:m | =SUpmnResin
. . . '
Kapton 125 !
Twaron (aramid fiber fabric) pton 125,:m | | ko
Glue 30pm i ~50um Resin
Kapton 125,:m :‘
Glue 50.:m E 125um Kapton
I
1

B~ _BEALS

_ ——Twaron 2mm

Electric field shaping by two Cu strips layers (‘Field” and ‘Mirror’ strips)

Field and Mirror strips staggered ip width 3mm pitch 5mm ___—Mirror sprips First ERAM pad @ 15mm from the wall
~Field strips where electric field uniformity better than 10-3

0y

Cathode Anode

Double layer of strips on Kapton foil
Dimensions = 5m (inner surface cage perimeter) x 1Tm (drift distance)
Resistors soldered on the inners surface (contact Mirror strips by vias)

Simulation
Electric Field
near walls







Field Cage mechanical detalls

/ 0 g .
Flange thickness (5cm) too small for \ )
degrading -30kV to GND over a flat surface o
Three deep grooves
for enhancing the path from HV to GND l i_

Half Field
cage

for charge moving on surface and with gas
flanges ~ 7cm thick vs labirinth lenght ~ 14cm

Cathode
30kV

— Vvoltage drop / path length < 3kV/cm == Y= ==

groove

O-ri
groc

Flange

tickness 5cm
Shield
(Gnd) —e

v



Field Cage building, assembling and characterization

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

Field Cage building on a mould

Tcm thick Alu walls
* Anodyzd. Surfaces
» Waviness compl.
IS01302 N8

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

Mount / unmount
geom. reproducibility
with high precision

Parts and materials
e Mold — INFN

* Double layer strip foil — CERN

« Structural parts = Flanges & Bars (G10 — ORVIM company (TV, Italy)
« Composite material & Production — NEXUS company (Barcelona)




Field Cage building, assembling and characterization

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

Strip foilalignmentand
lamination of 3 Kapton layers

Mold preparation
Inner Vacuum bag
Strip Foil positioning

Thick corners w/ Kapton tape
Eletrlcaltests on surfaces Kapton lamination
Resinsamples electrical Tests . Curing at 40C (fast)

Eletrical tests on surfaces

5 m perimeterx 1m height(dﬁft length) : and resin samples




Field Cage building on a mould at NEXUS

. Kapton lamination
. Curing at 40C (fast=12h)in autoclave
. Eletrical tests on surfaces and resin samples

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

Inner Twaron peel lamination and
electricalinsulation QC

Logy RIQ]
s o

=)

©

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

oY o

{‘ 1) various methods and electrode
types (optimizing contact)
— consistent measurements

2) Resin sample p5 ~ 10 TQ/[]
— very good

Resin sample
(Resoltech Epoxy)



Field Cage building on a mould at NEXUS

Gluing G10 “skeleton”

1 W

&

N U

Gluing G10 structural skeleton and
castingresin on flanges for ensuring gastightness

irats

. G10 skeleton gluing
. Curing40C in clean room

. Casting low viscosity resin on top flange
(for sealing flange to laminated layers) ... in autoclave
. Curing at 40C in autoclave



Field Cage building on a mould at NEXUS

_as

e Gluing Nomex Honeycomb
e Curingat40Cinowen

Flipping the box top-bottom
Resin casting on second flange
Curing at 40C in autoclave
Second Twaron peel lamination
Curing at 40Cin autoclave

. Post-curing at40C in owen (lasting as long as possible)

. Post-process machining (removing aramid and resinin ecxess)

. Packaging and shipping to externalcompany (Vallmoll - Spain)
for precision machining

Outer Twaron peel lamination




Field Cage building on a mould at NEXUS

Back to NEXUS company for

* Mouldremoval

* Veryfine polishing of flanges

* Correctionof defects (eg bubbles)

precision machining
of cathode and anode &
flanges

> Precision machining of flages
and finishing surfaces (polishing)

Shipmentto CERN




Field Cage assembling, characterization at CERN

Inner cage surfaces polishing

Checking grooves for
o-ring and for charge
labyrinth on cathode flanges

Looking for defects on strips
and strip-strip short-circuits
and repairing them

“field strips ”
== = E—

—— “mirror strips "
[ T

Dueto
resistor

Measuring strip-strip and strip-shield
insulation at high voltage

Mantle Resistance > 2TQ) ~ 2000 x voltage divider R

values

10-4
relative

selection,
resistance

show rms
retterthan

Soldering voltage
divider resistors

g.’& 2546 32547 2348 2540 2,55 2355 25

resistorseach =>QOverall R~1GQ




Field Cage assembling, characterlzatlon at CERN

Vertlcalassemblyof Cathode gssembly”
twoFleldCagesmtoHATPC |-\t I8

High Voltage feedtrough ,
external connection |~

Connection of last strips to cathode
and to high voltage feedtrough




Field Cage assembling, characterization at CERN

Gas leakeage qualification

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

— LocalLeaks<10“4mbarL/s
(considering He ~ 1% gas)

g85

o84

2) Tested against gas density changes
- He Over-pressure (+20mbar)
- Air Under-pressure (-20mbar) 98z

981

983

Toeer * BT [mbar]

3

980

Several T,P,RH sensors
Inside FC

979

BME280 - T, P, RH

IR sensor - Ty,
Thermocouple and Pt100
Voltage divider current meas.

p
p Xz K‘

1 | I 1 1 | 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 .J'Q1 ‘]3
50 100 150 200 250
lime [s]

g977

=

Gas density corrected

for Volume variation (due to Pin - Pout) => Overall Leak< 103 mbar L /s

___ Pin®® _&) L L
Tin(t)/Tin(0) (1 Vo (Pm POUt)




Field Cage assembling, characterization at CERN

Mechanical qualification

Load 6t

Dwectional Deformation
Type: Dwectional Deformation(Z A<n)
Unit: men

Global Coordmnate Systemn

Comparisonwith FEM models

0.06 Max . . .
oo in fair agreementwith
00
oo * loadtestsand
o .
aon SOLID MODEL * deformationvs pressure
e 5 M (symmetric)
e e U, =60um(A=-
MEASURED | 40%)
Fo ¥ —
DEFORMATION " =
d s Uz.meas . 1%0 um
T
G10 screws s I Olescbusi Dileaiidos
(NO metal near Cathode) a wg—- Lypn (uinhoml Deformation(Z Axis)
i 70;: GI':;"b:ln&!c‘:ovmnn'.e’z/atem
60}
50%— 2¢ 1 ndf 228318 0,07 Max
aof- X Pl 0632002201 o
f 0,052 e
sof 0,084 o
E 0,035
20} 0,026
E oote
10~ 0,001
¢ 0,00049
B e 20081
weight [ig]
Load test performed up to 160 kg
SHELL MODEL
Around ~ ().()"k—:;l of deformation w.r.. e U, ..,=70um (A = -
horizontal position 30%)




Field Cage assembling, characterization at CERN

ZERO axial contribution of the cathode panel FULL axial contribution of the cathode panel

[Mzchanicalqualification

FEM model of “Zero axial
contribution from Cathode”
in fair agreement with load
measurements and
measured deformations
with pressure

Max total defprmation ~ 200 ym Max total deformation ~60 um
Data:

: - Max deformation of large faces: ~ 50 e
Simulation: . - mbar
Max deformation of large faces: ~ 50 I:bar

~ m
Max deformation of small faces: ~ 8 I:bar

—

Cathode panel effectin constraining the

flanges deformation is negligible Almost linear in the studied pressure range




Field Cage assembling, characterization at CERN

DISTANCIA DEL UTIMO STRIP DE COBRE A PLANO SUPERIOR o Metrology N EXUS — S|ngle Fleld Cage bOX
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Reached limits of composite materialtechnique
Large dimensions andAhand lay-up

Tolerances and specifications at a levelbetter than 300pum/m for planes parallelism and ortogonality
and betterthan ISO1302-N8 for waviness are respected with few localized ag:eptable exceptions




Field Cage assembling, characterization at CERN

Métrology CERN -whole HATPC

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

Measured internal geometry after assemply agrees withvnominalCAD with pull better than 300um
with few localized, acceptable exceptions

_— "




Field Cage assembling, characterization at CERN

Assembly 16 ERAMs in Clean room Grey tent area in front of Clean Room
large entrance for enhanced clean conditions

| - v e Y
- i’ 2o il h: i)r_’ =
- ! "\ _‘1 - - -

T _ 1, ERAMs very sensitiveto dust...




Field Cage assembling, characterization at CERN

Commissioning at CERN with Cosmic Rays

Cosmic shower evwnt Projection on Anode End Plate 2

ANERY RIS IR
e N AV LY

B @ 0 ELF LA P
= IR RS

Projection on Anode End Plate 1

0 i o~ e DU o g NSRRI = ;;0
~200 S — -"""'7‘.‘.160 8o 100 120
—-400 ) 20 40

Cosmic tracks interaction evwnt



Field Cage assembling, characterization at JPARC

Gas contaminationfrom Field Cage—- 02 and H20

New gas system (CERN) Cofftaminants |
Overallrecirculation JL I
flow ~ 500 l/h per TPC with 02 level drop below 10ppm after ~ 10 vol. exchanged - volume effect
overallfew % fresh gas injection H20 level much slowerdecreaserate - surface effect (Kapton)
= " il il -
l il
|'
! I H20 ~ 14ppm
il | Installed I ! PP
- ond HATPC |I |
IiW Wiy
1 month i \'I I 11
_ H20 ~6ppm T T
e i i_ H20 ~5ppm | | !Hli i | ;‘thl
H— | ki ""‘||| [
'|t | | i
i % S H |
b .ﬂr{i “Ail_ -_r[‘_"r-',: '-'7: "-' - I'*I 1‘"“‘“""' l ! -
\ J \ )
Y |

3oldTPC + 1 HATPC 3old TPC + 2 HATPC



Field Cage assembling, characterization at JPARC

Drift velocity
Start time

£ —— T, (bottom cathode)
3 — T, EPO
250}— — T, EP1

T (top cathode)

E —— T, EP2
200— — T, EP3

1501

100}

£ 500

400

300

Gas contaminationfrom Field Cage—- 02 and H20

End time

— T (bottom cathode)
e T rax EPO
e Tlms EP1

T as (top cathode)

Drift velocity in bottom HATPC: 7.769 * 0.005 cm/ps

Drift velocity in top HATPC:

7.772 £ 0.005 cm/us { Perfect agreement
with expectations

\
—




Highlights Field Cages

Mechanical - Building, assembly and characterization

mmm) FElectrical - High Voltage Insulation and Electric Field



Insulation issue In full scale FC prototype

“field strips ”
I I —

(Material ___ |[Thickness ~|: “mirror strips
— R R

Cu Strips on Kaptonfoil (electrodes) Cu17pum / Kapton 50pum / Cu 17um
“Coverlay” (strip insulation/ protection) Glue 20um /Kapton 25um .‘i
fﬁt.,.sﬂ fisnf il Px;{,?s{;ﬁgt!‘gf
(S xg%lir:;l"‘;lh:

Aramid Fiber Fabric (Twaron™) 2mm g ,,r{ a2l . 5
ch.e-« SiEth 755‘}55 i En,
\’ { {1 -%éf{ n’. i A xcl llr_" { { g.g{"i :“{"ﬁ‘

Current drawn by voltage divider starting in large excess wrt nominal

Innermost layers stack (firstfull scale FC prototype)

Current drawn by voltage divider starting in large excess wrt nominal
at power on and slowly decreasing to lower value but still in excess at power on and slowly decreasing to lower value but still in excess
I () Dhotin R = A4 I -
CELp ' time constant < decreasmg
v I"’M“" Tedae ‘wnh mcreasmg voltage J
Current decreasing Ty ™ 600s
Time constant Tioky ™ 60s

5V 9k | 0.80,4

40 | 4o § S
— 15 1 A g | |extra |ncreaS|ng ‘ : Steady currents
- g | non linearly // ;
T . 2 e 35 | th It // - ~ - e Extra cumrent
et | 25 lzs 45 |with voltage | y/ — .
T iy L //ng
tfm /Mu)
Extra current is internal — flowmg trough /in parallel to voltage divider Extra current is internal — flowing trough /in parallel to voltage divider
TS [ MYTETIN —




Insulation issue In full scale FC prototype

Innermost layers stack (firstfull scale FC prototype)

Matoral _ |Thoness |

Cu17pum / Kapton 50pum / Cu 17um

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

Aramid Fiber Fabric (Twaron™) 2mm

Strip-Strip Potential difference of the strips @ SkV

Voltage difference between Field strips (every 5 strips)
ie V4-V,, V5-Vg, V40-V44, ... V4 =anode, V496 = cathode

Behaviour explained
by either
1) Voltage dividér

:* resistors val not

'52.:“ uniform ajeng the divider
AALEYFYSTREEETR LR b or
7’ 2) current diverted from’

%MHS |FVe lenTen voltage divider
(drawn from strips)
ln+4 e def e
| P

more and more along

st half of the cage
m anode to
returned to

er (pulled by

s) in the 2™ half

hode

“field strips ”
I I —
~|: “mirror strips ”
— R R
x.m.qﬂ A

t*:m&fir« i e

\1- “\4 e

Measurement of Surface resistance of strip foil

(resistors removed) [

Bad HV insulation of Strips

[

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

! 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




Buried resistive layer & electrical model

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

A\r;ode Q@}b.Q@ Center FC Cathode
N
0 & A— -10kV
< . -
e Kapton 50um
l Q\<\ Q‘b (i

Kapton 25um - 9kV
Buried Resin

- 5kV

resistive impregnated ~ Glue
layer Twaron layer ~ Prepreg.



Buried resistive layer & electrical model

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

2) Twaron layer facing the coverlay featured surface resistivity O(1G/o) coverlay
_~ Kapton 25um

/ Resin
impregnated
— Twaron layer

Sources of “resistive” contamination

Both features could on turn be explained by the (resistive) ,on the
back of the strip foil (ie on the coverlay) after the strip Was Tixed on e mourd, T oraer 1o Keep the

huge foil surface (5m2) 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 and making it resistive}

(eg presence of water if epoxy not treated in"vacuarm arter mxing)




Buried resistive layer & electrical model

Center FC

Cathode
-10kV
; TR, Kapton S(ium

- 5kV =R apton SMm - 5kV

Resin /

impregnated ~ Clue
Twaron layer ~ Prepreg.

Buried
resistive
layer

Electrical model:
resistor network

strip of mesh one loop wide

N-t N7

After appluing HV after applying HV (eg -10kV) to the cathode, two phases:

1) Transient state: in time scale depending of 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 half convery current to the buried layer, while
mirror strips on the Cathode side draw currents from the buried layer



Buried resistive layer & electrical model

Anode '@}b.Q@ Cathode
Y < & — 10KV
kv @‘O:Qe - 3kV - 4KV - 5kV - 6kV - 7kV Kapton 5?“”‘
&
- 5kV ; oton P5pum - 5kV
=V —VVV | """"" W;VV;
Buried /
resistive i
e Center FC impregnated ~ Clue
Twaron layer ~ Prepreg.
Current ¢
Conveyed
by the -
buried E field degrading coordinate
layer lAspurlous voltage d|V|der IS formed In parallel to the relgular one I
Potential 1 E field degrading coordinate=
of the
mirror
strips

lThe electric field in the active volume is strongly non uniform

S




Buried resistive layer & electrical model

In addition, the coverlay Kapton layer may
undergo dielectric breakdown
especially in the Anode and Cathode regions

(large potential gap wrt buried layer)| ~°KY
Current 4
Conveyed
by the -
buried - — — — __E.field degrading coordinate
layer lAspurious voltage divider is formed in parallel to the relgular one

g
—

) 1 E field degrading coordinate
Potential A gt >

of the
mirror
strips

lThe electric field in the active volume is strongly non uniform

S




=> final layout, materials and procedureS s “mm  m—
fixed for the series production

50um Kapton

1

Key points to avoid failures ~50um Resin
- no resin contamination !!! Note: susually glues and resins are the weakest points 125um Kapton
- Interpose between strips and Twaron layers a “thick” layer of insulator featuring
- High resistivity p, > 10 Qcm ~50um Resin
- Dielectric strength > 150kV/mm
R 125pm Kapton
r ~50pm Resin

Final layout of the stack: minimal changes to design
» new strip foil w/ thicker Kapton coverlay 50um + 25um glue
(produced at CERN, gluing in vacuum with press)
« 3 layers of Kapton: 125um + 50um resin each
(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

I -
L el L T Tk L L peunm—

Materials: Same insulating materials (Kapton + Aramide) and same resin (Resoltech)

Production procedure and enhanced QC

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

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

* QC electrical resistivity measurements after each early step in the production



Highlights ERAMS

mmm) Production of 50 detectors and Operations experiences

Detector response, signal and impact on reconstruction



Charge readout — MicroMegas w/ resistive foll

Resistive layer enables Charge spreading Standard bulk-MM

— space resolution below 500um with larger pads

— less FEE channels (lower cost) mesh

— improved resolution at small drift distance ﬁ? Amplification gap: ~100um Té

(where transverse diffusion cannot help)

_V 7/)85

Resistive layer prevents charge build-up and hides sparks
— enables operation at higher gain

— no need for spark protection circuits for ASICs - ]
— compact FEE — max active volume ERAM . 5
= Encapsulated Resistive Anode MM
Resistive layer encapsulated and properly insulated from GND - — —_ __mesh
— Mesh at ground and Resistive layer at +HV ~128um Amplificationgap  MNEAB
— improved field homogeneity — reduced track distortions MI q
— better shielding from mesh and DLC — potentially better S/N _Vi"]tﬂﬂ 150 pm

%

First use of Encapsulatedv Resistive foil in detector for regular experiment j




ERAM module (88 ERAVIS per HATPC |

MF with
8 micromegas

Drift volume
+ field cage

MicroMegas
Resistive

MM-DLC PCB 7 ﬂ 1x FEM-II
IRFU / CERN 75 o < + backend TDCM
/' : ._ IRFU
Module Frame
MF with

.8 micromegas

Central cathode

~ | .\1'\

DAQ
software
IFAE

Al:‘?ER Test benches
IRFU Warsaw univ.

749

. 1 Very compact
. 4N . FEM-II cooling plate .
‘ AR 2N IRFU electronics
X -1l cards
MM Stiffener > :
IFJ PAN With cooling plates 1x PDC card
Lpnhe IRFU

36x32=1152 pads : 2 x 576 ch. FEC + 1 FEM2 + 1 PDC



Charge spread onjlow resistivity foil

resistive anode MicroMegas bulk MicroMegas

Charge Spreading 2D telegraph eqgn. solution ,

8 Mesh @ GND !

in O(RC) timescale ~ mms=ssssssscosees-ec-os . Mesh @ ~ -360V

Amplification gap: ~128um D€ (- 100 nm) TE y

R- surface resistivity

insulator ~ 50 11T —

C- capacitance/unit area Gaussian Spread glue 75,200 by
D _y[E0 100] o BCprnon e |
ot ors  ror ’ 2t
t ~ shaping ti 100 . . .‘ e
2t shaping time (Jew 100 1s) Final ERAM layout choice for series production:
s = |2t RC, - 180 Riya/m]
r RC ns/mm?2| — d[ m]
175 Considering pads of 11x10 mm? parameters

- 400 kQ/o DLC resistivity — low resistivity
- 150 pum thickness glue — Cyc_pag/gna ~ O(20pF)

— RC ~ O(100ns/mm?)

<1um DLC o0.4MQ/O resistive layer on 50 um APICAL

150 mm glue Trade-off optimal charge spread VS spark protection
34x42 cm? PCB with 32x36 pads (10,09 x 11,18 mm?) 2.21mm

4mm

TR Gain not affected by resistivity
P stiffener (transparency to induced signals is guaranteed)




ERAM Production - about 50 detectors

Crucial steps in production e PR Blecical QU

production

(CERN MPGD worksohp) L e
ILC foil resistivity tuning p ~
inealing @ 220°C for 2h PCB Thickness & flatness Q/C

+ optical inspection

Mechanical metrology
= 2,4 ’/’ 0,1 mm '~

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

DLC foil pressing

Resistivity in 4 measurement zones
360 +/-80 KQ on final detector

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

2) Gluing steps by Pressing
) DI_-C to PCB 36 x 32 metallic pads
- Stiffener to DLC-PCB Pad size (mm?) : 11.28 x 10.19

FR4 Imm thic

Detector metrology B)

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

S/

X-rays Test Bench [
(CERN, bld 182) 902
[0) é ﬁ Sgiffenlza/ — ener glueing
=1 c Mechanica c |
1) Qualify, characterize and calibrate | S Sf@ 81 | midce 1./ o3 P ERAM detector
. = mounting in test chamber (Laminar | !
all prototypes and series ERAMs gg g Eroningn test emeer ot 49534 cm?
T B Finol ERAM module Calibration in T2K gos 330-370v il X cm
Warsaw test benc ~r
2) support the development of ol I T
detailed ERAM response model [ Delivery of J O ilf HATRC @ CERY b 102 _
\/ [ ERAM module packaging &=

-



ERAM Series Production experience

ERAM-16 ERAM-21 -
\ 2] | 5
‘ I

| 10

g ! .

Lo 8 o= ) ;
— - 20
LD .

Amplitude mean Amplitude mean
0 5 10 15 20 25 30 35 0 s 10 15 20 25 30 35 ‘ -4 o

e = Wy
) ) X-axis ) X-axis ) 3 ¥ &
Mesh pulsing | before and after stiffener gluing g (N :

Aim: detectorgeom, R, C, defects (eg pillar detach),
stiffener gluingissues, electronic noise of finalized detectors with final electronic modules
Remote controlled station for scannig with mm step fine steps
Aim: QC and fine calibration in terms of gain, resolution and RC

X-rays Test Bench at CERN
WaS fu n d a.m en tal tO RC Map(ns/mm) | ERAM30 Gain Map from “*Fe spectrum fit | ERAM30

*Fe spectrum of 1 pad

¥pad

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

RC_,., = 114.3 ns/mm?

RC ion | ERAM30

2) support the development of
detailed ERAM response model

RC map of ERAM30 | e e Gain map of ERAM30




ERAM Series Production experience

- . ﬂ 1.8 -
Production step_s most painful S0 RC map of ERAMS on bottom HATPC EP1
(needed long tuning) . " i — ——
: : o [ """ nsimm2
1) Selecting DLC foil resistivity P - -
- Large variations from DLC provider |
- Stable values only after annealing

up 20% RC variation
over same ERAM

2) Gluing steps by Pressing \\

- DLCto PCB Ra= A
= Stiﬁ:ener to DLM R 3h/240°C baking sl ..

0.0 D

o 4 6 L]
m i ERAM with DLC-PCB gluing issue Gain map of ERAM OK
.,
- 2 Gain from Gauss fit (Fe peak) Resalution % from Gauss fit (Fe peak)
‘ DT 2200 £ 2
g 3 3 - ‘3 g 30 2 ¥ 0 o

. &) > 3
1 = 2000 20 8

S 25 = 5
18 8

. : e 20 16 & 10

o ke - i
: w* . B - 3, 2] " in
A - e .| . e 3 3 2
. - ) -
3 : : 1200 . 10 20 ¥ A o
e = ] 5 8 25 ] .
1000 ’
% % b A5 2 55 % 5 % s 10 15 20 25 30 35 0 ..I el . 0
Xpad Xpad 0 S5 0 15 20 33 ;W 3 R B | S - L - A Tk -
L I | Xaxis | B B | Xaxis

1um mesh-DLC gap variation => 10% variation in gain




10N experience

ERAM Series Product

c
‘©
O]

Istribution

ind

Ga

éé??@

TH98m

Bi-=-

Br-Nvy3
LF-AvVH3
Sr-NvH3I
St-vH3
FAYHI
Er-NVEI
Zr-AVHI
W-AvH3
Or-NvH3
BE-NVHI
BE-AVHI
LE-NVHI
SE-AVHI
OE-AVHI
62-NvH3
BZ-NVHI
LE-AVH3
9T-NvE3
rE-AVHI
EZ-AvVHI
LZ-AvyE3
0Z-NvH3
EL-WVYHI
BLAVEI
LI-AvE3
S-AvE3
S-Ave3
LG LEE]
El-NVHI
Zh-AvE3
L-NvE3
ol-AvH3
S0rAvHI
L0-WvE3
E0-NVHI
Z0-AvE3

L-NvE3

120 140 160 180
RC (ns/mm?)

100

80

8r-Nvy3

Lb-WvH3

9r-WvH3

SP-NvH3

Pr-NvH3

Glue thickness: 150 ym _

erWvya | " !

Zr-Wvy3

e lLEE]

OF-WvH3

Ibution

IStr

RC d

BE-NVHI

se-WvH3

LE-WvH3

9E-WvH3

0E-WvH3

62-NVH3

82-WVH3

LZ-NvH3

9z-NvH3

va-Nvd3

£2-NvH3

12-Wvd3

0Z-WvH3

6L-WvH3

LI-WvH3

9L-WvH3

SL-nvy3

tL-NvH3

EL-WVH3

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

T-WvH3

LL-WvY3

0L-WvH3

60-WvH3

L0-WvH3

E0-WVH3

20-WvH3

L0-Wvy3

_:_,:__:__:
o o

§ 8 8 8 §
(Jwwysu) oY

__;_:
j=]

&

(9%) uonnjosay

Lo-WvH3

100

> Lower and upper bounds of box:

—

(Q resolution)

Gain fluctuations

[Mean — 49%, Mean + 49%)] of distribution (98% of values within bars).

> Lower and upper bounds of bars:



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 agains sparks
included at moderate rates ~ O(1kHz) tracks crossin pads

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

Annoying aspects

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

ERAM assamitty (and siorage) n Clean Room Grey tent area In front of Ciean Room

ERAM @ test beam 2022 s
Very low rate of Y. fale—2n

ERAM stability »

- We have operated 8 ERAM — Gwor p
modules during ~ 7.7 days @ S curre nt eaks
CERN 2022 — Eans

> Intense beam activity

* One ERAM module was not ~
working during cosmic test 2
(solved by hammering on it)

10
* We have observed no major
issue 5
- The spark rate is between 0.8 l l
0 Il
joparen wmenesemaven wmesssameer el OT

I ||

2022-09-09  2022-09-10  2022-08-11  2022-09-12

and 1.7 per day (higher than
2uA)




Highlights ERAMS

Production of 50 detectors and Operations experiences

mmm) Detector response, signal and impact on reconstruction



ERAM detector response — Signal formation
How does the signal look ? point deposition for example

Charge deposited punctually
on a pad (X ray)

Electronics response
Waveform sum
leading pad Wf
— 1" neighbour Wi

2* neighbour Wi

3" neighbour Wf

2000

1500

Signal amplitude (ADC)

1000

500
ADC signal : max 4096 counts

Time window of 511 time bins . HEL%

Time bin (typ.): 40 ns (25 MHz sampling)
Peaking time (typ.) : 412 ns

/
[

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

time bins (40ns)

Leading pad: highest and earliest signal _
= current induced on pads from by avalanche, be lons signal (z@s 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”)—




Reconstruction of charge deposition

Waveforms of a punctual deposit

primary
! e- cluster —— Leading pad
~ Sum of waveforms 3x3
i
600 = Sum of waveforms 5x5
e e e e » Dirac Pulse Response (DPR)
avalanche
Q diffusion «— —_—
400

insulator ~ 50 [IM
glue ~ 75-200 um

ADC count

200

0 500 1000 1500 2000 2500 3000 ‘
< 4 Time (ns)
&, \f@
' & Becovering information about deposited Q is not trivialj
/4 / ’Dg)
% 7?7 e Within our electronics shaping time scale
e & in primary pads, the signal of ions is «diluted» by the signal of charge spreading

I- => Need combinig information of all pads (primary and secondary)



Reconstruction of charge deposition

primary
! e-cluster
i

H B E F FE EFE S EEEEEEEEEENm
avalanc

Q diffusion «—

insulator ~ 50 [IM
glue ~ 75-200 um

Becovering information about deposited Q is not trivialj

> . / Charge on DLC spreads along any direction including track direction
( Z // A: «longitudinal correlation» across primary pads within our electronics shaping time scale




ERAM response — Signal formation model

Main ingredients

In the time scale ot our shaping time O(100ns)
Charge spread is properly described by

LSqutions of 2D diffusion eqnj

amplitude [V]

primary 1

e- cluster

,2 |-' ,2 ,2 |
::»(Q p__1 I(Q ,(J+E° 0

. CS . 2
RC |2 - with RC:F in s/m
ot 0 X 0 Yy)]

H E E B E RS EEEEEEEEEEN -
avalanche
:! Q diffusion «— —_—

.!’

w_t |

w

flt;wg,Q)=e "'+e *?

20-1

V2o+1 ™

2

ws—1/Peaking time and Q quality factor

Ve =-350, Va = 460

0.004

0.002

-0.002

-0.004

-0.006

-0.008

Avalanche signal
measured

with fast electronics |
on bulk micormegas

lons signal (slow)

.014

_llllllllllwllHlllllIII|II||I|I|II

. ® Electronsignal

| ESFYNT WU TSN [GIN RUPIOON FIY N |( YT S SO ) TNV GNPV [N YNOY CHPY QT P (TR

-0.1 -0.05

( (toofast for our
shapingtimes)

O

3 [Electrical model of the sensor

Note: of course gas transport properties
(L, T diffusion) have to be accounted for



ERAM detector response — 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 1D or 2D telegraph equation in order to
1) diffuse template patterns charge on DLC

2) calculate the overall expected signal waveform per each pad and
3) find the best matching with the recorded waveforms

Its computationnaly heavy => different approximations are used for different analysis
some examples — lllustration algorithoms and TPC performances

1) X-rays analysis — ERAM characterization

2) Measurement of dE/dx — Particle Identification

3) Track reconstruction — momentum measurement



Reconstructing x-rays

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

hugh o -rlcow 0 Uhngh Yiow — Y0 QTN f1 QTN f1 Q_TAN 11
Qpaa(t) = [ f(f (’)) f( V3o () ] [ rf(- f%(!) f(f m)]
2t :il 'el :i.: 1"
O *Vre . S At
» Obtained from Telegrapher’s equation for charge diffusion. w R 7 P L O
> Integrating charge density function over area of 1 readout pad. - o Lesd .
» Parameterized by 5 variables:
< } Initial charge position - o]
%X k2 . X
e e PR ettty

» t_: Time of charge deposition in leading pad

; e s oo oams
* RC : Describes charge spreading o - s s (R ]

- Q, : Total charge deposited in an event ot o
RC = 60 ns/mm? h k|
___________________________________ 1 Q=4e¢ "] £
' X.» X.: Upper and lower bound of a pad in x-direction | s ol o |
| ¥, ¥,: Upper and lower bound of a pad in y-direction | o ‘ - i
____________________________________ - L 0!




Reconstructing x-rays W templaes

Current induced on a pad dQpad(t) / dt I 3 |

to be convoluted with : IREERRNNES ISEA! BEis
electronics transfer function R(t) CTOT YR Y
dQ/dt ® R(t) = Q(t) ® dR(t)/dt ) 3 ;

Q(t) ® dR(t)/dt is more practical Z P

e i (4004 - e e
Bomom-Left neigh. Bonom negh Botiom-Right nevgh
g 2.
§ H i
| 4 | By £
£ 5
] ? e 3.
3 2 &

WF fit against templates ieemunsay e

Top-Left neighbour Top neighbour Top-Right neighbour o b (o bdadn, Soobin Hne

g g g
Simultaneous fit of waveforms of
Leading pad + Neighbouring pads
& e ,,_/\ .
to get the best 5 parameters S — ) dewwrpzel e, EEEEE)  Results about Gain and RC
Left neighbour Leading pad N Right neighbour
?‘g,m_
y XO oo oas gz g ‘E 180:—
Initial Charge pOSItIOﬂ 5 of :,j L% E Meant= (279 £178)- 1'e
2 A = 0= Meanz = (1207 £158) - 10'e .‘,w"
* t,: Time of charge deposition in leading pad ke ERTLES ok
2 . Bottom-Left neighbour Bottom neighbour Bottom-Right neighbour
* RC : Describes charge spreading gf §f gf
+ Q, : Total charge deposited in an event i i i
IR TS WL RN v i TR , i id id
| x., X : Upper and lower bound of a pad in x-direction | § P b
¥ hipbeoand lwerhoed of a.pad I yeiregtion, | = e e




X_ rayS —> RC & Ga | n maps X-ray conversion position is also fitted
=> accurate maps of Gain and RC
Use for calibrartion of top and bottom HATPC ERAM GAIN _ o
Use for detailed stiudies of charge

ERAwor diffusion and ERAM response
at fine PAD position level

[ T

RC (ns/mm?)
E<

$83:B8E28838

pad

Indications are that the lower resistivity
the better performances (eg space resolution)




Reconstructing Q along tracks — dE/dx

Simple method based on OK for almost H & V tracks S e e B L
Sum of waveforms(t) (SWF) N 3, Dol e

over pads in a cluster Q missing for inclinded tracks o

3 400
DESY21_phid_z460 Entry 25 Event 48 Display dE/dx estimate in each cluster of Entry 25 E
k]
f E 1 T
30 37
- 3500 Q 1 200
25 — a00 & |
|
20 = 2500 5 | 0
2000 4 : Highest dE/dx fluctuations
5
1 S um -~ . 1 to be truncated 0 500 1000 1500 2000 2500 3000
Time (nel
10 1 A \
Waveforms Cluster w2
5 Normalized dE/dx for clusters (p=42.2° | d=-0.0 mm | RC=120 ns/mm? | z=500 mm) -
(SW F) 500 ! 800 —— Central pad
} : | ; . —— Diagonal
%% 5 10 15 20 25 an i O 500 1c-:|m 1500 2000 2500 3000 3500 4000 i o e Deposited charge
A Of WFSlenglh in cluster [ADC counticm) S .
600
1. Clusterize the pads into 3. Truncate the clusters with o for
: . . ik \ £
slices and sum the waveforms the highest dE/dx (top 30%) IUStLaLTPCE' §
. . . . = Y
in each slice to get dE to get rid of fluctuations vert <
200
\/—\ 0
2. Get the track length in 4. Get the mean over 0 500 1000 1500 2000 2500 3000

each cluster to get dx remaining estimates dE/dx



Reconstructing Q along tracks — dE/dx

LMethod of «crossed Pads» (XP)

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

1) LUTs build from model: original Q is distrubuted linearly over the segment for each XP
so that solutions of 1D diffusion equations can be used

1200

1000 4
800 1

600 1
’ 400
.--"'"-:.-_ b
L — L v 200 4
e i ﬂ‘
¢ -200 . ! : : |
----- 0 500 1000 1500 2000 2500 3000
Time (ns)

=)
ADC count

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

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

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




Reconstructing Q along tracks — dE/dx

@ding the rescaling ratio Q/A ratio 4D LUTs via model J

Track position

cEee

ADC count

ADC count

ADC count
= B 8

ADC count

v g B

. 5 §

Waveforms for an inclined track (

I

¢=18.8° | d=4.1 mm | RC=69 ns/mm? ‘ z=415 mm)

impact parameter d (min)

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?2

Q**/ADC,_,

-1.75

-1.50

1.25

1.00

0.75

0.50

0.25



dE/dx preliminary results

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

resolution [%6)

12

1

10

Resolution vs ¢ angle

= N R B LA A { WF
E Vertical | Diagonal
- cluster | cluster + XP
3 ¢«
= . = &7
3 B y . :
3 JllE
3 |~ -
- 7= =
: = =
= 4 =
E | 1 | / | E
o 10 =2 3 & _
¢ angle ()

m Resolution a/uy ~ 8% and stable

m XP gives better results at diagonal angle

mean (ADC count)

Mean vs ¢ angle

12Dﬂ_l 'I T T T T T T T T I T T T T T T T T I } WF
C Vertical | Diagonal
1100~ cluster | cluster + XP
1000f— N
Q'DID: . . i
- & ] E . A m . ]
800[— N
700 —
Buﬂ'_l I 1 1 1 1 I 1 1 1 1 I 1 ] 1 1 I 1 1 n
0 10 20 30 40
¢ angle (%)

m Flat distribution of dE/dx across @ for XP

m Slight sink with WF_ _for diagonal clusters
(compensated by correction function)



dE/dx preliminary results

[dE/dx (160cm long tracks) — XP method on Test Beam data (CERN PS T10) j
g Bethe-Bloch for different particles - " Mean UE Energy wrth KP me[hgd
2 Fitting range LT E 3 [ T T '| T | T T T | T T T | T T ]
. '3 [ ¢$e Orr A
N — b b
- 1 E [ .
"Energy (Gev) : :
2 —
Resolution vs energy with XP method i o a—)
g o711 71 T " 1 ] ] N 4
E R + et S ot . 1.5— ]
E | 0o a [ ]
- 7] i~ |
? :— _: QE B 1 L | 1 1 L | 1 ] 1 I 1 1 1 I 1 1 1 | 1 [ 1 B
B - 0.6 0.8 1 1.2 14
- 1 N Energy (GeV)
6 T -
- + T $ . m Resolution < 6.5%
5(— + . + - (except low stat)
4: 1 1 I 1 1 1 | l 1 1 | l 1 1 | l 1 1 |. | 1 :

0.6 0.8 1 i 14 m e stable < 5%
Energy (GeV)



PID preliminary results

Ee/u separation @ 1.5 GeV — Test Beam data (CERN PS T10) 7

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

dE/dx 1.5GeV with XP Separation power dE/d 1.5GeV with XP Separation power
g RESIDEN snonseISGeV H T ‘
§ 0.18)— S(e |],1) 335+0086 EE,',:, ‘ ~g 1 g F ' S(e | ) 629*0236 positrons e 1.5GeV H
5 : 1ot 1488/ wr-m 3 o35 4 ks o o
¥ 0161~ Constan 43480404 = 10070:00 ° - £ v/os it 1 -7
£ - Meen ess:18 H 3 - Constant 1.7376+04 = 6.6750.02 [
2 014 s 6534+ 129 [ € 03 Mear 5
- I muone u* 1 8Gav_ H o - Sig=a 3384 + 169 [
0.12f— T TE—y ‘Tfons" 15Gevﬂf 025 muons p* 1.6GevV__H
- e 20778 ] -t - | Entries 798 H
01— sant 41650404 £ 93370.02 [] p - ol 516402 [ -t
E O: g ::Z C: H 0.2— ;r';,:m 1.3780404 = 55350.02 [] p T
0.08— Sigma 5084 H - Mean 577 4
. e o — Sgma 2396 +104
0.06 - u* 1.5GeV 0.15}- H
K 5GeV H p u+ - ] | b 1.5GeV H
0.04— —e*1.5GeV { i 01— H il
—_— E —e*1.5GeV { p-u*
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Reconstructing tracks — trajectory fitting

L R -
* logQ method to reconstruct position in each cluster ol | J:_
« Helix fit performed on those reconstructed positions N

dx = fllog(Q,/0) or l0g(0:/0,)

E:ull 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)

Q per each point is a free parameter e
3) diffusion model to predict the waveform generated by point charges in surrounding pads L
4) Move all points along the u axis to minimize the chi-square obv Qsz)z

difference between measured waveforms and templates Z Z
using RungeKutta method to fit (uO, du/dv, g/p, t0, dt/dv) i(pad) j(timebin) o7 J



Reconstructing tracks — momentum resolution

c,/p Momentum resolution as a function of track drift distance -- simulated 700 MeV/c muons
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Conclusions

Two new TPCs have been just installed in ND280 at JPARC
- Very stable operations in commissioning and technical runs
- Ready for neutrino beam ... starting today

Field cages
- High ratio active/passive volume
- Highly effective insulation & E field uniformity

- Low resistivity & optimal charge spread & no sparks effects
Series production allowed several detailed studies
- New algorithms for square pads exploiting detailed response model



Additional Material

LPNHE
Politechnika @ I N F N

\Varszawska PADOVA

Elrfu IEA == BAR NAPOLI ROMA|

BN MMAEE | /50RATOR Naz LEBNARO




Near Detector impact on Osclillation Analysis

L1 Migral Yo

TPCs

ND280 magnetized detector

Select interactions in FGD and measure muon kinematics in the

* 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

FGD1 v, CClx Np
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ND280 limitations

B, [°]

o
m
T

BOOD 1000 1200

P, [MeV/c] 0

1400 '..|...|..|.|..|.|

1000 P.'Iumanmmp {Eﬂw]

* Improve angular acceptance v

» Better reconstruction and usage of the hadronic part of the interactions!
* Currently samples are selected according to their topology (Ort, 111, 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

-= TOTAL

* Fwd

* Bwd

* HAFwd
HABwd

« CS_FGD2
CS5_ECAL

.) but the kinematics
of the hadrons is not used in any way in the constraint on flux and x-sec systematics — plenty of ™}
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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 or
stopping in SuperFGD

p
= : E e | i
1

—— Muons in
TPC only

———— ——  Present muon

=

ND280 Upgrade
Current ND280

0214 e

L] o selection in ND280

1 -0B -08 -04 -@2 O B2 o4 08 o8 (N -
true cos 8

T[T [T I [T T[T T[T T [TIT [ TTTT 77T
TR IR INNT CRTRIATeed FRRTd ITAR A FRT e FORTd VAT

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

[} ;I s

« 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 —o 1600 _. 0.8
ﬁm}n 0.7

1200 0.6

* Improved PID performances thanks to the high granularity 1000 05
and light yield 800 0.4

600 0.3

« Neutrons will also be reconstructed by using time of flight 400 i 02
_ . . . L 200 i 0.1

between vertex of ¥ interaction and the neutron re-interaction in o . PO 8.0

0 200 400 600 800 10001200140016001800
the detector Phys.Rev.D 101 (2020) 9, 092003 E,. [MeV]



Mantle resistance

Distarsione B di mantella

00025

00020 4

00015 4

Dhstorssone [Cm]
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00005 4

0 000 -

LI 0 &0 & = 4 100
(istanza dall"anode [cm]

Figura 4.2: Spostamento lungo R del punto di arrivo di un elettrone causato da una resistenza R, .0
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).



ERAM Production

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

- about 50 detectors

Halog. Free FR4
Thickness selection

DLC foils
900 +/- 150 k2

{ DLC foils (be-sput Cie)

Resistivity map

[ Pyralux PC1025

Mesh stretching
Visual Q/C

PCB production

DLC foil resistivity tuning
Annealing @ 220°C for 2h

DLC foil pressing ]_

Bulk micromegas Mesh integration ]

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

PCB Electrical Q/C
Automated test bench
No defects )

PCB Thickness & flatness Q/C
+ optical inspection
Mechanical metrology

2,4+/-01mm >

"

Resistivity in 4 measurement zones
360 +/-80 kQ on final detector

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

All pads grounded, I < 20 nA

(N

X-rays Test Bench at CERN

was fundamental to

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

ERAM module

2) support the development of
detailed ERAM response model

production

Delivery of
ERAM Modul

e o~ >
Y 1t @
o - =
et 2 3
& >
e l

1 . g : >
Final Polymerization and bak
[ Mesh procurement ] [ Liact aic ] >
Detector metrology
Connectors wave soldering (216°C) Stack thickness : PCB cut in 2 zones
[HYROSE W‘“’]"/_‘[ Glue thickness : 150 +/- 5 um
- - Detector : 340 x 420 mm +0/-0,2 mm
[ FR4 1mm thick cover [ final cutting Detector bending < 2 mm v
Delivery of ERAM detector
ERAM detector + FEE pedestal map + « mesh pulsing » /
Cartography of defects B
Stiffener Stif fener glueing Pedestal runs
Mechanical Q/C < 4 dead channels (<2 side by side)
340 x 420 -0/+0,1 mm
Thickness: 14 +/- 0,05 mm ERAM detector FR4 cover removal
& mounting in test chamber (Laminar flux) i Total thickness =)
Mechanical metrology (with 1 mm cover)
Final ERAM module Calibration in T2K gas (330-370V) 17,6 +/- 0,05 mm
Warsaw test bench e Gas tightness Q/C =
55Fe pad scanning, with Automated x-y stage and final FEE
Batch of 8 ERAM module caracterization with cosmics 'z 7 ) ™\
On half HA-TPC @ CERN bdg. 182 Final Calibration Data
pad per pad and global calibration
Gain, pad response, cross-talk

[ ERAM module packaging ] \ 55Fe spectrum, spatial resolution ]




Field Cage assembling, characterization at CERN

Gas contaminationfrom Field Cage — othercontaminants

Analysis ongoing aiming at

EvaluatingiN2 contaminationin TPC Ana|ysis of gas Composition during cosmics
Confirming ©2-and HZO contamin

HF eontamin ‘ testin May

i 1 1 .
biv) 0¥ . . . .
mpe— el | w‘ More accurate estimates ongoing
ol K

e * N2 analysis G—-
b A Q HCl acid
g e * Evolution in time of components

B ey 1 et VL e Ly ———————

sistent with ratios found in literature | Z

Main componensts - multi-peaks ¢

* H20 (+ HO) contamination*2% —> cinsistent with other sensors (Vaisala)

* 02 peak below sensitivity - consistent with ppm level - need further checks

-*( No HF acid a}parently (below Ar++)



Gain ratio

Gain ratio

ERAM Series Production experience

Effect of gas density on (gas) GAIN

Timeding of 1 scan

D020
L

Ratio of TP

Timgling of 2 scan

Timakng a1 17 aean

20081 L]
1SRRI SRR

Relative humidity ditf. (% points)

0 B OO
20RR0EE

Timeline of & scan

Effect of humidity on (gas) GAIN

Ypad

Fine grain scan

GAIN as a function
of Pad position




ERAM detector response — Simulation

Use of the model for Simulation of charge deposition in events
Where additoinal ingredient Is noise detailled modeled

One record
T,=412 ns

F.=25MHz %

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

5 \
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BRI “ "
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\"

Tp=412ns

Fs = 25 MHz
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4 — FFT of one pad for one event

Mean FFT over all the pads
and all events

+- one RMS of the FFTs of all the pads

and all events

103

106

Frequency (Hz)

107

Dominated by

 frequencies lower

than 1 MHz

=

The spectrum can be fitted
quite decently with a
“simple” analytical function

2

+| AT Hyp, () +A2




Reconstructing tracks dE/dx

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

resolution (%)

dE/dx: Resolution + WE
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m \Very good agreement overall

m Better resolution with XP with diagonal
tracks
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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 WF_ _is not suitable



Reconstructing tracks — pattern recognition

15':%‘
F aml
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« 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

!

-




Reconstructing tracks — trajectory fitting

£ . :
g N Work in progress
*MC —
- * -E—E'ME_ I- calbrated data
E “ !, % 13;— . MC E
055k v ! ' E 12f dE/dx resolution E
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3 “E ;! ¢ "I E Al .
oasf-| ¥ oy L .
¢t ! 10f h
0.4 : .
o i -
o F }y 1 d
B I + ; ! -
Spatial resolution Pt E
~500 pm with muons
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T2K gas properties

Diffusions (um/Vcm)
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