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The T2K experiment and the role of ND280
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The ND280 experiment: the upgrade
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ND280: the upgrade detectors

Scintiliator 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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N2 80 upgrade conpATeRE& di!n sTtogl | ed

Upgrade Detectors before Side TOF Installation
(North)
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ND280: upgrade completed! Top-HATPC installed in the end of April 2024
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The ND280 experiment: High Angle TPC highlights

A The HATPC detector
A A short introduction

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

A HATPC performance
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The 2B xperi ment : HATPC 1 ec

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

(neutrino energy) + field cage

MicroMegas
Resistive

MF with
8 micromegas

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

Space resolution O(500 nm) Fodile Frome 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
Drift length 1m
Central Cathode @ -27kV
E field unif. < 102 @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 ~ 1x1cm?
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HATPC, an overview on the main elements

~1.8m

~ 0.8m

HATPC in two half FCs
Central cathode

Two End Plates (Al)
8 Readout Modules each

To Too T T To

Inner surface

DETAIL B
SCALEBO: 1

Wall thickness
~40 mm
~ 2% radiation length

Alu (shielding)

e T ] l“

Double layer of strips on Kapton foil

Dimensions = 5m (inner surface cage perimeter) x 1m (drift distance) g .

Resistors soldered on the inners surface (contact Mirror strips by vias
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Looking for defects on strips
and strip-strip short-circuits

and repairing them

“field strips " N
[=—————— =

/" “mirror strips " =
i -

Produced at CERN EP-DT LAB

oL

Soldering voltage
divider resistors

[ ,«"l Measuring single resistors

Due to
resistor
selection,
resistance
values show
rms

better than
104

relative

T e N Yo

<

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

Simulation
Electric
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near walls

Vi
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5.1MY
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HATPC, Electric Field studies, work in progress

The HATPC geometry has been integrated in COMSOL i Multiphysics

Detailed Electric Field maps have been computed
A fed to the reconstruction routines of ND280 software package
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Electric Field deviations from the
ideal condition are present along
the cathode and anode edges

A Introduce distortions in the
reconstruction of the track
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The ND280 experiment: High Angle TPC highlights

AThe HATPC detector
AA short introducti on
AEncapsul ated Resistive Anodel|l Micromegas ( EF
ATheeal icafatFBEB®RAM sensor s
AThe ERAM characterizati on
A Detector response, signal
A HATPC performance
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ERAM: MicroMegas with DLC resistive foll

Resistive layer enables charge spreading moch
Y space r es 0300nnwithtargdr paddso w TRy
Y less FEE channels (lower cost) BT '“p' cationgap: “00im: B
Y i mp rreselaion at small drift distance \/ %
(where transverse diffusion cannot help)
Resistive layer prevents charge build-up and quench sparks - mesh
Y enabl es ohmgeergaini on at ~128um Amplification gap | AEAB -
Y no need for spark protection circuits for ASICs rm T
Y compact FEE Y max active _Vin-ltor:150m Id

7

Resistive layer encapsulated and properly insulated from GND

Y Me athyround and Resistive layer at +HV

Y i mp rfeldlocogeneityY reduced track distortions
Y better shiel dingY goremialy beteesSN and DL C
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ERAM Modul e

br eakout

MM-DLC PCB
IRFU / CERN

16x
AFTER
IRFY

MM Stiffener ‘

IFJ PAN

2x FEC-Il cards
With cooling plates

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

1x FEM-II
+ backend TDCM
IRFU

DAQ
software
IFAE

Test benches
Warsaw univ.

FEM-II cooling plate
IRFU

1x PDC card

MF

Drift volume
+ field cage

MicroMegas
Resistive

Module Frame
MF with

.8 micromegas

8 + 8 ERAMSs per HATPC

with

8 micromegas

Central cathode

a Very compact Electronics

parallel to the detector

IRFU Readout FCB

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 x 42 cm® 34 x 42 cm®

34 x 42 cm?

Pads 48 x 36 cm? 32 x 36 cm® 32 x 36 cm? 32 x 36 cm?
6,85 % 9,656 mm* 10,09 x 11,18 mm* 10,09 % 11,18 mm® 10,09 x 11,18 mm®
Number of pads 1728 11562 1152 1162
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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

op _ @, 1ép - (7, 1) = RC —r2reran
ot ars  ror
t =~ shaping time (few 100 ns)
_ |2t 180 Ripa/m]
Oy = RC Rc[ns/mmzl -

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?)  2.21mm

v

Mechanical

«——+— DLCHV@ ~400V stiffener

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
|

tz

FR4 PCB

/NN

Final ERAM layout choice for series production:

FR4 PCB

Considering pads of 11x10 mm? parameters
- 400 k YI/DLC resistivity i low resistivity
- 150 mm thickness glue i C ,ag/qna ~ O(20pF)

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

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

INFN ;I'_gliz\ 20.02.2025 XVI 1 29Q6 FlelbohFeB1 RO2B en Vienna, Austd
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ERAM production ~ 50 detectors

~
Halog. Free FR4 : PCB Electrical Q/C
{Thickness selection}_'[ FC8 production Automated test bench
§ No defects v
e [ DLC foils ] % DLC foil resistivity tuning
S < 900 +/- 150 k2 : b-acleo @ 220 £ PCB Thickness & flatness Q/C
= g x + optical inspection
3 DLC foils (be-sput Ci Mechanical metrology
3 8 Resistivity map 24+/-01mm >
CI’ ucil a I ste p S I N p rgo d%-l ” pyralufbeibbs \ ) Resistivity in 4 measurement zones i
‘ ' 360 +/-80 KQ on final detect
( CERN-DEP MPGD wor ks Igolpy) | [, . i
-~ esh stretching
@ [ Visual Q/C Global Current Q/C in « dry » air @850V
© 1 All pads grounded, I < 20 nA
1)Sel ecting DLC f0|§ S Meshocfirenten \
1 I = = Stack th?celz::;s“ l"ng ':::fo?vy\ 2 zones
- Large variations| #r bhdse Gonecto brneiiat bl G
¢ Detector : 340 x 420 mm +0/-0,2 mm
- V a I u e S t a b I e a f t e r hick cove Detector bend.ng;?mm j

s

2)Gl uing steps by |Pir essin
- bDLC t® PC

ERAM detector + FEE pedestal map + « mesh pulsing »

) f .I: Stiffener . Stif fener glueing
- Mech I Q/C :
St enerCBi o DLC o . ERAM detector
Thickness: 14 +/- 0,05 mm ERAM detector FR4 cover remove |

& mounting in test chamber (Lummar» A

2 42x34 cm?

Final ERAM module Calibration in T2K gas (330~370V§

Warsaw test bench =

55Fe pad scanning, with Automated x-y stage and final IS8

Batch of 8 ERAM module caracterization with cosmic
On half HA-TPC @ CERN bdg. 182 »

ERAM module
production

CERN NPO7 lab.

[

Delivery of
ERAM Module

\/ [ ERAM module packaging A
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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
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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 1 1';“‘:0 e ¢ 5 D 55 20 2 % 3 XV | RC map of ERAM30 | 02V e n Vi e Gain map of ERAM30

X-axis

1400




ERAM Seri es product-nayn

: . | — ] = s,
Production step_s. tough! — SRS RC map of ERAMS on bottom HATPC EP1
(needed long tuning) . L7 g e M —
1) Selecting DLC foil resistivity P

- Large variations from DLC provider |
- Stable values only after annealing | '~

up 0o
\ over

2) Gluing steps by Pressing N T W |
- DLCto PCB Sy
= Stiﬁ:ener tO DLmB\ B 3h/240°C baking

. .

\ERAMWith DLC-PCB gluing issue Gain map of ERAM OK
2 g - e & - —— ~

ERAM-15

6 30 "E
1400 | ey :; i;} 0 51)
1mm mesh-DLC gap variation => 10% variation in gain LI .

19

;
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ERAM Series production experience: X-ray scan
the importance of the (fast) QA

Gain maps of eight ERAMSs tested together in a field

cage prototype

~ - 8
B - Buffer foam

Copper mesh

T T 1 1 1
' II—I 1y n #l\\

EEEEE

..: 'y . ¥ L |

. Buffer foam
" DLC foils
©_pce

-~ _~ Copper
-~ Soldermask

Buffer foam

Buffer foam
DLC foils
PC

LY. VL. LVULO

A map of -ugnaifrornmoint'y within
relative shift of the mean

bottom, |l eft or right region
mean amplitude of the pad
3 ®

Soo~ o OGO OD POV TOOPEG RGO OH
= " «

0 5 10 15 2 25 30 35

Paa X

DLC pressing on the PCB during detector assembly
resulting in the non-uniformities observed on the 2D gain
and energy resolution maps

A The solder mask is removed and replaced by the

copper mesh.
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Gain

ERAM Seri es production: a

Resolution (%)

Gain di st3S\Wbut | 5 N
- e
al n | S t3rbi uti on @ 8
2400 1300:_ IR
- ®
= ] o X ¥
1300;— 1500§_ .
1600 == 1400
1400 — =
1200 — :.
= 1200 —
1000 —--- - - -
P i N N I U N N N el I Y Y O N N S S L1 [ 100~ { | i { | I
s e = [ ) T w © M @ -] a5 - [ =l 1 1 1 L 1 1 1 1 1 1 1 1 1 1 L1 1 1 1 1
Pif3iifi:iiifi::3:311f$711@1¢71@13231:33§13334 00 0 40 160
§ § § 6 5§ § § ¢ 6 8§ G G5 6§ 5§ 6 § F G & B K G B B EGC G G EGE G B8
RC (ns/mm?)
16— _ —
“E ¢ -— RCdistribution
12— 2 180 — o
: 160 — Rt
10— = {

- 140 — - = i

C = L-I P E = -

L g0 bl S O A i0i
5§88 8 2% % 322?85 8 3 85 8888588837 % 9% 3% % FOR
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
§ & & £ £ £ £ & £ & & & f £ £ £ f & E £ 8 E f £ fT £ £ £ & £ 8 8\8 & & &

T LR B R
! DLC resistivity = 500kQI] i

1
> Lower and upper bounds of box: [Mean — 25%, Mean + 25%] of distribution (50% of values within box). | Glue thickness: 150 ym _

> Lower and upper bounds of bars: - [Mean — 49%, Mean + 49%] of distribution (98% of values within bars).
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ERAM Assembly and Operation experience

A Optimal chargespreadY uni form respons
(combined with C ~ O(20pF/cm?)

A Fast Q removal and Effective Protection against sparks
iIncluded at moderate rates ~ O(1kHz) tracks crossing pads

A Leakage currents at level of few nA in normal conditions

Low resistivity]af@latnearglHeatdrésk Y |

(no beam)
ERAM @ test beam 2022
: sznhsat\?ebgggatedsemm 7w O0.@B2sparks/ day
modules during ~ 7.7 days @ » — nawon
CERN 2022 -

- Intense beam activity

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

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

Current [ua]
] 5

and 1.7 per day (higher than
ZUA) 20220902 2022.09-03  2022:09-04 20220905  2022-09

2022-09-0:
.

Challenging installation
; aa.tr.oss pad
conditions

ERAM assamitty (and siorage) n Clean Room Grey tent area In from of Ciean Room
large entrance for enhanced dean condtions

Y high sensitivity to dust
Y | 820 level (100ppm) before HV on

[ | Y Confirmed by the detector operation at T2K
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Amplitude in dB

Amplitude in dB

Nol s e: st abi

60

55

e S \MN\

45
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55
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45

40

35
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25

20

Comparaison of averages for each Eram

Sept 23 . .
+15 Erams are quasi-identical

*One Eram singles out;
\ Eram 27
double layer of glue
= Higher capacitance
= Higher noise

RMS of the ADC distributions
in Eram 27 is 7.0 against 6.0
for the others Erams

|

Mod 0, Old data L

1

5 6 7
L 12 Frequency18-iz)

Comparaison of averages over all erams of a module

Mod 0, Old data

i
Mod 0, New data e
Mod 1, New data

Amplitude in dB

Ity of the |

Comparaison of averages for each Eram

June 24

35

S0rF Mod 0, New data

25
20—

- I L e -
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

A the excellent uniformity of the electronics and of the

mechanical definition of the glue layer driving the detector

capacitance

1
5 (& 7
10 10 Frequency18—|z)
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ERAM detector response i Noise model

Previous conclusions supporlt eidn dolyu d ence Sinnniut$ haet dMan
charge deposition I n events

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

\ 60 -

15 . "L Dominated by
N T.=412 ns frequencies lower
One record e I \ . u
T,= 412 ns * b “ Fs =25 MHz 50 - ‘/ than 1 MHz

v
————

Fs =25 MHz

ADC value

’! " “ y’i ‘
| "' ‘1 ' ‘M‘“n ‘n‘f .’ \ ]
"‘1 | ”» li + a ! "'r'f‘ l

\
o |

f f | | ‘
‘ n }'I‘ ‘\’ |

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

Amplitude (dB)
&

8

—— FFT of one pad for one event

Mean FFT over all the pads
and all events

20

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 -
12|+ AN Hoper (P + 43

Cﬂ thm@ {h




The ND280 experiment: High Angle TPC highlights

A The HATPC detector
A A short introduction

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

A Detector response, signal

A HATPC performance
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The ND280 experiment: High Angle TPC highlights

How does the signal | ook ? Point deposi

$) - Electronics response
Charge deposited punctually < 2000 ——— Waveform sum
~ leading pad Wf
on a pad (x ray) § B — 7' neighbour Wf
S _ 2% neighbour Wf
E 1500— 3" neighbour Wi
[ _
S B
. w -
1000—
500
ADC signal : max 4096 counts N
Time window of 511 time bins B Pk %
Time bin (typ.): 40 ns (25 MHz sampling) O -L,IL::__| =
Peaking time (typ.) : 412 ns B | | | | |
160 180 200 220 240 260

time bins (40ns)

Leading pad: highest and earliest signal

t current induced on pads from by avalanche, ieionss i gn al (as el ectronsod6 signae
Adjacent pads: lower and later signals

t current induced by potential field adjustments after electrons are collected by on DLC
(current i1 nduction by fAcharge spread on resistive |
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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

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)

e L 2/V O r
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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 sig

<
v
[
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ERAM response i Signal formation model

Ve =-350, Va = 460

.. : s
Main ingredients 5 o
In the time scal e 100i0spur shapi no
Charge spread is properly descox

-0.004

Solutions of 2D diffusion eqgn.

-0.006

-0.008
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Avalanche signal
measured

with fast electronics |
on bulk mlcromegas

| ons

2 |
ﬁ ) ﬁ )| Cs . ) 1
2'( £ ‘ with RC=— in s/m primary
5 t RC F X (ﬁ V| e- cluster
1
- - EE S EEEEEEEEEEN
avalanche
Q diffusion «— —_—
insulator ~ 50 I

glue ~ 75-200 1m

-0.2

-0.15 0.05 0.1

-0.1 —0.05

FEE Response Function

S

gna

—_® FElectron signal
" (too fast for our
shaping times)

Not e: Ofgacsoutrrsaennsport properties

(L, T diffusion) have to bg., gecoum ?elesut Wr o8
\L s L] -
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