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Introduction to the
MEG |l experiment




The u™ - e™y decay

European Physics Journal C
(2016) 76:434

» Lepton Flavour Violation (LFV) processes >
experimentally observed for neutral leptons
* Neutrino oscillations v; — vy
» LFV for charged leptons (CLFV): [ — ' ??7
» If found — definitive evidence of New Physics

In this context the MEG experiment represents the state of the art in the

search for the CLFV u™ — ety decay

. Final results exploiting the full statistics collected during the 2009-2013
data taking period at Paul Scherrer Institut (PSI, Switzerland)

e BR(u" —>ety) <4.2x1071 (90% C.L.) world best upper limit
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> 28MeV/cu™ continuous beam stopped in a

174 pm-thick BC400 target (15° slant angle)

Most intense DC muon beam in the world at PSI:
R, ~ 10° Hz

ut decay at rest: 2-body kinematics

E, = E, = 52.8 MeV

0, = 180° >
tey =0s >

A\

YV VYV

BKGacc « R,AE Aty AE;AGZ, = DOMINANT in high-rate environments
BKGRMD ~ 10% X BKGACC

" Standard p decay v\ o~
" = ) o

:) | A Michel decay g N’
1 \c }
s Vu

v: Radiative Muon BACKGROUNDS N ’ pd{"‘

Decay (RMD) From RMD, '\YJ ) t ¢
» E, <52.8MeV Annihilation-In-Flight "“_
» E,<528MeV or bremsstrahlung Accidental
> 0, < 180° > E,<528MeV
> tyy =0s > E,<52.8MeV
> 0, < 180°
»  tg, =flat
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https://link.springer.com/article/10.1140/epjc/s10052-016-4271-x
https://link.springer.com/article/10.1140/epjc/s10052-016-4271-x
https://iopscience.iop.org/article/10.1088/0370-1298/63/5/311

— 56 Discovery

90%:iC.L. MEG 2011

» Full design paper
» Full commissioning paper

The MEG |l experiment [» oo o Zorecoeer

BR(u— ey)

—3c Discovery

90%C. 5 MEG 2013
Liquid xenon photon detector -
COBRA (Lxe) S N o
superconducting magnet @ (/('/ Y 107 T
IQ/( ///’/ J/4 > P 14
E t [BR~6x 101 e o
( V'’ ) SiPMs on the y entrance face ‘
+ PMTs on the other faces I I\/IEG I goal in 3 years I
HI\W\HIIHI\\IH\I\II\H

qor bl i
0O 10 20 30 s/40/ 50 60 70 80 90 100

weeks

LYSO crystals +
plastic scintillators

>  Increasing the u™* stopping rate
»  Improving the detectors figures of merit
. X 2 factor than MEG

Tag low-energy Pixelated timing counter

et from x

AIF/RMD : (pTCO)

to reduce Muon stopping target Plastic scintillators

background t +k tiles read out by
e p SiPMs

Cylindrical drift chamber

Radiative decay counter (CDCH) — E +
e

(RDC) 2/45



https://www.mdpi.com/2073-8994/13/9/1591
https://link.springer.com/article/10.1140/epjc/s10052-018-5845-6
https://www.mdpi.com/2218-1997/7/12/466
https://doi.org/10.1140/epjc/s10052-024-12415-3

The MEG |l Cylindrical
Drift CHamber (CDCH)

* Design and assembly
e Commissioning



https://www.sciencedirect.com/science/article/pii/S0168900218314967?via%3Dihub
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/C06056

Drift chamber
worklng principle

et I Isochrones I

Detector performa nce

Driftcell | ¥,

[ns]

The measured
drift timeis
converted
into a position
measurement
through
dedicated
space-time
relations

" [om]

e™ variable

MEG MEG I

AE, (keV)

380 91

AB,, Ap, (mrad)

9.4,8.7 72,41

» Low-mass single volume detector with high granularity filled with He:iC,H;, 90:10 gas mixture
* + additives to improve the operational stability: 1.5% isopropyl alcohol + 0.5% Oxygen

AZ, AY (at target, mm)

24,121 2.0,0.7

* 9 concentric layers of 192 drift cells defined by 11904 wires

Etracking X ETC-match (%) | 65x45 | 74 x91

* Small cells few mm wide: occupancy of =1.5 MHz/cell (center) near the stopping target
e High density of sensitive elements: x4 hits more than MEG drift chamber (DCH)
> Total radiation length 1.5 X 1073 X,: less than 2 X 1073 X, of MEG DCH or =150 um of Silicon
e MCS minimization and y background reduction (bremsstrahlung and Annihilation-In-Flight)
» Single-hit resolution (measured on prototypes): oy < 120 um

» Currently most updated reconstruction
algorithms on real data
» Practically at the MC level

» Extremely high wires density (12 wires/cm?) — the classical technique with wires anchored to endplates with feedthroughs is hard to implement

 CDCH is the first drift chamber ever designed and built in a modular way
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https://iopscience.iop.org/article/10.1088/1748-0221/11/07/P07011
https://doi.org/10.1140/epjc/s10052-024-12711-y

Us endplate ZOOM on a sector
of the US endplate

» Anode wires
» Cathode wires

Wire density £

7cm

I f I |

stereo wire geometry
radial perspective

T T

X [ml.._, 4/45




Desigh and wiring o]

Stereo wires
geometry for
longitudinal hit

localization : 30° sectors
> Hstereo ~ / v i - ohy ,\:&gpé-’ 4
° - 8'50 as v A oy

R increases

Wires are soldered at both ends on
the pads of 2 PCBs (wire-PCBs) which

are then mounted on CDCH endplates
Wiring inside a cleanroom

5220} Cell width (z=endplate): = 6.7 +- 8.7 mm }
> | Cell width (z=center): = 5.8 + 7.5 mm
200 ; ! :
4180F e TN \..Almost square.
g i drift cells
[ increases : :
140}--with~R-------- ALY REZEE™eT ~ 242.1 mm
12ob- 309 12 SN fnai”d’”“” 279.5 mm
oo I\ __R ...........
80} . Each X .
- | sectoris
601 16drift
aol-| cellswide | . R,mef”fer ~ 170.2 mm
Cl 1 dpl
100 150 | RZGEMPI £ 196.5 mm
. X [mm]
» Anode wires: 20 um Au-plated W
» Cathode wires: 40/50 um Ag-plated Al
e 40 um ground mesh between layers
» Guard wires: 50 um Ag-plated Al
> Field-to-Sense wire ratio 5:1
anode
layer
RI
cathode ,V
layer
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https://iopscience.iop.org/article/10.1088/1748-0221/12/07/C07022

Wiring machine

Main shaft with
tools for wiring,
laser soldering and
wire-PCB lifting

. : Extraction
' e | system rails

- - Vacuum suckers to
lift the wire-PCB

Powering +
control
electronics




Mechanical properties of wires

Tension [g]
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Single-hit resolution and gas choice

External Si telescope
for the reference track

»  Strictly connected to the gas mixture choice = measurement of o4 vs f; with dedicated prototypes
. Final choice = compromise between o, and material budget
. Base gas mixture = He:lsobutane 90:10

TS 1 _
S o
= 200p 1 x>/ ndf 1312/4 ® 3
S — - | Prob 0.8594 TS 2 ]
S EJTOT_J‘TMCS'_F%pO 48.77 + 2.871 &
160F" pl 653.1 = 72.58 Fe g
140f 9a = T —|— — ~ 100 um 3|
[ 783
120Ny = fala ‘|‘ anBrfB =1- fA forn
100 Z._.., ........ i_ ................................................................................................................ lenndf ETI 8
] ; PR
e ' k ; o oseoms
G0 JO /n; i T
40— - e oS00y
- | | )
ol | e L
05 0.6 0.7 0.8 0.9 .
He
(dl+c13)f2-ld1 (mm) 8/ 45




CDCH assembly




Cathode tails:
ground

" - —_— = mr i

"4 /—/M - %S =

K M 15 W\

v

Final wire-PCBs stack

= A —

San Piero a Grado

Modular assembly | s

LSS

cleanroom facility

S LR

MOUNTING ARM = - This operation is repeated for v ] T LSS
R S / —— the 12 sectors in one layer and , T T,
] j\ // for all the wires layer -

Wires tray anchored ,

with the mounting P
arm and then placed Fem——— =
in the proper sectors 51
of CDCH endplates /

FE boards plugged to anode tails
(HV + signals)

PEEK spacers to
mount the PCB at
the correct radius

_, ’%

g
IlaANs

PORT TRAY

» Once each wires layer is mounted a
geometry survey campaign with a
Coordinate Measuring Machine (CMM) is
performed to record the mounting position
of each wire-PCB (= 20 um accuracy)

» Thickness of the PEEK spacers adjusted to
minimize the discrepancy from the nominal

Adjustable
support

mounting radius
structure 8
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Seahng

San Piero a Grado
(INFN Pisa) facility

» 20 um-thick one-side

1.8 mm-thick Carbon Fiber (CF) shell aluminized Mylar foil
» Structural function : at inner radius |
« Screwed to endplates to » To separate the inner
bear the wires tension and peam +_ target volume
keep the CDCH length filled with pure He
> Gas mixture tightness from the wires volume
* Sealing of CF perimeters and filled Wit.h He:lsoB
wire-PCBs stack with special 90:10 mixture
encapsulants and adhesives

» Fine geometry tuning by
adjusting the positions
of each individual spoke
by acting on the 12
turnbuckles per side

, (Stycast + ThreeBond)
» Endplate planarity and
parallelism at a level Assembly and sealing performed inside At this point CDCH was locked into a handling
better than 100 um a cleanroom with a strict monitoring of cage with a dumping system and transported
thanks to the CMM temperature and relative humidity to PSI for the commissioning activities

10/45




N N

* Second dumping system
| » Cage-floor rubber pillows
— ﬂ * Number of layers optimized to
First dumping system dump low frequency oscillations

Termal
insulation
panels

» CDCH-cage silent typical of a car travel
blocks

First wrapping

* Second
wrapping

.......
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CDCH commissioning




External mechanical structures

San Piero a Grado
(INFN Pisa) facility

» External CF structure
* Structural + gas tightness function
» CDCH mechanics proved to be stable and adequate
to sustain a full MEG Il run and multiple handling
operations during the maintenance periods
» Survey measurements before/after a run show
total agreement at the 10 um level

Aluminum inner extensions to
connect CDCH to the MEG Il beam line

Mag

(mm)
0.037
-0.010
-0.012
-0.019
-0.007 Endplate planarity check

0.009
0.043 in the DAQ configuration

0.017 us DS P ] §
-0.020 _
-0.007 .y Some pictures from the

-0.013 commissioning phase at PSI
-0.018

Mag
(mm})
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[
input
connector

L |
LK

| INFN Lecce |

|||‘||l.\|"
AEEENEN

[ ]
( : ( : . decoupling
the commissioning

phase at PSI

HV input
connector
+ filtering

» 216 FE boards per side
« 8differential channels to read out signal from 8 cells
*  Double amplification stage with low noise and distortion
e High bandwidth of nearly 400 MHz
o To be sensitive to the single ionization cluster and
improve the drift distance measurement (cluster
timing technique)
» Signal read out from both CDCH sides
» HV supplied from the US side hy

2k

ADA4927 THS4509

360 620
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https://www.sciencedirect.com/science/article/pii/S0920563214000267
https://www.sciencedirect.com/science/article/pii/S0920563214000267
https://www.sciencedirect.com/science/article/pii/S0168900215014667?via%3Dihub

—

HV distribution

HV crate with

| 9 16-channel ‘ )
‘ ISEG modules i
} A iy - - _ '

| panel

v distribution
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Several T and RH

[ ]
Cooling system S

r for monitoring
J _—_ g &‘

» Cooling system water distribution
panel with active components

* 4 proportional valves

* 4 pressure sensors

* 1 flowmeter

» We kept the manual components

o , [ ———— || Slow control (SCS 3000) crate with 3 power supply > FE electronics cooling system

units (60 W each) and 2 input/output modules
» Valve control via software
» Valves/sensors history available

embedded in the board holders
* Power consumption for each
channel: 40 mAat 2.2V
* Heat dissipation capacity
granted by a 1 kW chiller
system: 300 W/endplate
» Dry air flushing inside the endcaps
to avoid water condensation on
electronics and dangerous

High
reliability
pump

temperature gradients
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HV working point

I Gain |

1400

1200

1000

BOO

600

400

200

2.

17.48/8

0.02872 + 0.009916
82.14 £ 1.716

0o+ 0

¥2 / ndf
Const
Slope
Oftset

Layer 9
(z=0)

Inner
radius

IIII'I|II|III|III|I’II|III|III

T

\

l Gain

250

1300

1350

Ta00

T as0

HY [V]

» Garfield simulations on single electron gain

> Working point = HV for gas gain G = 5 x 10°

1480V 1470V 1460V 1450V 1440V 1430V 1420V 1410V 1400V

Outer
layer

2,

I|III[III|III|IIIIIII|III|I

13.17/8

0.02287 + 0.005519
85.49 + 1.208

0+ 0

¥2 / ndf
Const
Slope
Offset

Layer 1
(z=0)

Expected gain variation vs.

longitudinal coordinate z given

the CDCH hyperbolic shape

QOuter
radius

TT [Illll

1350

To be sensitive to the single ionization cluster

400 1450

Gas mixture He:lsobutane 90:10 and P = 970 mbar (typical at PSI)

1500

2000

T ™ T L T

— T
3 1800k histogram mean 1
ek . E;aussmn fit mean
L
1400 o :_: i 3
1200) — AP N
- " z OO B N
10005 = o .%“\00 ou
8001 RNy O3
600/ oK ¥ Lot :
5 I
400 - ®
200
|5I50| 0-. A glon - Al{l)on - Jlglon O
‘ - -
HV [V] cm

HV tuning by 10 V/layer to
compensate for the variable cell

'dimensions with radius and z

I 100 V safety margin above the HV WP to recover the gain drop with time I

Inner
layer

Average HV Working Point (WP)
as a function of the layer
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Garfield++
with HV WP and
standard gas mixture

x10°
Sl T [
S r . X
= F L1 drift cell |5
60— Anode . 1
aoF ] electric |
= wire _ .
120 - fleld =
ook E
80 - =
60 - -
40 .-
zCathode Cathoded
20@ wire wire E
00 0.2 0.4 0.6 0.8 1

normalised distance

¢ [V]

1400

1200

1000

800

600

400

200

400| potential

1400 E

N
L1 drift cell
potential

1000

800

600] One 30°

sector

200
0
_ Anode | | L1 drift cell
g wire potential
-/Cathode wire Cathode wire\]
IIIO?2IIIO!4IIIO!BIIIOfBI“1

normalised distance

y [em]

Example

isochrones

1400

1200

1000

800
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— time [ns]

350
300
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200
150
100
50
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Working length

..anode-cathode distance [mm] vs. HV ® 60g
i : | * 79
; 2 ; 90g Some pictures from
: oo | ® 105g the commissioning —
. Lo e 120g | 2 phase at PS|
L I G e 135g : [ M/ ‘ : v - =
T IR © e 150 » CDCH temporarily sealed with CF + Al tape » 216 FE cards mounted

anode-cathode distance [mm]
N
9

2.7

2.6

25

ELECTROSTATIC STABILITY

mean: 2.59 mm
std: 0.02 mm

JCDCH |, e e

ELECTROSTATIC INSTABILITY

900

2 m-long 3-wires
prototype in the
MEG lab at INFN Pisa

1000 1100 1200
HV [V]

1j80 140 1780 1480 1700 1800 1900 2000 2100

13141516
kv kV kV kV

» Nitrogen flux

on the US side

100

Cell inefficiency
experimentally measured
> Negligibleine™
reconstruction
*  0.5% worsening
in resolutions

-100

-200

_3[1%

HV map working point (US endplate)

7 2| +10Vscaling

| from L9 (1400 V) |

I1 35C
130(C

Final CDCH length experimentally

found through systematic HV tests at

different lengths/wires elongations

>

145C

140C >

[mm]

3 toll(1480V) >
|8 120C
06200 ios 000200500 11

Tests performed in 2019 and
2020 at PSl inside a cleanroom
CDCH length adjusted through
geometry survey campaigns with
a laser tracker (20 um accuracy)
Final length set to +5.2 mm of
wires elongation

*  65% of the elastic limit

18/45




Drift velocity [cm/us]

Drift velocity [cm/us]

Drift velocity and time

26

- . 2/ ndf .
= #  expected mean vdrift ¥ 2.212e-05/7
250 p0 7.943 + 0.08261
E e measured vdrift pl —-0.06383 + 0.0009179
241 %2/ ndf 6.619/7
= PO 7.093 +0.9611
’ = pi -0.0575 £ 0.01067
22
2.1 :_ H due to
- AVd riftIA(IC4H 1 O) approximations
21— in the t-to-d
- relations
19—
1.8
1 ? : 1 I 1 1 1 1 I 1 1 Il 1 | 1 1 1 1 I 1 1 1 1 I 1
’ 89 89.5 90 90.5 91
He [%]
25
o . 2 / ndf 08e-—
- s expected mean vdrift x 2.98e-06/7
L po 2.843 + 0.008538
24—
- ® measured vdrift p1 -0.0008468 + 1.123e-05
- ¥2 / ndf 2.671/7
23 p0 2.903 + 0.2623
- p1 -0.001305 + 0.000345
22 r_‘_‘_.__._—'—‘—o—_.__.ﬁ
- s
2.1 :— A P due to
- V.. approximations
- d”ftl in the t-to-d
2— relations
1 8 _I 1 I 1 11 1 | 11 L1 | 1 11 1 I 1 11 1 I 11 1| I 1 L1 1 I 11
’ 730 740 750 760 770 780 790

press [torr]

<T> [ns]

3 45 — O 85% helium=—15% isosutane (a)
__% C A 90% hetium=10% ischutone
£ 4k
2 r ¢ 95% helium~— 5% isobutance
;% 35 b
ELE
2.5 E—
2 |
1 Old measurements
: L o
Measurements with an 0s | in literature
auxiliary monitoring chamber TN T T T T
(4] 0.2% 0.5 a.75 1 1.25 2 2.25 2.5
E/P (V/cm torr™)
F T ' [/ nat 129471
< p0 217.7£9.638
185 pl —3.244 + 0.835;I
. » Average drift time
: » Max 250 ns (drift cell corner)
175 -
170 —
: | | | :

0 12

14
Isobutane Fraction [%)]
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-

Integration into the MEG Il apparatus

- “{ | | » CDCH inside the experimental area » HV +signal cabling completed for
A\ x’?u‘f" » Insertion rail through the inner the possible 2mt read out

' volume to slide CDCH inside the » Gas inlet/outlet connected to the
COBRA magnet MEG Il gas system
» Dry air + cooling circuits connected
» T+ RH sensors connected

CDCH locked in
the final position
hanged to COBRA

'ﬂ;

-

lh_: |
55

—r

Some pictures from

the commissioning
phase at PSI

Beam line completion is the
last operation (not shown here)

| b e ——————



https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06018

Investigations on wire
breakages




Wire breakages

» During assembly at Pisa and the final lengthening operations at PSI
we experienced the breaking of aluminum wires in the chamber
* Mainly the 40 um cathodes were affected
 Afew 50 um cathodes and guards
» 107 broken wires in total during CDCH life (14 at Pisa)
* 97 broken 40 um cathodes (90%)
» Consequent delay in construction and commissioning

% _ T ‘ T | T ]
£ 100/ =
Breaking point from DS endplate (31/07/2020) Old plots Layers with broken wires (31/07/2020) } | z - | Brokenwire T il
. r — e _ L %‘ sol.. integral ]
8 oSt bt wres. 56 Mean 74.6 8 - PSI broken wires: 56 Older by -‘5 L Spectrum for _
B 14 . . B : : .
4l ¢ construction ) L 40 um wires i i
: , 12 : 5 60— } I
C Pisa broken wires: 14 Mean 53.46 = B i i
37 ‘ 10 E - _|
Z

40| +

N ' _

T°‘a':’° Mean 70.31 8
1 4
0 || L . ‘ L ‘

o e ‘ 1 2 3 4 5 6 7 8 9 0 11 0 ' : :
0 20 40 B0 80 100 120 140 160 180 200
[em] layers 2 4 6 8

. Delta 1 (mm)
| Wires length = 193 cm I | Outer layers l | Inner layers I
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Broken wi

\
é\.
Ml

res extraction ey S :’\

Manfroteg  »

Commercial camera

» Each broken wire piece can randomly put to ground
big portion of the chamber
» They must be removed from the chamber
* Very delicate and time-consuming operation
» We developed a safe procedure to extract the
broken wires from inside CDCH
* Exploiting the radial projective geometry
given by the stereo wire configuration

Example of extraction with
a broken wire hooked by a
stainless steel rod

» Precision mount with fine axes control

w

Enter with a small tool inside
the chamber (few mm space)
Hook the wire piece as close
as possible to the wire-PCB
Extract the wire segment

Pull it perpendicularly in the
radial direction to break it at
the soldering pad

» 2 cameras for stereo view

One of the
worst case...




Investlgatlons on wire breakages

Breakings due to corrosion of

40— — —
Optical the aluminum wire core L'f: - Offset compatible with E
microscope Wh't'Sh >  Two hypotheses £ 35; Zero: no broken wires 4 :
—_ corrosion 1. Galvanic process between § 3pf-without exposure to e e =
residuals Al and Ag coating E = humidity Vi "
2. Al corrosion by Cl E 25; . & ? ]
Both imply water as catalyst E 20F ]
*  Air moisture k= - g
condensation inside § 15 l :
cracks in the Ag coating 5 10F I J =
even at low Relative “ W .
Humidity (RH) levels 5/ :
< 40% ) cr—— Eag T =

. Al oxide or hvdroxid 0 200 400 600
) oXide or hydroxide Average exposure time for LG at 60% humidity (days)
eposits ___ » Found a good linear correlation
Al between number of broken wires
EDX and exposure time to humidity
» The only way to stop the corrosion
Element | Weight%  Atomics is to keep the wires in an inert
s |um an atmosphere
ik o » No more broken wires due to
0 ClTracestg‘A; i corrosion since CDCH flushed
s, A M e [ with Nitrogen or Helium
| ;LC;‘ NPT IR IR T once sealed 23/45



https://iopscience.iop.org/article/10.1088/1748-0221/16/12/T12003

Missing wire effect

ANSYS 3D model

E field

ANSYS 3D model

E field

Distance [micron]

Drift distance vs. drift time
relations computed with Garfield

asoof 1T T
A000E

3S00F g T T :
3000 |—

— Purple: ANSYS all wires 50 [m]

— Black: ANSYS all wires

— Red: ANSYS Cell/4, no central

Green: Garf all wires

A S ﬂ —— Blue: ANSYS Cell/2, no lateral

04 550 100 150 200 250 300
<:> Time [ns]

el T T T

I Ideal case I

_iw Zoom on the S
> Study the effect of a missing cathode on isochrones = e* reconstruction émai first S0ns - :;f}? ]
> Used Garfield and ANSYS to simulate the electric field ina 6 X 6 mm? representative drift cell g“;zn =T

 Single-hit resolution oy < 120 um i 7

e Difference between different curves - = 10 um .

» Missing wire effect negligible R
30 40 5

Time [ns]
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Investigations on
anomalous currents




Bad eventin 2019 | *

CH12Z - §0 = 41,481
CH19 - 51 = dd.02

|

» During investigations we found one broken
cathode wire together with a few mm anode
wire segment pointing to it

Both show burn marks in the final portion

* No breaking due to corrosion
» This cathode was broken by the contact with

CH34 - 55 = 37.687
CHE7 - 56 = 106,658

see{ [CH77 - 58 = 330,084
CHES - 59 = 107.899

CH74 - 510 = 40,691
800
CHI3Z - §11 = 44.775

VVYVYY

Layer 7 sector 8

1200 pA for 10 minutes
Due to a wire breaking
But the safety control (firmware)
of the HV module did not work

* Now bug solved + extra
(software) safety systems

T o83 - 50 = 0

the anode short segment left inside by mistake
* |t was not spotted during commissioning

* Probably it broke during the first
attempts to remove broken wires

Burn confirmed once
extracted the broken
cathode wire

I

> This bad event occurred during the Michel e™ data taking with p* beam

» Everything was good up to this moment

» After we experienced anomalously high currents is several sectors/layers

* Here an example for layer 2 at the HV working point + beam ON

I NV T
] T
)
| MLJJ}JM\ Ve
N | W
[N YA |
L] TN L |
gl
IS |
] Wi 1] i i
gl [ ¥ I 1
TR | 7] I
| [T “
‘M eI g )}
LKA [ “IJ A
L] J

* The problem has been investigated
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Two of the
discharge regions

Investigations on high currents

Us
y
W\l
. 3V
- (14

e B ,.-\
- - - - = -

» HV tests with CDCH closed with a transparent shell and filled with the
standard He:lsoB 90:10 gas mixture to spot the discharges
» We saw corona-like discharges in correspondence of 6 whitish regions
» Gas mixture optimization: different additives to the standard mixture to
test the CDCH stability and try to recover the normal operation
* Upto 5% CO,and 10% synthetic air (80% Nitrogen + 20% Oxygen)
e 2000-4000 ppm of H,0 (=10% Relative Humidity inside CDCH)
 1-1.5% Isopropyl alcohol
e From 500 ppm to 2% of O,
o Also in combination with H,O and Isopropyl alcohol
» Oxygen proved to be effective in reducing high currents (plasma cleaning?)
» Isopropyl alcohol crucial to keep stable the current level

Dark room
» Fixed

point-like
lights



https://www.sciencedirect.com/science/article/pii/S0168900203024690?via%3Dihub
https://link.springer.com/article/10.1134/S1063778819090059

Corona discharges lab tests

» They occurred naturally at 2300 V
(100-200 pA currents) with 40 um
cathode wire diameter and brand-new
wires (no damaged surface)

* Known phenomenon: but why at
1400 V?

» White deposits seems to lower the

corona discharge HV limit

Electron plasma from the cathode wire (point-like
fixed source) to the anode wire (diffusion)

20 um anode:

+HV

PR E
! 40 um cathode:

ground

Faint phenomenon only visible in a
dark room: not easy to take a picture
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Pattern in the white spots

(), ()

node C50 C50 C50
layer 7 7
/20 /A20
cathode
- C40 %) C40 %) C40
layer

» White spot in correspondence of the 40 um cathode wire crossing points

4 /4 0/

v J 0/ #

‘o 7/, /8 ¢
L LA /i

SEM + EDX analysis = presence of Sulfur

‘2{;2z};/ fII:%ﬁIIII!Z"&[
7/ 7% ,r/

» The period is that of the 50 um cathode wire



SEM + EDX analysis of the white deposit

ext=3701

Et. Lime Atomic Conc Uhits
i

L Ea 36608 7016 mti

Al Ea 1494 0543 wtl

S Ea 11,742 6008 wtis

Az La 50,157 96333 i
100,000 100000 w3

kW 183

Tabeoff fngle 3507

T T T
5

3,505 keV 82t ID= Them2n Rnme 40l Umg2 Inkb] Atmd Cnomal 111 CdB2 Puxh

Window 0,005 - 40,955= 84.962 ent
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CDCH ageing studies




Expected gain drop per DAQ year vs. Zand R
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CDCH ageing is under control up to Z [Cm]
3 years operation (0.5 C/cm) 30/45




Stereo prototype with
2 layers of 3 drift cells each

Ageing tests on prototypes

raw gain variation (%) vs time
Fake
\ \ readout ,

~28% gain loss

» Accelerated ageing tests on different
prototypes were performed
» Prototypes with increasing complexity
* From a 1-cell prototype to a small
2-layer stereo prototypes (6 cells)
* This latter is presented here and it
featured the same geometry and
materials of the CDCH endplates 0°

/

—

raw gain variation (%)
o
{ © -
/'Tr
‘]

\-—,

HV module
o6 malfunction

H‘HI\ LI I\I\‘HH | H

i

0.4

TH00 800 1000 1200 1400
time (s)

=17 days

» Total ageing acceleration factor 10< A <100
* Accumulated charge comparable to the
total MEG Il life =0.5 C/cm

» No issues/discharges observed

=)
n
=1
o
&~
o
o

Ageing facility
at INFN Pisa
with X-ray gun

» SEM image of an aged anode wire
» No problems on cathode wires



https://www.sciencedirect.com/science/article/pii/S0168900215010852?via%3Dihub

CDCH conditioning
with put beam




Conditioning with pu* beam

CDCH - LS CURRENT

150 pA o
| L5 current l » Good current level stability in the whole
CDCH at a beam intensity of 3 x 107 p*/s

» Currents see the proton beam variation
i
I

» The measured currents translated in
accumulated charge/cm agree with the
design: =0.1 C/year/cm

» Example of conditioning period
with current discharges

» HV up to WP+40V to speed up
the O, cleaning

| O, analyzer l » Current gas additives setting: 1.5% isoP + 0.5% O, E
» From 2020 measurements we don’t observe a C,E
- significative gain reduction due to O, %
» Weare vler?/ sehnslltlve to the ¢ We measured a limited efficiency decrease
isopropyl alcohol concentration 0
propyt: ° 2% when O, was at 1%
» We experienced that 1-1.5%
isoP concentration is crucial to o
keep the stability 17 0.8% 0.5% ‘ H
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CDCH currents vs. p* beam intensity

» CDCH currents followed reasonably well the beam
intensity up to intensities never reached before
» Good proportionality with the u* rate

_ CDCH - L9 CURRENT I - 8, + +
o —cHiz Sl S =108 ut*/s I CDCH current vs. u* beam rate I
347 = Cr29- 32 oAl 0001 = 35 .
32~ Z Cita 84 1A o 3 ® Layer9:125 ® Layer5:38 4 Layer1:40 = o o
30" == CHT - S5 [uA] 0.003 € =
- == CHT5 - 36 [UA] 0.01 I |_9 current I © 30— . . . . § . . . L.
— CHE0 - S7 [uA] 0.004 5 _ s
26 CH49 - S8 [uA] 0.007 ' Y o = = A
= CHT77 - 59 [uA] 0.007 = A
24— = CH108 - $10 [uA] 0.006 25_— = B
5o == CH103 - S11 [uA] 0.005 _ [ ] A
= CH135 - $0-1-3-4-5-6-7-11 (DS)  0.005 = | A
2 20— iy s
18 7 o+ - A
o3 X107 ws | ] TN
14— . ' 15— . A A
12 — -
= _ n
10 e 10— [ A =
8 —
e e e — ® A
e 1 s= f
2 ';:: ) - |’ 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 X1 06
T — — —— 20 40 60 80 100 120 140
2

Rate @2.2 mA [u+/s]

12 Sept 21, 17:00 12 Sept 21, 17:10 12 Sept 21, 17:20 12 Sept 21, 17:30 12 Sept 21, 17:40 12 Sept 21, 17:50 12 Sept 21, 18:00 12 Sept 21, 18:10 12 Sept 21, 1€

I =1h slits scan I
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Example of gain curves with CDCH stable

Different colors CDCH current level vs. (HV or u* beam intensity)
correspond to CDCH - L9 CURRENT
different CDCH N 4% 107
sectors 20 3% 107 u*/s
. [tha-s8=0 * M+/S
; > Llayer3 15 m
o "
CHEO - €3 = 0,033 > 7 X 107 u_"’/s .
* "
- [m :
X 1480 2% 107
70 [cHB2 - UP = 0] 1460 H+/S

» Currents correctly follow the beam intensity

s - \ ‘ » Gas gain is also sensitive to the variations of the atmospheric pressure

BieceiE o

. Ea/iEEEl G- P

. _ The regular instantaneous g E _ _ T

] _ | drops correspond to the 11 ;— Normalized current vs. a_tmospherlc pressure variation

beam spills to feed the Ultra 18— totally in agreement

o Cold Neutrons (UCN) facility oo S _1_5s AP

: L] firt 24hours | R } E I P

% 1A02:— k — 5
Eorzalwr;; - '-10/24;0.1]-{ — ‘10;;25;'13le - 10;’30‘01H T T Ho:é1i oiH - .;10.’31|713H‘ ‘ 34/45




L9 normalized current vs. gas density (P, T)

Layer 9 Currents (sector 12) vs. Time [days]

0.0 7485 14.7256 17.6574 20.5937 23.4906  26.3982 29.376

Atmospheric Pressure vs. Time [days]

32.2998 35.21

990

985

980 f L A.- o pon -/ \VA_AN\V_- | . .VA "
W p W Wy | P A M
VN v LAV AR A T
vy vV

%5 I| Almost 60 days I»

0.0 3.3396 6.6497 9.9062 12.8998  15.8229 18.6335 21.6124 24.9517 27.9393 30.7816 33.5103 36.115 38.705 41.1963 43.6453 46.3476  49.3963 52.6483  55.6964 58.4731
14 Layer 9 Normalized Currents with Density (P-T) Correction (proton current included, sector 12) vs. Time [days]
L1 71.0)/(BB_0) = 1+ kx[1-(PTXT O/P_0)] (k=8.5) . |
1.0 T
0.8
S
= 0'6 . .
o » No signs of ageing so far
. » We continue to monitor the situation
0.0

0.0 3.4545 6.7954 9.9654 12.9912 15.9633 18.8104 21.8691 25.5645 28.7226 31.6617 34.5635 36.9751 39.3579 41.7184 44.2508 46.8881 49.8263 52.8947 55.8442 58.4639 35/45




Physics data taking
(planned 2021-2026)




Example of CDCH occupancy from MC

¥ [em]

XY MC Hit XY MC Hit Michel

.§30_ 190 v§30_
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e X [cm] X [cm] e
YZ MC Hit YZ MC Hit Michel

S[TTITIITITTITTTITTT I T 17T




2020 vs. 2023 readout

300 N ><10

s - v - 1

I 1
200__ ........................................ .............................................. ....................................... __ _350

5 % 10 y
100:_ ................................. 8 ................................................ 11 ............................. _: —1300
- 7 s 1 250

OF 144 %2 :
- DAQ channels . 200
LA s 4150

_100: S | i
- 4 3 =100
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i 1850

_I | 1 1 | | 1 1 | | 1 1 | | L 1 | 1 1 | | 1 1 | | 1 1 | I_

300507200 —100 0 100 200 300 °

3 FE gain configurations tested: [mm]
gain x4 chosen — best SNR

£
g

B0

Acceptdnee extension:

1-2% effect
200 Lo

100

Full 2/3 read out:
1152 x 2
DAQ channels

-100

—200

x10°
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200
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50
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3{1(;}500 =200 100 0

FE board fix during the 2024 maintenance period
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0
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Example of signal Waveforms

Cyieosige0 ] —

=
E =5 . : e e e ——— i
20 . : : L S I Standa rd galn I ......... .
]E_ E ' = i aa aen afas e anan e e ' ’ LR LR
10 e - -
> B
o AL Py . L ¥ . =
; i Ikl 17" 1) g T1 oF T T, 1
-5 I s R st e et ; B
-10 T | ettt o e s 2 s e e s 1 8 50 e e 8 T T T T LT Lo
800 ] —g0 -5 —430 T —2an =106 [I'E-E'E
Y — v . , [ wire 608.slde 0 | . -
E_E | ' =
] e 1 T N ) R —]
— I Gain x2 I =
40— o . —
20— -3
U .‘ ! ' i - P . i i . ™
=0 _.—.. S O S O PO S SR
=L =700 L 500 —4.30 =20 =200

| wire 424.side 1 |

7] T 34T

£ _E

E L
wE
0E—
o [
=i

black: coherent noise subtracted

red: coherent noise subtracted + low pass filter

600

get the hit information
integral, position

digital low-pass filter are applied

» In MEG all the signal WF is recorded
» Then a fine analysis is made offline to

* Timing, signal amplitude, signal

» Coherent noise subtraction + 225 MHz

» 3 FE gain configurations tested
» Gain x4 chosen — best SNR
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Some diagnostic plots from Michel e* data

I Occupancy vs. wire number I I Occupancy vs. layer number I
3 ‘Entries 7. 56035 +07
x10° w ] L ﬁ e I Occupancy vs. sector number I
‘tﬂ 140 .1 ‘| T T L. Tl T..1 T LTI E L / St | zas 103
o I | Entries 7.86035e-+07 - :10000 r: M&“: w X : T T T T T T T T T T T
: [ | siaper & /"IT g - / i o S sen| - Entries  7.86035¢+07
120] vt ok // — 1§ 10000 St sser ]
| Integral 7866407 i S B E— ]
I # 8000 - | S0 i - Std Dev 2.335 ||
100_ /// 8000 — all layers
L ?/ | st i B t; Underflow 0
80— - 6000 o 6000 | 13 Layers with Overflow .
I | Sectors with| ® | - | L different I
i — - |—LS5 Integral 7.86e+07 ||
60 - i different ‘ 1 - Le colors
i 4000 — s 4000 L7
i colors i L _
B : - — L8 _
40 I ¥ _ - | —1Le .
i ‘ 2000 i s7 1 2000 B H
I L i —_— | _
20} R IR Uy S s s - — ]
0: 0_ | 1 1 1 1 1 1 | 1 1 | 1 | 00 2 4 6 8 10 12
0 500 1000 1500 2 4 6 8 sector number

wire number layer number

Scaling by radius as expected
with Michel e* events
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Some diagnostic plots from Michel e* data

counts
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Some diagnostic plots from Michel e* data

counts

US signal Layers with DS signal US signal Layers with DS signal
amplitude different colors amplitude charge different colors charge
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» Good uniformity of the signal amplitude
between layers
» 10V scaling of the HV works well
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Gas gain measurement

Counts

10° 3;120
—Data m
. * 100
10* Chi2/ndof %0
In this region
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Amplitude [V]
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-+ SUM @
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B ]
-:-'
Y
@
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" W R T W T
200 400 600 800 1000 1200

Gas gain

» Signal amplitude distribution from Cosmic Ray events: clean environment
» The only parameter to be tuned in MC to reproduce data is the Total gain = Gas gain x FE gain

» FE gain measured to be 0.120 mV/fC

x103

100

0

X
o
1=
)

» 2021 measurement
» Gasgain = (2+4) x 10°

in agreement with
the expectation

_,—z_—‘.
._y_.i'
e
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% DS 471 £
¥ SUM :_503,

17 &
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M ++ . E;
SRR
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E—:10

| L 1 :_:

# Layer

* FE response to real single-electron drift chamber signals produced by laser ionization on a prototype

» Gas gain = Total gain / FE gain
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Hit reconstruction and resolution

Y [mm]

Entries 1.454677e+08
Mear x 10.34
Mean y -78.9
Sid Dev x 163.2
Std Devy 1202

Vertex position on the
U stopping target
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vertex reconstruction accuracy
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Hit-track residual give a
measurement of how
misalignments, single-hit
resolution and other
systematics (B field)
combine to determine the
reconstruction performance
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1
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Tracking and

-8 -6 -4

Example of event in one
stereo view projection
with drift distance circles

(Z)

» Reconstructed tracks with hit
points in both stereo views
» Green curve =signal e trajectory

-26 -

pTC hit tiles 4 /

Double-turn e* track in the 2021 data-set

Momentum resolution
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MEG Il upper limit sensitivity (90% C.L.)

MEG Il 3¢ discovery at 90% power

1072

Conclusions and prospects

» The new drift chamber CDCH of the MEG Il experiment has been presented
* Full azimuthal coverage around the stopping target

* Extremely low material budget: minimization of MCS and y background

* High granularity: 1728 drift cells few mm wide in AR = 8 cm active region -

o Improve angular and momentum resolutions of the et kinematic variables

MEG upper limit sensitivity (90% C.L.)

MEG measured upper limit (90% C.L.)

Sensitivity BR(*—e"y)

* Stereo design concept, modular construction, light and reliable mechanics 10713 — 2023 (exp.)
» Despite the COVID-19 situation we were able to perform the 2020 and 2021 commissioning -
of all the MEG Il subdetectors and the experiment started the physics data taking in 2021 -
* Some results from 2021-2023 data have been presented (full data taking 2021-2026) i
* Data analysis and continuous developments ongoing i Paper with the first
» Problems along the path MEG |l physics result
e Corrosion and breakage of 107 aluminum wires in presence of 40-65% humidity level B
o Especially 40 um wires (90%) proved to be prone to corrosion
o Problem fully cured by keeping CDCH in dry atmosphere 10714 ' ' ' ' ' ' ' '
* Anomalously high currents experienced 0 10 20 30 40 =0 €0 70 80

: . , DAQ livetime [Weeks]
o Probably triggered by a bad event during the 2019 engineering run

o CDCH operation recovered by using additives (0.5% O, + 1.5% Isopropyl alcohol) to the standard He:iC,H,, 90:10 gas mixture

> Beyond ut — eTy:the X(17) boson search
o Atomki collaboration (2016): excess in the angular distribution of the Internal Pair Creation (IPC) in the “Li(p, e*e’)®Be nuclear reaction
* Possible interpretation with a new physics boson mediator with mass expected around 17 MeV: p N = N'* = N’ (X =) e*e

* MEG Il has all the ingredients (CW accelerator + Spectrometer) to repeat the measurement — data unblinding soon 45/45
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Beyond u™ — e y: the X(17) boson search

> In 2016 the Atomki collaboration measured an excess in the
angular distribution of the Internal Pair Creation (IPC) in the
’Li(p, e*e’)®Be nuclear reaction
» This anomaly was confirmed by further measurements
* 3H(p, e*te’)*He reaction
» Possible interpretation
e Production of a new physics boson mediator of a fifth
fundamental force that describes the interaction between
dark and ordinary matter

PN—=N*->N (X—-)e'e |

* |ts mass is expected to be 17 MeV — X(17)
» Anindependent experiment could confirm or not this results
» Artifact of the detector geometry???

» MEG Il has all the ingredients to repeat the Atomki
measurement
* CW proton accelerator (used for LXe detector calibrations)
* CDCH for e*e" measurement

* pTC as trigger
* Bfield = e*e invariant mass with CDCH + COBRA magnet

IPCC(O) (relative unit)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501
https://iopscience.iop.org/article/10.1088/1742-6596/1643/1/012001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.071803
https://arxiv.org/abs/2102.01127

First test with CDCH and B field OFF

» CW Li(p,y)Be reaction with e*e pairs from y conversion Event diSPIay
(likely in the CW beamline)

» First test with an existing aluminum vacuum chamber

» For the final measurement to minimize the MCS and achieve
a better resolution the CW target region was re-design
* The new setup consists of a 10 um thick Li,O layer on a
25 um thick Cu substrate
e Connection to the CW beamline by means of a Cu arm

e Both structures are placed in a CF vacuum chamber » Events are near Z=0
» 2 particles leave 2 tracks at CDCH center and 4 at Z=endplates due to the stereo angle

nvarianl Mass Relative Angle

= 8 8 8 8 B8
e

CF MC studies
vacuum shows that a 50
chamber ionifi

significance can

be achieved in
order few weeks

- 8B o N A 3 B
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The MEG
experiment

I Backgrounds I

EY min (MeV)

53

52

51

50

DCH

m XT
COBRA Magnet >Z
\ Drift chamber
/
" [ : ]
RN !
Muon Beam YA
: i +
Stopping Target € Timing counter
" I — -".I I 1 ! ||
. af\k g
[ Y
& '
Liquid xeno" 1 EEE——
Scintillation Detector | |




MEG vs. MEG |

MEG

T
| 3% 107 ut/s |—>

MEG




MEG Il beam line

-
l\‘IIIHHHlIll

End-plates

Toraet CW bellows

system

C.E. Support
COBRA Magnet

air

RDC

vacuum
—
I
o
'\5-

Beam Tracking
Line  PTC volurne

Mylar foil FE electronics



MEG upgrade motivations

> 2009-2011 data analysis: BR(ut — ety) < 5.7 x 10712 (90% C.L.)
*  36% improvement with the final MEG result

Phys. Rev. Lett. 110, 201801 (2013)

»  Statistics increased by more than a factor 2: Nz%9972011 =~ 3.5 x 10 = N 709972013 = 7.5 x 10'*
» The MEG sensitivity does not increase linearly with the amount of data taking anymore

* Limited by the resolutions on the measurement of the kinematic variables of the two decay products
» Upgrade (MEG Il) of the experimental apparatus designed and presently in the commissioning phase at PSI

Variable Design (MEG) | Obtained (MEG) | Current (MEG Il)
AE, (keV) 200 380 100
AB,, Ap, (mrad) 55 9,9 6.7,6.7
Efficiency, (%) 950 30 65
AE, (%) 1.2 1.7 1.7
APosition,, (mm) 4 5 2.4
Atey (pS) 65 120 70
Efficiency,, (%) > 40 60 70

Positron variables
» Obtained with high
statistics full Monte Carlo
simulations of the MEG |l
experimental apparatus
» Using the currently updated
reconstruction algorithms
e  Still margin for
improvements


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.201801

Cell inefficiency studies

» Tounderstand the effect of such cell inefficiency in L9 and L8 we performed simulation studies with 100k signal + Michel
events and the currently updated reconstruction algorithms
. By killing the inefficient cells found with the last HV test

Ceeoen(%)+02% £, (%)+

. Inefficient = safety HV point not reached EFFICIENCY (single hits) 0.2%
. Effects are negligible
standard 75.8 63.4
usable wires 74.6 62.6
RESOLUTIONS c6/RMS6 o IRMS¢ op/RMSp 0z/RMSz oy/RMSy
(mrad) £0.03 | (mrad) £0.03 | (keV) 0.4 (mm) +0.006 (mm) +0.006
standard 6.217/6.876 0./66 /6.514 87.5/103.6 1.379/1.590 0.728/0.828
usable wires | 6.221/6.879 5.822/6.585 88.0/103.9 1.384/1.601 0.736/0.837
+0.04% +1% +0.3% +0.7% +1%




Drift chambers working
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Malter effect and free radicals
—

insulating layer
CATHODE SURFACE
Whisker
on cathode g)l y A radical ready
@

ons
- A to polymerize
Neutral GAS FLOW
2 x elo Charged polymer partially

@ VoI stuck to the
) Polymer stuck surface
to the surface (a Whisker)

ANODE SURFACE

| Free radicals formation I




Simulated gain curves

gain

single electron

< x10° [ 2/ ndf 14.06 /10 | »*/ndf 25.45/10
3 = Const 0.024 +0.006528 | Const 0.004491 + 0.0006699
4500 Slope 86.49+1.345 | Slope 83.76 + 0.6716
4000 ; Offset 0+ 0 Offset 0+ 0
35005_ x2 / ndf 5.526 /10 —~93-7
= Const 0.03294 +0.008163 9010
3000 — Slope 84.99 +1.221
= Offset 0+ 0 ©85-15
2500 —
2000 f—
= Layer 1
1500 —
1000 f—
500 f P
= 1 1 1 | 1 1 1 1 I 1 1 \’I‘T_I’T'\’\’_TT—/I”I(I/-‘ 1 1 1 1 | 1 1 1 1 1
1%00 1350 1400 1450 1500 1550 1600 1650 1700
HV
x10° x10°
2000 %2 [ ndf 8.248/10 §"°F 1 ndf 10.72/13
1800F- Const  0.01175 + 0.002934 s L Const  0.03483 + 0.005895
- Slope 79.68 + 1.127 § 600 — Slope 81.46 + 0.9038
1600 Offset 0+ 0 ® r Offset 0+ 0
1400 £ 500
— . -
1200 90.10 400 93.7
1000 - o *
800 — 300 =
500} 200F-55 V (at same gain)
400— = >
— 100 — . .
200 C 55 V (factor 2 in gain)
O : 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 0 1 1 1 1 1 1 I 1 1 L 1 | 1 1 1 1 I 1 1 1 L I 1 1 1 1 | 1 1 1
1300 1350 1400 1450 1500 1100 1150 1200 1250 1300 1350
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Wiring machine

Wiring Machine

Coptrol systlerxn

aser, camera
dnd pyrometer

Transport trays +
dumping structure




Environmental condition monitoring
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Auxiliary tools
CDCH R J
double-support Shaft Ia|d R -/

--.adf

?g%J  

structure

one end and
kept up while
CDCH slides

. ‘4 onrails
| Adjustable through
height wheels




1 CF half-cylinders

L

CDCH-shaft
decoupling

Al foil in the
inner faces




-
Q
O
=
(O
e
O
V)
V)
R
Q
=




- || ThreeBond glue
' to seal the
modified caps

T sensors [
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Last activitis in the cleanroom

» Structural shaft extraction
» Inner extensions mounting
» ThreeBond sealing

CDCH flushed with synthetic air
when no activities in the cleanroom



Local reference frame on each sector

2 — | Entries 432
3 10— Mean 42.01
B RMS 0.03808
L Underflow 0
3 points for 80— Ozv/erfcll(f)w . /g
: - = x2/n :
£ach Spokes = ] | Constant 98.85 + 6.22
edge - —— inal val - Mean 42+0.0
| l ] . | Nominal value Sigma 0.03398 + 0.00140
- 42 mm
endplate average e . _
spokes - spoke edge 40 = =
ipigtnal wire-PCB markers B
gage 3 . 20— Accuracy: 34 um
&Ky Wire-PCB tail edges B : : , :
,4—\0.18|| T T T T L L O_Illllllllllllllllllllllllrhllllllllll]l
E o : 1M 41.2 41.4 41.6 41.8 42 42.2 42.4 42.6 42.8 43
B » . 1 AY [mm]
0.16 ® " Blue: Cathode V 1 .
- ¢ ) i Accuracy of the optical
- : Red: Cathode U 1
0148 . measurements
Coordinate Measuring 0 12: ° ® |7 BlackiAnode ] performed during the
Machine (CMM) T J . CDCH assembly phase
_ * ]
0.1F ' .
- * . 8 )
0.08 I
Effect of the wire-PCB stack ® .
0.06}  onthe mounting radius | "
2 4 6 8 10
Layer Number /




Local — global reference frame

US endplate

O s aml | > The local reference frame on each sector is
3 H H H H H H H H ean .

S | swoevs 6145 then transferred to the global CDCH

e » R - Std Dev y 215.9 . . .

= : : o[ o[ o reference frame considering the nominal

- 1673 1197 970

ol ol o values of the endplate mechanical features
| |  In particular exploiting the measured
edges of each spokes...
!

* ...we place the central reference
marker of each wire-PCBs in the
endplate reference frame...

!

* ..then we place the soldering pads in
the endplate reference frame based
on the CAD files of each wire-PCBs

» The US and DS endplates are treated
independently

* Once computed the suspension
points of all the wires we create the
wire vector by connecting the

—40 -20 0 20 40 60 80 100 120 140 160 corresponding end points

100|II..| ..... | ..... | O | ..... | l ..... lfo ] l ..... | J ..... Lo, I ..... O | ..... | I | ..... | O l ..... LoJo]o.)

X [mm]




CDCH reference frame

4 Y axis
AVERAGE ceramic I
ENDPLATE sphere 1
endplate PLANE

CMM
touching
probe

endplate

— O
Endplate center on
reference plane

side view side view side view front view front view




Geometry survey measurement

» Alignment of the endplates at a very good level < 65 um

» Endplates are kept at the correct distance with the external CF support structure
* We have a Z deformation toward CDCH center going to inner radii
* Smaller cells going to inner radii = electrostatic stability critical

» Endplate spokes deformation
» At the innermost radius
*  Maximum -330 um:
165 pm (US) + 165 pum (DS)
*  Minimum -230 um:
85 um (US) + 145 pum (DS)

» The final working length has been experimentally set

Mag
(mm)
0.037
-0.010
-0.012

-0.019

-0.007
0.009 Endplate planarity _0.004
0.043 usS DS} 0001
0.017 -0.003

-0.020 0.005

-0.007 -0.010 -

0013 - 0.003
-0.018 0005 /




Radial deformation of the endplate spokes

Radial spoke deformations: average anode length variation per layer (US endplate)

£ | | | :

200 -0.05 » Average effect of the US + DS
radial deformation of the spokes
on the anode wires length

100 0.1

» The radial deformation of the
endplate spokes entersas a Z
0 -0.15 correction of the wire
suspension point
* Each US and DS sector is
-100 -0.2 treated independently
* Then the single corrections
are combined — effect on
-200 -0.25 the wires length
| I | | O |
—304 200 300 O3

[mm]




Wire-PCB mounting tilt

—_—

>
-270.1

-270.2

-270.3

-270.4

-270.5

-270.6

-270.7

-270.8

-270.9

-271

- | 2/ ndf 0.03888 / 1
- | Prob 0.8437
-~ po -270.8 + 0.2269

- pl 0.0004187 + 0.0005282

» Example of wire-PCB
mounting tilt as measured

during the assembly phase
with the optical probe
» Fit of the 3 reference markers

380 390 400 410 420 430 440 450 460 470 480

X [mm]

» Effect of the US + DS wire-PCB
mounting tilt on the anode
wires length

» The wire-PCB mounting tilt
enters as a Z correction of the
wire suspension point

* The correction is
computed for all the US
and DS soldering pads
independently

* Then the single
corrections are
combined — effect on
the wires length

200

100

-100

-200

_3(1%

Wire-PCB mounting tilt: anode length variation per layer (US endplate)

||||i||||i||||||||IiIIIIiIIII
00 -200 -100 0 100 200 _ 300 3

[mm]




counts

counts

Wire-PCB mounting tilt: anode length variation per layer (US endplate)

—_—

US wire-PCB mounting tilt: Z correction for anodes £
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DS wire-PCB mounting tilt: Z correction for anodes

Entries 1728
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Wire positions

US endplate

100

-100

-200

Entries 3840
Mean x 1.582
Mean y 0.3966
Std Dev x 166.6
Std Dev y 166.6
0 [1] 0
0 3840 0
0 [i] 0
‘ ........
i)
7/ L
I I

!
-100 0

Y [mm]

-200

Wire position at CDCH center (from US)

Y [mm]

-200

-100

200

100

DS endplate (mirror)

Entries 3840
Mean x -1.864
Mean y -1.742
Std Dev x 166.6
Std Dev y 166.6
0 0

3840 0

0 0

-200

X [mm]




Working length

100

-100

-200

30%

Some pictures from
the commissioning
phase at PSI

HV map working point (US endplate)

III|III\l\lll|l||\||||l||\|1

145(C
Cell inefficiency

1400 experimentally measured
> Negligible ine®

+10 V scaling 135(
from L9 (1400 V)| -

» Nitrogen flux

HV cables

reconstruction » CDCH temporarily sealed with CF + Al tape » 216 FE cards mounted

on the US side

1300 * 0.5% worsening
in resolutions
1254 % Tests with high
statistics full MC

toL1(1480V)

| 120cC

I\II|IIII|I\\Illlllll\\lll'lll 115c

00

-200 100 0 100 200 300
[mm]

» Some drift cells at the border between 2 adjacent
sectors presented electrostatic instability

» Due to wire-PCB geometry

» Once the PEEK spacers are mounted the correct
circular shape is expected to be recovered

» But sometimes deformations O(a few hundred pm)
remain causing electrostatic instabilities

» HV kept at lower values for the involved cells

Final CDCH length experimentally
found through systematic HV tests at
different lengths/wires elongations

» Tests performed in 2019 and
2020 at PSl inside a cleanroom
» CDCH length adjusted through
geometry survey campaigns with
a laser tracker (20 um accuracy)
» Final length set to +5.2 mm of
wires elongation
*  65% of the elastic limit



Status of the electronics racks

" Ln‘«:“vdw‘, e
=
G

» 5 WDB crates per side (12+1 WDBs with T input per side to monitor the temperature of the FE holders)
» LV modules installed and successfully tested
» HV crate installed in the final position and successfully tested




Thermal camera photos with FE ON

QFLIR |spt 389 °C




18/28 permanent shorts due
to the 2020 run overvoltage
kept out of acceptance

Current endplate map

Endplate map (US) 23/04/2021
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M

FE boards re-working | ]

Divider on lateral unstable cells

Isolated cells when Glg

permanent short
- . : . ( : = 1
- B - - : - - -
7/8 resistors
removed

= .ﬁ.
_ , ﬁ )

TREp i, G : :
Ne & e [l 500 Mo resistor 2 D) +
N . . to wire (%.,

ey \'l o hn W

23 1)
Kapton + heat |[EEEEs
) shrink tube A -

7

e !

» '.‘.\ 3
el ™ R

1 GQ resistor ’ﬂ
to ground | 5

o

<155 [rﬂ‘ /

B =

Q - . ¥ Ground
E

Top side
1/8 resistor

removed

US FE card



HV conditioning and gas monitoring

Outlet gas analyzer: HQO contamination

Current (uA)

Example of HV conditioning at the

first power up (here at 700 V)

» Residual currents drawn by the
HV channels to correctly
polarize the dielectric materials
of the endplates

Residual Current for Channel 0 (inner 4 layers: 8 boards, 64 channels) Sector 1

x? / ndf 20.02/10
“Ey ~ baseline [uA] 1.426 +1.013
Wy exp. constant [uA] 217.2 +1.673
W\ exp.tauls] 9779 +193.8
iz ~ I Exponential drop I

—
—

o02ifbi2018 021052018  02/05/2018  03/05/201

B 03/052018 03/05/2018 03/05/:2018 03/05/2018

about 10 nA/cell
after about 3 hours

230

220

Oxygen can affect the a\
development inside the

T
& = %2/ ndf ' 62.71/2
220 —
200; baseline [ppm] 78.5|+ 4.694
180~ exp. constant [ppm] 176 + 7.389
160 —
va0E— exp. tau [s] 3.594e+04 + 5040
120 E— r .
ook Wire corrosion...
80 f—
T~9 hOU rs 605106 20:0019/08 02:0016/09 0B:0018/08 14:0019/09 20:0020/08 02:0020/08 0B:0020/09 141002008 20100
[DD/MM hh:mm]
after starting
the gas flux Outlet gas analyzer: O, contamination
£
= 270: x? / ndf ’ 1.445/2
260 baseline [ppm] 215.4|+ 0.6687
250 - exp. constant [ppm] 62.37 + 1.12
Residual current of e exp. tau [s] 3.369e+04 + 2006

[de/mmiyyyy]

/alanche

drift cell

210 =— | 1 | 1 i | i 1 | 1 | £ |
18/09 20:0019/09 02:0019/09 08:0019/09 14:0019/09 20:0020/09

+ t ‘ 1 t | it 1 1
02:0020/09 08:0020/09 14:0020/09 20:00
[DD/MM hh:mm]

/




Isobutane addition above 500 V
— “'045] CDCH HVY/LAYER 3

- CDCH HV/LAYER 3
|CH28 - S6 = 0, l'l52| ] [ ]
98] 1001 [CH4 =758 = 0,045 ) _
] [CH31 - S7 = 0,027 | { [Ch2s - S6 = 0,052
sa- Che6o - 53 = 0.015 -} UP sectors (4 together ] [omt - 57 = o.027]
] CH72 - 52 = 0, ']Egl Q w_: |CHED = 53 = 0,015 | ZDDm Dn
m‘: ) ] [ci72 - 52 = 0.029] last part
] Fi ] : T o o
6H_: |CH77 - S1 = 0,053 | Isobutane ﬂ,_ [CH77 - 61 = 0,053 |
5] ‘ x 4 factor I flux started ]
49—5. CHB2 = UP = 1) m.é N el
; | Other single sectors I
29_ e ————— —— | | N ;
o] | L\ : : ———
o = a ' | L - - -
0 ..-F-ﬂl . " o I2 12:5a
m:lnaal - Im:laal o r11='aer — | Time | .12:]aa. o .12:|3ﬂ. o —‘ 10 minutes I



CRC bars




Read out configuration and noise

CR Counter

1450V High-pass filter OFF
(CRC) bars e
for external }ww S I I R Baseline
trigger P = oot ‘ fit
LXe E | £ 003

!"\ Out of the j
signal region%

L1, L2, 13 Time scale i 1455v ) l High-pass filter ON I 0.01
L —~ . 0
800 I']Si ,: wire 1, end O :
' ‘ _ ~0.01
B a ’ \ L | 0mvV E
| —0.02 |

» Only 192 DAQ channels available for

2018 and 2019 runs i ——— > Typical signal waveforms (WF)
> HV scan performed with Soon =~ lowirequency (~MHz) noise
. C icR CR) f : 18000 e » Origin found
O_Smlc_ ays ( of galn el Residual | > No baseline oscillation with the
calibration purposes in a clean 12000k |noiseRMS| - final version of the DAQ boards
: E ~2mV | -
environment pov = R » Temporary solution
* Michel e* with u™ beam at we. | 1 GOOD @ 1. High-pass filter
different intensities (pTC trigger) 0000 [l 2. Baseline subtraction
o — 0004 0006 0008 0.01

Baseline RMS [V]



CR (3 layers)

| Event display I

Occupancy
(1000 events)

1

0.9
0.8
0.7

0.6
0.5
0.4
0.3
0.2
0.1
0

50

40

20

L1, L2, L3 at
1500V

One drift cell
has a hit if
the WF
exceeds a
predefined
threshold
Typically X 5
the RMS of
the noise
baseline

Entries
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T T
‘ Plane

occupancy

| | | |

5 6 7 8 9

Entries

MC

40F
30f
20F

10-

Wire
occupancy

1 \l i 1l il

1000 1500

index of plane

index of plane
Index of wire

I " |" Nplane' g i " 'Nwire |l
Entries 290(| B &0 i Entries 3102 |
m — —t
I Mean 1.94 11 i Mean 404.3 |

Std Dev 0.8293 L D ata Std Dev 159.2
i 40— |
Plane — I Wire [
OCcupancy 7 - OCCupancy -
il 20 =
| | | | | | | 0 i 1 | PR VR R (SRR, AR, (SN M S A | )

0 1 6 7 8 9 0 1000 1500

Index of wire

» Example of online event display for a single CR event
and occupancy plots
» Agreement with Monte Carlo (MC) simulation



CR (6 layers)

| Event display |

9 10
8 11
Event display
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point
5 S
4 3 -
®
9 10
8 11
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HV tuning needed to compensate for inefficiencies



... LhTime[383]..

18% scaling

hTime[1343] H

Entries 9825 1
Mean 5.682¢-07 A
Std Dev 6.561e-08

........ '.._..\.w.' ﬁﬂ“
C R (9 I aye rS) :zz | Hj Layer 1

1| cell width [| "W fao=
' { hit

Counts

Layer 6
""""" H} cell width |~

IIIIIIlllJJJIIIIIIIIIlLlI

0.025 |
002 — S —

E hit  [40F B
| | | i i WELower 2=0) | time | 30f (z=0)

L L | E ) ] : \_
0 2 4 6 8 10 2Estatistics " 6.20imm = 20f 5.81mm
layer number 10 T s | IR S .
» First comparison among signals L S ¥ e ¢ R S ey S E——
. Time [s] Time [s]
belonging to every layer

» HV tuning needed to equalize the gain The width of the time distributions is
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Amplitude distributions vs. HV
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Amplitude and charge vs. layers
US + DS 1540V
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HV scan with CR

» Distributions of the signal amplitude and charge (signal integral) as a function of the HV applied
» Fit with a gaussian pedestal + Polya distribution for signal (typical shape from the avalanche statistics)
 The mean amplitude and thus the separation from pedestal increase as the HV is set to higher values
o Same for the mean charge
 The mean amplitude (at fixed HV) is higher for L3 than L1 given the higher gain for inner layers (smaller cells)
» These plots will be used to extract the first gain estimate

Same HV values appliedto L1, L2, L3 |
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Pélya distribution
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» The Pdlya distribution is a model for the
shape of avalanche size at high gain
» 0 isthe so-called Pdlya parameter
* |t changes the shape of the curve

Exponential




25000 events from cosmics
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Data collection without u* beam and B field

» Cosmic muons
* CRCtrigger
* CDCH self-trigger (2&2 or 2|2 multiplicity)
o Thanks to the trigger group
» Plots by Fedor
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Self triggered runs: TO can be roughly estimated as minimal hit time in event

CRC runs: TO can be taken very precisely from CRC counters
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First gain studies
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» Example of gain curves for
L2 and L3
e  Currents drawn by
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are converted into the effective gas gain G
» By means of simulations of the
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Gain studies
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» By means of simulations of the
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HV scan with ,u beam
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» Gain curves as a function of the HV applied to L1, L2, L3
» ~ exponential behaviour with the HV increase as expected from simulations
» The regular instantaneous drops correspond to the beam spills to feed the Ultra Cold Neutrons (UCN) facility
» Same anomalous high current values in L1S3 and L2S5
e L2S3 started later
» More investigations needed



HV scan with u™ beam

» Example gain
curves for L2

» ~ exponential
behaviour with
the HV increase
as expected
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u™ beam
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2018 2019 galn comparlson

Entries

Entries

104

-

2

[y
=
[

=
=
[+

[a—
=

[

2018 -é
we Layer 1 —=.
_HV = 1480V :
0 —— 0'8 _§1
Amplitude [V]
2 2018
. Layer 2
; HV =1480V
: As = 70.8 mV
3 G =6x10°
“E 7 R M R

Amplitude [V]

Entries

Entries

10

| 2019 3
103§ Layel’ 1 -
el |HV=1480V (WP)[

f : A, =489 mV |3
1051 G =4.1X% 105 -
0.4 0.6 0.8 1
Amplitude [V]
10— ———
2019 :

103: Layer 2

102: B

10 =

HV = 1480 V (WP + 10V)

A, =61mV
G =5.1x10°

1 1 1 1 i 1 1 1 l 1 1 1
0.4 0.6 0.8

- |II[I| | IIIII[II ] IIIIII_IJ | I|[||_|]| 1 11

Amplitude [V]

| Preliminary |

HV tuning by 10 V/layer

fundamental to obtain

the gain equalization

among different layers

» Due to the variable cell
dimensions as a
function of the radius



Wire core thinning due to corrosion
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White spot on a wire due to a fiber

Optical
microscopes

spot | det | mode | mag [J W WD [ — 500 ym ———

v+ 4| B
™ | 15.00kvV | 3.0 | ETD | SE 150x | 2.76 mm | 7.2 mm

()]

6]

EDX
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w

N

[y

mode | mag OJ | HFW )
CBS | Al | 2000x | 207 ym | 9.8 mm

o

HV spot | det | mode | mag [J| HFW WD ——200 pm —————

© | 15.00kv | 3.0 | cBS | All | 600x | 691 pm | 9.8 mm | 2.84e-3 Pa Energy [keV]



Automatic detection of wires defects

Pattern recognition exploiting the
MathWorks Image Processing Toolbox
(MATLAB)




Cracks on

Ag coating

Broken
wire

Fluorescence spectrum
of ~ 3 mm saliva
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54.6pm

Al(Ag) wires: CDCH vs. CDCH?2 |

CDCH: 40 um (75.5%) + 50 um (24.5%) Al(Ag) wires CDCH2: 50 um (100%) Al(Ag) wires

50 um wire samples (1 meter

each) immersed in distilled water

» Continuous corrosion points

» Breakings with no stress

» 40 um wire samples
completely destroyed

WA 0017 5.0kV 8.7mm x1.00k SE(UL) 08/20/2021 14:17

Bubbles indicate
corrosion points

)017 15.0kV

Uniform and thicker Silver coating
» No final drawing process
» No cracks on the surface
Bubbles indicate 50 um wire samples (1 meter each)
/! corrosion points immersed in distilled water
/ » Justa few isolated corrosion points
g > A factor of 3 better than the best CDCH

, v,‘-v;"_;‘ i y Production batch-dependent
" ‘ wire surface quality
Final drawing process
(polish) on plated wires

Cracks on the surface
Weak points prone to

production batch
corrosion




Se n5|t|V|ty VS. wires Final MEG Il sensitivity

<10 Vs.
S F CDCH different field wires
x 9
o L
& L
w L
81
7 v
CDCH standard . v v Y
» 40 pm (75.5%) Al wires @ @
» 50 pum (24.5%) Al wires - All 50 um
5:_ Aluminum
4: wires
- Simulations show that the final MEG ||
3 sensitivity is marginally affected
21
ST B B B EE EER B
b 1 2 3 4 5

field wire configuration
standard AlI50 Ti AlGold TiGold Copper



New cooling system

— ol

=

» New cooling system panel with
active components
e 4 proportional valves
* 4 pressure sensors
* 1 flowmeter
/! » We kept the manual components

Terminal
block | Z
r/
PRSNS N

N

New high
reliability
pump

Slow control (SCS 3000) crate with 3 power supply
units (60 W each) and 2 input/output modules

8CS-3000
—— 5

S —
N Ae  G—
]

==

) (e [ o e
>

» New cooling system in operation
since the end of May 2021
* Full connections completed
* Cooling system devices
(input/output) + CDCH
sensors (input)
» Valve control via software
» History OK




Cooling system stability 01/08-24/09

CDCH - Cooling water Temp

21~ == US cooling inlet T (Cold) [FC] ~ 14.3125 ° =1
90 == DS cooling inlet T (cold) [°C]  15.0444 19°C O
19 == US cooling outlet T (hot) [°C] 18.8174 - D
= DS cooling outlet T (hot) [FC]  17.3963 ) — P p— @
18 [ | |
et o P P e || H H H
1 \ A 0 Cooling circuit
16 [
g —— NS SN . — ressure stable
14 — e -—-—-ﬂ"" e @
13 ° [ CDCH - Cooling system Pressure aroun d 1 . 4 ba r =
1.6~ == US cooling inlét P [b; 146323
12 15°C ] R 3]
1 15~ _ ys.coaling,outlet Pifbarud,, 010471589
0 1.4 = DS cooling outiet P [bar] | €.0160771 o
: il :
. —
. Cooling water US+DS T - &
11
7 . [©)
; inlets and outlets !
3 08
4 07
3 06
2 05
1 04
0 03
A | CDCH - Cooling system Flow
I | I N B R N B N N N R 281 _ nlet flow (US+DS) [Umin] 2 44274
| == Bypass valve close 1
01 Aug 21, 00:00:00 11 Aug 21, 00:00:00 21 Aug 21, 00:00:00 31 Aug 21, 00:00:00 10 Sept 21, 00:00:00 26— Byfiass vaive open ¥
== US intlet vaive close 0
24 US intlet valve open i
['#='DS intlet valve close o
22~ wm DS intlet valve open 1
| = OUtlet (US+DS) valve close 0
2~ == Outlet (US+DS) valve open 1

Cooling water US+DS flow
stable around 2.4 |/min
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0.2

11 Aug 21, 00:00:00

21 Aug 21, 00-:00:00 31 Aug 21, 00:00:00 10 Sept 21, 00:00:00 20 Sept 21, 00:00:00
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Endcap T-RH stability 01/08-24/09

CDCH - Temp DS

= T (S0-1) [*C] 279 %
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o N\"\,\_\"{ .J‘\—\’ ‘r 4 '\e] T
range 22-33°C . LS - NP | W\\f@
01 Aug 21, 00:00:00 11 Aug 21, 00:00:00 21 Aug 21, 00:00:00 31 Aug 2
40 Endcap RH level stable
%0 around 4% thanks to
20 the dry air flow
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O o i gy A A chrn il Rane LSRRI IEL_ SR
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-20
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11 Aug 21, 00°00:00

21 Aug 21, 00-00°00

31 Aug 21, 000000
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Gas and Cooling systems stability

240
220
200

GasSystem - Gas Levels

| == Is0DUTANE [K]] 17.5807
| == Helium [bar] inuse 147147
| = Backup [bar] 1.34781

180
160
140-]

120-]

100

80—
60}
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20-}

o]

20-]

40

501

S

T NS

-80-1
-100-}
-120-]
140
1601
-180-]
-200-]
2201

09 Nov 21, 00:00:00

19 Nov 21, 00:00:00

» Gas system stable
» He bottle exchanges continue

Thanks to the people involved
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CDCH - Cooling system Flow

| = Inlet flow (US+DS) [ymin] 237802

| == Bypass valve close 1 IO
Bypass valve open 0 ] E

| = US intiet valve close 0 ; p
{'== USintlet valve open 1 @
| = DS intlet valve close 0 . 1
| == DS intlet valve open 1 2 . 4 min =
| — Outlet (US+DS) valve close 0 {6}
| == Outlet (US+DS) valve open 1

: flow [I/min] )

15 Nov 21, 00:00:00 17 Nov 21, 00:00:00 19 Nov 21, 00:00:00 21 Nov 21, 00:00:00 23 Nov 21, 00:00:00 25 Nov 21, 00:00:00
Cooling system stable
CDCH - Cooling system Pressure

| == US cooling inlet P [bar] 1.41279

| == DS cooling inlet P [bar] 1.39002
| == US cooling outiet P [bar]  0.00480386

b AR -‘m

US and DS pressure [bar]

=]

15 Nov 21, 00:00:00 17 Nov 21, 00:00:00 19 Nov 21, 00:00:00 21 Nov 21, 00:00:00 23 Nov 21, 00:00:00 25 Nov 21, 00:00:00



T and RH stabi

CDCH - US endplate Temp

ility

—wosewmpa 1 (30-40% range in this pIot)

| = RH experimental hut [%] ~ 32.6576

RH inside detector hut

CDCH - RH SCS

A
e i “*“*“"'“‘“*““Nlﬂlﬂmmmm;m-.v.u-mmml11mtmmnmlmumnwnmwuunnmmwmuumnmmuﬂﬂmﬂﬂ'h L

W

AT ANV T " i i1 BTV TR 1} M (AR HW' i 0

— - e N e sty SRS

RH inside CDCH DS endcap stable < 5%

GE

15 Nov 21, 00:00:00 17 Nov 21, 00:00:00 19 Nov 21, 00:00:00 21 Nov 21, 00:00:00 23 Nov 21, 00:00:00 25 Nov 21, 00:00:00

= US gas Inlet T [°C] 18 4565
— DS gasoutlet T['C]  18.0306

W ' | bt I\ 1 T T —_— e

CDCH - Gas Temp I CDCH gas |n|et T

18°C

@{‘iﬁ[‘-éﬁ@ IIT]

CDCH gas outlet T

= US endplate T1 [*C]  28.0014 6
= US endplate T2 [*C]  30.5398
j1)! p Tﬂ {v } nnnnnn D 40
— US endplate T4 [°C] 306299
o o
£
Endplate T stable ©)
20
(28-31°C range in this plot)
10
o]
10
-20.
15 Nov 21, 00:00:00 17 Nov 21, 00:00:00 19 Nov 21, 00:00:00 21 Nov 21, 00:00:00 23 Nov 21, 00:00:00 25 Nov 21, 00:00:00
CDCH - Temp US =
= T (S0-1)[°’C] 36.1
T (81-2)[°C] 279 i)
= T (S2-3)[°C] 232
- T (S45) [C] 22 i 20
T (S6-7) [°C] 305 @
- T (s7-8)[°C] 289 18
T (S89) [°’C] 298 —
- T (59-10) [*C] 29 {3}
- T (510-11)[°*C] 281 16
- T (S$11-0) [°'C] 309 @
e R e .
o A—— 12
sl i
10
1] L
. ]
FE holders T stable
(22 36°C range in this plot)
15 Nov 21, 00:00:00 17 Nov 21, 00:00:00 19 Nov 21, 00:00:00 21 Nov 21, 00:00:00 23 Nov 21, 00:00:00 25 Nov 21, 00:00:00

» Stable: we see the hut T variations (1h period)
» We recorded a 2 days period with higher T not following the hut T
* Not in this history plot: now readings are coherent again

15 Nov 21, 00:00:00 17 Nov 21, 00:00:00 19 Nov 21, 00:00:00 21 Nov 21, 00:00:00 23 Nov 21, 00:00:00 25 Nov 21, 00:00:00
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Total Spectrum Raw

TotaiSpectrumPaw
Entries 513
Mean 0.4406
10| StdDev  0.1909

10"

30.6°¢

"0 0.1 0.2 03 0. 0.5 y
Frequency [GHz)

High frequency burst noise
from pedestal runs
WDS view below

DCB48:0 - WD192
Stop Single

EEE]

0.6

24°C

4F|rs*t‘ LV power ON of the whole CDCH

OFLIR 85.0°C

Cooling pipe
embedded in

Thermographic pictures
from inside the endcap

FE board
region

T the FE holder

Soimv I :

4 w000 p

—— > HF noise observed in several channels

» The onset occurs a few minutes after the LV power ON
before reaching the equilibrium temperature
» Generated by a few FE boards and picked up everywhere



Search for the noisy boards

Downstream
—0.06N

—0.05

—10.04

0.03

5 ) 0.02

0.0

US and DS views of the
FE boards disconnected
on a single side

* 6US

e 4DS
Sometimes only one
wire is masked out in the
analyzer

Example of noisy FE board search

the WDB a good noise level is recovered

» You can see a hotspot in the RMS 2D plot in the CDCH analyzer
» If you disconnect the signal cable of the involved board from

Upstream

Downstream

10

11

—0.01

—0.008

—10.006

0.002

—0.008

—0.007

—0.006

0.005

0.004

0.003

0.002

0.001



HF noise investigation

One of the feedback resistor of the second amplification
stage can touch the FE holder
e |f this component is shorted the amplifier feedback is
unbalanced and the amplifier start to oscillate
* The oscillation propagates to all the channels of the
involved board
Clearance left during the FE board mounting but during the
signal cabling and likely with the higher temperatures at the
LV power ON the board can slightly move
e Signal cabling with CDCH already inside COBRA
* Insulation (insulating varnish) and clearance of lateral
components is not enough
e This will be solved in CDCH2 with a re-design of the FE
holders

<8N TELEDYNE LECROY
e H 4 i SUOOK
1 RS

4 Problem reproduced I

. . Tb  -2.000000
I in the lab in Lecce I e St o

X1=  235MHz




Signal check + noise spectrum from data

Coherent Subtracted + DFT HFC + MA

;’II..-
g
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1
k
i
¥
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» Channels have normally voltage RMS 6-9 mV
» Coherent noise contribution clearly visible
* Largest contributions at very low
frequencies and around 50 MHz
» Investigations on the origin of the coherent
component performed

Michel 7e7: Coherent Subtracted

. I TotalSpectrumCoherentSubtracted
— Very low frequencies | :
= Entries 513
CQ. Mean 0.1429
S
i I 50 MHz I Std Dev  0.1301
z
=)
=¥

10!

0 01 02 03 04 05 0.6
Frequency [GHz]




First noise investigation inside the area

Test of the LV
power cable

The probe

* To probe the e.m. field aIIoop antennalhas been
used. The antenna can be tuned by using a
shielded capacitor. Diameter of the loop is
about 17cm

* The pattern of the loop is balanced to indicate
the direction toward the e.m. source

* The antenna is connected to an oscilloscope
(Tek TDS5104 1GHz/5GSPS) though an RG58
cable

*JAll the measurement has been done with the
WD crates off

» CMB with old DC-DC converter e I N - L L ——
» The =15 MHz noise comes from the CDCH LV power 1T 2 .
supply modules
» One possible source of the =50 MHz noise could be the
accelerator
* Comparison between pedestal data with the
accelerator ON and OFF could help to understand crate: CMBON




More noise investigation inside the area

Time scale =2.5 ms
Voltage scale = 200

We used the
noise probe by

S Marco P. and ;nvm0 ! » Test of the WDB crate
4 Alessandro C. = z .
WY o check the » CMB with new DC-DC converter
\ noise source at . . . . .
e » Noise contributions found with the previous test
confirmed
» The ferrite beads clamped on the LV power cable
have no effect
B Time scale = 2.5 us Time scale = 100 ns » Effect only clamping the ferrites on a signal cable
. Voltage scale = 200 Voltage scale = 20 mV
er—— f= 14 MHz e Signal? 432 signal cables...
S = 100 kHz e Frequency scale = 12.5 MHz
J We checked the | Amplitude scale = 10 dB
,/ noise source at | f1=14.5 MHz
/ the WD crate ? 2 = 50.5 MHz
level. .
The test was
AT performed using
the new CMB
board with the low
noise DC-DC
» Test of the LV power supply module converter.
» Found noise contributions at different
Test 0

time and amplitude scales

, Frequency scale = 12.5 MHz
~ Amplitude scale = 10 dB cable
_ f1=32MHz » Noise probe on WD crate

& f2 =108 MHz 1
- ‘ ’/ No effect.
) /.

« Ferrite components on LV




Charge per electron Vs. O content

| hqu

» Propanol does not change things too much

”Et
\I

23T
© 8.196e+04
©9.769e+04 ||

-] Garfield simulation
] » He:lsoB 90:10 + O,

' 'Std D -

s oo

1

The reason to diminish
as much as possible the
Oxygen content

I%x10°

...---I.... - ] A 5 R 1 O
400

600

800 1000




Charge per electron
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Charge per electron

Mean  2.457e+05

CStd DeV T TTI3S5EF 05
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Impact of O, from 2020 data

Muon beam data, 2% O, + 1% isopropyl alcohol

* We do not observe evident pathologies looking at the raw
waveforms with the addition of O,



Impact of O, from 2020 data

» Effect (similar in magnitude) observed on currents drawn
by the HV power supplies (16 wires per channel)

0.5%->0.% O2 stopped at ~.16%

2%->1% 02 2

32
28,5
25
14
21,5

18

0 7,5 175 22,5 30

Expected Current ~ 5 x 10° x 16¢ch x 1.3 Mhz/ch x 15e ~ 25 YA
A g %

Gas gain Hit rate #electrons per hit



Impact of O, from 2020 data

Muon beam data Out of trigger

(1% isopropyl alcohol) baseline
subtracted

* Summing up many 4 el \
waveforms, with the *IMW

addition of O, we }M}WMWW . y Mﬂw

[
observe a decrease

—— 02%1.40 N

—— 02=0.50 N
- 20-30% loss with

) — 02=0.25 N
of the size of hits T ‘i
!
1-2% O, | ‘

* The decrease is | M s T
larger at larger hit “ "_]! | I
times, as expected -l .‘| | Sum ampl. (x% O,)
from attachment Sum ampl. (0.25% O,)




Impact of O, from 2020 data

* \We modeled the attachment in the MC according to the
expectations from GARFIELD as a function of the drift time

=0 e
L nE 206 O GARFIELD with 1/6
= 05 - 2 suppression of
E LE attachment
E 0.2 g—
E u: ;_ L . L L . L L L . . . | . L L L 1 L L L L
Drift Time [ns]
O, conc. Positron Efficiency Momentum Angular Resolution
[%] [%] Resolution [keV] [mrad]
+1.0% + 3 keV + 0.15 mrad
0 64.6 96 6.7/6.7
0.5 62.5 95 6.7/6.2
1 62.7 94 6.5/6.4

2 58.2 97 6.6/6.3



Impact of O, from 2020 data

» We have some preliminary indication that the effect of O,
Is overestimated by GARFIELD

* Our measurements on data suggest ~ 20-30% signal size
loss with 1-2% O, with some trends vs. time indicating

that it partially comes from the attachment

* |n cosmic ray tracks, 7-9% of hit loss, caused by the
attachment of the first cluster

* |f we assume that there is a factor 6 overestimate of the
attachment in GARFIELD, we mainly expect a small loss
of positron reconstruction efficiency with 0.5 and 1% O,

and a more substantial one with 2% O2

- N.B. MEG |l sensitivity is at most linear Iin
efficiency x DAQ time (zero background regime)



Pulse response vs. LV applied (bench test)

L v=22v |

.

Everywhereyou

TELEDYNE LECROY
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V=25V
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Noise spectrum vs. LV applied (bench test)

: |
A4\ TELEDYNE LECROY
W. Everywhereyoulook™

CM1-M2




Bandwidth vs. LV applied (bench test)

CH1 Ach log MAG 3 dB/ REF -3@ dB -18.135 dB
: P : SR | 169.625603177 MHz

i

040 KAz “POMER 30 aBm — 5P 44.54 msec
T 1 hHz STOP "1.8 GHz

LV=2.5V

SELECT
LETTER

SPACE

DONE

CAMCEL

CH1 Ach  log MAG 3 dB/ REF -28 dB -18.016 dB

: S : P | 769.625633177 MHz

PO RVURIUR ARNUOURNE UUURE VS - SOUUUUUO: UURUOOOE OOV O W SOOPUUR SNVOROR SUURN S0 N SUROOON
16
.aT\

YIFED a8 kRz “FOER 30 dBnm ~ SHP_ 44.54_msec

START 1 MHz STOP 1.9 GHz

SELECT
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L ]
—
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CAMCEL



Looking closely at the whitish regions

Microscope photos confirmed
the white wire portions
= (different surface than the rest
| Smartphone photo: we noticed | of the chamber) and dark
dark deposits at the center of a _ deposits at the center
whitish region




Corona discharges at Pisa

Electron plasma from the cathode wire (point-like
fixed source) to the anode wire (diffusion)

» Do white zones (deposit?) lower the
corona discharge HV limit? 20 um anode:
» Corona discharges might cause dark +HV

e <)
deposits on wires as observed in Pisa
with a more powerful power supply ! 40 um cathode:

» They occurred naturally at 2300 V ground

(100-200 pA currents) with 40 um
cathode wire diameter and brand-new Faint phenomenon only visible in a
wires (no damaged surface) dark room: not easy to take a picture

 Known phenomenon: but why at
1400 V? M

e \We need to understand the
nature of the white zones

Dark deposits

I on wires after
\. a few minutes




CDCH conditioning with beam 10/08-24/09

CDCH - L1 CURRENT

1501 T CHa2a - 51 {ual 0004 ince CDCH reached the stability we regularly took
T g SvhAl oo | L1 current I Since eached the stability we regularly too

120 {—Crzg Situnl  oo0n » Michel e* data with TC trigger
IO gty 5505 » RMD-like data with LXe trigger + CDCH&TC read out
100 4= %E?ii:sgﬁ?ﬁi} 0’503 » LXe-TC coincidence trigger data with CDCH read out

- > MEG trigger data

.- T 0%=08%0,  08%-05%0,
OO e T ST _ _g
1500 : gﬂggjsgﬁ‘” e o ™ A4 n r

1e0o 5:8533:32 ¥ 1ii§§rﬂ | I %
1ze04 3 Conditioning period with current discharges ?Z:)}
oo 1 > HV up to WP+40V to speed up the O, cleaning » These data are very useful to study stability and efficiency

wood > Fast HV ramp up after each trip event and tune the reconstruction and trigger algorithms

700 » Analysis ongoing (thanks to the groups involved)

100 1% isopropyl alcghol 1.2% isopropyl alcohol to help the stability

© - - L1 voltage
-100 +[—]

11 Aug 21, 000000 21 Aag 21, 000000 31 Aug 21, OO000.00 10 Sept 21, 000000 20 Sept 21, O0.00:00



Some diagnostic plots from Michel e* data

Baseline RMS Baseline RMS
us UsS DS DS

W 2<Il‘;l]:}l T T T T T LI L T TH /] X]\‘O\:} T T T T T 1 1 1 1 # i el.'.w W ><Il‘;l]:}l T T T T T T T L T /] X]\‘O\:} T T T T T T | 1 1 ‘_85 | 1 |
s F Entries  7.874015e+07 k- r Entries 874015 i s r Entries  7.874015e+07 || k- L Entries 7.874015e+07 [|
2 2000: Mean 6.728¢05 [| = 6000 'ﬂ‘l Mea 0.003575 = 2000: Mean 6.48e-05 [ 2 6000 ﬂ. Mein 0.003554_|]
~ 1800: Std Dev -'HDS32—E ~ r Std Dev 00009805 i ~ 1800~ Std Dev 0002981 © L I Std:Dev 0.0009477 [|
L Underflow 0 [l r Underflow 04 E Underflow 1 E i Underflow l
1600: I vetion ol 5000¢ Overflow o] 1600} S . 50001 po o .
1400: 1| Integrat 7.874e+07_[] E Integral 7.873e+07 _ 14 001 E—- i J Integral 78736507 |

- ] 4000 all sectors i - n C
1200F - i [ o i 1200F ] 4000; J allsecors i
1000 . 3000k % Sectors [ 1ooof f 3000: — s Sectorsf
P ] 200047 L.l different] 6005 ] 200 o] _different]
- ] H\\ J LlL —s colors C ] [|1 & colors |
400 L s 1 - ] I
N ] 1009 ) i 400: ] 100 & 56 H
200 ] ] JJJ £, 1&\ : 200f ] JJJ S LLL\—»-.\LL i
0: | | \J 1 | L1 L1 1 : _t | | ‘:\ 1 I:;-:r =l w_ 1 1 I ] : | L1 | \J 1 | L L 1 : P :\ 1 I:-\-'F— ol : 1 _l_l__
—0.06 —0.04 —0.02 0.02 0.04 0.06 0.002 0.004 0.006 0.008 0.01 —0.06 —0.04 —0.02 0.02 0.04 0.06 0.002 0.004 0.006 0.008 0.01

baseline [V] Bad rms [V] baseline [V] Bad rms [V]

channels channels



Some diagnostic plots from Michel e* data

Baseline US Layers with Baseline DS RMS US Layers with RMS US
wire by wire different colors wire by wire wire by wire different colors wire by wire
Michel_WP_isoP_1%2_02_05% US basaline vs. wire (mask = 21, uns $57285-368218) +L]_ Michel_WP_isoP_1%2_02_05% DS basaline vs. wire (mask = 21, ung $57285-368218) +L]_ Michel_WF_isoP_1%2_02_05% US rms vs. wire [mask = 21, runs 387285-383218) +L]_ Michel_WF_isoP_1%2_02_05% DS rms vs. wire [mask = 21, runs 387285-383218)

; 0.02_ T T T T T T T T T T T T T T T I_ ; 0.02_ T T T T T T T T T T T T T T T I_ ; 0.01_ T T T T T T T T T T T T T T T T] ; 0.01_ T T T T T T T T T T T T T T T T]
— r Pz | — r Pz | = - dorz | — . .
T T 1 - R 1 = F . = 1 Channels to i
3 - :+L3 3 - I+L3 0.008; i‘ '+L3 00081 I be Checked :
0.01 0.01 C N ] C 1
: Yo : Yoo 0007} hannelsto k1 0.007: :
B i B - : be checked | 1 : :
0.005; ] 0.006. ] 0.006. ]
L 1 L5 L5 r ] L5 & i
- .” : . “ i 0.005f ] | 0.005" :
E +Lﬁ E+Lﬁ 0_004 :_ ol . i g . 0.004 :_ ....““ i/ u
—0.005 l ] —0.005} | i r 1 r 1
E E L7 E E L7 0.003 :_ .............. 4 _: 0_003:_ _:
~0.01] i —0.01} . - { : : :
- 115 - 115 0.002F {15 0.002F .
—0.015] ;+L9 —~0.015] ;+L9 0.001 Bad.channels :+L9 0.001: Bad channels
B ] [ ] L 430 a s e ] L .« @ 7
_0.02 L1 I I 11 1 I 11 1 L1 L1 _0.02 1 L1 I L1 I I I 11 L L1 1 0 C 1 I I 1 L1 Ll 0’ 1 | L [ | ) I 1 1

0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 0 500 1000 1500

wire wire wire wire



Some diagnostic plots from Michel e* data

counts

I US + DS signal amplitude distribution I I US + DS signal charge distribution I
i o~ S """ | Entries " 71874015e+07 ] Entries " 7.874015¢+07
10" £ \ Mean 0.07277 5 p Mean 4.534¢-09 |
- Std Dev 0.06434 | NG Std Dev 4.477¢09
105 =1 - \ Underflow 0 | \\ Underflow 2.141e+05
- ntegral 7.757¢+07 [ \\ Integral 7.706e+07
104 <| — all layers — all layers a
= — L1 L1 M
= — L2 — L2 i
- L3 Layers L3 Layers
3 ey
10° ST M with s with 3
3 Ls different Le different A
J L7 L7 B
102 I colors R colors  []
@ — — LY i
| | | | | | | | | | | | | | | | | | | B | | | | | | | ><];0_9
0 0.1 0.2 0.3 0.4 0.5 25 30
amplitude [V] charge [C]

Good uniformity by layer thanks
to the 10V scaling of the HV




FE gain measurement

« Measurement of the FE response to real single-electron drift chamber
signals produced by laser ionization on a prototype

Measurement of the total
/ \____* Charge charge m(i_th a commt_ercial
preamp amplification chain
UV LASER 200
— ol ,
Shaplng —» Scope 0oL o
amp > sof P
OE.-LL"._..I ._... [ .-..I. e
0 200 400 ©00 B8OO 1000 1200 1400 1600
Charge [fC]
= Measurement of the signal
L\ MEGII amplitude with the MEG |
UV LASER FE readout chain
— DG R i3
WaveDream 1E$_
B gO0 |

Ll I 1
# 0 002 004 006 008 01 012 014

FE gain = amplitude / tot. Charge = 0.120 mV/fC Amplitude [V]



Gain [mV/e]

20—

Total gain with different FE

60
50
40

30/

10/

...................................................................................

Cosmic rays
(2500 ppm H.,0)

STANDARD FE
GAIN x2
GAIN x4



Gain measurement

Waveforms w/o signal (peak noise) wires 600 - 607

3B e e
" | Totalgain=8.6 £ 0.7 mv/e |

Il|IIII|IIII!IIII!IIII!IIIIlllh]llll

E 31512

N:
10*

E‘,nlrins

0.01219

v 1001601 E

ch|2 comparlson P
.In th.ls range.......; ........ ; ........ ...... _;

DATA

103E .

1025 .

TII[l|lllFT[I’TIT]]I][IITIIIIIET[T1

10 -

10:- (1 QInE.... | 5 =

MM /R S B D D
0 0.05 0.1 0.15 02 025 03 0.35 0.4 b 5 10 15 20

Amplitude [V] GasGain*FE gain [mV/e]

Waveforms w/ S|9nal

» Signal amplitude distribution from Cosmic Ray events: clean environment

Gas Gasin

750
700
650
600
550
500
450
400

2020 measurement
Gas gain = (4+7) x 10°
in agreement with the

expectation

» The only parameter to be tuned in MC to reproduce data is the Total gain = Gas gain x FE gain

» FE gain measured to be 0.120 mV/fC

e FE response to real single-electron drift chamber signals produced by laser ionization on a prototype

» Gas gain = Total gain / FE gain



CDCH currents stability ==

CDCH - L9 CURRENT CDCH - L9 CURRENT

== CH125 - S0 [uA] 0.002

20 CHO7 - 51 [uA] 0.002 )
= CH29 - 52 [uA] 0.001
» 4 x 107 . . -
17
& 3 x 107 W/s " 2
18 15 {9}
ut/s 1 ®
16 43 | == CH108 - S10 [uA]
= CH103 - 811 [uA]
14 12 | CH135 - 50-1-3-4-5-6-7-11 (DS)
1 1 1
- ' 5 Low intensity
. . RMD run
5 ! then
2 x 107 : accelerator
/s : service days
1
0 0
30 Oct 21, 00:00:00 31 Qct 21, 23:00:00 02 Nov 21, 23:00:00 04 Nov 21, 23:00:00 06 Nov 21, 23:00:00 08 Nov 21, 23:00:00 10 Nov 21, 23:00:00 11 Nov 21, 00:00:00 13 Nov 21, 00:00:00 15 Nov 21, 00:00:00 17 Nov 21, 00:00:00 19 Nov 21, 00:00:00 21 Nov 21, 00:00:00
27/10 10/11 11/11 22/11
Hut
| conditioning
1.3 .
. malfunction
» With CDCH stable we see ngher gasT

Isopropyl
alcohol refill

Isopropyl
alcohol refill

the gas gain variations 12
with the atmospheric

pressure (gas density)
AG AP 1

G P

» L1S1 currents (normalized 0
to the initial values) de
corrected by T, proton

current and slits changes

readlngs
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1.1
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L1S1 normalized current
VS.
Pressure effect
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Currents (4-14/11) vs. atmospheric pressure
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Layer 1 Currents vs. Time [days]
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Currents (4-14/11) vs. atmospheric pressure
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Occupancy by wire and layer
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US + DS baseline and RMS
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Baseline and RMS by wire
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Some diagnostic plots
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MEG_5e7_WP_isaP_1%5_02_0%5 US rms vs. wire (mask = 0, runs 404274-404352)
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MEG_5e7 WP _isoP_1%5 02 0%5 US amplitude vs. time (mask = 0, runs 404274-404352) MEG_5e7 WP _isoP_1%5_02 0%5 DS amplitude vs. time (mask = 0, runs 404274-404352)
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Preliminary hit resolution
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