& manemE
YR &
Qaa sz 30

Study and optimization of a hybrid MPGD-based

detector of single photons

Leonardo Benjamin Rizzuto

Supervisor: Fulvio Tessarotto
Co-Supervisor: Stefano Levorato
Internal Supervisor: Anna Martin

.’H = Istifuto Mazionale
di Fisica Nucleare

=)
L/_. Trieste




@Brief introduction to COMPASS

@The novel Photon Detectors for COMPASS RICH-1

@ Goals of the thesis

2 Gain measurements

@|on BackFlow measurements

@ Conclusions

Study and optimization of a hybrid MPGD-based detector of single photons Leonardo Benjamin Rizzuto



COMPASS: COmmon Muon and Proton Apparatus

for Structure and Spectroscop
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Experiments with muon beam: Experiments with hadron beams:
COMPASS - | (2002 - 2011)
Spin structure, Gluon polarization Pion polarizability
Flavor decomposition Diffractive and Central production
Transversity Light meson spectroscopy
Transverse Momentum-dependent PDF Baryon spectroscopy
COMPASS - Il (2012 - 2020) ...
DVCS and HEMP Pion and Kaon polarizabilities
Unpolarized SIDIS and TMDs Drell-Yan studies 3
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COMPASS: COmmon Muon and Proton Apparatus

for Structure and Spectroscopy
The COMPASS spectrometer:

A 60 metre long fixed target experiment

Muon Filter 2

Muon Filter 1
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COMPASS: COmmon Muon and Proton Apparatus

for Structure and Spectroscopy
The COMPASS spectrometer:

A 60 metre long fixed target experiment with two stages

Muon Filter 2

Muon Filter 1
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COMPASS: COmmon Muon and Proton Apparatus

for Structure and Spectroscopy
The COMPASS RICH-1:

Hadron ldentification in a momentum range 3-55 GeV/c

—
M)
-
0Q
L
w q

beam
pipe radiator
gas: C,Fy,

Muon Filter 1
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COMPASS: COmmon Muon and Proton Apparatus

for Structure and Spectroscopy
The COMPASS RICH-1:

Beam pipe

GAS RADIATOR
C4F10
n=1.00135 /

gas: C,Fy,
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MWPC+Csl| Photon Detectors
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MWPC+Csl| Photon Detectors
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UV - photon Cathade Wires
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MWPC+Csl| Photon Detectors

quartz UV - photon Cﬂthtﬂiﬂ erf:s
2 0 8 0 0 00 W
_|_

lon BackFlow (IBF) >50%

4

photocathode aging
(~mC/cm?—QE degradation )
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COMPASS RICH-1 PD UPGRADE .

y
Al vessel

MWPCs —MPGD-based PDs

UV mirror \\,‘

wall

beam -
pPipe radiator

-.——-

MWPC's — MPGD-based PDs

gas: C,Fy, | ¢
|

for COMPASS run 2016

wg

:

4 new detectors of 600 mm x 600 mm
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The new hybrid MPGD concept for RICH-1

For the first time of a hybrid MPGD architecture used in PDs

of single photons in a running experiment .
(Result of 7 years of dedicated R&D)

Strong IBF suppression thanks:  window
* Staggered configuration e
* Micromegas

The goal is IBF < 5%

Operational settings:
AV peemt = 1275V AVoyeeny = 1225V
E =1kV/em Eq err = 0.6 kKV/cm

Transferl —

Mesh Etranst
v es \ T

Micromegas

Anude/'
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GEM: Gas Electron Multiplier

by F. Sauli (1997 CERN)

| !’ fl I\ i

! " IJ

l.:"\ “m"

i { GEM foil

wu

4 SOpm Kapton

Innovative feature: easily shaped to match the experimental
requirements.

"Standard GEM": 70 um wide holes with 140 um pitching, etched in a
triangular pattern on 50 ;m copper-clad kapton.
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MPGD: Micro-Pattern Gaseous Detectors

THGEM-based Photon Detectors

Novel detector technologies based on PCB photolitography
techniques (started in the '90s)

Thick GEM s (THGEMs):
regular pattern of holes with:

e thickness: t=0.2-1mm
® hole diameter: d=0.2-1mm tm ----------
® hole pitch: p=0.4-2mm m;m[:]@

® rim width: r=0-0.1 mm Tmﬁgf[ia[:] ]

Induction Gap l E.,
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Micromegas: Micro-mesh Gaseous Structure

Drift electrode

Thin parallel-plate avalanche counter:
Micromash

mesh very close (50 + 150 um) to the
anode defines the multiplication gap.

few mm

0+ T T L T T T T
0 5 10 15 20 25 30 35 40 45 S50
Field ratio (£}

15
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Goals of the Thesis

Some aspects of the performances achievable with the new
hybrid MPGD archithecture cannot be studied operating
the Photon Detectors on COMPASS RICH-1:

® Individual contributions to the total Gain
® The Temperature-Pressure dependence of the Gain
@ Accurate measurement of IBF to the photocathode
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The hybrid MPGD Prototype

The goal is to measure these quantities with a PD prototype
featuring the same geometry of the new RICH-1 PDs.

Field wires Quartz win{i:w K?ton window Electrodes:
° I 1 [ | . .
Kapton window for >>Fe N D ‘E’;'ﬂ wires
Quartz window for UV source i Rest I
riftt Region —»
10 mm THGEM1
Topl Bottoml

Transfer Region 1 » THGEM2
3 mm I \ l Top2 Bottom2
i Micro Mesh
Transfegrmﬁsglon Z — \ l Mesh
lllllllllllllllllllllllllllllllll Anode

Micromegas Region
—_— .
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Experimental Setup used

>5Fe X — Ray Source/ E CREMAT CR-111
Pulsed LED Laser - E;r - Charge Sensitive Pre-
0 .
source. = Amplifier
e L 4
DAQ/Computer CAEN
N1471H HV ORTEC . e
1 e Gain was measured fitting
AMPTEK PS Spectroscopy .
Amplifier the main peak of >>Fe source
Pocket MCA
8000A _ - |
) Galn — ne ea / ne prim.
§ 8 H Eniries 1024
- Mean 653.6
8 RMS 199.9 )
o/ nde L Average number of electron-ion
a:gf"ﬂm A0+ 00 pairs generated:
o s In Ar:CO, 70:30 mixture: 207
E In Ar:CH, 50:50 mixture: 226
wf-
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Collection Efficiency study

Primary electrons

y : A 28018x10°
4 x107

| carefully studied the collection

efficiency of primary electrons

produced in the Drift region I

Drift Region —

THGEM1

SH0 "’._. B A -7_____— .

------
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Collection Efficiency study

At fixed AV ycemy @PPlying AV, = 0.5 + 2.5 kV,
12 curves were obtained:

Drift Scan with AVrygen; = 350V AVnugeng = 1100V Vi = 500V
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Collection Efficiency study

Collection Efficiency
is only due electrostatics

— scaling

with AVy.«/ AViicemt

Max. Efficiency for

AVDrift/ AV1yeem1= 3/5

Relative Collection Efficiency

Relative Collection Efficiency

Drift Scans keeping fixed AViyagp = 1100V AVy, g, = 500V
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Transfer efficiency study

The behaviour of the Transfer Efficiency is different:

Saturating above 1 kV/cm

Effective gain
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18000

16000

14000

12000

10000

8000

6000

4000

2000

Transfer Scans AV ,gene = 1090V, V

= -200V, ArCO, = 70:30
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Normalized Gain Curve at fixed Collection Efficiency

THGEM1 Gain surve (AVnaey, = 1300 V, AVyeq, = 560V), Gas used Ar:CH, = 50:50 THGEM1 Absolute Gain curve  (AVyygey, = 1300 V, AVyeq,, = 560V), Gas used Ar:CH, = 50:50

1 2
£ axi0* = %2 / ndf 0.5003 /3 /
O 3x10* © 102 = Prob 0.9188 i
.2 " -; E
E 2<10 3 | AV, 1011+ 5.909 /'l
i T rC W
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10 ,'/
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4:10* . 4
310" —> .
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3)(1 02 _...I ..... | ..... I-I ..... . | ..... e | ..... I ..... o | ..... i I ..... | ..... . | ..... e | ..... I | ..... e | ..... P | ..... [ 10'1 | ) L L L L L )
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400
AVTHGEM1 [V]

AVrygem [V]

(AVTHGEML —AV(E)

Fitting with the function G = e slope— T
where:

@ AV critical voltage of THGEM1
@ slope~1 inverse of the slope of the exponential

For the last parameter, it is common to compute the voltage difference
needed in order to obatin a variation in gain of an order of magnitude:

AVio = slope™! - In(10). .
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Comparing Gain variations from single THGEM gain

curves with the combined gain curve

THGEM1 + THGEMZ Gain curve  ( AV, g, = 500V), Gas used AnCO, = 70:30

4:A0*F 2/ ndf 5708e+05 /N T e

3107 |_egend Zindi  1.262e+05/6 . .|| Prob o
axict =9 ’ o " : AV for Gain  554.4 + 3.94 ; ;
g0t~ THGEM1 po 829 +17.53 ' o _ . _
: A 2 " Slope' [V] 51.8 + 0.3896 : .
sy | THGEM2 Slope [V] 100.2 £ 1.803 ' PP e semmmeets s s SR (IO SR SO

12 ndt 33548404/ 6 /
-

. p0 24.79 £ 10.66 .
10 Slope'[V]  107.5% 11| ,#*
" 10*

THGEM/Z Gain curves wilh coe THEEM fied al AV o0, = 1050V, Y, = -5000, AnCD, = 70:30

Elfective gain
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w
k.
=

- L]
Gx10° o B ol
4x10° L FAAQD [

107
B 107 &

FO0 00 00 1000 1100 L L L L L L L L L L L L L L L1 L
M [V] 1000 1020 1040 1060 1080 1100
AVayeen [V]

THGEM1 THGEM?2
AVio[V] | 230.7 =4.2 | 2475 £ 25

Estimated Measured
AVlOTHGEM1+THGEM2 =1195V AVlOTHGEM1+THGEM2 =119.3+0.9V
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Final values of the individual contributions

The Micromegas gain parameters could be determined as well.

All the parameters are now known for the 2 gas mixtures used.

Moch ABSSIING GAIN CUTVS (AVa0,, = AVnc,e = 1300 V), Gas usod ArGH, = S0°50

5§ | x° /et 7.208 /18

‘g 1{:2 B Prob 0.9882

B i i

3 ] AV, 4167 = 1021 [
EO =] SIope™ [V] 42.28 + 0,228 | e mrondsie o o e v e il s e e o
40
a0 |-
2']—
10—
| S —
3l M
2||||-i-||i|-||||-i-|-||-|i-|-i-|-i|-

480 480 500 520 540 560 5840 600 620
AVt (V]

Summary of the measured parameters:

Gas mixture | AV,HCEML [v] | AVIHCEMZ [V] | AVIHCEM [v] | Avffesh [V] | vMesh V]

230.7 £ 4.2 2475 £ 25 847.6 = 6.3 905+ 03 | 3221 + 05
2024 + 3.6 3247 =54 10110 £59 | 973 =05 | 416.7 = 2.3

Ar:C0, 70:30
Ar:CH,4 50:50
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Gain Sharing between the two THGEMSs in Ar:CO, 70:30

Using the measured parameters it was possible to estimate the Effective gain values
given by the sharing between THGEM1 and THGEMZ2 (blue points).
Excellent agreement between the measured and the expected values!

16500

Measured Gain sharing values —8—
Gain sharing expected values (from Gain curves) —li—

16000

15500

Effective Gain

15000

14500

14000 i i 1 1 L i i i 1
980 990 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 1110 1120

1120 1110 1100 1080 1080 1070 1060 1050 1040 1030 1020 1010 1000 930 980

* AViigems [V * BVrpgem: [V
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Gain — Pressure dependence

The gain of a gaseous detector depends on the gas temperature and pressure.

I The knowledge of this dependence is fundamental
for a stable operation!

Goal: obtain the factor useful to provide an automatic
compensation of the pressure induced gain variations

(the temperature induced variations are negligible
In time scale with respect to pressure induced ones)

Study and optimization of a hybrid MPGD-based detector of single photons Leonardo Benjamin Rizzuto



Pressure dependence

Dependence of the gain on the pressure:
G = Gy-e K(P=F)

where
@ Gg gain at pressure P = Py
@ K = slope~! constant depending on the gas mixture and other
variables

12000 : : - 994 Gain variation dependence on Pressure (Gas used Ar:CH = 50:50)
Effective Gain : : i 5 4
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11400 + % - < 1 . e+ T = N
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11200 | E 11500 I e R S i TR EEES S >
11000 - -
' 1 ogg — Co ; St : g Fit function: G, exp( - 0_1
£ 10800 | % g 11000 = R . T35 N e Slope
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o 10600 1 £ C . : : ' T
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lon BackFlow studies

Experimental setup used:

oy

Quartz window Y !
Field w"tsuar = win C“\. *-; Kapton window  glacirodes:
n \I—Izl_| e T
FILTER BOX a -
0.5 GO+220 pF P
Y I THGEM I
pA HGENMS /Tu:»l Battoml
. — — — — —
pA HY THGEM
Y DISTRIBUTION GEMZ Topz  Bottom2
pA . BOX — BN SN . s e -
T I Micra Mesh e
CAEN L | Ao S —————————
NU4TTH HV pi [ !{__JAnude
[ g Anode
a
= FILTER BOX PA -

0.8 GO+230 pF

: U A
AMPTEK Pocket MCA
i ORTEC Spect. Amp. g

Cramat CR-111

In literature the definition is not unique.
| choose to normalize all currents with respect to the anodic current,
roughly: being:
o n,~ 2-10?
@ R~ 1kHz
@ Gefr ~ 0{104)
thus lpede ~ few 10?2 pA.
29

"ranade = Ny - Geﬁ‘ ‘R
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Home-made Picoammeters

udy and optimization of a hybrid MPG

Measured current [pA]

Sigmas of measured current [pA]

Calibration of pAmmeter
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Currents on the seven electrodes
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Baseline Subtraction on the Anodic Current

4500 T T T T T A T T
anodic current from raw data
baseline fit: ]a*exp(-t/b)+c a=648 2181 pA b=6932.1 s c=1063.42 pA
4000 L baseline anodic current |
anodig¢ current after baseline subtraction
3500 [ -
3000 [ -
E_ 2500 | .
=
o
5 2000 | .
|
_l__‘~|-__._-_
1500 | |'—
1000 | -
500 | -
0 1 . ¢‘\- 1 L 1 L e 1 1 lLL_J\
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Micro-discharge correction

Curment [pA]

28 June 2016 Ruh
Correction of microdischarges on Anode and Meash
Voltages settings: A=+440V B2 =-500W T2=-1650% BEl=-1550% T1l=-3000N% Drifte=-4000%

2000 T T

am:l-l:li'::1 currant hef:::re u:u::nrrectir.:;n S
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| mash current after correction
2000 | \ ‘ |
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i}
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Quality Check

-

The chamber is a closed system = > . . < lejectrode >~ 0

in each time interval.

Measurements not satisfying this requirement within 3 o error were
rejected.

Sum of the 7 currents

N
T

—— @ ermor bars

B
3

Sum of the currents [pA]
o b
LI I | I

i

a0l } }
a0l
ol
_E|:|__
_l 1 1 I 1 1 L I 1 1 1 I 1 1 1 I 1 L 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 2 4 [+ 8 10 12 14 16 18

Measuremeants in order of acquisition
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First results

Micromesh: an excellent lon Trap!
~ 90% of ions are captured by it
(excellent agreement with the literature for ¢ = 18)

lon Back-Flow on the Mesh
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First results

Total IBF in the drift region: less than 5%.

lon Back-Flow on the Drift lon Back-Flow on Top1
x2 / ndf 9.62/3 x2 / ndf 2.209/3
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IBF dependence on the Drift field

Drift IBF - Drift Field dependence

IBF sharing between o + +
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The total IBF in the drift region Lo
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Top1 IBF - Drift Field dependence
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IBF dependence on the Transferl field

Drift IBF - Transfer Field 1 dependence

The total IBF in the drift region &«
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IBF dependence on the Transfer2 field

Drift IBF - Transfer Field 2 dependence
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IBF dependence on the Transfer2 field

Mesh Collection - Transfer Field 2 dependence with fixed MM voltage

IBF sharing between
the Botton2 and Mesh
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IBF in COMPASS RICH-1 conditions using >°Fe source

IBF [%]

Gas used: Ar/CH4 50/50
Same voltage settings of COMPASS RICH-1 apart AV ., =800V

Total IBF in the drift region: less than 3%.
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IBF iIn COMPASS RICH-1 conditions using UV source
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IBF iIn COMPASS RICH-1 conditions using UV source

Excellent ion-blocking efficiency of the mesh: 96.5 + 0.1 %
& ~ 80% — 1on transparency < 4% from literature!

IBF on the Mesh in Ar:CH, 50:50 using UV-light source
AV = OV AV peeygy = 1279V AV epy, = 1225V, = 624V
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IBF iIn COMPASS RICH-1 conditions using UV source

IBF to the photocathode < 3%
comparable with the total IBF in the drift region measured

with >°Fe source

IBF on Top1 in ,*'-"..r:IEH4 50:50 using UV-light source
AV, =0V AV = 1275V AV =1225VV,, . =-624V
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Conclusions

@ The present work contributes to the understanding of the

performances of the novel MPGD-based Photon Detectors and
their effectiveness in minimizing the aging of the Csl coated
photocathode: IBF < 3%, which is a world record!

Anyway Iin the future simulation studies and further
measurements could be performed for a better understanding of
the results obtained by me.
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Conclusions

Concerning the lon BackFlow measurements:

o | showed that using the high resolution picoammeters built
at INFN Trieste, an accurate measurement of the IBF can
be achieved

° The IBF dependence on the various electric fields in this
new hybrid MPGD architecture has been studied

® The most important result of my work was to demonstrate
that, in the electric field configuration used during the
COMPASS RICH-1 operation, the fraction of IBF to the
photocathode is below 3%.
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Gain Sharing between the THGEMs and Mesh in Ar:CO,
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IBF iIn COMPASS RICH-1 conditions using UV source

IBF on Bottom1 in Ar:.CH, 50:30 using UV-light source

IBF on Top2 in Ar:CH4 50:50 using UV-light source AV = OV AV = 1275V AV oo = 1225V, = -624V
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lonization probability
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Extraction Efficiency

Gas/vacuum current ratio
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Rate Capability: GEM vs MWPC
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Particle ldentification with a Ring Imaging Cherenkov

Counter

Geometry of Cherenkov radiation: the particle (red arrow] travels in
a medinm with refractive index n

Charged particles with known momentum can be indetified thanks to the
Cherenkov effect:

1
costlc = — y
Bn = m= pv/ n?cos?fc — 1 (1)
p = mcyj3
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Focusing RICH
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Figure : Focusing scheme: Cherekov photons, collected by a mirror of focal
length £, are focused onto the photon detectors placed at the focal
plane of the mirror.

The resulting pattern is a circle of radius r = f - tanf..
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Ring Imaging Cherenkov
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Polya distribution

Polya distributions bis
! 1 |

Study and optimization of a hybrid MPGD-based detector of single photons Leonardo Benjamin Rizzuto



The relevance of high gains for RICH applications

Signal amplitude follows Polya distribution:

Figure :

2017/12/19

P(N) = (N(1N+ ”’)E)e—ﬁ‘%—"—) (2)

= PN
—=

06

(b)

Figure (a): Examples of the Polya distributions

Figure (b): Different output spectra for different gain values with a
hypothetical threshold of 0.5 (red shadowed areas).

(from PhD Thesis of my Co-Supervisor Stefano Levorato)
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Photon Detectors

Photon detectors belong to three families:

@ Vacuum-based (PMTs)

o Solid state

@ Gaseous detectors
PMTs offer: high rate capability, compactness, robustness and have low
noise level. Big drawbacks:

@ magnetic field sensitivity

@ high cost per channel

Gaseous Photon Detectors are not commercially available
BUT they have specific and unique characteristics:
@ most cost-effective solution to cover very large areas

@ magnetic insensitive

Study and optimization of a hybrid MPGD-
2017/12/19 based detector of single photons
Leonardo Benjamin Rizzuto
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MWPCs with Csl photocathodes based PDs

Their performances are limited due to their open geometry:
e Photon Feedback = afterpulses and electrical instabilities
e lon BackFlow (IBF) = photocathode aging by ion bombardment

Therefore:
The detectors must be operated at low gain!
Consequencies:

o limitation in single photoelectron detection efficiency

@ long integration time of the signal is needed (=~ 100ns)

=- Detector memory: these PDs are not adequate for very high rates.
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The hybrid MPGD PD scheme

FUSED SILICA WINDOW

PROTECTION WIRES

DRIFT WIRES

Csl

THGEM |

OV 41 A 1 A A

THGEM 2

3mm

MESH

4 1 1 1

5 mm

ANODE witH PAD

e L

Study and optimization of a hybrid MPGD-based detector of single photons Leonardo Benjamin Rizzuto



Effective Gain

Difficulties faced during the measurements

Ar:CH, 50:50
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Difficulties faced during the measurements

Charge-up effect
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Setup for Pressure measurements
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Vplot Graphical User Interface
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Current [pAl
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Current on the Anode [pA]
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Conclusions

Concerning the measurements of effective gain:

@ Dependence of the gain on the various electric fields has been
studied

@ An universal shape for the collection efficiency of the detector
for X-ray ionization has been obtained and a receipe for the
maximum collection efficiency has been derived

@ The rule for keeping a maximum collection efficiency allowed to
sucessfully disentangle the individual contributions to the total
effective gain

e The optimal gain sharing has been studied

@ The pressure dependence of the gain has been studied,
obtaining the factor useful to provide pressure-independent
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