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ECAL doses
---4x10% Gy
—1x10* Gy
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Current shashlik’s radiation limit
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1.5 x 1.5 cm? cell region - SPACAL W
e 32 modules - Tungsten absorber

e Plastic fibres (LS3)
e Garnet crystal fibres (LS4)

region -
e 144 modules - Lead absorber
e Plastic fibres

4X4, , 12x12 ecm? cell regions - Shashlik:
e refurbished and upgraded with faster WLS fibres
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1.5 x 1.5 cm? cell region - SPACAL W

32 modules - Tungsten absorber

[ ]
e Plastic fibres (LS3)
e Garnet crystal fibres (LS4)
region -
e 144 modules - Lead absorber
e Plastic fibres
4X4, , 12x12 ecm? cell regions - Shashlik:
[ ]

refurbished and upgraded with faster WLS fibres

\ Radiation doses up to 1 MGy and 6x10' 1 MeV neqg/cm? for 300 fb"



GAGG

bt L U o Ce-doped multi-component garnets discovered in 2011.
(photons/MeV) time (ns) time (ns)
Gd,ALGa O — 316 (100%) Gadolinium Gallium Aluminium Garnet Gd.Al,Ga,O,, (GCAGG):
GdALGa,01 45031 221 (100%) e High light output and relatively fast decay time (~50 ns)
[Gd;ALGas0,, 42217 52.8 (73%) 282 (27%)| e Tunable composition
Gd,Al,Ga, O, 17912 42.2 (34%) 90.5 (66%) K.Kamada, Optical Materials 36 (2014) 1942-1945
Gd;AlyGasO, 0 *ND “ND K. Kamada, Optical Materials 41 (2015) 63-66
K. Kamada et al, Cryst. Growth Des. 2071, T1, 10 e Excellent time resolution close to LYSO:Ce
' | 44844490 ' T e Radiation hard tested up to 1 MQy
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Courtesy of K. Lebbou, ILM L. Martinazzoli et al., NIM A, 2021, 165231 V. Alenkov et al., NIM A 816 (2016) 176 4
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The Prototype

SPACAL prototype with W absorber and garnet crystals.

Absorber in pure tungsten 19 g/cm?

9 cells of 1.5x1.5 cm? (Moliere radius: ~1.5cm)
4+10 cm long (~7+18 X,)

ESR mirror between sections

1xX1 mm? garnet crystal fibres




The Prototype

SPACAL prototype with W absorber and garnet crystals.

ESR mirror between sections
1xX1 mm? garnet crystal fibres

e Absorber in pure tungsten 19 g/cm?

e 9cellsof1.5x1.5cm? (Moliere radius: ~15cm)
e 4+10cm long (~7+18 X,)
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ARTICLE INFO ABSTRACT

Keywords: A spaghetti calorimeter (SPACAL) prototype with scintillating crystal fibres was assembled and tested
Cf_iIOl'imE‘TY . with electron beams of energy from 1 to 5 GeV. The prototype comprised radiation-hard Cerium-doped
High energy physics (HEP) Gd;Al,Ga;0;, (GAGG:Ce) and Y;AlL;0,, (YAG:Ce) embedded in a pure tungsten absorber. The energy resolution
‘S’ami‘eth‘el‘L‘i“ er (SPACAL was studied as a function of the incidence angle of the beam and found to be of the order of 10%/v/E & 1%,
st ) in line with the LHCb Shashlik technology. The time resolution was measured with metal channel dynode

photomultipliers placed in contact with the fibres or coupled via a light guide, additionally testing an optical

Seintllating eyt tape to glue the components. Time resolution of a few tens of picosecond was achieved for all the energies htt DS://d O i .O rq/‘l O.-l O-I 6/i . n i m a .2022'.' 67629

reaching down to (18.5 + 0.2) ps at 5 GeV.
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Readout

Cells read out in 2 ways:

e Hamamatsu R12421 + PMMA light guides (LGs)
o Small size to equip all the cells for energy measurements

e Hamamatsu R7600U-20 (MCD) in direct contact =
o Low TTS for timing (only 1 cell equipped - front and back) Moduie | (6 | pvTs | Veltagediviars

R12421 1350 1.4
R7600U-20 30 x 30 0.35

e No optical glue or grease was employed
(unless otherwise specified)

e R7600U-20 active area reduced with black mask to match the
cell size

Hamamatsu R7600U-20 Hamamatsu R12421
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e Resolution improves increasing the incidence
angle

e Energy resolution at 3°+3°:
Sampling term:  10.2%
Constant term: 1-2%*

*Higher-energy data needed to measure the
constant term

PMTs Voltage dividers

Hamamatsu R12421
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Energy Resolution
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+ Testbeam - Prototype °

Simulations - Prototype

Simulations - LHCb Upgrade Il Module °
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Resolution improves increasing the incidence
angle

Energy resolution at 3°+3°;
Sampling term:  10.2%
Constant term: 1-2%*
*Higher-energy data needed to measure the
constant term

Satisfying match with simulations

Improvement expected from final design

o Reduced material budget between front and

back

o Smaller pitch
o Slightly longer sections
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e Direct contact

e Front performs better than back at low energies

Time resolution < 20 ps @ 5 GeV

'. ’
Hamamatsu R7600U-20
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Time Resolution with Long Cables

il i L
i E i Front-End ASIC Digital Back-End Optical Link E
i Module Sensor | : :
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Time Resolution W/GFAG - Cables
o 0.065-
The baseline approach for the calorimeter g 0.06 —— 12 m cables
architecture is to move the Front-End board to 3 oos5- 1 oi 55 caBlEs
the ECAL platforms (lower radiation dose area) 2 ,qs- }
= E
0.045-
Tested the present 12 m long cables. =
0.04 -
0.0352
. . . - :
No major degradation with 12 m long cables e ' "
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N.B. plot not comparable to previous slide due to different settings
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Time Resolution with Light Guides

e Time resolution with dry coupling and different
light guides length

e >50% worse time resolution @ 5 GeV due to
light losses

e No major difference with length
o Loss due to the additional optical interfaces
between fibres, light guide, and PMT

Time Resolution [ns]
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Time Resolution with Optical Couplings

e Fomos GAGG cells with 3M optical coupling Time Resolution Fomos - Average Front/Back - Optical Couplings
o Direct contact + dry (air) coupling 7 0.1
o  Direct contact + optical coupling § 009" __«_ Direct +dry coupling |
o Light guide + optical couplingonboth ¢ .= | |
sides e e : -
§ 0.o74 —=a— Direct + 3M coupling
e Optical coupling improves light extraction °'°6§ ’ Ligiit guildes & 5N ssupiing
o GAGG n=19 0.055
o Air n=1 - X
o 3M coupling n=15 i .
0.03F - -
= *
0.02F = = - 4
Time resolution with light guides and optical o
coupling comparable with direct dry contact = | | | | | ‘
OT 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4

5 6
Beam Energy [GeV]
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[ DESY 2020-2021
2. SPS 2022
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New Photomultipliers

R&D to identify candidate PMTs based on:
e Time transit uniformity and spread
e Signal linearity
e Geometry fitting the cell size
R11187 (TileCal) PMTs for the SPACAL Pb:
e Section of ~2.5x2.5 cm? fits the 3x3 cm? cells.
e Large set of R11187 PMTs soon purchased by ATLAS
for their TileCal

R14755U-100 PMTs for the SPACAL W:

e |ssues with linearity! Probably due to voltage divider
Lab measurements to be done

17
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e Light guides
e Incidence angle 3°+3°
e Results very preliminary, analysis ongoing

Time resolution < 20 ps @ high energies
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Spatial Resolution [mm]

Spatial and Angular Resolution

Measured spatial resolution of SPACAL W-GAGG with 3x3 cluster @ 3°+3°:
¢ <1 mm above 20 GeV combining the front and back sections

Longitudinal segmentation is a handle to measure the incidence angle of the particles:

e Angular resolution ~1° at 40 GeV

SPACAL W/GAGG - Spatial Resolution
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CERN-THESIS-2022-087
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Conclusions
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Conclusions

SPACAL W-GAGG is the baseline solution for the innermost region (1.5x1.5 cm?) in LS4

e Energy resolution of 6(E) / E = 10% / yE + 1% for the optimised configuration
e Time resolution above 20 GeV < 20 ps
e Spatial resolution of ~1 mm above 20 GeV

21



Conclusions

SPACAL W-GAGG is the baseline solution for the innermost region (1.5x1.5 cm?) in LS4

e Energy resolution of 6(E) / E = 10% / yE + 1% for the optimised configuration
e Time resolution above 20 GeV < 20 ps
e Spatial resolution of ~1 mm above 20 GeV

R&D ongoing:

Scintillating materials
e Too large light output reduces PMTs lifetime
e Long decay time:
o Spillover
o Pulse integration in the electronics

Photomultipliers:
e Finding a candidate with the right size matching the performance requirements.
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Conclusions

SPACAL W-GAGG is the baseline solution for the innermost region (1.5x1.5 cm?) in LS4

e Energy resolution of 6(E) / E = 10% / yE + 1% for the optimised configuration
e Time resolution above 20 GeV < 20 ps
e Spatial resolution of ~1 mm above 20 GeV

R&D ongoing:
. see E. Auffray in Detector R&D session
Scintillating materials

e Too large light output reduces PMTs lifetime

e Long deFay t'me/. see S. Perazzini in Electronics | session
o Spillover

o Pulse integration in the electronics

oo - see E. Picatoste in Electronics Il session
Photomultipliers:

e Finding a candidate with the right size matching the performance requirements.
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Back-up
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Testbeam Set-up

e PP Il —

Trigger + MCPs

DWCs MCPs Scint.
Set-up from the beam:
° for trigger
° in combination as time reference (T )

o Intrinsic time resolution of 15 ps

e 3 Delay Wire Chambers for tracking
e Prototype enclosed in a dark box 1
on a stage with 2 rotating axes (azimuth + altitude) .

TB setup at CERN SPS in June 2022

Pulses recorded with V1742 CAEN digitizer (DRS4-based), 5 Gs/s, bandwidth 500 MHz

Data from Testbeams at:
e DESYII May 2021-2022
e SPS November 2021 + June 2022

25



Detector

Module

Sensor

Plaform (CALO crates)

Time Resolution - Extra

Front-End ASIC

Digital Back-End

Tested the current 12 m long cables at the front and the

Optical Link

FPGA

GBT

Q “I'TIT 1
12m {>' TTT T
analog link

back instead of 3 m long ones

Time Resolution Fomos - Average Front/Back - Optical Couplings

0.1

No major degradation of time resolution

observed

Low-attenuation cables to be studied
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N.B. plot not comparable to previous slide due to different

settings

Fomos GAGG cells with 3M optical coupling
o Direct contact + dry (air) coupling
o  Direct contact + optical coupling
o  Light guide + optical coupling on both sides
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New GAGG Compositions

Effective Decay Time vs Light Output
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Novel GAGG compositions developed to quench scintillation
e Lightyield reduced
e Decay time accelerated
e Time resolution kept competitive

See presentation on Thursday 22, Session 12,
“Acceleration of the scintillation response
in garnet-type multicomponent scintillators”

-
o
)

Intensity (arb. u.)
8;.

-—
=
n

Current GAGG have scintillation decay time >40 ns
Time resolution degradation due to spill-over
Pulse shaping techniques (e.g. cable clipping) can
recover partially the performance

Too large light yield can reduce lifetime of the PMTs

T T T v T
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~26 NS
—P|:3
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Material Advances, 2022, 3, 6842
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https://doi.org/10.1039/D2MA00626J
https://doi.org/10.1016/j.nima.2021.165231

Gadolinium Gallium Aluminium Garnet (GAGG)

Ce-doped multi-component garnets discovered in 20T1.
Amongst them is Gadolinium Gallium Aluminium Garnet Gd.Al,Ga.O..:
e High light yield and fast scintillation
K. Kamada et al., Cryst. Growth Des. 2011, 11, 10, 4484—4490
e Tunable composition
K. Kamada et al.,, Optical Materials 36 (2014) 1942-1945
e Acceleration of scintillation via divalent ions codoping
(e.g. Magnesium)
K. Kamada et al.,, Optical Materials 41 (2015) 63-66

Courtesy of K. Lebbou, ILM

CB 5d po— l
light yield first decay second decay . l_“ ) With Ga
(photons/MeV) time (ns) time (ns) With Gd' With Ga. soncentiation
concentration concentration
GdyAl;Ga;i O3 15895 316 (100%)
Gd;Al;Ga, 04, 45931 221 (100%) af
[Gd;A1,Ga,0,, 42217 52.8 (73%) 282 (27%) | —
Gd,Al,Gas01, 17912 422 (34%) 90.5 (66%)
GdsAlGasO1, 0 *ND *ND VB

Ced+ Shallow

electron trap
K. Kamada et al., Cryst. Growth Des. 2011, 11, 10, 4484—-4490



Effective Decay Time [ns]

Search for the Candidates
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Samples tested spanning a factor 2 in
light output and 3 in decay time

High light output <--> slow decay time
Scintillation is sped up at the expense of

light yield with Mg codoping

Blue lines are constant
light output/decay time ratios

60
- i Y= I
/ —— = = const
40 / x
B | | 1 1 1 | 1 1 1 | | 1 | 1 | 1 1 | 1 | 1 1 1 1 | 1
25000 30000 35000 40000 45000 50000

Light Output [MeV™]
L. Martinazzoli et al., NIM A 1000 (2021), 165231

Faster samples have also better
light output/decay time ratio
(better time resolution!)
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GAGG - After proton-irradi

ation

Radiation Hardness

Induced absorption length

°\;1oo — EUE Garnet crystals are radiation hard
2wk Enf
g ‘7’2 g ’ 10 F e Irradiated with protons of 24 GeV/c
= E 3 % o r 15 -2
S e * before imadiation 8k up to 910 kGy (3.1x10" p/cm2)
50 3 O after irradiation . F
w0 F N o Induced absorption below 4m™ at the
30 ﬁ ) : N emission peak
2 E : "
1 ;_ j Emission peak . ; Emission peak it *'l#\l‘ V. Alenkov et al, NIM A 816 (2016) 176
O o — S D D IO PP B o
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§ 100~
§ oo /
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