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Outline

e Give an overview of the RADICAL concept
* Briefly discuss previous results

 Present the latest results from Fermilab and CERN
beam tests probing precision timing



A RADICAL Module




A RADICAL Module
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Motivation for RADICAL

* QOur goal is to develop a detector module that can:

* Survive the unprecedented luminosity provided at a future circular
collider, like the FCC-ee/hh proposed at CERN.

* Build a compact detector which can contain EM showers, and

1. Acquire light at shower max with a WLS infused capillary for
precision timing of the event.

2. Acquire light across the length of the module for measuring the
total energy of the event.

3. Precision shower position localization on the order of millimeters
at shower max.



Overview of a RADICAL Module

s /
2 W (2.5 mm)

LYSO (1.5 mm)

A // Quartz capillary
S Monitoring fiber

to remote photosensors



verview of a RADICAL Module

14.0 (+0 =0.1) mm
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Preparing the Capillaries

K. Ford
Radiation Laboratory Glassblowing Shop
University of Notre Dame Core Facility, Radiation Laboratory, Notre Dame IN 46556
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Overview of a RADICAL Module




Density (g/cm3)
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Scintillator and Wavelength Shifters

Optimizing timing, position and energy

Caltech, Coe College, Hofstra U., U lowa, Istanbul U., Istanbul-Cerrahpasa U., U. Notre Dame, U. Virginia, Yildiz Technical U.

Some examples for study through a variety of methods including RADICAL modular structure and
other methods

Example Scintillator Material Candidate Matched Wavelength Shifter
LYSO:Ce (420nm) inorganic crystal DSB1 (495nm) organic filament

LYSO:Ce (420nm) inorganic crystal LUAG:Ce (510nm) ceramic filament
LUAG: Ce (510 nm) crystal, ceramic Quantum Dots (580nm) glass or ceramic
LUAG:Pr (310 nm) crystal, ceramic pTP (350nm) organic filament

CeF3 (330nm) crystal pTP (350nm) organic filament

CeF3 (330nm) crystal Flavonols (530-560nm) organic filament
Lu203:Yb (370nm) ceramic Flavonols (530-560nm) organic filament

BaF2:Y (220nm, fast component) crystal TBD

14



RADICAL Calorimetry in a Nutshell

Shower Max Radius ~ 4.5 mm
Moliére Radius
~13.7mm
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Calorimetry in a Nutshell

But at shower max, shower cross
section is ~Radiation Length (4.5mm)

Shower position can be determined

Shower Max
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Motivation for RADICAL

GEANT4 Simulations predict Moliere radius of 13.7 mm
By contrast: at shower max radius is 4.5 mm

50 GeV EM Shower A. Ledovskoy o
—r . . rrrr 17+ rr 1115171 1

20

y-y, (mm)
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10

energy per 0.25 cm? (MeV)
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Motivation for RADICAL

GEANT4 Simulations predict time resolution of ~10 ps

A. Ledovskoy

time resolution (ns)
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Motivation for RADICAL

GEANT4 Simulations predict time resolution of ~10 ps

A. Ledovskoy

ne resolution (ns)

A common theme: more light = better resolution

1 N L [ 1 Lo d ]
1 10 10° 10°
LY (npe/MeV)
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A SIMULATION TOOLKIT

& GEANT4

Geometry used:

* Number of Layers: 28
* Absorber Thickness: 2.§ mm
* Detector Thickness: 1.§ mm

Materials used:
* Tungsten: “G4_W”
* LYSO:
* Prelude: 99.81%
* NISTManager:Lu 71%
* NISTManager::Si 7%
* NISTManager::O 18%
* NISTManager::Y 4%
* NISTManager::Ce 0.190%

Physics Process List:
* FTFP_BERT

Tracking:
* Total Edep in Detector Layers

Depth of shower max is slightly energy dependent

Energy Deposited in LYSO Tiles
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Motivation for RADICAL

o/ E

GEANT4 Simulations predict CERN H4 Beam Test measured
energy resolution resolution vs radiation (FCC-hh)
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EXPERIMENTS

At Fermilab and at CERN

 Fermilab -
* Limited to 28 GeV mixed beam e- and pions

» Capillary was designed and placed at shower max for a 28
GeV Beam

 CERN -

e 25 - 150 GeV pure electron beam available, can better
iInvestigate timing resolution
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Assembling the Module

ins (IOWA)

P. Debb
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Assembling the Module

Mechanics: P. Debbins (IOWA) Electronics: T. Anderson (Virginia)
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RADICAL at Fermilab

RADICAL Pb Glass
- - — ~'!'Jj;’f&y; y S tw
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=f. aw-EAD GLASS CALORIMETER
tad

28 GeV e- MIXED beam, we need Pb glass to separate particles
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RADICAL at Fermilab 28 GeV

~ 600 . | |
[' RaDRIcAL
. . HE B N BN
) M2925W2815L-415DSB1-T

Preliminary

4C)

10°

amplitude in PbO (mV

200

amplitude in rRabicaL (MV)
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RADICAL at Fermilab 28 GeV
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RADICAL at CERN 25 - 150 GeV




RADICAL at CERN 25 - 150 GeV
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RADICAL at CERN 25 - 150 GeV

Signals
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RADICAL at CERN 25 - 150 GeV

Average signal increases linearly with increasing beam
energy at shower max

¢ Best Estimator
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£ 3500
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= 2500
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10001 C. Perez Lara
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Beam Energy (GeV)
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RADICAL at CERN 25 - 150 GeV
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RADICAL at CERN 25 - 150 GeV

Timing Analysis

Timing Signal collected at each end of the capillaries ¢ Timing Signal
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RADICAL at CERN 25 - 150 GeV
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EXPERIMENTS

Summary of Fermilab and CERN Test Results

* Fermilab -

* June 2022

 Measured timing resolution of 45 ps @ 28 GeV
* CERN -

* May 2023

 Moved to higher energy: 25 - 150 GeV e- beam

 Measured timing resolution of 25 ps @ 150 GeV, with
limiting resolution of ~18 ps

* Future CERN - Up to 200 GeV e- hopefully this summer
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Results thus far demonstrate:

e The RADICAL module is radiation hard.

 The RADICAL concept is an effective
calorimeter.

 The RADICAL can achieve < 30 ps for
150 GeV electrons - meets needs of FCC
EndCap

* The RADICAL has potential to reach <
10ps timing resolution at >150 GeV

40



Results thus far demonstrate:

e Can act as an application test structure
for new scintillation and wave shifting
materials

* The module is potentially capable of
measuring shower energy, shower time,
and shower position with high
precision.

* Suitable for EM applications at future
colliders

41



Future Work

* Optimize module for highest achievable time resolution:
* Adjustable capillary position
* Higher sampling fraction near shower max

 Simulate and build different geometries:

N e D
)
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nclusion

In Co
 The RADICAL concept has been demonstrated to meet the

needs of high radiation and high luminosity environments at
current or future collider experiments.

o Special thanks to FTBF Staff at Fermilab and SPS
Coordination at CERN, DOE, and NSF for Financial Suppcrt

* Work Supported by in part by: : | - ! — - WorkShOP M
U. S. Department of Energy: DE-SC0017810.006 | ' - |

U. S. National Science Foundation: NSF-PHY-1914059 b | €8 A—’: EQEIEOLERA,&TQR

University of Notre Dame: Resilience and Recovery Grant Program 'z. LABORATORY
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Backup
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LYSO:Ce and LUAG:Ce Comparison under Irradiation
by protons and neutrons

Caltech Measurements

S B PR S N | = ] , . . 1 ; . 1R ! "
Proton Ex ﬂ'ﬂents CERN - 5 B2 oo R S ey It
)2 R @ -Experument 7638 Fi,u G-A,, Ftu n&'

irradiated by 24 GeV. p.maxmdeE.RN---,
@BOETLFS 141441, smm —
BSICLYSO - 146 14x1 bmm
VSICTUAG " ®TR 4T M

i .. - 4 . L R .

O LYSO of of 10><1' 0><3 mm’ Ao-(z 2:t 0. 3)><10"’fj

VLuAG of¢14 dxt-mm* A,n(1 1604»:10 =

v i i
/ : : :
’ - 0L -
3 [
- - -
: '
: :
. .
. . .
i i |
’0 - 4 - . . .
' : :
- - -
* H H
Sou st S i i i
. f i
. . .
: H :
DU —— SIS m—— - TS
SRR S— ! - e :
~ .
IS N
- .
. - . ————— e — G - —— Y - - : .
. Ooas

- T

- S - S S SIS Sy—-—

eSS ——— v . Q‘Aﬁtw.ﬂ 30—00')"40'“%1”'

“RINCS md O Mwwa

i

RIAC at Emission Peak (m™)
RIAC at Emission Peak (m'1)

J--..-. S —— . <

-un--.unnommc"-n-a—’unn L LD -
: $ : !
H H H : g 3 :
c-m-v!~"---c-o-v!c-o-o-.’- in -‘E- ' -.vn.-'. LR RE R .
s i : : s
T *

- '
’
y
y
.o B L e . - ——— —— v - . 4

L LTt TSI - PR PP PSSP
. . H H i e
s i

. oo-nu-u‘-on-c.—omc‘c-oo-co-}-.

et 2 " & 4 4 a 2 a2l Y 2 a2 a2 2 aaal 3 ; 1 i 1 i ; i 1 i
10 Y53 T 3 16 g 15 ; 16
10 10 10 10 10 10

) -2
Proton Fluence (cm™) 1 MeV n,, Fluence (cm™)




Co-60 Irradiation Study — Capillaries with DSB1
WLS and Ruby Quartz Inserts at the Readout End

Ruby Quartz Capillary with Ruby Quartz Core Blocking -
s822

v 1200
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An example FCC-hh Detector

y[m]
10
n=0.5 n=1.0 n=15
9 L
| Ba
n=2.0
7 Outer Endcap
Muon System
6
Main Solenoid
5 T Y DR EFSERN BEFUEN
Radiation Shield n=2.5
4
Forward Solenoid
3
n=3.0

Forward Tracker

HCAL Forward (HF)
1 ——
'Oy |1 I ——
110 S
[ Y ——
1 — 2 r———— .

EMCAL Forward (EMF)

D
|
L 1 O B

012 8 4 S5 1l 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
R, .in o z coverage 7 coverage Dose = 1 MeV n, fluence
Unit m m m MGy x10"° cm ™
EMB 1.75 2.75 z| <5 < 1.67 0.1 5
EMEC | 0.82-0.96 2.7 5.3 <|z| <6.05 1.48 < |n| < 2.50 1 30
EMF | 0.062-0.0656 3.6 16.5 < |z| <17.15 2.26< |n|<6.0 @ 5000 5000
HB 2.85 4.89 12| < 4.6 In| < 1.26 0.006 0.3
HEB 2.85 4.59 4.5 <|z| < 8.3 0.94 < |n| < 1.81 | 0.008 0.3
HEC 0.96-1.32 2.7 6.05<|z| < 8.3 1.59 < |n| < 2.50 1 20
HF 0.065-0.077 3.6 17.15 <|z| < 19.5 2.29< |n| < 6.0 = 5000 2000

Calorimeters for the FCC-hh, M. Aleksa et al. CERN-FCC-PHYS- 2019-0003, 23 December 2019
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Time Resolution (ps)

100

90 -

80 -

70 -

60 -

50 -

40 -

30 -

20 =

—eo— Downstream
o— Upstream
BestPlus
BestPlus-MCP

—e— (DW-UP)/2
—#— BestMinus

20 40 60 80 100 120 140
Beam Energy (GeV)



