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Study of time and energy resolution of an 
ultracompact sampling calorimeter 
(RADiCAL) module at EM shower maximum 
over the energy range 25 ≤ E ≤ 150 GeV.
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• Give an overview of the RADiCAL concept


• Briefly discuss previous results


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

Outline
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A RADiCAL Module
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A RADiCAL Module
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• Our 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.

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

Preparing the Capillaries
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Overview of a RADiCAL Module
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Optimizing timing, position and energy
Scintillator and Wavelength Shifters
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Caltech, Coe College, Hofstra U., U Iowa, 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
(wavelength, type)

Candidate Matched Wavelength Shifter
(wavelength, type)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
Lu2O3:Yb (370nm) ceramic Flavonols (530-560nm) organic filament
BaF2:Y (220nm, fast component) crystal TBD



JAMES WETZEL - FCCMIT2024 - March 26th, 2024

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



JAMES WETZEL - FCCMIT2024 - March 26th, 2024

Calorimetry in a Nutshell
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Shower Max

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

e-

e-

Shower position can be determined
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GEANT4 Simulations predict Molière radius of 13.7 mm
Motivation for RADiCAL
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A. Ledovskoy

14 mm

14 m
m

50 GeV EM Shower

By contrast: at shower max radius is 4.5 mm
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GEANT4 Simulations predict time resolution of ~10 ps
Motivation for RADiCAL
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A. Ledovskoy
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GEANT4 Simulations predict time resolution of ~10 ps
Motivation for RADiCAL
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A. Ledovskoy

A common theme: more light = better resolution
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C. Perez Lara

Depth of shower max is slightly energy dependent
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GEANT4 Simulations predict 
 energy resolution

Motivation for RADiCAL
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CERN H4 Beam Test measured 
resolution vs radiation (FCC-hh)

10%/√E experimental target
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• Fermilab -


• Limited to 28 GeV mixed beam e- and pions


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


• CERN - 


• 25 - 150 GeV pure electron beam available, can better 
investigate timing resolution

At Fermilab and at CERN
EXPERIMENTS
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Assembling the Module

23

P. Debbins (IOWA)
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Assembling the Module
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Mechanics: P. Debbins (IOWA)  Electronics: T. Anderson (Virginia)
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Assembling the Module
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Mechanics: P. Debbins (IOWA)  Electronics: T. Anderson (Virginia)
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RADiCAL at Fermilab

MCP RADiCAL Pb Glass

28 GeV e- MIXED beam, we need Pb glass to separate particles
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Assembling the Module
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RADiCAL at Fermilab 28 GeV

RADICAL
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RADiCAL at Fermilab 28 GeV

J. Wetzel et al. IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 70, NO. 7, JULY 2023
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RADiCAL at CERN
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25 - 150 GeV
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RADiCAL at CERN
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25 - 150 GeV
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Signals

25 - 150 GeVRADiCAL at CERN

C. Perez Lara

Low Gain High Gain
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Signals seen in each SiPM
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RADiCAL at CERN
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Average signal increases linearly with increasing beam 
energy at shower max

C. Perez Lara

25 - 150 GeV
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RADiCAL at CERN
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C. Perez Lara

arXiv:2401.01747
Submitted to NIM A

25 - 150 GeV



JAMES WETZEL - FCCMIT2024 - March 26th, 2024

Timing Analysis

25 - 150 GeVRADiCAL at CERN

C. Perez Lara
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RADiCAL at CERN
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C. Perez Lara

arXiv:2401.01747
Submitted to NIM A

25 - 150 GeV
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• 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

Summary of Fermilab and CERN Test Results
EXPERIMENTS

39



JAMES WETZEL - FCCMIT2024 - March 26th, 2024

• 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 

Results thus far demonstrate:
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•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

Results thus far demonstrate:
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• Optimize module for highest achievable time resolution:


• Adjustable capillary position


• Higher sampling fraction near shower max


• Simulate and build different geometries: 
 
 

Future Work
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• The RADiCAL concept has been demonstrated to meet the 
needs of high radiation and high luminosity environments at 
current or future collider experiments.


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

In Conclusion
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• Work Supported by in part by:  

U. S. Department of Energy: DE-SC0017810.006 
U. S. National Science Foundation: NSF-PHY-1914059 
University of Notre Dame: Resilience and Recovery Grant Program  
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Thank You!
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Backup
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Caltech Measurements
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An example FCC-hh Detector
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Calorimeters for the FCC-hh, M. Aleksa et al. CERN-FCC-PHYS- 2019-0003, 23 December 2019 
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