
Extreme Matter: Physics at a Trillion Degrees 
Exploring the Quark Gluon Plasma 
- and the Detectors that can survive it 

PHYS 403 – Fall 2025



What matter is made of:
Atoms with electrons and nuclei
Nuclei with protons and neutrons
Protons and neutrons with quarks and gluons



RHIC &
LHC 
heavy 
ions

QGP

The Quark Gluon Plasma (QGP) is hot
matter of free quarks and gluons.

QGP existed at temperatures above
1 Trillion Degrees Celsius in the early
Universe.

100 micro-seconds after the big bang
the QGP ceased to exist, as temperatures
cooled and quarks and gluons were
bound in protons, neutrons and other
baryons and mesons.

Ion collisions at the Relativistic Heavy 
Ion Collider (RHIC) and the Large Hadron 
Collider (LHC) can re-create temperatures
and QGP as it existed 1-20 micro-seconds
after the Big Bang. 
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How to Study The Quark Gluon Plasma?

Lattice QCD

Too late!

Who wants to wait?…

Big Bang

Neutron Stars

LHC

Experimentalists!

Theorists ….
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Calorimeters –Measure Particle Energy

Transverse view
of LHC detector

How do calorimeter measure particle energy?

(1) Primary particles create showers of secondary 
particles through interactions in dense materials. 

(2) Charged secondary particles generate light in
optical radiator material.

(3) Light output is measured and recorded.

(4) The instrument is calibrated so that one can
infer the particle energy from the light output.
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Calorimeters –Measure Particle Energy

Transverse view
of LHC detector

Tracker EMC HCAL

EMC

HCAL

The response of tracker, EMC and HCAL
identify electrons, photons, charged hadrons,
neutral hadrons and muons 
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Heavy ions - in a nutshell 
Title

Hadronic A+A 
collisions

Ultra-Peripheral 
A+A collisions

• Precision Quantum 
Electro-Dynamics 

• Study of the nuclear 
structure 

• Investigate the early 
universe via 
characterization of the 
Quark Gluon Plasma 
(QGP) 
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Heavy ions - in a nutshell 
Title

Hadronic A+A 
collisions

Ultra-Peripheral 
A+A collisions

• Precision Quantum 
Electro-Dynamics 

• Study of the nuclear 
structure 

• Investigate the early 
universe via 
characterization of the 
Quark Gluon Plasma 
(QGP) 

Geometry in these 
collisions drives nearly 
everything 

Distinguishing between 
these classes of physics 
processes is key to 
having a proper trigger 
for the experiment
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Zero degree calorimeters 
Title

ZDC

ZDC

Beam axis view 

Spectators, 
traveling to ZDC

Participants
(generating products 

detected in the barrel)

Transverse
plane view

•So far - we have discussed calorimeters for large area particle experiments - to be installed in the 
detector barrel to provide comprehensive particle detection

•When colliding ions - additional calorimeters are usually installed on the beamlines: the Zero Degree 
Calorimeters (ZDCs)

•The ZDCs measure spectator neutrons that did not interact in the collision

•The ZDC is installed in the Target Absorber for Neutrals (TAN), at ±140 m from ATLAS IP
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Zero degree calorimeters 
Title

•So far - we have discussed calorimeters for large area particle experiments - to be installed in the 
detector barrel to provide comprehensive particle detection

•When colliding ions - additional calorimeters are usually installed on the beamlines: the Zero Degree 
Calorimeters (ZDCs)

•The ZDCs measure spectator neutrons that did not interact in the collision

•The ZDC is installed in the Target Absorber for Neutrals (TAN), at ±140 m from ATLAS IP

Q
1

Q2 Q3
D
1

TAN D2 Q4

Beam 2

Beam 1

140 m

ZDC location in ATLAS

ZDC installation in the TAN
August 2023
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ZDC: from neutron to electrical signal 
Title

To have stable operation - the zdc needs radiation hard materials 

neutrons
photons
electrons
positrons
protons

Tungsten 

Fused silica 

rods 

Light-guide

PMT

•Nuclei in the W absorber interact with neutrons - generating a high-energy particle shower

•The charged fraction of the shower generates Cherenkov light in the fused-silica rods

•A considerable fraction of the light is retained within the rods by Total Internal Reflection (TIR) and travels 
towards the extremities of the rods

•At the top of the rods, the light is injected into an air-light guide, that focuses it over a PMT window → the 
PMT converts the light into an electrical signal! 

EM HAD1 HAD2 HAD3

Spectator 
neutrons 

neutron



ATLAS – ZDC + RPD 11-11-202512

ZDC: from neutron to electrical signal 
Title

To have stable operation - the zdc needs radiation hard materials 

neutrons
photons
electrons
positrons
protons

Tungsten 

Fused silica 

rods 

Light-guide

PMT

EM HAD1 HAD2 HAD3

Spectator 
neutrons 

•Why Cherenkov radiation and not 
directly a detector? With the TAN 
radiation environment, a PMT 
would not survive too close to the 
detector core 

ZDC @ CERN 
SPS Test 
Beam, pasty
summer  

ZDC installed in the LHC 
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ZDC as primary process tagger  
Title

•By counting spectator neutrons, the ZDC can infer the type of 
interaction between the ions and the geometry of the collision

•No neutrons on either side (“0n0n”) is typically from 𝛾-𝛾
processes

•Neutrons only on one side (“Xn0n”/“0nXn”) is typically from 
photonuclear processes

•Neutrons on both sides (“XnXn”) typically come from 
spectators in hadronic processes 

Pb Pb*

Pb

Pb*

k1

k2

μ-

μ+

Pb Pb*

x1

x2

pT

-pT

Pb

X

"spectators”

"spectators”

ZDC

ZDC

b

Ann. Rev. Nucl. Part. 
Sci. 57 (2007) 205 

Pb

Pb

Xn0n

0nX
n

XnXn
XnXn

0n0n 0n0n

https://www.annualreviews.org/doi/abs/10.1146/annurev.nucl.57.090506.123020
https://www.annualreviews.org/doi/abs/10.1146/annurev.nucl.57.090506.123020
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Reaction Plane Detector, RPD, in the ZDC
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Zero degree calorimeters + RPDs
Title

ZDC

ZDC

Beam axis view 

Spectators, 
traveling to ZDC

Participants
(generating products 

detected in the barrel)

Transverse
plane view

•So far - we have discussed calorimeters for large area particle experiments - to be installed in the 
detector barrel to provide comprehensive particle detection

•When colliding ions - additional calorimeters are usually installed on the beamlines: the Zero Degree 
Calorimeters (ZDCs)

•The RPDs measure the shower shape induced by spectator neutrons in the ZDC

•The RPD is installed in the Target Absorber for Neutrals (TAN), at ±140 m from ATLAS IP with the ZDC

RPD

RPD

RPD
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Zero degree calorimeters + RPDs
Title

ZDC

ZDC

Beam axis view 

Spectators, 
traveling to ZDC

Participants
(generating products 

detected in the barrel)

Transverse
plane view

•So far - we have discussed calorimeters for large area particle experiments - to be installed in the 
detector barrel to provide comprehensive particle detection

•When colliding ions - additional calorimeters are usually installed on the beamlines: the Zero Degree 
Calorimeters (ZDCs)

•The RPDs measure the shower shape induced by spectator neutrons in the ZDC

•The RPD is installed in the Target Absorber for Neutrals (TAN), at ±140 m from ATLAS IP with the ZDC
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Reaction Plane Detector, RPD
ATLAS Run 3 RPD – Sheng Yang (NPRE+Physics)

ATLAS RPD Installation – 9-2023
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ZDC Working principle: CHERENKOV LIGHT
Title

•The ZDCs are tungsten fused-silica sampling calorimeters 

•W = passive absorber; fused-silica = Cherenkov radiator

To have stable operation - the zdc needs radiation hard materials 

𝜃𝐶

Direction of the emitted 

Cherenkov Light

Direction of the

traveling particle

𝑐

𝑛
𝑡

𝑣𝑡

•When a charged particle travels faster than the speed of light in a certain 

medium (characterized by index of refraction 𝑛), it loses energy by 
emitting Cherenkov radiation 

𝑣 >
𝑐

𝑛
→

𝑣

𝑐
= 𝛽 >

1

𝑛

•In a time 𝑡, the particle in the medium travels a distance 𝑣𝑡, while the 

light it emits travels a distance 𝑐𝑡/𝑛. The wavefronts of the light emitted 

by such particle form a cone with half-opening angle 𝜃𝐶
𝜃𝐶 = arccos(

1

𝑛𝛽
)

Cherenkov light threshold 
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ZDC Working principle: CHERENKOV LIGHT
Title

•The ZDCs are tungsten fused-silica sampling calorimeters 

•W = passive absorber; fused-silica = Cherenkov radiator

To have stable operation - the zdc needs radiation hard materials 

𝜃𝐶

Direction of the emitted 

Cherenkov Light

Direction of the

traveling particle

𝑐

𝑛
𝑡

𝑣𝑡

•When a charged particle travels faster than the speed of light in a certain 

medium (characterized by index of refraction 𝑛), it loses energy by 
emitting Cherenkov radiation 

𝑣 >
𝑐

𝑛
→

𝑣

𝑐
= 𝛽 >

1

𝑛

•In a time 𝑡, the particle in the medium travels a distance 𝑣𝑡, while the 

light it emits travels a distance 𝑐𝑡/𝑛. The wavefronts of the light emitted 

by such particle form a cone with half-opening angle 𝜃𝐶
𝜃𝐶 = arccos(

1

𝑛𝛽
)

Cherenkov light threshold 

Cherenkov light emitted 
from light water reactor
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ZDC CHALLENGES: RADIATION  
Title

To have stable operation - the zdc needs radiation hard 
materials 

FLUKA
Beam Loss Monitor data

Phys. Rev. Accel. Beams 25, 
091001 (2022), Yang (NPRE 
grad), Tate (NPRE grad), RL et 
al

• CERN FLUKA team (F.Cerutti, M.S.Gilarte) provides 
detailed simulations of the radiation environment in 
the TAN 

• Peak radiation load on the ZDC estimated to be of 
several 5++ MGy !!!

•Benchmark against LHC Beam Loss Monitor data: 
FLUKA can describe radiation levels in the LHC 
tunnel within 20% uncertainty 

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.25.091001
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.25.091001
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Radiation Damage in Fused Silica

from Sheng Yang’s thesis
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Compare to Typical Source for Detector Calibration – CS-137

Source ~ 0.00006 Gy/h                                ZDC ~ Run-1     4,000 Gy/h  
Run-4 120,000 Gy/h  (lethal does, LD50, is ~ 5 Gy)
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Radiation Damage in Fused Silica
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Irradiation of fused silica materials 
Title

•Fused silica rods irradiated over 3 years (2016-2018) in the TAN 

(IP1), in a BRAN detector prototype

•Installed in addition to the actual BRAN detector (ion 

chamber) for p+p running only 

•During HI the ZDC replaces the copper bars 

•Equipped w/ different fused silica materials

BRAN prototype

BRAN detector
Copper 

absorbers

TAN

Accelerator Side Wall

Beam
x

z

BRAN prototype

BRAN detector

Copper absorbers

Accelerator Side Wall

Collaboration with 
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Accelerator Side Wall

Beam
x

z

BRAN prototype

BRAN detector

Copper absorbers

Accelerator Side Wall

Bran 
Position

Irradiation 
Period

Max. 
Dose

(MGy)
Material

Control None 0
Spectrosil 2000

(High OH, Mid H2) 

1
04/2016 -
12/2018

18
Spectrosil 2000

(High OH, Mid  H2)

2
04/2016 -
12/2017

10
Spectrosil 2000

(High OH, Mid  H2)

3a
04/2016 -
12/2016

5
Spectrosil 2000 

(High OH, High  H2)

3b
04/2017 -
12/2018

16
Spectrosil 2000 

(High OH, Mid  H2)

4
04/2016 -
12/2017

9
Spectrosil 2000

(High OH,  H2 free)

5
04/2016-
12/2017

8
Suprasil 3301

(Low OH, High  H2)

6
04/2016 -
12/2018

17
Suprasil 3301

(Low OH,  H2 free)

Title

Irradiation of fused silica materials 
•Fused silica rods irradiated over 3 years (2016-2018) in the TAN 

(IP1), in a BRAN detector prototype

•Installed in addition to the actual BRAN detector (ion 

chamber) for p+p running only 

•During HI the ZDC replaces the copper bars 

•Equipped w/ different fused silica materials

Collaboration with 
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Accelerator Side Wall

Beam
x

z

BRAN prototype

BRAN detector

Copper absorbers

Accelerator Side Wall

Bran 
Position

Irradiation 
Period

Max. 
Dose

(MGy)
Material

Control None 0
Spectrosil 2000

(High OH, Mid H2) 

1
04/2016 -
12/2018

18
Spectrosil 2000

(High OH, Mid  H2)

2
04/2016 -
12/2017

10
Spectrosil 2000

(High OH, Mid  H2)

3a
04/2016 -
12/2016

5
Spectrosil 2000 

(High OH, High  H2)

3b
04/2017 -
12/2018

16
Spectrosil 2000 

(High OH, Mid  H2)

4
04/2016 -
12/2017

9
Spectrosil 2000

(High OH,  H2 free)

5
04/2016-
12/2017

8
Suprasil 3301

(Low OH, High  H2)

6
04/2016 -
12/2018

17
Suprasil 3301

(Low OH,  H2 free)

2016 Run

BRAN prototypeBRAN detector

Copper blocks

2017 Run
z (cm)  

x 
(c

m
) 

 
x 

(c
m

) 
 

D
o

se (G
y)

•Detailed FLUKA simulations of 

the TAN allow for precise 

evaluation of dose deposited in 

the fused silica rods 

➡Possibility to determine the 

dose received by each rod 

segment

Title

Analysis of irradiated samples
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Bran 
Position

Irradiation 
Period

Max. 
Dose

(MGy)
Material

Control None 0
Spectrosil 2000

(High OH, Mid H2) 

1
04/2016 -
12/2018

18
Spectrosil 2000

(High OH, Mid  H2)

2
04/2016 -
12/2017

10
Spectrosil 2000

(High OH, Mid  H2)

3a
04/2016 -
12/2016

5
Spectrosil 2000 

(High OH, High  H2)

3b
04/2017 -
12/2018

16
Spectrosil 2000 

(High OH, Mid  H2)

4
04/2016 -
12/2017

9
Spectrosil 2000

(High OH,  H2 free)

5
04/2016-
12/2017

8
Suprasil 3301

(Low OH, High  H2)

6
04/2016 -
12/2018

17
Suprasil 3301

(Low OH,  H2 free)

D
o

se (G
y)

Rod

z (cm) z (cm)

Beam

Accelerator Floor

y 
(c

m
)

y

z

BRAN prototype

BRAN detector

Copper absorbers

2016 2017

•The TAN is characterized by a 

steep dose profile in the 

vertical direction

➡BRAN rods received dose 

spanning over four orders of 

magnitude

•Simulation of the whole particle 

propagation from the 

interaction point to the TAN 

➡Beam configuration 

reproduced for every year of 

running - crucial input to 

describe the dose profile 

along the rods

Title

Analysis of irradiated samples
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Rad-hard fused silica materials: results
Title

Nuclear Inst. and Methods in Physics Research, A 1055 (2023) 

168523, S.Yang, A.Tate, RL et al. 

•Unprecedented characterization of fused silica transmittance 

as a function of irradiation, wavelength and material 

composition 

•Samples irradiated up to several MGy 

https://doi.org/10.1016/j.nima.2023.168523
https://doi.org/10.1016/j.nima.2023.168523
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Rad-hard fused silica materials: results
Title

Nuclear Inst. and Methods in Physics Research, A 1055 (2023) 

168523, S.Yang, A.Tate, RL et al. 

•Unprecedented characterization of fused silica transmittance 

as a function of irradiation, wavelength and material 

composition 

•Samples irradiated up to several MGy 

•Remarkable radiation hardness 

of high-H2 load Spectrosil 2000

(very little damage up to the 

MGy scale) 

•Interesting plateau for H2-free 

materials after initial fast damage 

https://doi.org/10.1016/j.nima.2023.168523
https://doi.org/10.1016/j.nima.2023.168523
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ZDC data driven calibration
Title

•When two ultra relativistic Pb ions 
cross, their strong EM fields can
interact even without nuclear overlap

•The large photon fluxes at very low photon energies give a 
cross section for forward neutron production from EM 
dissociation (EMD) in each arm of about 200 barn

•This process provides plenty of events with low number of 
neutrons, that can be used for data driven calibration 
procedures 

1 n peak

2 n peak

3 n peak

4 n peak

Simultaneous fit to 
determine data-driven
single neutron 
resolution,
~17-18% in this case



ATLAS – ZDC + RPD 11-11-202531

Technology 
Title
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Unplanned Research/Technology Opportunities
Title
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Unplanned Research/Technology Opportunities
Title

ZDC

Radiation hard fused silica
materials potentially can 
be used for optics and optical 
fibers in a broad range of 
applications! 
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The Team: HL-ZDC Undergraduate Researchers
Title



THAnk you !

Contact: mgp@illinois.edu
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