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HL-LHC

❖ Expected instantaneous luminosity of 2·10
34

 cm
-2

s
-1

 before 
the start of LS3

❖ Up to ~ 7.5·10
34

cm
-2

s
-1

 during HL-LHC

❖ <PU> ~ 200 per bunch crossing

❖ Up to 30 Mrad integrated radiation dose in high-η region 
of calorimeter

❖ Required: complete revamp of ECAL and HCAL endcaps 
with high-granularity calorimeter (HGC) — electronics, 
active material, etc

1.2. Overview of the HGCAL 13

good timig resiolution will be possible even for charged hadron of pT > 2 GeV. Pre-261

cision timing can help mitigate effects of pileup (Fig. xx) and the identification of the262

vertex of the selected (triggered) interaction (Fig. yy).263

• Contribution to the level-1 trigger: at HL-LHC the selection of interesting physics264

events is made very challenging by the large number of pileup interaction, espe-265

cially so in the endcap regions. The dense and highly granular calorimeter allows266

more powerful triggers (high efficieny, lower fake rate) allowing lower thresholds267

to be applied or selection of events with lesser requirments (see Section xx VBF jet268

triggering).269

Figure 1.1: Dose of ionizing radiation accumulated in HGCAL after an integrated luminosity
of 3000 fb�1, simulated using the FLUKA program, and shown as a two-dimensional map in r
and z.

1.2.2 Design of the HGCAL270

Taking account of the above requirements the design the HGCAL is illustrated in Fig. 1.3. The271

whole calorimeter sits in a thermally shielded volume that will be cooled by a double-phase272

CO2 system and maintained at �30�C.273

The electromagnetic section, consisting of 28 sampling layers, with absorber layers alternating274

between 2.4 mm thick lead planes clad with 0.3 mm stainless steel (SS) sheets, and two 1.25 mm275

thick 25%W/75%Cu planes on either side of a 6 mm thick Cu cooling plate. In between the lead276

plates sit cassettes with silicon modules on either side of the cooling plates. Silicon sensors with277

three different sensitive thickness are deployed: 300, 200, and 120 µm, in regions of increasing278

fluence, respectively. The total thickness of the electromagnetic section is around 26 X0 and279

1.7 l.280

The absorber in the hadronic section consists of 12 planes of 50 mm thick SS plates followed281

by another 12 SS planes with a thickness of 84 mm. In between the absorber plates sit silicon282

modules or scintillator panels mounted on a 6mm thick copper cooling plate. This leads to a283
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Figure 1.2: Fluence, parameterized as a fluence of 1 MeV equivalent neutrons, accumulated in
HGCAL after an integrated luminosity of 3000 fb�1, simulated using the FLUKA program, and
shown as a two-dimensional map in r and z..

total thickness, perpendicular to the layers, of the calorimeter of 10.6 l.284

In the CE-H, the radius, as a function of layer, at which the active medium changes from silicon285

sensors to plastic scintillator, as indicated in Fig. 1.3, is determined by considerations of the286

radiation level. Sufficient margin has to be taken such that the radiation dose (Fig. 1.1) induced287

light loss in the scintillators does not exceed xx% whilst the neutron fluence (Fig. 1.2) does not288

exceed xx neq/cm2, so that light loss and the electronics equivalent of noise, due to increased289

SiPM leakage current, are kept low enough to allow a good measurement of the MIP response.290

More details are given in Part 2 Section x.x.291

The parameter values of the design are listed in Table 1.1 (similar to Table 3.2 in the techni-292

cal proposal [1]) and Tables 1.2 and 1.3 (similar to Table 3.3 the technical proposal but split into293

separate tables for silicon only, and silicon plus scintillator layers). The properties of polyvinyl-294

toluene (PVT), and polystyrene (PS) scintillators, and of the silicon photomultipliers (SiPMs)295

that will be coupled with the scintillator are given in Tables 1.4 and 1.5.296

The layouts of a layer using silicon sensors alone in shown in Fig. 1.4, and the layouts of two297

layers where both silicon and scintillator sensors are present are illustrated in Fig. 1.5.298

The rest of Part 1 is structured as follows. Chapter 2 describes the active elements namely sili-299

con sensors and silicon photomultipliers monted directly on tiles of plastic scintillators (SiPM-300

on-tile); Chapter 3 outlines the electrical and electronics systems includng the trigger primitive301

generation and back-end electronics; Chapter 4 gives and overview of the mechanical engi-302

neering includeing the structual design, the basic detecting elements namely modules and cas-303

settes, the assembly and installation; Chapter 5 presents the current status of the reconstruction304

and detector performance studies including those for Level-1 and high-level triggering; lastly305

Chapter 6 outlines the project timeline and milestones, the cost and funding and the project306

HL-LHC 10 kGy = 1 Mrad
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Phase II Endcap Calorimeter
❖ Must minimize effects of radiation 

damage on the detector

❖ High-granularity calorimeter (HGC)

❖ Si and plastic scintillator

❖ Operates at -30°C

❖ After 3000 fb-1 (~10 years), projected 
doses and dose rates for HGC:

❖ integrated dose 0.3 Mrad, dose 
rate ~O(10-4-10-2 krad/hr) in 
scintillator region

❖ integrated dose up to 30 Mrad, 
~O(1 krad/hr) in Si region
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Radiation damage in plastic scintillators

❖ Exponential loss in light yield as 
a function of integrated dose d

❖ D = dose constant

❖ smaller D ≡ less radiation 
tolerance

❖ depends on a variety of 
factors: (e.g., base material, 
fluor, O2 concentration, dose 
rate)

❖ typically ~O(0.1-1Mrad) for 
the dose rates expected in 
HGC

L(d)/L(0) = e-d/D dose d
dose constant D
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Types of radiation damage
❖ Loss of transmission and/or scintillation

❖ Temporary damage (e.g., color centers that 
eventually anneal)

❖ Permanent damage (e.g., damage to fluors, color 
centers that do not anneal)

❖ Effects of oxygen

❖ increases rate of annealing (less temporary 
damage)

❖ increases rate of permanent damage via reactions 
with free radicals and fluors

❖ lower dose rates permit more diffusion of O2 into 
scintillator material
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Outline
❖ Presentation of results:

❖ performance of plastic 
scintillators irradiated in cold vs 
warm temperatures (lab 
irradiation) at high and low dose 
rates

❖ measurements of dose constant 
vs dose rate for different 
scintillators (LHC environment 
irradiation)α source 

irradiation setup
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Properties of scintillator samples
❖ Tile geometries

❖ sigma tiles (10 cm x 10 cm x 0.4 cm), WLS fiber

❖ finger tiles (10 cm x 2 cm x 0.4 cm), WLS fiber

❖ rods (5 cm x 1 cm x 1 cm)

❖ Plastic scintillator materials

❖ SCSN81 (blue), BC408 (blue): used in current CMS 
hadronic calorimeter

❖ EJ200 (blue), EJ260 (green): candidates for HGC, provided 
by Eljen Technology

❖ 1X1P: standard concentrations of primary (P) and 
secondary (X) fluors

❖ 1X2P: double concentration of primary fluor

❖ 2X1P: double concentration of secondary fluor rods

finger

sigma
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Emission spectrum independent of temperature

❖ D. Lincoln et al. (FNAL): effect of temperature on plastic scintillator emission spectrum

❖ Fluorescence spectra measured at temperatures ranging from -192°C to 20°C (samples cooled 
with liquid nitrogen)

❖ Scintillators: BC404, BC408, SCSN81, EJ260

❖ No substantial change in spectra as temperature changed

UV peak sensitive to changes 
in sample orientation
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Samples irradiated at NIST
❖ Geometry: 5 cm x 1 cm x 1 cm rods

❖ Base materials: PVT vs PS

❖ Scintillators: EJ200 vs EJ260, 1X1P vs 1X2P

❖ Gamma irradiation from Co60 source

❖ Temperatures: 23°C vs -30°C

❖ Received doses (N.B.: high dose rate, ~104x higher than highest expected levels 
for HB and HGC)

❖ 5.82 Mrad at 80.4 krad/hr (cold samples warmed up immediately after 
irradiation)

❖ 7 Mrad at 74.4 krad/hr (cold samples kept cold for 101 days after irradiation)

Special thanks to 
Chuck Hurlbut 
(Eljen), Lonnie 
Cumberland 

(NIST), Geng-Yuan 
Jeng (UMD)

*
* National Institute of Standards and Technology
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NIST: annealing rate increases with T
❖ Recovery curves 

for EJ200 PVT 
samples 
irradiated at -30°C

❖ Annealing occurs 
more slowly at 
cold temperatures

❖ Same level of 
recovery, whether 
warmed up 
immediately after 
irradiation or not
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NIST: annealing trend unaffected by previous low T

❖ Analogous 
recovery 
curves for 
samples 
irradiated at 
23°C

❖ Annealing 
trend is 
similar for 
warm and 
cold samples
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NIST: comparing PVT and PS
❖ EJ200: comparison of 

PS vs PVT at -30°C

❖ Doubling primary 
fluor concentration 
improves light yield

❖ PVT shows better 
performance post-
recovery (higher dose 
constant), but more 
studies are needed to 
see how that trend is 
affected by dose rate 
and temperature
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NIST: cold reduces permanent damage

❖ EJ200 PVT samples: 
comparing warm 
and cold 
irradiation

❖ More temporary 
damage in cold 
samples (lower 
dose constant)

❖ More recovery in 
cold samples than 
in warm ⇒ less 
permanent damage
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Samples irradiated at Goddard
❖ Geometry: both tiles and rods

❖ Base materials: PVT vs PS

❖ Scintillator materials: EJ200 vs EJ260, 1X1P vs 1X2P

❖ Gamma irradiation from Co
60

 source

❖ Received dose: 0.38 Mrad at 0.3 krad/hr (N.B.: low dose 
rate, ~10x higher than highest expected levels for HB 
and HGC)

❖ Temperatures: 23°C vs -20°C (cold samples kept cold for 
84 days after irradiation)

Thanks to Martin Carts 
(Goddard), Geng-Yuan 

Jeng (UMD)
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Goddard: little temporary damage at low dose rates

❖ EJ200 1X2P 
recovery curves: 
comparing PS and 
PVT, warm vs 
cold

❖ Large uncertainty 
due to small loss 
in light yield (not 
much temporary 
damage), for both 
warm and cold 
samples
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Goddard: EJ200 vs EJ260
❖ EJ200 vs EJ260, PS vs 

PVT

❖ Large uncertainty 
due to small loss in 
light yield (not much 
temporary damage), 
for both warm and 
cold samples

❖ Slightly more 
temporary damage 
(and recovery) in 
EJ260 than EJ200
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Dose constant vs dose rate: latest CMS fit
❖ Laser data from CMS

❖ radiation damage from 
LHC environment 
(gamma + hadrons)

❖ Parametrization: D = a⋅R
b

❖ D ~ 0.2-0.4 Mrad at dose 
rate of 10

-2
 krad/hr

❖ We want to characterize 
the performance of 
different scintillator 
candidate materials at the 
dose rate range expected 
for HGC scintillator region 
during HL-LHC

HGC scintillator
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CASTOR Radiation Facility (CRF)
❖ SCSN81

❖ EJ200

❖ EJ260

sigma tile finger tile

Dark box
18
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CRF dose constant measurements
❖ Successful irradiation of SCSN81, 

EJ200, and EJ260 tiles (sigmas and 
fingers) on CMS CASTOR table 
(CRF) in 2016

❖ see previous slide for setup

❖ performed at ambient 
temperature, no cooling

❖ Phase I HE readout of samples

❖ Ongoing second iteration of this 
study

❖ now with Peltier cooling of tiles

❖ new design of box to hold 
samples farther from beampipe 
where dose rates are more like 
those of HGC environment
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9/13/17 Geng-Yuan Jeng 11 

S: 10×10×0.4 cm3 
F: 10x2x0.4 cm3 

Example 2: CRF tiles stand alone 
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(sigma tile)
(finger tile)
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Summary and conclusions
❖ Operating at low temperatures (-30°C)

❖ does not affect emission spectrum

❖ leads to more accumulation of temporary damage (can recover) but reduces permanent damage

❖ once warm, recovery is unaffected by previous low T

❖ Low dose rates

❖ cause less temporary damage, as expected

❖ further studies are needed at dose rates closer to projected HGC levels

❖ Dose constant measurement vs dose rate

❖ studies ongoing to measure D for Phase II scintillator candidates

❖ characterize their performance in HGC-like temperatures and radiation environment

❖ will inform choice of scintillators for Phase II
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Goddard: more temporary damage (and recovery) in EJ260

❖ EJ260 1X2P recovery 
curve: comparing 
PS and PVT

❖ Large uncertainty 
due to small loss in 
light yield (not 
much temporary 
damage), for both 
warm and cold 
samples

❖ 10% recovery 
observed in cold 
samples
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Dose rate (krad/hr)
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9/13/17 Geng-Yuan Jeng 14 

Example 5: cold vs. warm 

5×1×1 cm3 samples 

It seems no significant difference btw cold and warm at low dose 
rate, however, uncertainties too large to be conclusive. Large 
uncertainty due to very little total dose so as little light reduction 
(measurement uncertainty comparable to light reduction) 
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Effect of tile geometry on light yield

•  Rudimentary,first,order,es0ma0on,and,ignoring,
a2enua0on,of,matrix,itself,

•  z0,>,2,mm,for,R,≤,10,krad/h,(next,slide),
•  µ1,is,the,region,where,more,damage,to,matrix,and,less,

temporary,color,centers,due,to,oxygen;,µ2,is,the,region,
independent,of,oxygen,concentra0on,

1/31/17, GengIYuan,Jeng, 1,

µ1,

µ2,

L = L0 ⇥ e�µ1(2z0)�µ2t

z0,

t=1,cm,

Rod:,

WLS,

L = L0 ⇥ e�(µ1+µ2)T T≈5,cm,

µ1+µ2,;,and,it,seems,µ1»µ2,

Tile:,

α,source;,absorbed,within,25µm,

Laser,

Signal,light,ini0ated,
by,alpha,par0cle,or,
laser,
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Dose constant vs dose rate
❖ Many measurements of D

❖ Laser data from CMS

❖ Gamma irradiations from 
Biagtan

❖ Tiles irradiated near CMS 
beampipe (“CASTOR 
Radiation Facility” or 
CRF) and by alpha 
sources

❖ Green line: correction for 
effect of HPD damage in 
HCAL

26 Chapter 2. Sensors and active elements

Figure 2.2: Dose-rate dependence plot

2.2.2 SiPM photodetectors493

2.2.3 Calorimeter design494

As discussed above, the design requirements for the detector are set by the requirement to495

maintain the ability to calibrate individual tiles using minimum-ionizing particles through the496

life of the calorimeter. In addition, it is important that the services of the scintillator calorimeter497

be compact and not use a large volume at the outer edge of the calorimeter. After consideration498

of several designs, the SiPM-on-tile technology used in the CALICE AHCAL prototypes was499

identified as the most cost-effective solution which provided adequate performance for particle500

tracking and identification.501

The SiPM-on-tile technology utilizes direct readout of the light from the scintillator tile by an502

SiPM which collects the light through a dimpled hole in the surface of the tile. The dimple503

both provides mechanical space for the mounting of the SiPM and improves the uniformity of504

response across the tile by reducing the response for particles which pass very near the SiPM505

compared with those at a larger distance[4]. A drawing and photograph of a typical square tile506

developed by CALICE are shown in Fig. 2.3.507

The MIP traversing an undamaged 3 cm ⇥ 3 cm ⇥ 3 mm tile has been shown to generate > 20508
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Caveat for CMS dose constants

HGC scintillator
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