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Abstract

�e CMS Electromagnetic Calorimeter at the LHC played a key role in the discov-

ery of the Higgs boson in 2012. However, with increasing radiation loads, parts of the

detector are becoming less responsive. In order to quantify this loss, data collected

by the laser monitoring system of the CMS Electromagnetic Calorimeter in 2016 were

studied. Five sets of crystals in the calorimeter endcaps were examined. Properties

of lead tungstate crystals produced by BTCP (Russia) and SIC (China), and located in

di�erent regions of the endcaps were compared. A model was created to measure the

Recovery Time Constants and levels of recovery of the crystals from di�erent Elec-

tromagnetic Calorimeter regions and at di�erent times. Results were compared to the

crystal properties, measured before the construction of the detector. Implications of

the channel response loss to the calorimeter performance were discussed.
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1 Introduction
�e Large Hadron Collider (LHC) is the world’s largest particle accelerator, colliding pro-

tons at a centre of mass energy of 13 TeV at CERN, Geneva. �e Compact Muon Solenoid

(CMS), shown in Fig. 1, is one of the two general–purpose detectors installed at the LHC,

built to look for new physics with a focus on the Higgs boson through the use of di�er-

ent detector components. One of these components is the Electromagnetic Calorimeter

(ECAL), which measures the energy of photons and electrons that are produced in high

energy pp collisions.

Figure 1: A picture of the CMS detector.

On 4 July 2012, the CMS experiment announced the discovery of the Higgs boson. �e

main discovery channels (Fig. 2b) were decays into two high energy photons (H→ γγ)
or ZZ* bosons (H→ ZZ*→ 4e

−
; H→ ZZ*→ 2e

−
2µ; H→ ZZ*→ 4µ), with the ECAL

playing a key role in the discovery. Fig. 3 shows the H→ ZZ*→ 4l event acceptance as

a function of pseudorapidity, η, coverage. Over 60% of these events involve the endcap

region, and a loss of acceptance due to radiation damage would directly a�ect the number

of good Higgs events available for analysis. Maximising Higgs boson detection e�ciency

requires excellent energy resolution in the ECAL of 1% or be�er. Furthermore, it is im-

portant to obtain accurate measurements of the total energy of all �nal state particles, as

missing energy from a particle collision could correspond to new physics such as dark

ma�er.
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(a)

(b)

Figure 2: Feynman diagrams of (a) Higgs production with two highest cross sections and

(b) Higgs decays to 2 photons or ZZ* bosons.

For photon and electron detection, the CMS experiment uses scintillating lead tungstate

(PbWO4) crystals. �ey were chosen to provide excellent energy resolution, with fast sig-

nals and compact shower containment [1]. Furthermore, the material has to withstand

the extreme levels of radiation at the LHC. Lastly, the crystals allowed the system to be

compact and they can be mass–produced. Although PbWO4 crystals are radiation toler-

ant, they do su�er radiation damage in the extreme conditions of the LHC. With the large

luminosity levels experienced so far, some crystals have already accumulated substantial

damage.

In order to predict crystal response in the future, their behaviour in 2016 was studied.

�is could give a deeper insight into the mechanism of crystal darkening, helping to ver-

ify past and make future predictions. Although the ECAL endcaps (EE) will be removed

and replaced completely in the Phase II upgrade (in ∼ 2024) in preparation for the High

Luminosity LHC (HL-LHC) [2], it is important to know to what degree the performance

in the EE will have degraded before the upgrade. Furthermore, the barrel region will con-

tinue using PbWO4 crystals and it is crucial to be able to predict the level of damage they

will su�er when the radiation levels in the barrel reach the current levels in the endcaps.
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Figure 3: Acceptance of H→ ZZ*→ 4l events as a function of pseudorapidity coverage

for signal and backgrounds.

2 CompactMuonSolenoid andElectromagneticCalorime-
ter

�is study focusses on the endcap region of the Electromagnetic Calorimeter. �e CMS

detector is comprised of individual sub–detectors placed in various layers, as shown in

Fig. 4 and 5, the la�er also illustrating the detection of di�erent particles resulting from

a proton–proton collision. �e ECAL structure is shown in Fig. 6, containing the barrel,

two endcaps and a preshower. It accommodates 75 848 lead tungstate crystals, which are

alligned with, but slightly o�set from, the centre of the detector. Each endcap (positive

EE+ and negative EE−) is comprised of two Dees as shown in Fig. 6, and contains 7 324

crystals, grouped into supercrystals (SCs), each holding 25 crystals.

Each ECAL crystal had to be grown, cut and polished to very strict speci�cations,

provided by CMS and shown in Table 1. Se�ing a lower limit on longitudinal transmis-

sion (T) at di�erent wavelengths helped ensure good radiation hardness and absence of

core defects in the crystals. Longitudinal transmission at 420 nm is important because

it corresponds to the scintillation emission wavelength of the crystals. �e scintillation

decay time was restricted to ensure there was li�le slow component in the crystals. 25 ns

correspond to LHC colliding frequency [3].
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Figure 4: Sectional view and dimensions of the CMS detector; ECAL is situated just out-

side the silicon tracker.

Figure 5: A cross-section of the CMS detector, showing the detection of di�erent particles.

Electrons and photons are detected by the ECAL. Electrons, which curve in the magnetic

�eld, also leave a trace in the silicon tracker.
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Figure 6: Structure of the ECAL. Each endcap is comprised of 2 ”Dees” with a diameter

of around 3.2 m. �e barrel is built from 36 supermodules. �e preshower contains two

plates of lead each with a layer of silicon sensors and is designed to identify neutral pions,

π0
. �ese decay into two low-energy photons that can otherwise fake photons from a

Higgs boson decay.

(a) (b)

Figure 7: Picture of a lead tungstate crystal (3 x 3 x 22 cm
3
) with an early Vacuum Pho-

totriode (a) and a mass production Vacuum Phototriode, 1 inch in diameter (b).

�e PbWO4 crystals used in the ECALwere produced by two companies – Bogoroditsk

Techno–Chemical Plant (BTCP) in Russia and Shanghai Institute of Ceramics (SIC) in

China. Relying on two companies to produce the crystals could give rise to slight di�er-

ences in their parameters, however it reduced the time for the complete ECAL construc-

tion.

For scintillation light detection, each crystal is a�ached to a pair of Avalanche Pho-

todiodes (APD) in the barrel and a Vacuum Phototriode (VPT) in the endcap (Fig. 7a).

Two di�erent types of photodetectors were used because there were no mass-produced

photodetectors that could handle both strong transverse magnetic �elds and high levels

of radiation. APDs have high resolution and gain of around 50, making them good can-

didates for weakly scintillating crystals. However, they su�er from leakage currents in

high radiation levels and could not be used over the whole pseudorapidity range in the
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Table 1: Optical and mechanical speci�cations for the CMS crystals. [3]

Criteria Speci�cation

Longitudinal transmission at 360 nm T > 25%

Longitudinal transmission at 420 nm T > 55%

Longitudinal transmission at 620 nm T > 65%

Light yield with a
60
Co radioactive source LY > 8 p.e.

Scintillation decay time 80% of the light emi�ed in 1 µs
collected in 25 ns

Light yield uniformity variation Less than 0.35%/cm for the front

region of the crystal

Dimensions 3 x 3 x 22 cm3
; [+0, -100] µm

Face planarity < 20 µm

endcaps. VPTs (Fig. 7b) were chosen for EE as they are more radiation-hard. �ey can op-

erate in a 4 T axial magnetic �eld, with the magnetic �eld even improving their response.

However, they cannot function in a transverse magnetic �eld, making them unsuitable

for the barrel region [4].

�e detection of a photon or an electron in the ECAL begins with the particle los-

ing energy in a crystal. �e crystal in turn produces scintillation light proportional to

the particle’s energy. �e scintillation light is detected by the photodetectors, ampli�ed,

turned into a digital signal, read out and analysed. �e importance of maintaining a good

response in all crystals emerges when looking at the full picture of a collision event. For

example, Fig. 8 shows a reconstructed event, where the proton–proton collision produced

a Higgs boson, which decayed through ZZ* channel into 4 electrons. If a region of crystals

stopped working e�ciently, an electron could be missed completely, making it impossible

to measure the Higgs mass properly.

3 Response Losses in ECAL, �eir Measurement and
Calibration

�e transparency of the crystals changes due to the radiation e�ects. �e crystals must

be continuously monitored and the response adjusted in order to correctly normalise the

response of the detector. A laser monitoring system is used for this purpose. Blue laser

light of wavelength 447 nm is injected into each crystal through an optical �bre tomeasure

changes in response. �e wavelength of the laser was chosen to be as close as possible

to the PbWO4 emission peak at 420 nm. Fig. 9 shows the laser response measured in

2011–2016. �e response is relative to the start of signi�cant LHC running in 2011, and

the physics measurements are appropriately normalised. �e total response loss depends
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Figure 8: End-on view of a CMS proton-proton collision event in 2011 (at centre of mass

energy of 7 TeV), where 4 high energy electors were detected, possibly resulting from a

Higgs boson decay. Electron tracks in the silicon tracker are shown with green lines, and

the energy deposited in ECAL - with red towers.

on the distance from the particle beam, with the closest crystals, at higher pseudorapidity,

η, losing their response more rapidly.

�e laser calibration system is crucial to obtaining accurate energy measurements in

the ECAL. Furthermore, it gives an insight to how the channel response has been chang-

ing over time, allowing in–depth studies of the crystal properties. �e four factors con-

tributing to the total loss in response are ionisation (dE/dx) damage, hadron damage, VPT

conditioning and VPT faceplate darkening.

3.1 Ionisation Damage
Ionisation damage is currently considered to be the dominant contributor to the total re-

sponse loss, occurring due to colour centre creation. �is occurs when the electrons that

are trapped in crystal impurities become excited to semi–stable higher energy states [5].

Although such colour centres do not a�ect the scintillation mechanism, they reduce the

transparency of the crystal, resulting in lower light output detected by the photodetectors.

�ese defects partially anneal at room temperature, when the irradiation stops. However

they appear not to recover completely.

Fig. 10 shows average ECAL channel response for four LHC �lls in 2011. During the

�ll periods, shaded in the graph, the channel response drops due to the ionisation dam-

age. Once the �ll stops, the annealing process occurs and the channel response rises to a

certain level. As the sample data is taken from April 2011 when the luminosity was less
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Figure 9: Relative response to blue laser light (440 nm in 2011 and 447 nm from 2012

onwards) injected in the ECAL crystals, measured by the ECAL laser monitoring system,

averaged over all crystals in bins of pseudorapidity, η, with the CMSmagnetic �eld at 3.8 T.

|η| < 1.4 corresponds to the barrel region, while high |η| crystals are the closest to the

proton beams, near the centres of the endcaps. �e bo�om plot shows the instantaneous

LHC luminosity delivered to CMS during this time period.
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Figure 10: Channel response to blue laser light (440 nm), measured by the ECAL laser

monitoring system for 4 LHC �lls in April 2011. An average of all barrel crystals is taken,

with |η| < 1.4. �e �ll intensity is shown in the bo�om plot. Response loss is observed

during the LHC �lls, with recovery observed in the inter–�ll periods [6].
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than 1033 cm−2
s
−1

[7], the channel response only changes by 0.2%. �e hadron damage

and the VPT e�ects were very low, and the changes seen in the response are mainly due

to the ionisation damage.

3.2 Hadron Damage
�e other type of damage that occurs in the crystals is due to hadrons hi�ing nuclei.

�e nuclei fragments can cause substantial crystal la�ice damage, reducing the crystal

transparency. An a�empt to anneal proton–irradiated lead tungstate crystals at di�erent

temperatures is shown in Fig. 11. Spontaneous recovery at room temperature is very

slow (negligible) and it is unclear whether the slow drop in induced absorption is due to

hadron or ionisation damage annealing. Full recovery can only be achieved by annealing

at around 300
◦
C [8], which unfortunately cannot be carried out to the crystals in situ.

�erefore proton–induced damage is considered to be permanent in CMS and will be the

dominant source of damage in the years to come.

Figure 11: �e remaining induced absorption as a function of time, with annealing tem-

peratures of 30
◦
C, 50

◦
C, 75

◦
C and 300

◦
C, for crystals that were initially irradiated

with protons. �e remaining induced absorption is shown as a percentage of the initially

induced absorption [8].

3.3 VPT Conditioning and Faceplate Darkening
�e remaining channel response loss in the endcaps is caused by the two types of VPT

e�ects. �e �rst one is the VPT conditioning – the absorption of the residual gas in the

imperfect vacuum on the photocathode. �is causes a loss of quantum e�ciency. �e

response is expected to drop by approximately 30% from laboratory tests, with the tests

showing that they recover by about 10% per year in the absence of light illumination.

9



However, as each VPT contains a di�erent amount of gas, the exact levels of VPT condi-

tioning are unknown. �e second VPT e�ect is the faceplate darkening due to the creation

of colour centres and although irreversible, it is not expected to contribute more than 10%

to the response loss.

Figure 12: Di�erent contributions to the total channel response loss at |η| > 2.7. �e

laser response (black) was measured by the ECAL laser monitoring system in 2011–2012.

�e VPT conditioning (red), faceplate darkening (blue), hadron damage (purple) and ioni-

sation damage (green) are predictions of how these factors contribute to the total channel

response loss [9]. �e total integrated luminosity delivered to CMS by the end of 2016 of

68.2 �
−1

is shown by the vertical dashed line [10].

In order to predict the crystal response in the future, it is important to understand

quantitatively the di�erent components of the response losses and their behaviour un-

der LHC irradiation. Fig. 12 shows how all four e�ects described above were expected to

contribute to the total channel response loss, using data collected in 2011–2012 [9]. �e

ionisation damage is the main contributor to the total response loss up to the end of 2012.

Hadron damage becomes increasingly important, causing 80% of all response losses by

2020–2022.

In 2015 the laser monitoring system started showing that the inner endcap regions

had indeed reached low levels of response, dropping below 20% of their initial response

in 2011. �is study focuses on the ionising damage by analysing and comparing crystal

response at di�erent η values.
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4 Overview of the Research Project
In order to understand the radiation e�ects on the crystals, laser calibration data collected

in the endcaps of the ECAL were used in this analysis. �e crystals in the central region

of the EE were of the main interest as they experience the highest amount of radiation

and therefore the most damage, providing possible insight into the dE/dx response losses.

�ese results can be used to make predictions for the response of the crystals in the barrel

region in the future as the LHC luminosity continues to increase.

�e data used in this analysis were provided by the ECAL laser calibration system.

�e laser data are collected during and between the LHC �lls with a full cycle of measure-

ments (over 75 848 crystals) taking 45 minutes. �e system also measures laser response

between the �lls and during CMS technical stops, providing a useful insight into the an-

nealing mechanism of the crystals. �is study makes use of 2016 laser data, collected in

the endcap region of the calorimeter.

Figure 13: A picture of a BTCP oven at the end of a CMS crystal growing cycle.

�e PbWO4 crystals used in the ECAL, produced by two di�erent companies, were

grown using two di�erent methods. BTCP made use of the Czochralski method, while

SIC used the Bridgman method. A picture of an oven used by BTCP with a CMS crystal at

the end of the growing process is shown in Fig. 13. As a result, the two types of crystals

have slightly di�erent properties. �e SIC crystals were measured to have higher light

yield, however they had lower longitudinal light uniformity and worse performance a�er

irradiation [11], and were therefore placed in low resolution (border between the endcaps

and the barrel) and high luminosity (centre of the endcaps) areas in the detector.
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Fig. 14a shows an x–y map of BTCP and SIC crystals in the ECAL endcaps. �e crys-

tals in each endcap are arranged in an x–y grid, with indices ranging from 1 to 100 in both

directions. One crystal corresponds to 1 unit in x and y. �e Figure also shows another

region of SIC crystals in EE− at around half of the endcap radius. �ese crystals were

used for test beam studies, and were later incorporated into the detector.

�e analysis was started with an examination of crystal response as a function of pseu-

dorapidity, and 2–D maps of the laser response in the EE at di�erent times in 2016 were

produced. Fig. 14b shows one such map from 1 August 2016. �ere are some conclusions

that can already be drawn by the maps produced:

• �e laser response is lower for the crystals closer to the centre of the endcaps. �is

behaviour was expected as the radiation levels closer to the beam pipe are much

higher than those at the outer edges of the EE.

• Comparing a few crystal response maps plo�ed for 2016 shows that the response

changes with time, on average becoming lower.

• �ere appears to be an outline that corresponds to the BTCP–SIC boundary in the

inner EE region, with SIC crystals near the boundary having systematically lower

response than the BTCP.

In order to further explore these observations, 5 crystal sets were chosen in EE, as

shown in Fig. 15, and their 2016 laser data were studied. �e crystals closest to the beam

pipe were of the main interest as they have experienced the highest levels of radiation.

�ese crystals have su�ered the highest amounts of damage, and should show the clearest

picture of crystal dynamics (damage and annealing mechanisms). �e 3 BTCP supercrys-

tals (A), 5 x 5 arrays of crystals, were chosen due to their unique location – these are the

BTCP crystals that are the closest to the particle beam at 2.3 < |η| < 2.7 and therefore

experience the highest levels of radiation. �ere is an equivalent amount of neighbouring

SIC crystals (B) that will su�er the same level of radiation, therefore allowing for a direct

comparison of their behaviour in the same radiation environment.

In order to compare crystal behaviour at di�erent radiation levels, crystal set C was

chosen, containing 124 SIC crystals that are closest to the beam pipe. Two sets in EE+

were also used, in order to compare laser response at the opposite ends of the calorime-

ter. D is equivalent to C and contains 124 SIC crystals, E is equivalent to B and contains

3 SIC supercrystals (75 crystals). �e coordinates of the 5 crystal sets used are given in

Appendix A.

�is study has examined individual crystals separately, looked into their details and

di�erences between them, as well as taking whole sets, �nding averages and trends, and

comparing sets against each other. �e analysis comprises of three main steps:

• Analysing laser response as a function of time in 2016 for the chosen sets of crystals.

Results were compared for BTCP and SIC crystals, and for SIC crystals at di�erent

η regions.

• Examining long recovery periods in 2016. �ese were ��ed with a single exponen-

tial function, in an a�empt to quantify the crystal annealing mechanism. Recovery

rates and levels were estimated and compared for the 5 crystal sets.
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Figure 14: (a) x–y map of BTCP (green) and SIC (red) crystals in EE. EE− is shown on the

le� with negative x–coordinates, and EE+ on the right. (b) Normalised channel response

in EE on 01/08/16, measured by the ECAL laser monitoring system. �e white patches

correspond to dead or problematic channels removed using a ”bad channel” mask.
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Figure 15: x–ymap of BTCP (green) and SIC (red) crystals in EE. Each crystal corresponds

to 1 unit in x and y. �e 5 crystal sets used in the analysis are highlighted and labelled

A–E.

• Comparing the results of this study with crystal properties measured before the

construction of the ECAL. �is was carried out in an a�empt to �nd correlations

that could help make future predictions for other crystals.

Although the endcaps of the ECAL will be replaced in the future Phase II upgrade, it

is important to understand the di�erences between the crystals. If this study shows that

the BTCP and SIC crystals react di�erently to ionising radiation, it will be very important

to di�erentiate between the two when making predictions. �e crystals with the highest

amount of response losses are in the high η region and therefore mostly SIC, and can give

the clearest picture of what happens under radiation. However most of the barrel crystals

were produced by BTCP and therefore, if not used with the appropriate care, this infor-

mation could give wrong predictions for the barrel region.

5 Data Veri�cation
�e laser monitoring system, which provided the data used in this study, is a complex sys-

tem, and it was important to make sure that all the data were valid before conducting the

analysis. �e laser data are primarily used for physics data normalisation. �e detailed

laser study in this paper showed that there were sometimes underlying system issues that

had to be dealt with. �is chapter outlines the main complications that occurred and the

solutions that were employed.

14



Figure 16: Laser response against time for: (a) EE+ 55,69 SIC crystal; normal laser re-

sponse through the year. (b) EE− 45,61 SIC crystal; horizontal lines in the data (shaded),

leaving the channel unusable for analysis. (c) 5 BTCP crystals, showing a short period of

bad data for all crystals.

15



One of the most signi�cant issues that restricted the amount of useful data and the

number of crystals that could be used in the analysis was the appearance of unchanging

channel response for long periods of time (from a few days to over a month). Fig. 16a

shows the channel response against time in 2016 for an SIC crystal in EE+ with good re-

sponse data. In contrast, the channel response shown in Fig. 16b has horizontal lines in

the data, which correspond to an unchanging response measured by the laser monitoring

system. �ese e�ects could not be caused by the crystals and the reasons behind their

appearance are not clear. �e data do not represent realistic crystal behaviour and would

reduce the quality and accuracy of the �ndings. Such data therefore had to be excluded

from the study.

In order to ensure that only the best data were used in the analysis, the laser response

over 2016 had to be manually checked for every crystal in the selected sets. �is required

plo�ing graphs of laser response over time in 2016, similar to those shown in Fig. 16, and

either verifying that the data were good for the study, or noting the channel with cor-

rupted data and excluding it from further analysis. During this process, only one BTCP

crystal in set A (see Fig. 15) was excluded from all analysis. One SIC crystal in set E was

excluded from the ��ing procedure. Set B provided good laser response data. Sets C and

D, containing SIC crystals closest to the particle beam, each contained 38 crystals that

had to be completely excluded from the study, due to a high number of horizontal lines

in the data, as shown in Fig. 16b. Some channels had to be excluded due to very strange,

unrealistic measurements. �e coordinates of all the crystals excluded from the study are

given in Appendix B.

In some instances, there were short (1–2 days) horizontal lines in data for all crystals

in the chosen sets, or just one endcap. An example of this is shown in Fig. 16c, where in

general the 5 BTCP crystals shown have good channel response, but all �ve are showing

unchanging data between 21–23 May. �is was observed in all crystals examined in EE−.
�e EE+ sets gave good data during the period. In such cases, most data were used in

the analysis, only excluding speci�c periods when applying a �t to the recovery period to

avoid corrupted data. �e crystal recovery ��ing is covered in Chapter 9, and the infor-

mation of all the data excluded from these �ts is given in Appendix C.

�is is the �rst time such unforeseen behaviour has been noticed in the CMS laser cal-

ibration system. �e 2012–2015 data were checked for the 5 sets of crystals and showed

many issues in the data, including unchanging response for long periods of time and large

jumps in the data, making it di�cult to use the data for analysis. A ”safety cut” was ap-

plied in 2013, where any channel measuring laser response of less than 0.2 was set to

response of 1 to avoid unphysically large correction values. �is was carried out until the

end of 2015. Such a cut means that most crystals in the region closest to the particle beam

(|η| > 2.8s) that are of particular interest to this study, do not have their proper response

recorded, making it close to impossible to get context from previous years. �ese issues

need to be addressed if further studies are to be carried out. �erefore they have been

communicated to the laser team for an explanation and �xes.
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Other di�culties that occurred during the analysis and ��ing include:

• Lack of data during the recovery periods. �e laser calibration system is aimed

mainly at normalising physics data during the LHC �lls. However the inter–�ll pe-

riods, especially long breaks during the technical stops, provide an insight into the

crystal recovery. Unfortunately, on many occasions when the LHC is not colliding,

the laser system is switched o�, resulting in gaps in the data.

• Di�ering crystal behaviour. �ere are di�erences between crystals grown by dif-

ferent producers, positioned at di�erent regions in the endcaps, and even between

neighbouring crystals of the same producer. �is means that every crystal had to be

considered individually, validating its data and adjusting the ��ing model for each

set.

• Large size of data �les used. �e 2016 data �le contains every laser response

measured for every crystal in the ECAL over the whole year. Producing a single

graph using the data from the �le took several minutes and there were thousands

of graphs made during the study. In order to speed the process up, relevant data

were extracted into separate �les and saved locally before moving onto producing

graphs and analysing them.

Due to the issues and complications outlined above, this study had to be very de-

tailed, and laser data from every crystal were checked individually. Overall, at the end

of the study, there were over 10 000 plots saved in over 400 �les. �e di�erent �gures

produced are shown in Table 2.

Table 2: Variety of plots produced during the study with approximate amounts provided.

Type Number

Laser response against time in 2016 1 300

Laser response against time in 2012–2015 300

Single exponential �ts to recovery periods 2 500

Double exponential �ts to recovery periods 50

Recovery Time Constant analysis 3 400

Level of recovery analysis 1 600

Goodness of �t graphs (comparison) 2 900

Comparison of results to crystal properties 300

Other �gures 500

Total > 10 000
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6 ChannelResponse Loss in 2016 forCrystals fromDif-
ferent Producers

6.1 Producing the Results
In order to compare the channel response of the 5 crystal sets, their laser response in 2016

was plo�ed against time and analysed. �is chapter deals with 74 BTCP (set A) and 75 SIC

(set B) crystals in EE−. However, the method described below was applied to all crystal

sets and was also used to obtain the results described in Chapter 7.

�e laser response against time, for each individual crystal, is shown in Fig. 17 for the

74 BTCP (green) and 75 SIC (red) crystals. Only 74 out of 75 BTCP crystals available in

the set were used because one channel had its response set to 1 and hence was excluded

from analysis. �e bo�om graph shows instantaneous luminosity delivered to CMS at

corresponding times in 2016. During the heavy–ion run that was carried out at the end

of 2016 (18 November – 04 December), the luminosity is smaller by around a factor of 10
4

compared to proton–proton run. In the plot, the scale of the heavy–ion luminosity (blue)

was increased by a factor of 10
4
in order to make the changes in luminosity visible.

Fig. 18 shows the mean channel response of the 74 BTCP (A) and 75 SIC (B) crystals,

plo�ed against time. �e error bars represent the spread of the results. In order to study

the di�erence between the two crystal types more closely, the black graph (F) was pro-

duced by subtracting the mean SIC laser response from the mean BTCP laser response.

�e dashed horizontal line at laser response ≈ 0.13 (H) is shown as a reference for the

di�erence graph, drawn at the lowest data point in the graph.

6.2 Mean laser Response and Di�erences
�ere are many similarities between the graphs of the two types of crystals in Fig. 18.

First of all, there is a relationship between the laser response graphs and the bo�om plot

showing the instantaneous luminosity delivered to CMS. When the crystals are irradi-

ated, their response drops, then recovers between the �lls. �is e�ect is coherent for all

crystals. However at the start of the year until the the LHC �lls start in May 2016, the

response of the crystals remains unchanged. At room temperature annealing ceases at a

certain level, and the crystals do not recover fully.

Over time, there is a correlation between the two channel response bands (A and B) in

Fig. 18, and both BTCP (A) and SIC (B) crystals react to irradiation similarly, with di�er-

ences emerging in the details. On average BTCP crystals have a higher laser response than

SIC crystals throughout the whole year. �e green and red graphs start at di�erent levels

at the start of the year, meaning that so far BTCP and SIC crystals have indeed reacted

di�erently and the history previous to 2016 could help to draw a be�er, fuller picture of

the crystal response loss mechanism.
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Figure 17: Channel response to blue laser light (447 nm) of 74 BTCP and 75 SIC channels

in 2016, taken from the region 2.3 < |η| < 2.7. �e data were collected by the ECAL

laser monitoring system. �e bo�om graph shows instantaneous luminosity delivered to

CMS; the scale of the luminosity during the heavy–ion run (blue) is increased by a factor

of 104.

�alitatively it appears that all crystals react to the radiation in the same way– they

lose response during the LHC �lls but recover when there is no radiation. However, there

are two main di�erences in the damage and recovery process in BTCP and SIC crystals:

• Di�erences in the rates of damage and annealing during and outside the LHC �lls

(behaviour on short timescale);

• Long term crystal behaviour.

�e �rst e�ect can be seen in the BTCP–SIC response di�erence plot in Fig. 18. When

the LHC stops colliding, corresponding to periods of zero luminosity in the lower plot,

the di�erence between the response of the two types of crystals jumps, showing that the

BTCP crystals recover more than SIC. However, at the start of the next �ll they appear to

drop down to a similar response level despite the higher recovery.
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Figure 18: Mean channel response to blue laser light (447nm) of 74 BTCP (A) and 75 SIC

(B) channels in 2016, taken from the region 2.3 < |η| < 2.7. �e error bars represent

spread of the data. �e di�erence (F) was calculated by subtracting the SIC mean channel

response from the BTCP mean channel response. �e dashed horizontal line (H) is drawn

for comparison. �e bo�om graph shows instantaneous luminosity delivered to CMS.

Fig. 19 shows �ve selected �lls taken in July 2016. At the start of the LHC �lls, all

crystals lose a certain amount of response. However, a�er some time, as the instanta-

neous luminosity decreases during the �ll, the BTCP crystals already start the annealing

process which can be observed from the topmost graph (A) curving upwards during the

�ll. �e SIC crystals (B) show a more �at response until the �ll ends, meaning that they

do not anneal as much under radiation.

Fig. 18 shows that the di�erence between the response of BTCP and SIC crystals falls

at the start of running, but as the luminosity reaches a certain level, their response steadily

diverges, showing that in 2016 the SIC crystals have lost response faster than the BTCP.

�is can be observed by comparing the di�erence graph (F), which is slowly rising, to the

horizontal dashed line (H) drawn underneath for comparison.

Overall, the response of the SIC channels is consistently lower than that of the BTCP

channels.
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Figure 19: An expanded view of Fig. 18, to examine di�erences in the annealing process.

Mean channel response to blue laser light (447nm) of 74 BTCP and 75 SIC crystals for

�ve �lls in July 2016, taken from the region 2.3 < |η| < 2.7. �e bo�om graph shows

instantaneous luminosity delivered to CMS.

�is could be a result of the SIC having a higher light yield at the start of Run I, and

therefore the VPT conditioning happening faster, however it is possible that the di�erence

arises from the SIC crystals being more a�ected by ionization or hadron damage. In order

to understand these results be�er, a wider study is needed, including results previous to

2016 and using a wider range of crystals.

7 Channel Response Loss in 2016 for SIC crystals at
Di�erent η Regions

�e method used to obtain the results discussed in this chapter is equivalent to that de-

scribed in Section 6.1. �e 3 SIC supercrystals in EE− (set B) were compared to the 86

SIC crystals with veri�ed data from the crystal set closest to the beam pipe, at |η| > 2.8
(set C). �e analysis was carried out to study the dependence of crystal dynamics on their
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location in the endcap, and hence on the radiation levels. �e crystals were studied indi-

vidually and their mean responses were compared.

Fig. 20 shows the mean laser response of the two sets of crystals over time in 2016.

�antitatively the reaction of the same type of crystals placed in di�erent radiation lev-

els appears the same. �ey both lose response during the LHC �lls, and recover during

inter–�ll periods. With time, as their laser response becomes lower, the level of recovery

decreases.

30 Mar 29 Apr 29 May 28 Jun 28 Jul 27 Aug 26 Sep 26 Oct 25 Nov 

La
se

r 
re

sp
on

se

0.1

0.2

0.3

0.4

0.5

0.6

0.7
| < 2.7ηSIC(B), 2.3 < |

| > 2.8ηSIC(C), |

Difference (SIC(B) - SIC(C))B

C

G

| > 2.8 in EE- in 2016η| < 2.7 and 86 SIC channels at |ηMean laser response of 3 SIC SCs at 2.3 < |

Date (2016)
30 Mar 29 Apr 29 May 28 Jun 28 Jul 27 Aug 26 Sep 26 Oct 25 Nov 

)
-1 s

-2
cm

33
Lu

m
in

os
ity

 (
10

0
2
4
6
8

10
12
14
16

30 Mar 29 Apr 29 May 28 Jun 28 Jul 27 Aug 26 Sep 26 Oct 25 Nov 
0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016p-p collisions
Heavy-ion run

(x10 000)

Figure 20: Mean channel response to blue laser light (447nm) of sets B and C in 2016,

taken from regions 2.3 < |η| < 2.7 and |η| > 2.8. �e error bars represent spread of the

data. G is the di�erence between the mean laser responses of sets B and C. �e bo�om

graph shows instantaneous luminosity delivered to CMS.

�e di�erences between the two sets examined emerge in their response levels and

the amount of recovery. �rough 2016, the laser response of the SIC crystals further away

from the particle beam (B) is higher than of those at the high η region (C). �is e�ect was

expected as the radiation levels close to the beam are higher, with the crystals in that

region su�ering from more ionisation and hadron damage. �e crystals with the higher

response level also appear to be recovering more during the inter–�ll periods – their re-

sponse is more dynamic through the year, compared to the response of the inner crystals
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being more se�led.

�e graph of the di�erence between the mean response of the two sets (G) provides

more insight into two factors. In the �rst half of the year the di�erence drops, showing

that the laser response, and hence the damage in both sets of crystals, is becoming more

similar. In the second half of the year, however, the di�erence se�les, �uctuating around

0.14. Short term changes reduce over time. At the start of the year there are jumps in the

di�erence graph between the LHC �lls, showing that the crystals further away from the

beam recover more. �ese jumps reduce over time and become negligible by October. �e

annealing process of the SIC crystals at 2.3 < |η| < 2.7 is becoming more like that of the

crystals positioned in the inner ring.

Fig. 20 shows the SIC crystals examined in EE−. �e equivalent sets (D and E) were

examined in EE+. Despite varying VPT performance and radiation hardness of the crys-

tals, the results produced in EE+ are consistent with the ones discussed in this section.

However the laser response of the corresponding sets appears to be somewhat lower in

EE+ compared to EE−, by 0.025 ± 0.005.

As expected, the damage levels seen in the crystals depend on their distance from the

particle beam pipe.

With time, the annealing process appears to become more and more insigni�cant.

�is e�ect could mean that hadron damage is becoming the dominant contributing factor

to the total channel response loss, rather than the ionisation damage. If this is the case,

the crystals are not expected to recover as annealing of hadron damage is insigni�cant at

room temperature.

8 Overview of Channel Response Loss in 2016
�is chapter draws the sets analysed in the two previous chapters together, comparing

and contrasting general crystal behaviour, the dependence on crystal producer and the

pseudorapidity region the crystal is located at.

�e top plot in Fig. 21 shows mean laser response against time in 2016 of the 3 crystal

sets: 74 BTCP crystals contained in 3 supercrystals at 2.3< |η| < 2.7 (A), 3 SCs containing

75 SIC crystals at 2.3< |η| < 2.7 (B), and 86 SIC crystals in the region of |η| > 2.8 (C). All

3 sets are taken from EE−. �e middle plot shows the di�erence between the mean laser

response of sets A−B (F), and B−C (G). �e dashed line (H) is a horizontal line drawn for

reference. �e bo�om plot shows the instantaneous luminosity delivered to CMS in 2016.
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Figure 21: Mean channel response to blue laser light (447 nm) of 3 crystal sets in 2016,

taken from regions 2.3 < |η| < 2.7 (BTCP and SIC) and |η| > 2.8 (SIC). �e error bars

represent spread of the data. �e bo�om graph shows instantaneous luminosity delivered

to CMS.

�e year begins with the laser response of all sets having se�led around a constant

value:

R(A) ≈ 0.76

R(B) ≈ 0.58

R(C) ≈ 0.36

where R – laser response of a channel, normalised to March 2011. Even during the long

recovery periods (several months) none of the crystals examined recover fully. As their

recovery is expected to concern largely the ionisation damage and it is known that hadron

damage annealing is negligible at room temperature, this could be showing that hadron

damage is beginning to play a signi�cant role. High temperature (≈ 300
◦
C) annealing

cannot be performed in situ and the endcap crystals cannot be temporarily removed and

later replaced, and so by 2017 run start the crystals will not recover to the same levels

they were at in the beginning of 2016.
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�e crystals closest to the particle beam (C) show lower laser response than those at

the lower |η| regions (A and B). It is also observed that the channels with lower response

levels anneal less during the periods between the LHC �lls at CMS.

�is again could be pointing at proton–induced damage– lower response occursmainly

due to a combination of hadron and ionisation damage, but only ionisation induced dam-

age recovers out of the two. �e amount of recovery the crystals achieve during the

annealing process and its dependence on normalised laser response will be discussed in

Chapter 10.

�e main di�erence between the response of crystals produced by di�erent producers

appears to be in the recovery process.

�e BTCP crystals appear to start recovering during the �ll with their response jump-

ing more drastically once the �ll ends, dropping further at the start of the next �ll. �is

could be a hint of faster recovery compared to the SIC crystals. Recovery periods were

��ed with an exponential function in an a�empt to study this e�ect quantitatively, and

will be discussed in Chapter 9.

In general, while studying and analysing the laser response of individual crystals from

the 5 di�erent sets chosen, it was found that the crystal behaviour varies greatly even

within the same set of crystals. �ere were certain channels that produced curious results,

with laser response either much higher or lower compared to the rest of the set, recovery

much sharper than expected, or other unexpected behaviour. Even the crystals that had

similar laser response had their graphs di�ering greatly in details. �is just shows how

complicated PbWO4 crystals are and how di�cult it would be to create a model that would

accurately predict their damage and recovery process over time, especially in the long run.

9 Recovery Time Constants

9.1 Method and Analysis
One of the most signi�cant di�erences between the way the di�erent crystals respond to

ionising radiation could be in the recovery process. In order to gain a be�er understand-

ing of this di�erence, the annealing rate was analysed quantitatively. All crystals recover

by a certain amount before their response plateaus. �is means that there should be a

quantity, a Recovery Time Constant (RTC), which would give the characteristic time it

takes for each crystal to recover. �is chapter compares the rate of recovery of di�erent

sets of crystals. �e study also investigates if the recovery rate changes with time, as the

luminosity in CMS increases and the response of the crystals decreases.

�e recovery seen in laser response is expected to concern largely the dE/dx dam-

age. It is known that proton–induced damage at room temperature and VPT faceplate

darkening do not recover. VPT conditioning is expected to recovery linearly with time by

≈ 10% per year. �is recovery is considered negligible over a period of a few days and was

discounted in this study. As the response of the crystals decreases every year and their

25



recovery becomes comparatively small, the VPT recovery could become more signi�cant.

If more data were provided over a longer period of time, this e�ect could be incorporated

into the ��ing function.

In order to calculate the Recovery Time Constants, laser data were used during peri-

ods when the LHC was o�, with only the annealing process taking place. �is poses some

di�culties. Many recovery periods do not have enough data, or the data is compromised.

For example, if the RTC value turns out to be longer than a few days, the only substantial

recovery period is the end of year shut down. �is period contains jumps in the response

due to the change in the magnetic �eld, a lot of missing data and heavy–ion run, which

has been seen to a�ect the crystal recovery.
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Figure 22: Laser response of one EE+ SIC channel (55,32) in 2016 with a single expo-

nential �t at 8 recovery periods (shaded and numbered). �e bo�om graph shows the

instantaneous luminosity delivered to CMS.

Eight recovery periods were chosen throughout the year for recovery modelling. Each

channel in each recovery period was ��ed with an exponential function. �e information

about these periods, including the data that had to be excluded when ��ing and infor-

mation about the last �ll before the recovery started, are given in Appendix C. �e top

plot in Fig. 22 shows laser response against time of one crystal with the eight recovery
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periods ��ed, shaded and numbered. In order to produce reliable results, only recovery

periods providing su�cient data were considered. �e periods also had to provide enough

curvature for the ROOT ��ing function to be able to extract correct values. �ere were

long recovery periods that had enough data but unfortunately had unexplained jumps in

the data, and could not be considered for the study.

Figure 23: Laser response of one EE− BTCP channel (50,31) over 6 day period in 2016

with a single exponential �t. �e bo�om graph shows the �t residuals. �e graph includes

a period of data (22–23 May) that was excluded from the �t.

Crystal annealing from ionisation damage is a thermal process, and can be described

by an exponential curve. A single exponential function of the form

αe−
t−τ
β + C

was used for the modelling of the recovery process, where τ is the ��ed Recovery Time

Constant. An example of the �t is shown in the top graph of Fig. 23, with data from re-

covery period 1 for annealing over 5 days. During the ��ing, the compromised data from

22–23 May were discounted.
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If there are more than one colour centre type being created in the crystals, there could

be more than one time constant required. However a single exponential was found to be

su�cient in most cases, for example ��ing the data well in Fig. 23. An a�empt at ��ing

a double exponential of the form

α1e
− t−τ1

β1 + α2e
− t−τ2

β2 + C

was carried out but there were insu�cient data during the recovery periods to achieve

reliable results.

�e laser monitoring system data set did not include information about the measure-

ment errors. However, these are necessary in order to use the ROOT least χ2
��ing

algorithm for accurate results and to assess the goodness of �t. �e results of the ROOT

��ing, and the residuals of the resulting �ts, were used to �nd a reasonable error, giving

an average reduced χ2 ≈ 1–2. �e appropriate error for BTCP crystals is± 0.0004, shown

in Fig. 23, while the SIC crystals produced residuals about half the size of the BTCP, re-

quiring an error of± 0.0002. �e di�erence in the residuals and the errors is not currently

understood. �e determination of the errrors will be covered in Chapter 11.

9.2 Results
Fig. 24 shows Recovery Time Constants of 74 BTCP crystals obtained from crystal set A,

plo�ed against time. �e dashed lines mark the middle of each recovery period ��ed with

an exponential curve.

�rough most of the year, the RTCs of most crystals are between 20–60 h.

�e recovery periods 5, 7 and 8 however show di�erent results, with their spread gen-

erally larger and mean RTC higher. �ese trends were observed through all crystal sets

studied.

At the recovery period 5, the value of the RTC for all crystals rises. �is could be

explained by a very short �ll occurring during the recovery period slowing down the an-

nealing process. �e �ll lasted around 2.5 hours and reached a peak luminosity of only

2.3×1031 cm
−2

s
−1

, which, compared to the luminosity delivered by other LHC �lls be-

fore and a�er it, is smaller by around a factor of 500. Although the �ll was considered

negligible when the recovery period was chosen for ��ing, this could prove that even the

smallest doses of radiation can signi�cantly slow down crystal recovery.

In the BTCP data shown in Fig. 24, most of the crystals have similar RTCs for recovery

period 7, with only 1 channel giving much higher results. In the SIC sets examined, es-

pecially for the crystals closest to the particle beam, there are many RTCs with very high

values. �e reason for this strange behaviour concerns a very short LHC �ll between re-

covery periods 6 and 7, lasting only 45 minutes (on average a normal �ll length is≈ 10 h)

but reaching peak instantaneous luminosity of 1.0×1034 cm−2
s
−1

. For some crystals, this

�ll provides enough radiation to noticeably lower the laser response and re–start the re-

covery that will appear as an exponential curve (Fig. 25, green).
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Figure 24: Recovery Time Constants against time for 74 BTCP channels at 8 recovery

periods (marked with dashed lines and numbered) in 2016.

Some crystals, especially those with lower laser response and li�le recovery, have only

a slight response drop during the �ll, while a�erwards showing a response that appears as

a continuation of recovery that was started during recovery period 6. �e annealing pro-

cess appears to be linear (red). �e a�empt to �t a single exponential curve to an almost

linear set of data produces results with very high values of RTC. Fig. 25 is just an example

of how di�erent the annealing process can be for two crystals at identical distances from

the beam pipe, though is not in general representative of the two types or sets of crystals.

�e RTCs for recovery period 8 in Fig. 24 are larger than those observed at most other

periods, by up to a factor of 10. �is signi�cant slowing down of the crystal recovery is

understood to be due to the presence of heavy–ion collisions at the end of the year. Even

though the instantaneous luminosity delivered to CMS during the heavy–ion collisions

reaches only 8×1029 cm
−2

s
−1

compared to p–p collisions reaching 1.5×1034 cm
−2

s
−1

,

the low but long irradiation a�ects the crystal dE/dx recovery.

�e laser response of the crystals showed a smooth recovery at the start of the winter

shut–down, but oscillated during the heavy–ion run period. �ere was also a �ll lasting

4 hours, with peak instantaneous luminosity of only 5.2×1029 cm−2
s
−1

during recovery
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Figure 25: Laser response over a week for two crystals made by di�erent producers. �e

two recovery periods (6 and 7) are ��ed with single exponential curves. �e shaded area

represents a 45 minute long �ll, reaching peak luminosity of 1.0× 1034 cm−2
s
−1

.

period 8, on 27 October. �e long recovery period (lasting 39 days) could have been one of

the most useful in measuring the rate of recovery for the crystals and making predictions,

especially if it was found that there is a second, slower time constant. Unfortunately re-

covery periods that include heavy–ion runs cannot be treated as pure recovery periods.

All crystal sets show similar changes in the RTCs as described above, depending on

the recovery period (see Fig. 26). �e mean RTC at recovery period 5, of 140–230 hours,

is generally larger by a factor of 3–4 compared to the time constants recorded just before

and a�er, with the short and low intensity �ll slowing down the recovery for all crystals.

�e end of year recovery, which includes the heavy–ion run, shows RTCs that are larger

by a factor of around 10, at 420–540 hours, compared to average time constants recorded

at �lls with no irradiation. �e results for recovery period 7 vary depending on the crystal

set. �e crystal sets closer to the particle beam had more channels showing linear recov-

ery, therefore raising the mean RTC of the set and substantially increasing their spread.

It has been theorised that the di�erence in the annealing mechanisms of BTCP and

SIC crystals could rise from the BTCP crystals recovering faster, hence having shorter re-
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Figure 26: Mean Recovery Time Constants of 5 crystal sets at 8 recovery periods (num-

bered) in 2016.

covery constants. Although the mean of the Recovery Time Constans of the set of BTCP

crystals (green) is the lower during recovery periods 1–6, there is not enough evidence to

either con�rm or refute the theory. A further study would be required, possibly includ-

ing more BTCP and SIC sets at equal distances from the beam pipe, and analysing more

recovery periods, using either data collected in the future, or taken from previous years,

a�er the issues in the data are addressed and resolved.

A single exponential function was observed to �t the recovery period curves well in

most cases. However there are some instances where it cannot handle the curvature,

mostly at recovery periods 2, 5 and 8. �is is discussed in Chapter 11. In contrast to the

other two periods, period 2 does not involve any irradiation that could be changing the

rate of recovery. �is could be a hint of needing a double exponential, if a second colour

centre exists, which recovers at a much slower rate.

In general, the RTCs appear to change depending on the recovery period for each

crystal, even when the periods containing any small irradiation are excluded. �is is an

area that is not fully understood and could be examined and analysed much further, ex-

panding this study.
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10 Projected Recovery Levels
Fi�ing the 8 recovery periods provided information about two aspects of the annealing

process – the time constants describing the rate of recovery, and the amount of laser

response that the crystals would regain if they were le� without radiation for in�nite

amount of time. �is asymptotic recoverywas calculated by subtracting the initial channel

response at the beginning of the recovery (Ri) from the �nal response projected at in�nity

using the exponential �t (Rf ):

∆R = Rf −Ri

Extracting Ri was a particularly complicated task. �e data had to be carefully exam-

ined and checked for a jump in the VPT response – an e�ect caused by a sudden change

in radiation rate when the �ll ended. �erefore the initial laser response had to be taken

a�er the VPT response had se�led, at≈ 30 min a�er the end of the LHC �ll. Unfortunately

this meant that the sharpest rise in the exponential curve could not be taken into account,

producing larger errors in the projected recovery results.
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Figure 27: Mean asymptotic recovery of 5 crystal sets at 8 recovery periods (numbered)

in 2016, with respect to unity in March 2011.
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Similarly to the Recovery Time Constants, the asymptotic recovery for all crystals ap-

pears to depend on the recovery period being considered. �e recovery periods 5 and 8,

with the slowest recovery, show higher recovery levels than average. �ese periods have

already been deemed not reliable for pure recovery modelling as they include low levels

of radiation that a�ect the crystal recovery. �e asymptotic recovery values also rise at

recovery period 2, which has been observed to not be described very well by a single ex-

ponential function, in comparison to the other periods.

Fig. 27 shows a signi�cant di�erence between the recovery projected for BTCP (green)

and SIC (red) crystals at the same distance from the particle beam. �e BTCP crystals are

expected to recover 3–9% of the laser response compared to March 2011, with the corre-

sponding SIC set only showing 1–4% recovery. Furthermore, the asymptotic recovery of

the two sets of crystals closest to the beam pipe show only 1–2% recovery. �is shows

that the amount of laser response that the crystals regain dropsas their overall response

decreases.
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Figure 28: Mean percentage recovery of 5 crystal sets at 8 recovery periods (numbered)

in 2016.
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�e correlation between channel laser response and projected asymptotic recovery

was further examined using the fractional recovery – the asymptotic recovery devided

by the initial laser response, ∆R/Ri, expressed to the percentage. When comparing

Fig. 27 and 28, the large dispersion in the recovery values seen in di�erent crystal sets

in Fig. 27 is much reduced when the recovery is normalised to Ri, the channel response

at the start of the recovery. �is indicates that the amount of recovery depends on the

overall response loss.

�e exceptions to this are recovery periods and 5 and 8. However the recovery peri-

ods 5 and 8 have been shown to produce di�erent results due to minor radiation slowing

down the dE/dx recovery, therefore the results should not be expected to follow the gen-

eral trend of annealing reducing with time.

�e worrying conclusion that can be drawn from the results discussed is how li�le

the crystals are recovering. �e 5 sets examined are only expected to regain at maximum

1–9 % of their response as measured in March 2011, with the crystals closest to the centre

of the endcaps showing hardly any recovery at all. �is could be another hint of pro-

ton–induced damage starting to dominate over ionisation damage. It would explain the

asymptotic recovery being related to laser response– if the damage build up in a crystal

is mostly due to hadron damage, only a small proportion of the response loss will be the

dE/dx damage, therefore giving lower recovery levels.

11 Analysis of the Fit�ality and Errors
�e previous two chapters dealt with the results extracted from exponential �ts to the

laser data during crystal recovery periods in the ECAL. In order to be able to use the

ROOT ��ing function with the least χ2
algorithm, the data had to include errors. How-

ever the data �les that were provided for the analysis did not include this information,

and they had to be estimated and applied before any further analysis could take place.

When the errors were estimated, laser data only up to the 10 September 2016 were avail-

able, containing recovery periods 1–4. Only two sets of crystals were analysed: 74 BTCP

(set A) and 75 SIC (set B) crystals in EE− at 2.3 < |η| < 2.7.

In order to estimate the error needed for the ��ing function to work correctly, the

data had to be �t with the default ROOT se�ings and studied. In most cases this gave a

very small (� 1) χ2
per degree of freedom (d.o.f.), hinting at a very large error. Several

crystals were picked from the two sets and the 4 available recovery periods ��ed. �e

starting errors were chosen to include the majority of the residuals in the �ts, then ap-

plied to all crystals being examined and adjusted to give χ2
per d.o.f. value between 1–2

for most crystals.

�e resulting χ2
per d.o.f. at the 4 recovery periods are shown in Fig. 29. �e sec-

ond recovery period shows much larger χ2
per d.o.f. and is not described by a single

exponential very well. However the rest of the periods showed similar values of χ2
per

d.o.f. �e error was estimated using recovery periods 1, 3 and 4. Fig. 29 was produced

using errors with two di�erent values: 4×10−4
for the BTCP set and 2×10−4

for the SIC
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Figure 29: χ2
per degree of freedom against time at 4 recovery periods for 74 BTCP and

75 SIC channels in EE− at 2.3< |η| < 2.7. �e recovery periods are marked with a dashed

line and numbered.

crystals. Later other crystal sets were included in the study and their χ2
per d.o.f. were

checked, showing that the error of 2×10−4
was appropriate for all SIC crystals studied.

�is di�erence in the errors is not currently understood. �e crystals of the two initial

sets were ��ed using a range of errors and it was found that a slight change (±1×10−4
)

in error did not change the resulting RTCs for the majority of the crystals ��ed.

�e χ2
of the �ts was observed and used a�er the errors were determined. In many

cases crystals with missing or corrupted data were identi�ed by noticing an extremely

large χ2
value. It was also observed that for all crystal sets, the goodness of �t follows a

similar trend. At most recovery periods it remained at around 2, however it was higher

at 3 recovery periods:

• Recovery period 2: pure recovery.

• Recovery period 5: includes a short LHC �ll with low luminosity levels.

• Recovery period 8: includes heavy–ion collision run.

It is not understood why the recovery period 2 appears to be di�erent from the rest.
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12 Comparison of the Findings with Laboratory Data
In an a�empt to �nd an explanation to the results of the study and the di�erence between

crystals, the �ndings were compared to crystal and VPT properties measured before the

construction of the ECAL. �e properties used are:

• Light Yield (LY), [p.e./MeV]. A measure of the amount of scintillation light a crys-

tal produced before irradiation. Measured for all EE crystals.

• Index of Induced Absorption (µ), [m−1]. Inverse of radiation hardness of the

crystal. µSIC measured by SIC for all SIC crystals except 2 SCs; µECAL measured

by the ECAL group for a fraction of BTCP and SIC crystals.

• VPT quality. Product of VPT gain and quantum e�ciency of the VPT. Measured

for all VPTs.

�e comparisonwas carried out by studying sca�er plots of the properties listed above

and their combinations against the �ndings of the study. Laser response was compared to

µ, expecting to see the crystals with lower index having preserved more of their response.

�e value of laser response was chosen from the end of 2016, using most recent results,

with high damage levels. �e analysis could be extended to use laser response recorded at

several di�erent times. On average most crystals within a set tend to lose their response

at a similar rate, and one laser response value from each crystal at a particular time, was

deemed su�cient for this study. �e properties were also compared to the values of RTC

and asymptotic recovery ∆R.

�ere was only a hint of correlation found in one of the relationships examined. �e

top graph in Fig. 30 shows µECAL against laser response for the 32 SIC crystals from

the crystal set B. It appears that the crystals with lower index of induced absorption, and

therefore being more radiation–hard, have higher laser response. �e bo�om plot, which

contains data for 31 SIC crystals from the crystal set E, shows no apparent correlation. �e

rest of the a�empts provided no solid conclusions. �e LY, µ and VPT quality were com-

pared between the two endcaps, trying to explain the di�erence in mean laser response

of corresponding crystal sets in EE− and EE+. No correlations were found.

�ere have been signs showing that proton–induced damage may be becoming the

dominating factor to the crystal response loss. If this is the case, it shouldn’t be expected

that any clear correlations will be observed. µ corresponds to ionisation damage only, and

hadron damage was not known before the construction of ECAL.

Another complication to the search for correlations is the combined errors in all the

data considered and the various factors that a�ect the channel response. In Fig. 30, µECAL

and laser response are used. However when µSIC were plo�ed against laser response for

the same crystal set as used in the top plot, no correlation between the results was ob-

served.

�ere are two issues that contribute to this. Firstly, µECAL includes results for only 32

crystals, compared to µSIC having been measured for all 75. Secondly, there are discrep-

ancies even between µECAL and µSIC . �is could appear due to the process of measuring
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Figure 30: Index of induced absorption measured by ECAL against laser response on

05/12/16 for 32 SIC channels in EE− and 31 in EE+.

this property. �e induced absorption of all SIC crystals was measured in China. �ey

were irradiated and their induced absorptionwasmeasured. A�er themeasurements were

obtained, the crystals were heated at high temperatures and annealed. In order to mea-

sure µECAL, the crystals had to be taken through the same process again. �is being the

second cycle of damage and recovery, it could be the reason why the results were slightly

di�erent.

13 Implications ofResponse Loss to ECALPerformance
�e signi�cance of the �ndings can be illustrated by evaluating the e�ect of low laser re-

sponse on the resolution of the detector. �e crystals are starting to se�le at certain laser

response levels in the inner rings of the endcaps, with li�le recovery. In EE−, the mean

laser response of the crystals in the |η| > 2.8 ring at the end of 2016 is at around 0.14, with

≈20% of these crystals below 0.1 at the end of 2016.

�e impact of channel response changes on the ECAL performance has been evalu-

ated in the context of the Phase II upgrade and the resulting degradation of the resolution

can be estimated using the graphs in Fig. 31.
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(a)

(b)

Figure 31: (a) Expected channel response changes, using laboratory data and a simulated

radiation �eld for CMS. S/S0 corresponds to the laser response normalised to March

2011. Each line corresponds to a combination of integrated luminosity and instantaneous

luminosity delivered to CMS. (b) Contribution of the crystal damage to the calorimeter

resolution for H→ γγ events. Max(η1,η2) is the maximal η value for one of the photons.
Each line corresponds to a certain value of integrated luminosity at CMS [12].
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Fig. 31a shows the predicted future channel response changes, using laboratory data

and a simulated radiation �eld for CMS.�e normalised laser response (S/S0) is plo�ed as

a function of η and the integrated luminosity in CMS. For example, at η = 2.6 the relative

channel response is expected to be 0.1 (current response of some crystals closest to the

particle beam) from an instantaneous luminosity of 2×1034 cm
−2

s
−1

and an integrated

luminosity of 500 �
−1

.

Fig. 31b shows the expected degradation of the calorimeter resolution for H → γγ
decays due to crystal irradiation as a function of η and the integrated luminosity in CMS.

As the integrated luminosity increases, the contribution to the resolution due to crystal

ageing is expected to increase.

�ese plots can be used to predict the additional resolution term due to channel re-

sponse loss. A response loss of 0.1 is chosen, which corresponds to the value expected

a�er 500 �
−1

at η = 2.6 (Fig. 31a). �is corresponds to the radiation exposure seen in the

endcaps at the end of life in 2024.

Inserting these values (η = 2.6, L = 500 �
−1

) into Fig. 31b yields an additional resolu-

tion term of 2.5%, which is comparable to the current EE resolution.

�ese e�ects in EE can be related to the barrel region in the future, with the barrel

crystals expected to obtain comparable damage to the current endcap crystals in the long

run (2035, end of HL–LHC run). With the current ECAL barrel resolution at≈1%, if simi-

lar e�ects to those in EE are assumed, the resolution of the calorimeter would degrade to√
12 + 2.52 ≈ 2.7%.

H→ γγ sensitivity depends very strongly on the calorimeter resolution. �erefore

a signi�cant increase in the number of events recorded by the detector will be needed to

maintain the accuracy of the results. It is very important to continuously compare the

real results to these predictions. If it is found that the EE crystals degrade faster than

predicted, the same should be expected to happen to the barrel crystals in the future.

14 Conclusion
�epurpose of this studywas to examine the response of the PbWO4 crystals in the ECAL,

and understand the e�ects of the radiation to the crystals. �is study has compared the

ionisation damage in the BTCP and SIC crystals at di�erent η regions in the ECAL end-

caps. Laser data from 2016 have been used in order to learn more about the channel

response losses. �ere were 395 crystals used in the main study, with 78 discounted due

to corrupted data, and many others considered and observed.

It has been shown that there are apparent di�erences in the crystal damage and re-

covery processes between the BTCP and SIC crystals. SIC crystals recover less than BTCP

crystals, with less annealing occurring under irradiation. �e sample examined showed

that the SIC crystals had on average lower channel response through 2016, further diverg-
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ing from the average BTCP response.

Eight recovery periodswere chosen in 2016 and the laser datawere ��ed using a single

exponential function. �e Recovery Time Constants appeared to depend on the recovery

period chosen, changing through the year. �e RTC for the SIC crystals appeared only

slightly longer compared to BTCP crystals, and no concrete conclusions about the rate

of recovery of the di�erent types of crystals were drawn. RTC is similar for crystals at

di�erent η regions.

�e level of recovery projected showed large di�erences between the two di�erent

types of crystals. �e BTCP crystals recover more than SIC crystals in the same region.

It was observed that the projected recovery depends on the laser response of the crystal,

measured before the recovery begins.

�e crystals are never seen to recover fully, their response plateaus at a lower laser

response a�er each year of particle collisions. �ere are hints of the hadron damage be-

coming the main contributing factor to the total damage in the crystals, overtaking the

ionisation damage. Due to this, the crystals should not be expected to recover to their

original response levels, as the proton–induced damage does not anneal signi�cantly in

room temperature.

Peculiar data were found during the study. �ere appear to be many issues in the data

previous to 2016, and for the crystals closest to the particle beam. Data from 2013–2015 do

not include any information for laser response below 0.2, as a cut was applied and such

crystals were set to response = 1. If this cut was reversed and the data were tidied up,

more recovery periods could be studied, comparing Recovery Time Constants and recov-

ery levels over a longer period of time.

�ere are many directions where this study could be used as ground work to �ndmore

concrete results. For example, more BTCP crystal sets with equivalent SIC sets could be

studied, further analysing the di�erence between the two types of crystals. Crystals could

be taken from a wider range of η, drawing clearer conclusions of how the crystal response

depends on radiation levels. EB crystals could be incorporated into the analysis and the

crystals close to the EE–EB boundary could be compared.

More importantly, the results provided by this study could help make predictions for

the crystals contained in the barrel region, which will remain there a�er the Phase II Up-

grade. It has already been concluded that there are di�erences between BTCP and SIC

crystals, and it is important to not mix the two types together when a�empting to make

predictions for the crystal response in the future.
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Appendix A Coordinates of Crystal Sets Used in the Study
Coordinates of the 5 crystal sets used in the study, shown in �g. 15

Table 3: Crystal set A coordinates

Crystal producer: BTCP

Number of crystals: 74

EE−; 2.3 < |η| < 2.7
ix iy iz

46-50 66-70 -1*

31-35 51-55 -1

46-50 31-35 -1

* SC contains (46,67,-1) crystal, excluded from the

study.

Table 4: Crystal set B coordinates

Crystal producer: SIC

Number of crystals: 75

EE−; 2.3 < |η| < 2.7
ix iy iz

51-55 66-70 -1

31-35 46-50 -1

51-55 31-35 -1

Table 5: Crystal set C coordinates

Crystal producer: SIC

Number of crystals: 86

EE−; |η| > 2.8
ix iy iz ix iy iz ix iy iz ix iy iz

38 47 -1 42 42 -1 51 38 -1 58 61 -1

38 48 -1 42 59 -1 51 39 -1 59 42 -1

38 49 -1 42 60 -1 52 38 -1 60 42 -1

38 50 -1 43 40 -1 52 39 -1 60 59 -1

38 52 -1 43 41 -1 52 62 -1 61 43 -1

38 53 -1 43 61 -1 52 63 -1 61 44 -1

38 54 -1 44 40 -1 53 38 -1 61 45 -1

39 45 -1 44 61 -1 53 39 -1 62 45 -1

39 46 -1 45 39 -1 53 62 -1 62 46 -1

39 47 -1 45 62 -1 53 63 -1 62 52 -1

39 51 -1 46 39 -1 54 38 -1 62 54 -1

39 53 -1 47 38 -1 54 39 -1 62 55 -1

39 54 -1 47 39 -1 54 62 -1 62 56 -1

39 56 -1 47 62 -1 55 39 -1 63 47 -1

40 43 -1 48 38 -1 55 62 -1 63 48 -1

40 56 -1 48 39 -1 56 39 -1 63 50 -1

40 57 -1 48 62 -1 56 40 -1 63 51 -1

41 42 -1 48 63 -1 56 61 -1 63 52 -1

41 43 -1 49 38 -1 56 62 -1 63 53 -1

41 58 -1 49 62 -1 57 40 -1 63 54 -1

41 59 -1 50 38 -1 57 61 -1

42 41 -1 50 39 -1 58 40 -1
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Table 6: Crystal set D coordinates

Crystal producer: SIC

Number of crystals: 86

EE+; |η| > 2.8
ix iy iz ix iy iz ix iy iz ix iy iz

38 47 +1 42 60 +1 49 63 +1 59 60 +1

38 48 +1 43 40 +1 50 39 +1 60 42 +1

38 50 +1 43 41 +1 50 62 +1 60 43 +1

38 51 +1 43 60 +1 50 63 +1 60 58 +1

38 52 +1 43 61 +1 52 39 +1 60 59 +1

38 53 +1 44 40 +1 52 63 +1 61 43 +1

38 54 +1 44 61 +1 53 38 +1 61 44 +1

39 45 +1 45 39 +1 53 39 +1 61 57 +1

39 48 +1 45 40 +1 54 38 +1 61 58 +1

39 53 +1 45 61 +1 54 39 +1 62 46 +1

39 54 +1 45 62 +1 54 63 +1 62 49 +1

39 55 +1 46 62 +1 55 62 +1 62 51 +1

39 56 +1 47 38 +1 56 39 +1 62 53 +1

40 43 +1 47 39 +1 56 62 +1 62 55 +1

40 44 +1 47 62 +1 57 40 +1 62 56 +1

40 45 +1 48 38 +1 58 40 +1 63 47 +1

40 56 +1 48 39 +1 58 41 +1 63 50 +1

40 57 +1 48 62 +1 58 60 +1 63 52 +1

40 58 +1 48 63 +1 58 61 +1 63 53 +1

41 59 +1 49 38 +1 59 41 +1 63 54 +1

42 42 +1 49 39 +1 59 42 +1

42 59 +1 49 62 +1 59 59 +1

Table 7: Crystal set E coordinates

Crystal producer: SIC

Number of crystals: 75

EE+; 2.3 < |η| < 2.7
ix iy iz

51-55 66-70 +1*

31-35 46-50 +1

51-55 31-35 +1

* SC contains (51,67,+1) crystal, excluded from part of the study.
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Appendix B Coordinates of Excluded Crystals
Coordinates of the crystals contained in within the 5 crystal sets buts excluded from all or part of the study.

Crystals excluded from the sets C and D are shown in Fig. 32.

• Crystal set A: (46,67,−1) excluded from the study.

Reason: Channel response set to 1.

• Crystal set E: (51,67,+1) excluded from recovery ��ing.

Reason: Bad data at recovery period 5 between 1–16 September.

Table 8: Crystal set C: 38 channels excluded from the study. Reason: Horizontal lines in the data.

ix iy iz ix iy iz ix iy iz ix iy iz

38 51 -1 45 40 -1 54 63 -1 61 58 -1

39 48 -1 45 61 -1 58 41 -1 62 47 -1

39 49 -1 46 62 -1 58 60 -1 62 48 -1

39 50 -1 47 63 -1 59 41 -1 62 49 -1

39 52 -1 49 39 -1 59 59 -1 62 50 -1

39 55 -1 49 63 -1 59 60 -1 62 51 -1

40 44 -1 50 62 -1 60 43 -1 62 53 -1

40 45 -1 50 63 -1 60 58 -1 63 49 -1

40 58 -1 51 62 -1 61 56 -1

43 60 -1 51 63 -1 61 57 -1

Table 9: Crystal set D: 38 channels excluded from the study. Reason: Horizontal lines in the data.

ix iy iz ix iy iz ix iy iz ix iy iz

38 49 +1 42 41 +1 53 62 +1 62 47 +1

39 46 +1 46 39 +1 53 63 +1 62 48 +1

39 47 +1 47 63 +1 54 62 +1 62 50 +1

39 49 +1 50 38 +1 55 39 +1 62 52 +1

39 50 +1 51 38 +1 56 40 +1 62 54 +1

39 51 +1 51 39 +1 56 61 +1 63 48 +1

39 52 +1 51 62 +1 57 61 +1 63 49 +1

41 42 +1 51 63 +1 61 45 +1 63 51 +1

41 43 +1 52 38 +1 61 56 +1

41 58 +1 52 62 +1 62 45 +1
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Figure 32: x–y maps of EE− crystal set C (a) and EE+ crystal set D (b). Shows crystals used in the study

(blue) and excluded due to corrupted data (yellow).
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Appendix C Recovery Period Information
Information about the 8 recovery periods used in the study and the LHC �lls preceding each period.

Table 10: Information about the 8 recovery periods used and the corrupted data that were excluded from the �ts.

Recovery period Data excluded from �t

No Length Dates UNIX time Length Dates UNIX time

1 5 d 10 h 33 min 21– 27 May 1 463 840 000– 1 464 310 000 1 d 17 h 40 min* 21– 23 May 1 463 850 000– 1 464 000 000

2 5 d 2 h 13 min 6– 11 Jun 1 465 197 000– 1 465 637 000 9 h 43 min 8 Jun 1 465 370 000– 1 465 405 000

3 2 d 17 h 17 min 21– 24 Jun 1 466 495 000– 1 466 730 000

4 2 d 22 h 50 min 10– 13 Aug 1 470 802 000– 1 471 057 000 33 min 11 Aug 1 470 927 000– 1 470 929 000

5 15 d 6 h 40 min 9– 25 Sep 1 473 460 000– 1 474 780 000 19 h 27 min 15– 16 Sep 1 473 930 000– 1 474 000 000

6 3 d 5 h 47 min 3– 6 Oct 1 475 470 000– 1 475 750 000

7 2 d 2 h 50 min 6– 8 Oct 1 475 757 000– 1 475 940 000

8 39 d 8 h 27 min 26 Oct– 5 Dec 1 477 520 000– 1 480 920 000 33 h 20 min 3– 4 Nov 1 478 180 000– 1 478 300 000

* �e data in period 1 are excluded in EE− only.
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Table 11: Information about the �lls preceding the 8 recovery periods used in the study.

No Length Dates UNIX time Peak luminosity,

×1030cm−2
s
−1

2016 integrated luminosity at

the end of the �ll, µb−1

1 1 d 11 h 29 min 20– 21 May 1 463 711 775– 1 463 839 508 3 666.48 833 668 117

2 11 h 5 min 5– 6 Jun 1 465 155 098– 1 465 194 975 7 853.67 3 226 656 799

3 1 d 5 h 3 min 20– 21 Jun 1 466 387 911– 1 466 492 469 8 559.73 6 694 394 095

4 9 h 33 min 9– 10 Aug 1 470 767 289– 1 470 801 686 11 847.35 22 594 069 596

5 13 h 39 min 9 Sep 1 473 410 407– 1 473 459 558 12 354.52 31 980 561 394

6 14 h 15 min 2– 3 Oct 1 475 416 125– 1 475 467 449 13 506.62 34 754 470 558

7 45 min 6 Oct 1 475 753 486– 1 475 756 179 10 324.65 34 780 501 346

8 12 h 6 min 15 Oct 1 477 472 131– 1 477 515 677 13 686.60 42 256 799 780
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