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Abstract

The changes in light yield from the lead tungstate crystals in the CMS ECAL during LHC
operation have been estimated for the barrel and endcap regions of the detector. The
formation of colour centres and the change in light yield have been simulated at hourly
intervals for one year of LHC operation, for startup, low, high and SLHC luminosities (
1033, 2.1033, 1034 and 1035 cm-2 sec-1 respectively). The consequent demands on the ECAL
monitoring system, the effect on the noise and performance, and the consequences for the
ECAL trigger are discussed. 



 1: Introduction

The CMS Electromagnetic calorimeter (ECAL) at the LHC comprises a Barrel (EB) and two 
Endcap (EE) detectors containing 61200 and 14648 lead tungstate crystals, respectively.  The 
EB subtends a pseudorapidity range from |η| = 0 to 1.48. The EE subtends a pseudorapidity 
range from |η| = 1.48 - 3.0 [1]. 

The calorimeter is designed to have excellent performance with high precision energy resolu-
tion resulting in excellent mass resolution for the detection of new particles such as Higgs bos-
ons. Energy resolutions of 0.55% has been achieved at a test beam for electrons at an energy of 
100 GeV [2]. At high energies the calorimeter resolution is expected to be limited by the calo-
rimeter constant term and intercalibration errors, at a combined level of ~0.4 - 0.5%.

In order to maintain the performance of the detector it is important to minimise any effects that 
might degrade the energy resolution, and to keep the impact of such effects on the energy reso-
lution to 0.3% or less. One such effect is the formation of colour centres in the crystals caused 
by ionising radiation. The colour centres change the transparency of the crystals, particularly 
near the lead tungstate emission peak at 420nm [3]. This leads to a change in light yield which 
must be corrected for.

The level of colour centre creation is dependant on the the number of potential colour centre 
sites within the crystals. The sites are activated by the ionising particles generated by the LHC. 
The number of created sites is dependant on the local dose rates within the crystals. The behav-
iour of the colour centres with time are governed by intrinsic time constants for their creation 
and annihilation.

The transparency of the lead tungstate crystals will be monitored with a laser system. Laser 
light at 440nm will be injected into the front of EB crystals, and into the back of EE crystals, 
via quartz fibres. The laser signals are monitored with PN diodes. The normalised laser data, 
using the PN diode signals, will be used to track crystal transparency with time. The transpar-
ency data will be used to provide corrections to the measured energies in the detector [4].

The crystals for the ECAL are produced at two sites, Bogoroditsk (BTCP), Russia and the 
Shanghai Institute of Ceramics (SIC), China. BTCP is expected to provide ~95% of the crys-
tals in the EB and ~80% of the crystals in the EE.  

This note quantifies the level of colour centre formation and the consequent level of light yield 
loss that may be expected from lead tungstate crystals at the LHC. The note outlines the con-
straints on the ECAL monitoring system if it is to adequately follow the detector in real time at 
the LHC, and the energy equivalent noise targets that are required in the detector before LHC 
operation commences.

Light yield losses which may occur due to heavily ionising hadronic interactions are not con-
sidered in this paper [5].

 2: The simulation

The various processes which contribute to colour centre formation in a crystal are discussed 
separately. These factors are then folded together to replicate the environment at the LHC. 
Amongst these factors are:
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•  the dynamics of crystal colour centre creation
•  the total number of potential colour centre sites available within a crystal
•  the induced absorption and light yield loss as a function of dose rate
•  the profile of the dose and the dose rate as a function of depth in a crystal
•  the LHC luminosity profile with time
•  the dose rates in a crystal as a function of time
•  the net crystal light yield as a function of time. 

 3: Crystal dynamics

Colour centres are created in PbWO4 under the influence of ionising radiation. The density of
colour centres at any time is dependant on the rate of creation of the centres and the rate of
their subsequent annihilation. 

The rate of formation of a colour centre i is usually given by bi R (h-1), where bi is a constant in 
Gy-1 and R is the local dose rate in Gy/h . The annihilation rate is given by a constant ai (h-1). 
The differential change of colour centre density when both processes coexist can be written as

    (1)

where Di is the density of colour centre i in the crystal and the summation goes over all types
of centre [6]. The solution to this equation is

 (2)

where D is the number of activated colour centres present in the crystal at time t, Di
all is the

total density of the potential traps related to colour centre type i and Di
0 is their initial density

at t = 0. The colour density in equilibrium (Deq) thus depends on the dose rate (R).

             (3)

This dependence on dose rate has been observed in many PbWO4 samples [7].

 4: Crystal dynamics used for the simulation

Equations (1) - (3) are multi-parameter and it is difficult, if not impossible, to extract all of the 
terms for each type of colour centre from the data taken from existing test bench setups for the 
appraisal of PbWO4 during and after irradiation. However, many PbWO4 crystals appear to be 
adequately described by a single colour centre type over short time periods of ~24h together 
with a second colour centre which anneals with a much longer time constant. Such a crystal is 
CMS mass production crystal 4005 from BTCP.

Crystal 4005 was irradiated at the GIF irradiation facility at CERN [8]. The crystal was irradi-
ated laterally, with a uniform dose delivered along its length. Its behaviour under irradiation is 
shown in Fig. 1. The longitudinal transmission through the crystal was measured with a blue 
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LED before, during and after irradiation at 0.15 Gy/h . During irradiation the decrease of the 
LED signal can be described by a single exponential with a time constant of 3.96h at 0.15 Gy/
h. After irradiation the increase in the LED signal, due to crystal annealing,  can be partly 
described by a single exponential with a time constant of 18.55h [9].

The annealing does not bring the crystal back to the initial level of LED signal. There is a 
residual loss of 1% (30% of the total light yield loss) which appears to have a much longer 
time constant for annealing. This is relatively common in irradiation data from lead tungstate 
crystals. For this simulation only the 18.55h annealing time is used and the crystal is allowed 
recover completely. The consequences of the long annealing time constants are discussed sep-
arately in section 11. 

Fig. 2 shows the annealing times for a set of 9 BTCP crystals following irradiation at 350Gy/h 
for a total of 400Gy [10]. The crystals have annealing times from 20 to 35h. Crystal 4005 is 
indicated on the plot and is similar to the crystals with annealing times of ~20h.

By contrast, crystals from SIC have a flat distribrution of annealing times which vary from 
~20h to 200h [10].  For comparison with the other BTCP crystals and with the SIC crystals 
with long time constants, simulations have also been carried out with annealing times of 30, 40 
and 100h, but with the colour centre creation coefficient, b, obtained from crystal 4005.    

Assuming that the different colour centre dynamics can be approximated by an average behav-
iour, b, for the rate of creation, and an average behaviour, a, for the rate of annihilation then 
equation (2) simplifies to

                               (4)

where Dall is the total number of potential colour centres available within the crystal, R is the 
dose rate in Gy/h and D0 is the number of pre-existing colour centre sites.

Table 1 shows the values for a and b obtained from the fits to the data for crystal 4005, where 
(a+bR)-1 = 3.96h.

Table 1: Colour centre dynamics for crystal 4005

Dose Rate (Gy/h) Time constant (h) Coefficient

Colour centre
creation

0.15 3.96 b = 1.32 Gy-1

Colour centre 
annealing

- 18.55 a = 0.054 h-1

D bRDall
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The evolution of equation (4) depends upon the total number of potential colour centre sites 
available within a crystal, Dall. This information is obtained from the irradiation of crystals at 
high dose rates and is discussed in the next section.
 
The characteristic times for colour centre creation, using the data from crystal 4005, are shown 
in Fig. 3 as a function of η, for the dose rate at dose maximum, for startup, low, high and 
SLHC (Super LHC) luminosity running. 

In the Barrel (|η| < 1.48) the time constants for colour centre creation range from 10 to 2 hours 
for nominal startup, low and high luminosities. In the Endcap the colour centre creation times 
decrease approximately linearly with eta and are less than 30 minutes for the nominal low and 
startup luminosities and only 4 minutes at high luminosity, at |η| = 2.9. At the SLHC the colour 
centre creation times decrease from 25 minutes at |η| = 0 to only 20 seconds at |η| = 2.9.

 5: Total number of potential colour centre sites, Dall

The total number of potential colour centre sites, Dall, can be found by uniformly laterally irra-
diating crystals at very high dose rates [12]. Typically these rates are ~240 Gy/h and are 
applied for ~2h to ensure that the crystals have come to equilibrium. In comparison, the highest 
dose rate in the CMS electromgnetic calorimeter at high luminosity (1034 cm-2 s-1) is 15 Gy/h 
at the dose maximum at η =3.

 Figure 1.  Figure 2.
The LED signal measured for PbWO4 crys-
tal # 4005 before, during and after irradia-
tion at 0.15Gy/h.

The distribution of light yield recovery times 
for 9 BTCP crystals measured after irradia-
tion at 350Gy/h for 1.1h. The recovery time 
for crystal #4005 is indicated by the arrow.
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Dall can be measured as the longitudinally induced absorption of light at 420nm, the PbWO4 
emmission peak, following irradiation. These measurements can be performed quickly and 
accurately with a spectrophotometer by shining light down the length of the crystal. Most of 
the crystals measured for CMS are characterised in this way. The induced absorption, α (m-1), 
is found from  , where I is the measured light intensity following irradiation, 
I0 the light intensity before irradiation and x the length of the crystal exposed to the beam of 
light.

Dall can also be quantified in terms of the light yield loss following irradiation. These values 
are required for the simulation in order to evaluate the effects on detector performance. How-
ever the measurements of light yield loss, involving a Co60 setup, are time consuming and rel-
atively few crystals have been measured in this way. 

A set of 23 EE crystals produced at BTCP were measured for both induced absorption and 
light yield loss [13]. The data are shown in  Fig. 4. These data have been used to convert the 
extensive induced absorption data, obtained from many crystals, to equivalent light yield loss.  
A fit was made to the data assuming that the light yield loss can be expressed as

 (5)

where the light yield is related to the initial light yield by ,  x is an effec-
tive path length and a is the measured induced absorption. A value for x of 53.6 cm was found 
from the fit.

 Figure 3.
Characteristic colour centre creation times as a function of of η, for the dose rate at dose max-
imum, for startup, low and high luminosoty running. 

I I0 xα–( )exp=

LY loss (%) 100 1 xa–( )exp–( )=

LY LY0 xa–( )exp=
6



The induced absorption data for 677 crystals, after lateral irradiation at 240Gy/h for 2h, are 
shown in Fig. 5 [11]. The distribution has a mean value of 0.73 m-1 and has a cut-off at 1.5 m-

1, the technical specification limit for the acceptance of crystals in CMS.

Using equation (5), the induced absorptions measured in Fig. 5 can be converted to equivalent 
light yield losses. The resultant distribution is shown in Fig. 6. The mean value for Dall , 
expressed as a light yield loss, is 31.6%. This is the mean value to be expected in crystals at 
very high dose rate under uniform lateral irradiation. The rms for the distribution is 11%. The 
data indicate that crystals are likely to suffer light yield losses of between 20% and 40% at very 
high dose rate, with a few crystals suffering light yield losses of up to 55%. 

The relationship between induced absorption and light yield loss is different for SIC crystals. 
An effective path length of x = 35.3cm was found for 30 SIC crystals, using equation (5) in 
comparison to the 53.6cm found for BTCP crystals. The SIC crystals had a 42% light yield 
loss for an induced absorption of 1.5m-1, in comparison to a 55% light yield loss for the BTCP 
crystals.

 Figure 4.
The correlation between induced absorption and light yield loss for 23 EE crystals from 
BTCP. The fit to the data gives an effective path length of 53.6 cm. At 1.5 m-1 the light yield 
loss is 50%.
7



 6: Uniform irradiation and the dose profile at LHC

The studies of induced absorption and light yield loss in section 5 were undertaken by perform-
ing uniform lateral irradiations of the crystals [12]. At LHC the dose rates are not uniform 
along the lengths of the crystals. An average light yield loss must be calculated from the losses 
arising from each section along a crystal. 

Detailed measurements of light yield loss as a function of position along a crystal have been 
carried out using a Co60 source and an HPMT (Hybrid Photomultiplier tube) [14]. The data are  
shown in Fig. 7 following five hours of uniform lateral irradiations of a crystal at 0.15, 0.45, 
0.5 and 15Gy/h, with one day between each irradiation. The Co60 measurements were carried 
out in steps of 1cm along the crystal.

The measured light yields are flat along the crystals, for each dose rate, to a level of 0.7% 
r.m.s., apart from the data following the 0.45Gy/h irradiation which were flat to 1.3% r.m.s.. 
There is a consistent small rise in light yield of ~1% near the photo-detector end.

The data for uniform lateral irradiation show that the collection of scintillation light is uniform 
from all points along the crystal. The absorption losses in each section contribute equally to the 
overall light yield loss. This is true up to the 21% light yield losses measured at 15 Gy/h.

For the case of non-uniform irradiation at the LHC the overall light yield loss is calculated 
from the mean of the colour centre densities created in each section along the crystal.

 Figure 5.  Figure 6.
The induced absorption measured at 420nm 
for 677 barrel crystals following an exposure 
of 240 Gy/h for 2h. The mean value is 0.73 
m-1 with an rms of 0.3 m-1.

The distribution of Dall expressed as the per-
centage light yield loss, for 677 barrel crys-
tals calculated from the induced absorption 
data shown in Fig. 5.
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The profile of the dose delivered along the length of the crystals in the CMS electromagnetic 
calorimeter is required in order to calculate dose rates at each point along the crystals during 
LHC operation. The dose profiles at six values of eta from η = 0.0 to η = 2.9 are shown in Fig. 
8 normalised to the maximum delivered dose. The data are taken from the ECAL TDR, Figs. 
A4 and A5, which show the integrated doses delivered after 10 years of LHC operation (5.105 
pb-1) [1]. The profiles extend to 23cm for barrel crystals and to 22cm for endcap crystals.

The delivered dose is less than 40% of the maximum delivered dose for depths in the crystals 
beyond 10-12 cm . At the back of the crystals the dose is only 10-20% of the maximum deliv-
ered dose. 

 7: LHC Luminosity

The instantaneous LHC luminosity governs the dose rate delivered to crystals in the CMS 
ECAL. The LHC luminosity decreases from the initial luminosity at the start of fill due to 

 Figure 7.  Figure 8.
The light yields measured along an Endcap 
crystal using an HPMT photodetector fol-
lowing uniform lateral irradiations for 5h at 
0.15, 0.45, 5 and 15 Gy/h. The HPMT was 
mounted at the rear of the crystal at 22cm.

The dose profiles in crystals, normalised to 
the dose maximum, for the barrel at η = 0 
and 1.48 and for the endcaps at η = 1.6, 2.0, 
2.5 and 2.9.
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beam-gas scattering, machine losses and beam-beam losses from p-p interactions [15]. The 
variation of luminosity with time can be expressed as: 

For the nominal LHC design parameters and two experiments, tg = 43h and tbb = 40h . The 
machine filling is expected to take 10h and running to take place for 14h for each fill, giving 
one fill cycle per day [16]. The resultant luminosity curve as a function of time is shown in Fig. 
9. The luminosity drops essentially exponentially with a lifetime of 11.5h to ~30% of its inital 
value by the end of the fill.

In addition to the variation of luminosity during a fill there are also variations from fill to fill. 
Fill to fill variations are expected to be between 100% and 30% of the target luminosity. Fig. 
10 shows the initial fill values randomly generated for one LHC year corresponding to 3 peri-
ods each with 60 fills with a maximum luminosity of 1034 cm-2 s-1. Each period is separated by 
10 days.

 8: Crystal light yield in real time at the LHC

Since the luminosity, and therefore the dose rate, are not constant at the LHC, equation (4) 
must be modified to incorporate the time dependance of the dose rate. In the simulation the 
LHC luminosity is appoximated by a set of constant luminosity steps, each of one hour dura-
tion, as shown in Fig. 9. 

The dose rate at the dose maximum in the crystals, at a luminosity of 1034 cm-2 s-1, is shown in 
Fig. 11 as a function of eta. The fit to the data is from η = 1.6 to η = 2.9. In the EB the rate rises 
slowly from 0.18 Gy/h at η = 0 to 0.29 Gy/h at η = 1.48. In the EE the rate increases exponen-
tially and is nearly a factor of 100 higher, at 15Gy/h, at η = 3.0. The exponential increase in 
dose rate in the EE leads to pronounced differences in light yield loss in comparison to the EB.

In the simulation, the dose rate at dose maximum was calculated from the data in Fig. 11, 
according to the η position of the crystal, and normalised to the instantaneous luminosity in the 
detector. The dose rate at a particular depth in a crystal was calculated from the consequent 
dose rate at dose maximum using the normalised curves in Fig. 8.

The crystal light yield was calculated in real time at the LHC using equation (4). D was calcu-
lated at 1h intervals. These intervals were chosen to be short in comparison to the duration of 
an LHC fill of 14h. The values for D0 and R(t) were updated after each time interval and the 
process repeated until the end of the fill. Colour centre annealing was calculated between fills 
using the value of the annealing coefficient a. The process was repeated for one LHC year 
which was comprised of 3 LHC cycles each with 60 fills, a total of 4800h including the 10 
days off between each cycle.
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The light yield behaviour was calculated at six values of η: at 0 and 1.48 for EB, and at 1.6, 
2.0, 2.5 and 2.9 for EE and for five values of the potental number of colour centres,  Dall, in 
units of light yield loss, of 10, 20, 31.6, 40 and 50%. The calculations were performed at 1cm 

 Figure 9.  Figure 10.
The simulated LHC luminosity as a function 
of time (h). The luminosity decays with a 
form which is close to an exponential with a 
decay time of 11.5h (red dash line).

Randomly generated fills for one year of 
LHC operation. The LHC year consists of 3 
periods each with 60 fills separated by 10 
days.

 Figure 11.
The dose rate as a function of eta at the dose maximum in the crystals

 for a luminosity of 1034 cm-2 s-1.
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steps along the length of the crystal from which a mean value for the light yield loss in the 
crystal was obtained for that time sampling.  

The dose rate along the length of a crystal eight hours after the start of a fill, at η = 2.5, is 
shown in Fig. 12. The dose rate maximum is 1.5Gy/h, at a depth of 3cm in the crystal. The 
dose rate decreases to ~0.25Gy/h at the end of the crystal. The corresponding density of colour 
centres along the crystal is shown in Fig. 13. The data are normalised to the light yield loss that 
would occur if that density of colour centres were present along the full length of a crystal. The 
net light yield loss averaged over these colour centre densities is 27.8%.

The average crystal light yield values, in hourly steps in real time at the LHC, are shown in 
Fig. 14 for low and high luminosity running at the LHC for maximum luminosities of 0.2 and 
1.0.1034 cm-2 s-1, respectively at η = 0 and at η = 2.0. The fill luminosity was randomly scaled 
by 30-100% to reflect fill to fill variations, as discussed in section 7. The same random scal-
ings are applied to each fill for each of the luminosity cases (startup, low, high, and SLHC).

The data in Fig. 14 are for crystals with a Dall value of 31.6%, the most likely value for the 
number of potential colour centre sites for mass production BTCP crystals. The light yields are 
shown on the top row, together with a dashed line indicating the minimum light yield possible 
for this value of Dall, of 68.4%. The corresponding profiles of the LHC fills are shown on the 
bottom row normalised to 1034 cm-2 s-1.  At low luminosity, the light yield losses in the EB at 
η = 0 are limited to ~2% whereas in the EE the losses are ~15% at η = 2.0. At high luminosity 
the losses at η = 0 have increased to ~10% and at η = 2.0 to 23.7%. 

The structure of the light yield behaviour as a function of time is shown in more detail in Fig. 
15 for high luminosity at η = 2.0. The peaks in the light yield reflect colour centre annealing, 
and the consequent light yield improvements, between LHC fills. The light yield, which is cal-

 Figure 12.  Figure 13.
The dose rate along a crystal 8h after the 
start of a fill, at η = 2.5. 

The density of colour centres along a crystal 
8h after the start of a fill, at η = 2.5. The 
average density of colour centres corre-
sponds to a net light yield loss of 27.8%.
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culated in hourly steps, can be weighted by the corrsponding LHC luminosity to give the event 
normalised average light yield. The event normalised average light yield is indicated by the 
solid line in Fig. 15 and has a value of 73.6% for the crystal for one year of LHC running 
(excluding LHC off periods).

The behaviour of the light yield in Fig. 15 shows that the average light yield at η = 2.0 is nearly 
established after only two hours of LHC operation in the first fill of the year. Fig. 16 shows the 
hour by hour changes in light yield as a function of time during the fill, for all 180 fills in a 
year. The largest changes in crystal light yield take place in the first two to three hours of a fill 
and vary in magnitude from ~4% to ~1% from one hour to the next. Thereafter, colour centre 
creation is balanced by colour centre annealing, as the luminosity decreases, and after ~10 
hours the light yield starts to increase by ~0.4% for each hour of elapsed time. The distribution 
of the hourly light yield changes is shown in Fig. 17.
 
The simulation has been repeated for annealing times of 30, 40 and 100h, instead of 18.55h, 
but with the same colour centre creation coefficient, b, as obtained  for BTCP crystal 4005. At 
high luminosity the magnitude of light yield change in the first hour of a fill reaches 3.5%, 
instead of ~4%, for a 30h annealing time. This reduces to ~3% for a 40h annealing time and to 
~1.5% for a 100h annealing time.

 Figure 14.
Top row: the crystal light yield (%) as a function of time at the LHC at η = 0 and η = 2.0 for 
low and high luminosity running at the LHC, for a typical crystal with Dall = 31.6%.
Bottom row: the corresponding luminosity of the LHC fills as a function of time
normalised to 1034 cm-2 s-1.
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 Figure 15.
The light yield response during the first four LHC fills at high luminosity at eta = 2.0 for a 
crystal with Dall = 31.6%. The vertical yellow bands indicate the 10h periods between fills 
when the LHC is off. The horizontal line indicates the event weighted mean crystal light yield 
of 76.3% during the LHC fills.

 Figure 16.  Figure 17.
Light yield change per hour, as a function of 
the time interval in the fill taken over all 
fills, at eta = 2 at high luminosity, for a crys-
tal with Dall = 31.6%. 

The distribution of the light yield changes 
per hour, at eta = 2, over all fills, at high 
luminosity, for a crystal with Dall = 31.6%.
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It is intended to follow and correct for light yield changes at the 0.2% level. For light yield 
changes of 4% over an elapsed time of one hour corrections would need to be made every 3 
minutes to the data. This could be carried out by a possible combination of more frequent laser 
monitoring, in the parts of the ECAL where changes of such magnitude are taking place, and 
by interpolating between laser runs if a more frequent laser monitoring cycle is not possible.

Laser pulse height distributions measured at the testbeam have widths of ~0.5% [17]. The 
mean is measured to within 0.1% with less than 100 pulses. At a laser trigger rate of 100Hz at  
the LHC only one second is required for each laser monitoring region in the ECAL. However, 
due to hardware constraints, it is expected that the laser monitoring system can only cover one 
region of ECAL in 25 seconds. The 72 regions of EB and the 18 regions of the EE will require 
a total of 30 and 7.5 minutes respectively for complete laser monitoring coverage. 

 Figure 18.
The event weighted average crystal light yield as a function of η for startup, low, high and 
SLHC running during fills at the LHC. Crystal light yields for 5 densities of potential colour 
centres are plotted in each view. The highlighted regions indicates the ±1 sigma band for the 
most likely potential colour centre density in the crystals.
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The long duration of the laser monitoring cycle over the ECAL indicates that interpolation 
between laser data points at different times will be necessary to adequately correct for the 
interim light yield changes.

The event weighted mean crystal light yield as a function of η is shown in Fig. 18 for the four 
run setups at the LHC: startup, low, high and Super LHC (SLHC) with nominal starting fill 
luminosities of 1033, 2.1033, 1034 and 1035 cm-2 s-1, respectively. The light yields for crystals 
with five levels of potential colour centre density, Dall, have been displayed with values of 10, 
20, 31.6, 40 and 50%. The error bars on the plots correspond to the r.m.s changes in light yield 
during one year of LHC operation (LHC fill periods only).

The values of Dall between 20 and  40% approximately represent the ±1 sigma band for the 
most likely densities of potential colour centres in the crystals with the mean value of Dall of 
31.6% taken from Fig. 6. The values for the event weighted mean light yields are listed in 
Table 2 for crystals with Dall = 31.6% for the five eta regions in the simulation, for startup, 
low, high and SLHC luminosities. 

At startup and low luminosity the light yield losses in the barrel (η < 1.48) are less than 2.1% 
for a crystal with Dall = 31.6%. The losses rise linearly in the EE as a function of eta  to ~25% 
at η = 2.9. At high luminosity the average losses in the EB are between 7.5 and 9.1%. In the 
EE, colour centre creation starts to saturate as a function of eta. The light yield loss flattens and 
is 30.9% at η = 2.9 which is close to the maximum possible light yield loss for crystals with 
Dall = 31.6%. At SLHC the light yield losses in EB are between 22 and 26.5% and are satu-
rated at nearly all eta values in the EE at 31.6%.

The simulation has been repeated for annealing times of 30, 40 and 100h, instead of 18.55h, 
but with the same colour centre creation coefficient, b, as obtained  for BTCP crystal 4005. At 
high luminosity the event weighted mean light yield losses (for a crystal with Dall = 31.6% at 
η = 2.0) are 26%, 27.2% and 29.6% respectively, in comparison to 23.3% in Table 2. For 
annealing times which are longer than ~40h essentially all the available colour centres remain 
populated from one fill to the next.

Table 2: Mean loss of light (%) as a function of eta for the four LHC running 
conditions, for crystals with Dall = 31.6%

Eta Startup
1033 cm-2 s-1

Low
2.1033 cm-2 s-1

High
1034 cm-2 s-1

SLHC
1035 cm-2 s-1

0.0 1.1 2.1 7.5 22.0

1.48 1.5 2.8 9.1 23.9

1.6 2.0 3.7 11.8 26.5

2.0 7.5 11.8 23.3 30.7

2.5 17.0 22.0 29.2 31.4

2.9 25.0 28.1 30.9 31.6
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 9: Monitoring the crystal light yield at the LHC

The CMS ECAL laser monitoring system is used to follow the change in light yield due to col-
our centre formation in the crystals.  A laser light source of 440nm is used to monitor the trans-
parency of the crystal near the emmision peak of PbW04. Changes in the laser signal have been 
shown to follow changes in the scintillation signal response from particles [4]. The ratio of the 

changes is commonly referred to as the ‘R’ parameter where . It is 

hoped that crystal production will show little variation in R, otherwise the value of R would 
become another calibration constant and would have to be measured for each of the 75848 
crystals in the ECAL.

The range within which R can vary from crystal to crystal depends on the energy resolution 
targets for the detector and the amplitude of the corrections required during LHC operation.
It can be shown that the error on normalising the energy of the particle signal is given by:

 (6)

where  is the fractional error on the energy measurement,  is the frac-

tional r.m.s. change in crystal light yield and  is the fractional variation on R. 

Fig. 19 shows the variation of   as a function of η for the four LHC run setups. 
The plots show the limits (dashed horizontal lines) of the monitoring system to follow the light 
yield variations with sufficient  precision if the impact on the energy resolution, , is to be 
less than 0.3%. 

The top and bottom dashed lines in Fig. 19 are for values of  of 6% and 16%, respec-
tively. This range of values for R was found for a small and a larger group of crystals at the GIF 
facility at CERN, respectively [18]. It can be seen from Fig. 19 that in order for the energy res-
olution to be measured with sufficient accuracy over all crystal types, and over all likely LHC 
scenarios,  must be less than 6%.

The fractional variation in light yield during LHC opration is listed in Table 3 for crystals with 
Dall = 31.6% for the five eta regions in the simulation, for startup, low, high and SLHC lumi-
nosities. The largest fractional changes in each column are indicated by bold text. The largest 
changes are in the EE for startup, low and high luminosities. However at high luminosity col-
our centre saturation can be seen in the EE beyond η = 2.0. The changes are less than 2% in 
comparison to 3.4% at η = 2.0. At SLHC the largest changes are in EB at 3.1% while in the EE 
the saturation of colour centre creation limits the changes to below 1.3% beyond η = 1.6.

It is important to note that the reference crystal light yield should be the event normalised 
mean light yield during LHC operation  and not the light yield measured prior to LHC 
operation, for example at test beams. The error due to the lever arm brought about by correct-
ing for light yield losses of 30% with respect to test beam measurements would dominate the 
relative changes in light yield, of typically 4% or less, at the LHC itself and would set propor-
tionately tighter requirements for the variation in R. 
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The simulation has been repeated for annealing times of 30, 40 and 100h but keeping the col-
our centre creation dynamics the same as for BTCP crystal 4005. At high luminosity the frac-
tional variations of light yield (for a crystal with Dall = 31.6% at η = 2.0)  are 2.9%, 2.6% and 
2.0% respectively, in comparison to 3.4% in Table 3. 

The reductions in the r.m.s. light yield variation for the 30 and 40h annealing times would per-
mit a 25% increase in of  from 6% to 7.5% for such crystals to be adequately monitored 
at high luminosity. However, at present, there is no confirmation that crystals will conform to 
such bounds and it is likely that in-situ values of R will have to be found for each crystal dur-
ing LHC operation.

 Figure 19.
The percentage light yield change as a function of of η for startup, low, high and SLHC peri-
ods at LHC. The highlighted regions indicate the ±1 sigma band for the most likely colour 
centre density in the crystals. The top and bottom dashed lines in each view indicate the limi-
tations of the monitoring system for variations in ‘R’ of 6 and 16% respectively.

σR R⁄
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Table 3: The fractional variation of light yield (%) as a function of eta for the four LHC 
running conditions, for crystals with Dall = 31.6%

The r.m.s. light yield variation of 2%, for the case of the 100h annealing time, is largely due to 
the changes in the average LHC luminosity over longer periods of time, of more than 48-72h, 
corresponding to 3 or more fills. These contribute to long range changes to the average light 
yield of the crystal.  

Changes of the LHC luminosity, over longer time periods (weeks and months), will require a 
re-definition of the average light yield in the crystals about which to make monitoring correc-
tions.

 10: ECAL noise levels and the ECAL trigger system

In the EB the mean light yield losses are less than 10% for startup, low and high luminosity 
operation. These light yield losses will give rise to pro rata increases for the EB noise levels. In 
the EE, the mean light yield loss is  ~29% at high luminosity at η = 2.5, the limit for high 
resolution physics. This light yield loss imposes proportionately tighter noise targets for the EE 
electronics design, in order to meet the final ECAL operational noise targets.

The span of the light yield change during a fill is ~10% in the EE, at  η = 2.0.  The light yield 
changes cannot be accommodated in real time by the front end trigger electronics. This will 
introduce proportional biases to the calculated energies seen by the crystals during a fill, par-
ticularly in the first one to two hours, which correspond to the highest luminosities and highest 
event rates within the fill (section 8).

 11: Other crystal behaviour

The dynamics of colour centre creation and annihilation vary from one crystal to another. The 
crystal used in this simulation (BTCP #4005)  was assumed to anneal back to its initial state 
with a single exponential recovery time. In fact, as can be seen in Fig. 1, the recovery is not 
complete and a 1% residual light yield loss remains, which represents ~30% of the total light 
yield loss.

Many crystals show such partial recovery. This is thought to be due to very long annealing 
time constants for some types of colour centre trap. The consequences for ECAL operation are 
twofold. Firstly, such crystals will have a specific level of colour density associated with the 

Eta Startup
1033 cm-2 s-1

Low
2.1033 cm-2 s-1

High
1034 cm-2 s-1

SLHC
1035 cm-2 s-1

0.0 0.3 0.5 1.7 3.1

1.48 0.4 0.7 1.9 3.1

1.6 0.5 0.9 2.5 2.7

2.0 1.7 2.6 3.4 1.3

2.5 3.3 3.5 1.9 1.2

2.9 3.3 2.4 1.1 1.1
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long lived traps and these will contribute to the average light yield loss over long periods of 
time.

Secondly, the traps which have shorter annealing time constants will represent a smaller popu-
lation of the total number of potential colour centres in the crystal. The r.m.s. light yield varia-
tions will be proportionately less in such crystals, giving rise to more stable ECAL operation. 

Some crystals (particularly those from SIC) show quick colour centre creation and very long 
(>100h) annealing times. Essentially all the available colour centres will be activated in such 
crystals. However the r.m.s. light yield variations should be small with correspondingly less  
stringent demands on the laser monitoring system. 

 12: Conclusions

A simulation has been carried out to quantify the changes in light yield to be expected from 
crystals in the CMS ECAL during LHC operation. At startup, low and high luminosities EB 
light yield losses are less than 10%, whereas in EE the losses rise to ~29% at high luminosity at 
η = 2.9.  

The fractional light yield changes in the ECAL are such that adequate laser monitoring of col-
our centre creation can only be guaranteed if the spread in the ‘R’ parameter for crystals is less 
than 6%.

It is likely that such an ‘R’ parameter will have to be evaluated in-situ at the LHC for each 
crystal in the ECAL before global monitoring corrections can be applied with confidence.

The rate of light yield change in the first 2 hours of an LHC fill is at the level of 4% per hour at 
high luminosity, at  η = 2.0, which corresponds to the central region for high resolution physics  
in the EE. These changes will be the most challenging for the laser monitoring system to fol-
low and may require that the laser monitoring system is used preferentially in some parts of the 
ECAL to adequately track the light yield changes, in balance to the changes occuring else-
where.
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