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Abstract

The ageing of scintillating crystals under radiation leads to a deterioration of their
transparency, thus of their effective light yield and their calibration. The link be-
tween the transparency variation, as measured by a fibre optic monitoring system,
and the calibration variation is not trivial. A model describing the light collec-
tion process is proposed. It helps to understand the parameters which govern this
correlation, mainly absorption length and light back-reflection or diffusion charac-
teristics. This model describes well the results of numerical qualitative simulations
of light collection in lead tungstate crystals. It also explains the differences between
calibration and monitoring variations observed in test beam.
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1 Introduction
In scintillating crystal detectors exposed to high flux of radiation, like the lead tungstate elec-
tromagnetic calorimeter of the future CMS experiment at the Large Hadron Collider in con-
struction at CERN [1, 2], a monitoring of calibration coefficients throughout the life of the
experiment is mandatory [3, 4]. Continuous calibration with physical events of known energy
is highly desirable. However it is not always possible to obtain sufficient statistics in short time
to cope with fast variations, for example when the crystals present a degradation or a recovery of
their optical transparency, even limited in amplitude, at low dose or fluence, as reported in [5].

It is consequently necessary to monitor continuously the optical properties of the crystals, by in-
jecting calibrated light pulses and measuring them in the same manner as the physicals events.
However injected and scintillation lights do not have the same characteristics : wavelength
spectra, angular apertures and optical paths are not identical. Thus it not expected that the two
signals vary proportionally. Their variations are nevertheless highly correlated and this correla-
tion depends on the optical characteristics, in general sense, of crystals and photodetectors, and
may vary from crystal to crystal. The parameters governing this correlation should be under-
stood, and the correlation quantified, to perform a precise correction of the calibration constants
knowing the variation of the monitoring signal.

Being in charge of the realisation of the light monitoring system, we have approached in Saclay
this crucial problem from several points of view : theoretical, experimental, numerical, etc. [4,
6, 7]. One presents here a tentative modelisation of the light collection in scintillating crystals
for monitoring and scintillation lights, confronted with the results of a ray tracing Monte-Carlo
program.

2 Modelisation
The monitoring system sends light pulses to the front of the crystals, the photodetector being at
the rear, and to reference photodiodes. For a given crystal, the corresponding signal could be
expressed as :

Sm(t, λ) = a(t, λ)L(t, λ)Cm(t, λ)M̄(t, λ) (1)

wherea describes the relative light transmission of the fibre,L is the number of photons arriving
at the same time on the reference photodiode,Cm is the effective transmission of the crystal for
the injected light,M̄ the product of the quantum efficiency of the photodetector by its gain.

In the same way, the scintillation signal due to particles could be parametrized, for a given
crystal, in :

Ss(t, E0) = E0

∫
λ

∫ L

0

N(E0, z)Cs(t, z, λ)P (t, z, λ)M̄(t, λ)dλdz (2)

whereE0 is the energy deposited by the particle in the crystal,N the density of this energy
deposition alongz, which depends on type, energy and direction of the incident particle,P the
scintillation spectrum (in photon per unit of energy), andCs the effective transmission of the
crystal for the scintillation light. For simplicity, dependencies on temperature and electrical
polarization have not been indicated explicitly in the above expressions, notably forM̄ andP .
See reference [3, 4] for more details.
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As shown in [8, 9], radiation does not affect the scintillation mechanism in the crystals for the
dose and fluence ranges considered in CMS. In the time scale considered by the monitoring
system, the main factor of variation is, as above mentioned, the variation of transparency of the
crystals due to radiation. The discussion will be restrained hereafter to the transmission terms
Cm andCs, assuming that other parameters are constant, or that they vary with longer time
scales. In particular the effect of temperature variation on scintillation and apd response will be
neglected, as well as the long term ageing. In a first step, one also assumes for simplicity that
attenuation of light in crystals is homogeneous, and can be described by an absorption length
Λ :

1

Λ(t, λ)
=

1

Λ(0, λ)
+ µ(t, λ) =

1

Λ0(λ)
+ µ(t, λ) (3)

whereµ is the induced absorption coefficient.

2.1 Monitoring

One considers here the scheme held for the CMS barrel electromagnetic calorimeter, that is
light injection by optical fibres on the face opposite to the photodetector. One quantifies first
the “direct” transmission, that is the proportion of light which reach directly the photodetector,
travelling through the length of the crystal. Then, introducing reflections on front and rear faces,
one quantifies the “multiple turn” transmission, that is the proportion of light that encounter
successive reflection on the front and back faces before being detected. The total transmission
is obviously the sum these two quantities. The argumentation would be very similar for other
geometries, like injection from the photodetector side as foreseen in the end cap calorimeter.

The direct transmission can be approximated by :

Cmd
(t, λ) = xtmd

otmd
exp

(− bmd
L

Λ(t, λ)

)

= CmD
exp

(− bmd
L

Λ(t, λ)

) (4)

where

• xtmd
is the proportion of light that would reach the output face in absence of internal

absorption (that is ifΛ → ∞). It represents the loss of light due to surface imperfection,
diffusion or any other source of light loss. (In absence of diffusion and for perfectly
polished surfaces, the monitoring light will be always in total reflection on the lateral
faces, andxtmd

= 1.)

• otmd
is the probability to be transmitted to the photodetector for a photon that has reached

the output face. It take into account surface coverage and surface reflection, but not the
quantum efficiency (included in̄M ).

• bmd
L is the mean length covered by the light,L being the crystal length. The monitoring

light is characterized by a small angular aperture, due to the intrinsically small optical
fibre aperture, which is furthermore reduced by the high index of refraction of the crystal.
Thus, in absence of diffusion, one expectsbmd

to be very close to one.
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To obtain the evolution from a starting point with finite absorption, one introduces the induced
absorption coefficient. DefiningCmd0

(λ) = Cmd
(t = 0, λ), equation 4 becomes :

Cmd
(t, λ) = Cmd0

(λ) exp
(−bmd

Lµ(t, λ)
)

(5)

One can introduce as a comparative parameter the sensitivity to transmission variation, given
by the relative derivative of the transmissionCm(t, λ) versus the induced absorption coefficient
µ, in that case equal to the mean path :

Rmd
(t, λ) =

−dCmd
(t, λ)

Cmd
(t, λ)dµ(t, λ)

= bmd
L (6)

This parameter could be measured in laboratory, whereµ(t, λ) could be determined, but obvi-
ouly not in the final experiment.

Now, if one takes into account the reflections at the extremities, introducing the effective gen-
eralised reflection, transmission and length parametersirmi

, ormi
, otmi

, xtmi
, bmi

, equation 4 is
changed in :

Cm(t, λ) = xtmd
exp

(− bmd
L

Λ(t, λ)

)(
otmd

+ orm1

irm1

xt2m1
exp

(− 2bm1L

Λ(t, λ)

)(
otm1 +

orm2

irm2

xt2m2
exp

(− 2bm2L

Λ(t, λ)

)(
otm2 + · · · ))

) (7)

Assuming that successive reflections lead to identical parameters, that is that one can define :
irm = irm1 = irm2 = · · ·
orm = orm1 = orm2 = · · ·
otm = otm1 = otm2 = · · ·
xtm = xtm1 = xtm2 = · · ·
bm = bm1 = bm2 = · · ·

(8)

one obtains :

Cm(t, λ) =

xtmd

otmd
exp

(− bmd
L

Λ(t,λ)

)
1 − orm

irm
xt2m

otm
otmd

exp
(− 2bmL

Λ(t,λ)

)

=
CmD

exp
(− bmd

L

Λ(t,λ)

)
1 − k2

m exp
(− 2bmL

Λ(t,λ)

)
(9)

if one defines the effective reflection coefficientk2
m by :

k2
m = orm

irm
xt2m

otm
otmd

(= orm
irm

xt2m if otm = otmd
) (10)

Introducing, as for equation 5, the initial transmissionCm0(λ) = Cm(t = 0, λ), one obtains :

Cm(t, λ) = Cm0(λ) exp
(−bmd

Lµ(t, λ)
) 1 − k2

m exp
(− 2bmL

Λ0(λ)

)
1 − k2

m exp
(− 2bmL

Λ0(λ)

)
exp

(−2bmLµ(t, λ)
)

= Cm0(λ)
sinh

(
bmL
Λ0(λ)

− log
(
km

))

sinh
(

bmL
Λ(t,λ)

− log
(
km

))exp
((

bm − bmd

)
Lµ(t, λ)

) (11)
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This equation is equivalent to equation 5 corrected by a factor due to the successive reflections
and dependant on the initial absorption lengthΛ0 and on the induced absorption coefficientµ.

The sensitivity to transmission degradation is given by :

Rm(t, λ) =
−dCm(t, λ)

Cm(t, λ)dµ(t, λ)
=

(
bmd

+
2bm

1
k2

m
exp

(
2bmL
Λo(λ)

) − 1

)
L

=

(
bmd

+ bm

(
coth

( bmL

Λo(λ)
− log

(
km

)
+ bmLµ(t, λ)

) − 1
))

L

(12)

The successive reflections increase the mean path by a length equal tobm

(
coth

(
bmL
Λo

−log
(
km

)
+

bmLµ
) − 1

)
L. This accounts for the fact that not only the light yield, but even more the

sensitivity to induced absorption increases when the effective reflection coefficientk2
m increases,

notably when the initial transparency of the crystal is good. This effect is illustrated in figure 1.

In the calorimeter, the radiation dose received will be function ofz and thus the induced ab-
sorption coefficientµ. It could be also the case for the initial absorptionΛ0 if the crystal is
not homogeneous. The expression ofCm(t, λ) remains similar, replacingexp

(− bL
Λ0(λ)

)
and

exp
(−bLµ(t, λ)

)
by the mean valuesexp

(− ∫ L

0
bz

Λ0(λ,z)
dz

)
andexp

(− ∫ L

0
bzµ(t, λ, z)dz

)
. Con-

clusions regarding the sensitivity to absorption are identical.

2.2 Scintillation

Unlike the monitoring light, the scintillation light is emitted isotropically, so that one half is
emitted toward the photodetector and can reach it “directly”, and the other at the opposite and
should be reflected at least once on the front face of the crystal before to be detected. Thus, for
the scintillation light, the transmission should be decomposed in a “direct” part, an indirect or
“back” part, and a “multiple turn” part

By analogy with the monitoring, the “direct” transmission, that is the proportion of scintillation
light that reaches the photodetector without reflection on the front face, can be written as :

Csd
(t, λ, z) = xtsd

otsd
exp

(−bsd

(
L − z

)
Λ(t, λ)

)

= CsD
(z) exp

(−bsd

(
L − z

)
Λ(t, λ)

) (13)

xtsd
, otsd

andbsd
have the same meaning for the scintillation light thanxtmd

, otmd
andbmd

for
the monitoring light, but are function ofz.

In the same way the “back” transmission, that is the proportion of light that reaches the pho-
todetector after a reflection at the front face of the crystal, can be written as :
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Figure 1: Monitoring light : variations of the initial effective transmissionCm0 , normalized
to the transmission with absorbing ends (above), and of the initial sensitivity to absorption
Rm0 = Rm(t = 0), normalized to the sensitivity with absorbing ends (below),versusthe
effective reflection coefficientk2

m for various value of the initial absorption lengthΛ0, according
to equations 9 and 12.L is the length of the crystal.
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Csb
(t, λ, z) = xtsb

irsb

otsb
exp

(−bsb

(
L + z

)
Λ(t, λ)

)

= CsB
(z) exp

(−bsb

(
L + z

)
Λ(t, λ)

) (14)

Introducing the multiple reflections, one obtains :

Cs(t, λ, z) = CsD
(z) exp

(−bsd

(
L − z

)
Λ(t, λ)

)(
1 + orsd1

irsd1

xt2sd1
exp

(− 2bsd1
L

Λ(t, λ)

)(otsd1

otsd

+

orsd2

irsd2

xt2sd2
exp

(− 2bsd2
L

Λ(t, λ)

)( otsd2

otsd

+ · · · ))
)

+CsB
(z) exp

(−bsd

(
L − z

)
Λ(t, λ)

)(
1 + orsb1

irsb1

xt2sb1
exp

(− 2bsb1
L

Λ(t, λ)

)( otsb1

otsd

+

orsb2

irsb2

xt2sb2
exp

(− 2bsb2
L

Λ(t, λ)

)( otsb2

otsd

+ · · · ))
)

(15)

Again, assuming that successive reflections lead to identical parameters, one defines :

irs = irsd1
= irsb1

= irsd2
= · · ·

ors = orsd1
= orsb1

= orsd2
= · · ·

ots = otsd1
= otsb1

= otsd2
= · · ·

xts = xtsd1
= xtsb1

= xtsd2
= · · ·

bs = bsd1
= bsb1

= bsd2
= · · ·

ots = otsd
= otsb

k2
s = ors

irs
xt2s

(16)

One obtains :

Cs(t, λ, z) =
CsD

exp
(− bsd

(L−z)

Λ(t,λ)

)
+ CsB

exp
(− bsb

(L+z)

Λ(t,λ)

)
1 − k2

s exp
(− 2bsL

Λ(t,λ)

) (17)
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3 Simulations

3.1 Description

The simulations presented here are based on the ray-tracing Monte-Carlo programLUX which
has been developed for the qualitative simulation of light transmission in crystals [6]. In this
program, crystals are considered as homogeneous and not diffusive in bulk nor in surface, var-
ious generic surfaces can be selected : fully absorbing, refractive, or covered with a perfectly
reflective or diffusive wrapping.

This study uses : – for the crystals, tapered, ((20.5× 20.5) – (23.7× 23.7)× 230 mm3) and
parallelepipedic shapes, (23.7× 23.7× 230 mm3), both without chamfers and with perfect sur-
faces, – for the photodetectors, an active surface of 5× 5 mm2, centered on the rear face. Values
of indices of refraction are chosen at 2.22 for the crystal and 1.7 for the photodetector (that is
in fact the highest realistic value for the coupling material). With these conditions, detectable
photons are always in total reflection on the lateral faces of the crystal, (moreover, some photons
can never escape the crystal) thus one does not simulate any lateral wrapping. For the front and
rear faces, in order to access the extreme characteristics of crystals, one investigates – refractive
surfaces (with only Fresnel reflections), – perfectly reflecting surfaces, – and perfectly diffusive
wrapping.

For the monitoring light, photons are generated outside the crystal, at the center of the front
face, as if they were emitted by an optical fibre of negligible diameter and angular aperture 20◦

in air with a angular density approximated by a parabola. In a first step, absorbing rear and front
faces are simulated to obtain the direct transmission, as above defined. Then, in a second step,
simulations with reflections or diffusions on extremities give the total transmission.

For the scintillation light, photons are generated isotropically and uniformly over the surface of
the crystal section atz = 5, 25, 45..., 205, 225 mm. (z is counted from the front face, opposite
to the photodetector.) In the same way, one first simulates absorbing rear and front faces to get
the direct transmission, then reflection or diffusion on the front face are introduced to obtain the
direct + back transmission, before to allow reflection or diffusion on both extremities to access
the total transmission.

In a third step, as reported in section 3.3, the effective light yields are simulated for densities of
light emission corresponding to typical electromagnetic shower energy profiles [10], using the
same optical characteristics for the crystal.

Data are fitted with the above equations : 13, 13 + 14 and 17 for the scintillation light, 4 and
9 for the monitoring light, also by steps :CsD

andbsd
are extracted from the simulation with

absorbing ends, then used as fixed to extractCsB
andbsb

from the simulation with reflecting
or diffusing front face, then these fourth first values used to calculateks andbs. The same step
procedure is employed forCmD

, bmd
, km andbm. This procedure is illustrated in figures 2 and 3.

In all the cases studied, the analytical model describes well the simulations. For the scintillation
light, the variation of parameters withz are well described by an exponential forCsD

and
CsB

, depending on the geometry. The other parameters have a smallz variation, more or less
linear. Figures 4 and 5 summarize these results for crystals with refractive and diffusive ends
respectively. The value of the fitted parameters are reported in tables 1 for the monitoring light,
2 and 3 for the scintillating light.
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Table 1: Values of the fitted parametersCmD
, bmd

, km andbm for crystals with perfectly refrac-
tive diffusive and refractive ends and without chamfers.

tapered parallelepipedic
crystal crystal

CmD
0.03874(2) 0.03876(1)

bmd
1.005(1) 1.005(1)

refractive km 0.121(2) 0.133(2)
ends bm 0.84(14) 0.96(13)

diffusive km 0.9770(1) 0.9770(1)
ends bm 1.097(1) 1.088(1)

reflective km 0.9766(1) 0.9767(1)
ends bm 1.379(1) 1.021(1)

Table 2: Values of the fitted parametersCsD
, bsd

, CsB
, bsb

, ks andbs for a crystal with perfectly
refractive ends and without chamfers. (zr = z/L)

tapered crystal parallelepipedic crystal
CsD

0.007300(4) exp
(
0.394(1)

(
1 − zr

))
0.007369(4) exp

(−0.002(1)
(
1 − zr

))
bsd

1.267(2) − 0.050(4)zr 1.203(2) + 0.015(4)zr

CsB
0.005891(7) exp

(
0.421(2)

(
1 − zr

))
0.005470(6) exp

(
0.000(2)

(
1 − zr

))
bsb

1.349(3) − 0.009(6)zr 1.279(4) − 0.002(7)zr

ks 0.9728(1) − 0.0016(1)zr 0.9728(1) + 0.0002(1)zr

bs 1.721(2) + 0.027(3)zr 1.545(2) + 0.028(3)zr

Table 3: Values of the fitted parametersCsB
, bsb

, ks andbs for a crystal with perfectly diffusive
ends and without chamfers.CsD

, bsd
are shown in table 2. (zr = z/L)

tapered crystal parallelepipedic crystal
CsB

0.007278(7) exp
(
0.397(2)

(
1 − zr

))
0.007354(7) exp

(
0.000(2)

(
1 − zr

))
bsb

1.280(3) − 0.006(5)zr 1.210(3) + 0.003(5)zr

ks 0.9793(1) − 0.0005(1)zr 0.9786(1) + 0.0000(1)zr

bs 1.288(2) − 0.023(2)zr 1.197(1) + 0.000(2)zr

Table 4: Values of the fitted parametersCsB
, bsb

, ks andbs for a crystal with perfectly reflective
ends and without chamfers.CsD

, bsd
are shown in table 2. (zr = z/L)

tapered crystal parallelepipedic crystal
CsB

0.007286(7) exp
(
0.396(2)

(
1 − zr

))
0.007367(7) exp

(−0.001(2)
(
1 − zr

))
bsb

1.280(3) + 0.002(5)zr 1.212(3) + 0.007(5)zr

ks 0.9790(1) − 0.0004(1)zr 0.9784(1) + 0.0000(1)zr

bs 1.299(2) − 0.027(2)zr 1.192(1) − 0.001(1)zr
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Figure 2: Variation of the monitoring light transmissionCm with the absorption coefficient
Λ−1 : simulation of the light monitoring on a tapered, CMS shape, crystal without chamfers
and respectively absorbing, refractive, reflective and diffusive ends, and fit by expressions 4
and 9 withP1 = 0, P2 = CmD

, P3 = bmd
, P4 = km andP5 = bm.
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Figure 3: Variation of the scintillation light transmissionCs with the absorption coefficient
Λ−1 : simulation of the scintillation emitted locally at a distancez = 5 and 225 mm from the
front end, on a tapered, CMS shape, crystal without chamfers and diffusive ends, and fit by
expressions 13, 14 and 17 withP1 = z, P2 = CsD

, P3 = bsd
, P4 = CsB

, P5 = bsb
, P6 = ks

andP7 = bs.
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fits for CsD

andCsB
, linear for the other parameters.
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are shown

in figure 4. Open triangles : tapered crystal without chamfer, open squares : parallelepipedic
crystal without chamfer. Exponential fits forCsB

, linear for the other parameters.
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3.2 Discussion

As a general fact, data obtained with reflective and diffusive ends are qualitatively identical,
and quantitatively very similar, indicating that this is mostly the efficiency of the reflection that
is important, much more than it’s specular or diffusive character. The solid angle in which the
photons should strike the output crystal surface is very limited, despite the relatively high index
value chosen in simulation for the coupling between photodetector and crystal. To not overload
the discussion, the results on reflective ends will not be detailed hereafter.

Qualitatively speaking, the two different light transmissions behave as expected. Both have
an exponential variation when absorbing ends are assumed, with a slope close to the distance
between the emission point and the photodetector. Reflections on crystal ends introduce a curva-
ture in the transmission variations in the low absorption region, obviouly related to the detection
of “multiple turn” light.

More quantitavely, the values of fitted parameters are well explained. For the monitoring light,
no clear influence of the crystal geometry is seen, this light being always in total reflection on
lateral faces. Due to reflections on lateral faces,CmD

is slightly over the ratio of photodetector
areaversusthe rear end area weighted by partial reflections on front and rear ends, (which would
gives 0.03744 for rays normal to the ends).bmd

is equal to what is expected on the ground of
the angular density of the simulated fibre.km is in both cases closely given by the partial
reflections on ends weighted by the surface ratio, (one obtains, for rays normal to the ends,
effective reflection coefficients equal to 0.9779 for diffusive coating and 0.1407 for refractive
ends.bm is compatible withbmd

for refractive ends, slightly increased for diffusive ends. Higher
values were however expected, following the dispersion introduced by the diffuser and, as in
the case of scintillation, the effective angular aperture of the photodetector.

For the scintillating light, the parameters derived for the parallelepipedic crystal are also closely
related to what could be estimated. A first order calculation, not taking into account the variation
of reflection with the incident angle would give in that geometryCsD

= 0.078 instead of0.0737,
andbsd

= 1.237 instead of 1.203. In the case of diffusive ends, one has as expectedCsB
= CsD

andbsb
= bsd

. In the case of refractive ends, one should note thatCsB
is not small, traducing the

fact that an important fraction of the detectable scintillating light is however in total reflection
on all faces of the crystal, including ends, unlike the monitoring light. One should have in fact
CsB

' ksCsD
, which is not truly verified in our simulation. One explanation could be in the

fact that contrary to the hypothesis of equations 16, the effective reflection coefficient for the
first reflection of the direct light,orsd1

, is much smaller than the others and should have been
considered apart (as done withirsb

for the back light). This would lead to similar expressions,
with more complex meaning for the fitted parameters.

The influence of crystal geometry is clearly seen inCsD
andCsB

and can be approximated by
an absorption lengthΛgeom, negative forCsD

and positive forCsB
. For the geometry simulated

here, one obtainΛgeom = 2.53L for both direct and back lights, except for the crystal with
refractive ends in which a slight difference is observed for the same reason as previously.

Small variations are observed in the effective length parametersbsd
bsb

andbs, due to the geom-
etry. In general, effective lengths are slightly increased. No marked dependence withz is noted,
except for the direct light coefficientbsd

for which a small linear decrease is observed, directly
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explained by the focusing effect. Thus one may rewrite equation 17 as :

Cs(t, λ, z) =
CsD0

exp
(− bsd

(L−z)

Λ(t,λ)−Λgeom

)
+ CsB0

exp
(− bsb

(L+z)

Λ(t,λ)+Λgeom

)
1 − k2

s exp
(− 2bsL

Λ(t,λ)

) (18)

in whichCsD0
, bsd

, CsD0
, bsb

, ks, bs andΛgeom can be considered as independent ofz. One has
bsd

' bsb
and, when the ends are covered with diffusers or reflectors,CsD0

' CsB0
.

3.3 Electromagnetic shower response

With these hypothesis, and assuming that the emission spectrum is constant over the crystal,
integrations overz andλ in equation 2 can be separated, and one can define an effective light
yield, shCs by :

shCs(E0, t, λ) =

∫ L

0

N(E0, z)Cs(t, z, λ)dz (19)

With this simplification, the convolution inz resumes to a sum of two integrations over the
crystal length ofN(E0, z) times an exponential inz, which would be easy to calculate knowing
a parameterisation of the shower energy profile.

However, at least for absorption length higher than the crystal length, a good approximation
would be to consider that all behaves as if the light were emitted from the center of gravity of
the shower, that is from a distancez̄sh. This can be derived easily in developing the exponentials
at the first order inz/Λ

This is confirmed by the simulation of light yield for a electromagnetic shower, shown for
example in figure 6 for a 50 GeV electron shower. This indicates that, for an electromagnetic
shower, the variation of the scintillation response can be interpreted within the same scheme as
previously, and that the light yieldshCs can be described by the same equations 17 or 18 with
global parameters. For example by :

shCs(t, λ) =

shCsD
exp

(− shbsd
(L−z̄sh)

Λ(t,λ)

)
+ shCsB

exp
(− shbsb

(L+z̄sh)

Λ(t,λ)

)
1 − shk2

s exp
(−2shbsL

Λ(t,λ)

) (20)

Assumingshbsd
= shbsb

allows to determine a value ofz̄sh from the fitted parameters. As shown
in table 5, thisz value is very close to the one predicted from the shower density (z̄sh = 8.28 mm
for a 50 GeV electron shower). One finally obtains expressions in which parameters are very
close to those that could be calculated with the formulæ of tables 2 and 3. This reinforce the
validity of the model proposed here, whose main parameters are the absorption length and the
effective reflection coefficients on the ends of the crystal.

One should also point out an important difference between the variation of scintillation and
monitoring lights in crystals with or without diffusers/reflectors on their ends. In both cases,
a significant part of the scintillating light could be back-reflected at the ends of the crystal,
whereas only a very small part of the monitoring light is subject to the same treatment in naked
crystals. This arises in figures 2 and 6 by the difference of curvature of the curves. In crystals
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Figure 6: Variation of the light yieldshCs with the absorption coefficientΛ−1, simulated for
an energy deposition profile of a 50 GeV electron. Same fits as in figure 3 exceptP1 = 0.
Triangles : absorbing ends, reverse triangles : refractive or diffusive front end, absorbing rear
end, circles : both ends refractive or diffusive.

Table 5: Values of the parametersshCsD
, shbsd

, shCsB
, shbsb

, shks, shbs and z̄sh for crystals
with prefectly refractive, diffusive or reflective ends and without chamfers, as fitted from the
simulation data and calculated from formulæ and data of tables 2 and 3.

refractive ends diffusive ends reflective ends
fitted calculated fitted calculated fitted calculated

parameters parameters parameters parameters parameters parameters
shCsD

0.009342(3) 0.009290(13) 0.009342(3) 0.009348(11) 0.009342(3) 0.009352(11)
shCsB

0.007670(13) 0.007622(19) 0.009300(8) 0.009339(16) 0.009279(11) 0.009341(17)
shbsd

1.291(2) 1.237(2) 1.258(2) 1.238(2) 1.256(2) 1.238(2)
shbsb

1.291(2) 1.346(4) 1.258(2) 1.278(3) 1.256(2) 1.281(3)
shks 0.9721(1) 0.9722(1) 0.9792(1) 0.9791(1) 0.9790(1) 0.9789(1)
shbs 1.734(3) 1.731(2) 1.279(2) 1.280(1) 1.287(2) 1.289(3)
z̄sh 8.92(3) cm 8.28 cm 8.55(2) cm 8.28 cm 8.53(2) cm 8.28 cm
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with diffusive or reflective ends, as obviously also in crystals with absorbing ends, the variations
of scintillating and monitoring lights are almost proportional, – apart, at the first order, the ratio
shbs(1 − z̄sh)/bm and an eventual difference in wavelengths inducing different absorptions –,
whereas, with refractive ends, the scintillating light decreases in proportion much more rapidly
than the monitoring light at low absorption.

This is illustrated in figure 7. This also explain, at least qualitatively, the correlation observed
in ageing beam tests, in which a factor two between calibration and monitoring variations
((∆Ss(t)/Ss(t))/(∆Sm(t)/Sm(t)) ≈ 2) is commonly observed [11], as a result of the poor
reflectivity of the coating of crystal ends. Figure 8 indicates that the slope of the correlation
between scintillation and monitoring depends greatly on the optical quality of the crystal itself,
but also on these of the coating of its extremities. In case of refractive coating, (i.e. if the coat-
ing absorbs the light), this slope can varies strongly with the initial absorption length, especially
if this parameter is longer than a few crystal lengths. More detailled simulations and measure-
ments have to be done to precise this point, crucial for the monitoring efficiency. However, this
simulation strongly suggests to increase the reflectivity of the coating of crystal ends in the final
set-up, to approach the ideal factor(∆Ss(t)/Ss(t))/(∆Sm(t)/Sm(t)) = 1.

4 Conclusion
The model proposed here is based on a few number of effective parameters : absorption length,
mean path lengths (throughbm and bs), reflection and transmission coefficients. One of its
advantages is to disconnect effect of absorption from other optical parameters. In low absorption
crystals, such as those which will be used in the CMS calorimeter, it shows that most of the
light yield variation is due to the “multiple turn” light, – which justify the approximation of
an homogeneous absorption –, and points out the great importance of the treatments of crystal
extremities in the correlation between scintillation and monitoring variations. One has interest
to use low absorption reflectors or diffusers, not only for the absolute light yield, but also to
be close to the optimal scintillation/monitoring correlation, when one deal with low absorption
crystals.

At that stage, the model describes well the simulations performed on crystals with polished
faces. On crystals with one lateral face polished, – as foreseen in the CMS calorimeter –, or
more generally on “uniformized” crystals, one can nevertheless presume that the same argumen-
tation can be employed, due to the fact that this model relies on mean, effective, transmission
and reflections parameters. One other strong argument is also thede factosmall angular aper-
ture of the photodetection, even lower in reality with coupling refractive index rather close to
1.5. This should be verified in further simulations.
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