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We investigate the energy resolution of electromagnetic sampling calorimeters using the Monte Carlo program EGS. We study 
how the energy resolution depends on the shower energy, on the thickness of the absorber and detector layers, and on the charge 
number and density of the materials used to construct the calorimeter. Finally we compare our Monte Carlo results with 
experimental data. 

1. Introduction 

Electromagnetic calorimeters [1] are nowadays 
standard devices in high energy physics. We can easily 
classify them into two categories: homogeneous  
calorimeters, made of a single material like lead glass, 
NaI,  BGO, etc., and sampling calorimeters, with alter- 
nating layers of a passive material or absorber, and an 
active material or detector. The energy resolution of a 
calorimeter of the first type is limited by intrinsic 
fluctuations. For  a calorimeter of the second type there 
is a second contribution to the energy resolution coming 
from the sampling fluctuations. Many different readout 
detectors have been employed in sampling calorimetry 
such as scintillator [2], liquid argon [3] and gas readout 
[4]. More recently also room temperature liquids [5] and 
silicon detectors [6] are under study. As absorber 
material, lead has been extensively used. Iron [7], 
uranium [8] and, to a ininor extent, copper [9] have also 
been used, mainly in connection with hadronic calorim- 
etry. More exotic materials like tungsten [10] have been 
introduced to obtain very compact  calorimeters, espe- 
cially if silicon is used as readout material. Low-Z 
absorbers have also been considered, but only for very 
special purposes [11]. 

Parallel to the development of the experimental tech- 
niques, Monte  Carlo programs have been written to 
reproduce accurately electromagnetic showers in many 
different media. Starting with the shower program of 
Nagel [12] and the first versions of EGS [13], these 
programs have considerably grown in complexity and, 
at the same time, in predictive power. More recently 
and after the release of the latest version of EGS, called 
EGS4 [14], a comparison of Monte Carlo calculations 
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with experimental data at the percent level has become 
possible. 

In this article we first review present theoretical 
ideas about the energy resolution of electromagnetic 
sampling calorimeters. We confront them with Monte 
Carlo calculations using the EGS4 code, and finally 
with existing experimental data. 

2. Parametrisation of the energy resolution 

The experimental data suggest the following para- 
metrisation of the energy resolution for electromagnetic 
sampling calorimeters: 

E--, = R  , (1) 

where E is the energy (in GeV) of the showering 
particle (electron or photon), E S and o~ are respectively 
the visible (or sampled) energy in the calorimeter and its 
rms resolution, r is the absorber thickness in radiation 
lengths, and R a constant that depends on the absorber 
material used. In ref. [15], for example, it is found that, 
in the case of scintillator calorimeters, R = 14% if lead 
is used as absorber, and R = 17% if iron is used (see 
also ref. [16] for the lead case). 

A detailed analysis of the theoretical arguments lead- 
ing to such a formula can be found in ref. [17] and will 
only be summarised here. It is assumed that most of the 
energy deposited in the active medium by the electro- 
magnetic shower is carried by electrons behaving as 
minimum ionising particles. The number of "crossings" 
through the active medium layers by these electrons is: 

E~ 
Uc 

( d E / d x ) ~ s  " 
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where s is the thickness of the active medium layers and 
( d E / d x ) s  the energy deposited by minimum ionising 
particles per unit length in this medium. The visible 
energy E s can approximately be computed by the for- 
mula: 

E2 = (dE/ds )~s  
E ( d E / d x ) s S  + ( d E / d x ) t t '  

where t is the thickness of the absorber layers. This 
formula assumes that the shower is only composed of 
minimum ionising particles. Since the energy deposited 
in the active medium is normally much smaller than the 
energy deposited in the absorber, it can be neglected. 
We obtain then: 

E 
No= (dE/dx )~ t "  

The number of crossings N c fluctuates from shower to 
shower and as a result the visible energy E~ also 
fluctuates. Assuming that these fluctuations are Gaus- 
sian and the crossings independent, we obtain: 

Os = ~ _ 1 ~ ( d E / d x ) t t  

E s N c ~ E 

V/AE(MeV) 
=3.2% E(GeV) ' 

where AE is the energy lost per layer by a minimum 
ionising particle. In the following E will be given in 
units of GeV according to the standard prescription. 
Since ( d E / d x ) t  = c t / X  o where c t is the critical energy 
of the absorber and X 0 its radiation length, the previ- 
ous formula can also be written in the following way: 

(Is ~ 0  ct W ~ E~ - ~- = R 

with 

R = 3.2%pt(MeV).  

Since the critical energy of lead is ~t = 7.2 MeV, we 
obtain R = 8.5% for lead absorbers. As noted in ref. 
[17], this formula has to be corrected for multiple 
scattering, which results in a spreading of the electron 
directions and other effects which imply a reduction of 
the visible energy. Taking them into account, the follow- 
ing corrected values of R are obtained: 23.0% for 
aluminium, 16.1% for iron, and 13.2% for lead. 

The fluctuation in the number of crossings is nor- 
mally the main component of the energy fluctuation but 
not the only one. Path length and Landau fluctuations 
should also be added but they are only important if a 
gas is used as active medium. These fluctuations can 
also be computed [17] and the resulting formulas agree 
well with experimental data, as shown for liquid argon 
calorimeters in ref. [3], for gaseous calorimeters in ref. 
[4], and for various types of calorimeters in ref. [1]. 

The most relevant implications of the formula cs/E s 
= RV/~/E, with R - V/~-t, are: 
(1) os/Es varies like 1/~fE, 
(2) os/E s, varies like V~- with no significant dependence 

on the active medium layer thickness, 
(3) os, E s varies like 1/y/~-t where Z t is the charge 

number of the absorber (the critical energy c of a 
medium is proportional to 1/Z) .  

In the following sections we will check whether these 
predictions are in agreement with detailed Monte Carlo 
calculations performed with EGS4. 

3. Some  remarks about the use of E G S  

The EGS Monte Carlo code (see refs. [13] and [14]) 
is a system of computer codes for the simulation of 
electromagnetic showers produced by electron and pho- 
tons in an arbitrary geometry. The different processes 
occurring in these showers are taken into account for 
particle energy ranges from a few keV to several TeV. 
In the EGS3 version of the program, the minimum 
energies (or cutoff energies) for secondary electrons and 
photons are I and 0.1 MeV respectively. Below these 
cutoff values, the energy of the particle is deposited in 
place without any further transport. In the EGS4 ver- 
sion of the program, the cutoff values can be as low as 
0.010 MeV (kinetic energy) for electrons and 0.001 MeV 
for photons. The cross sections of the different processes 
used in the simulation have to be valid down to these 
energies. It should be noted that EGS4 offers the option 
to include Rayleigh scattering. Another important fea- 
ture of the EGS4 version is the optimisation of the step 
size used for the particle transport. The importance of 
an adequate step size has been emphasized in ref. [18], 
in particular for the transport of low energy particles 
(below 20 MeV). The tuning of this step size can be 
achieved via the variable ESTEPE which defines a fixed 
fractional energy loss per step. The recommended val- 
ues are 0.3% and 1% for high-Z and low-Z materials, 
respectively [14]. 

In order to evaluate the importance of these cutoff 
energies and step sizes, we have generated 250 electron 
showers of 1 GeV using the EGS4 code for each one of 
the following lead-scintillator sampling calorimeters: 
(a) t = 5.0 mm and s = 5.0 mm, 
(b) t = 0.2 mm and s = 5.0 mm, 
(c) t = 5.0 mm and s = 0.2 mm, 
where t is the thickness of the lead layers and s the 
thickness of the scintillator layers. The total depth of 
the calorimeter was kept constant at 30X 0 and the 
layers were considered laterally infinite (this is the so- 
called "semi-infinite" geometry). The statistical error 
expected for such a number of events is about 4%. The 
energy resolution os/E s is displayed as a function of the 
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Fig. 1. (a) Electron and photon cutoff dependence of the 
energy resolution for a lead-scintil lator calorimeter with t = 5 
mm and s = 5 ram. (b) Electron and photon cutoff dependence 
of the energy resolution for a lead-scintil lator calorimeter with 
t = 0.2 mm and s = 5 ram. (c) Electron and photon cutoff 
dependence of the energy resolution for a lead-scintil lator 

calorimeter with t = 5 mm and s = 0.2 nun. 

c u t o f f  energ ies  n¢e a n d  nc  v, for  e l ec t rons  a n d  p h o t o n s ,  
in  figs. l a - c .  T h e  m i n i m u m  c u t o f f  va l ue s  u s e d  are  

c e = 0.711 M e V  a n d  cy = 0.010 M e V  ( c o r r e s p o n d i n g  to 

n = 1). T h e  c u t o f f  e n e r g y  for  e l ec t rons  i n c l u d e s  o f  c o u r s e  

the  res t  m a s s  (0.511 MeV) .  W e  obse rve  tha t  ;or  c a l o r i m-  

e ter  a, t he  e n e r g y  r e s o l u t i o n  is i n sens i t i ve  (wi th in  s ta -  
t is t ical  e r rors )  to t he  e l ec t ron  c u t o f f  e n e r g y  up  to a 

va lue  n = 3. F o r  n = 5 the  ene rgy  r e s o l u t i o n  h a s  in-  

c r ea sed  by 15%. In the  case  o f  c a l o r i m e t e r s  b a n d  c 

w h e r e  e i ther  the  a b s o r b e r  or  the  de t ec to r  a re  very  th in ,  

the  ene rgy  r e so lu t i on  is very  sens i t ive  to the  e l ec t ron  

c u t o f f  ene rgy  a n d  inc rease s  by  50% or  m o r e  f rom n = 1 

to n = 5. O n  the  o t h e r  h a n d ,  no  s ign i f i can t  i n f l uence  o f  

the  p h o t o n  c u t o f f  ene rg ies  is o b s e r v e d  for a n y  o f  these  

t h r ee  ca lo r ime te r s .  W e  note ,  however ,  t ha t  n = 5 cor re -  

s p o n d s  to a cu to f f  ene rgy  o f  0.05 M e V  in the  p h o t o n  

case,  b u t  to 3.6 M e V  in the  case  o f  e lec t rons .  Since  in 

the  fo l lowing  we will c o n s i d e r  c a l o r i m e t e r s  wi th  th in  

layer  t h i c k n e s s e s  a n d  s ince  o u r  a im  is to o b t a i n  a c c u r a t e  

v a l u e s  o f  the  ene rgy  reso lu t ion ,  we c o n c l u d e  tha t  a 

c u t o f f  e n e r g y  as low as poss ib l e  h a s  to be  used .  O n  the  

o t h e r  h a n d ,  the  c o m p u t i n g  t ime  n e e d e d  for the  s i m u l a -  

t ion  i nc rease s  for  e x a m p l e  by  a fac to r  4 w h e n  go ing  

f r o m  n = 2 to n = 1 in the  e l ec t ron  cu tof f .  Fo r  all t hese  

r ea sons ,  in the  res t  o f  the  p a p e r  we will use  0.711 M e V  

as de f au l t  c u t o f f  for  e lec t rons ,  Fo r  p h o t o n s  the  va lue  

0.01 M e V  will be  u sed  s ince  no  s ign i f i can t  ga in  in 

c o m p u t i n g  t ime  c a n  be  o b t a i n e d  by  i n c r e a s i n g  it. 

W e  have  also i nves t i ga t ed  for the  s a m e  th ree  

l e a d - s c i n t i l l a t o r  c a l o r i m e t e r s  the  d e p e n d e n c e  o f  the  en-  

e rgy  r e so lu t i on  on  t he  var iab le  E S T E P E  p rev ious ly  de-  

f ined .  W e  do  no t  o b s e r v e  a n y  s ign i f i can t  va r i a t ion  o f  

the  ene rgy  r e so lu t i on  w h e n  th is  va r i ab le  is c h a n g e d  

a r o u n d  the  va lues  o f  0.3% a n d  1% for  a b s o r b e r  a n d  

d e t e c t o r  respect ive ly .  Since  no  s p e c t a c u l a r  ga in  in c o m -  

p u t i n g  t ime  c a n  be  ach ieved  by  s l ight ly  i nc r ea s ing  these  

va lues ,  we will u se  t h e m  as de f au l t  in the  rest  o f  the  

paper .  

W e  f inal ly  r e m a r k  tha t  all the  ene rgy  d e p o s i t e d  in 

the  ac t ive  m e d i u m  will be  a s s u m e d  to tu rn  in to  vis ible  

ene rgy .  In  th is  way  we s u p p r e s s  a n y  in t r ins ic  f l uc tua -  

t ion.  A s  d i s c u s s e d  e l sewhere  [17], t hese  in t r ins ic  f luc tua -  

t i ons  are  n o r m a l l y  m u c h  sma l l e r  t h a n  the  s a m p l i n g  

f l uc tua t i ons .  O u r  de f i n i t i on  o f  s a m p l i n g  f l u c t u a t i o n  is 

a n y  f l u c t u a t i o n  of  the  vis ible  ene rgy  as  ca l cu l a t ed  by  the  

M o n t e  Car lo  p r o g r a m .  W e  the re fo re  i nc lude  in it the  

so -ca l l ed  L a n d a u  a n d  t rack  l eng th  f l uc tua t ions .  

4. Energy dependence 

A c c o r d i n g  to the  theore t i ca l  c o n s i d e r a t i o n s  o f  sec- 

t ion  2, the  f l u c t u a t i o n s  o, o f  the  vis ible  e n e r g y  E,  o f  a 

s a m p l i n g  c a l o r i m e t e r  s h o u l d  scale  wi th  ~/E, E b e i n g  the  

e n e r g y  o f  the  i n c i d e n t  par t ic le .  In  o r d e r  to check  this  

p r e d i c t i o n  we h a v e  g e n e r a t e d  s h o w e r s  in the  e n e r g y  

r a n g e  b e t w e e n  0.1 a n d  50 G e V  for  t h ree  d i f f e r en t  s emi -  

in f in i t e  l e a d - s c i n t i l l a t o r  s a m p l i n g  ca lo r ime t e r s :  

(a) t = 5.0 n u n  (0 .9X0)  a n d  s = 5.0 ram,  

(b)  t = 20.0 m m  (3.6)(o)  a n d  s = 5.0 ram,  

(c) t = 50.0 m m  (8 .9X0)  a n d  s = 5.0 m m ,  
w h e r e  t a n d  s a re  the  l ayer  t h i c k n e s s e s  o f  lead  a n d  

sc in t i l la tor ,  as before .  Al l  c a l o r i m e t e r s  h a d  a d e p t h  o f  

3 0 X  0 e n s u r i n g  full c o n t a i n m e n t  o f  the  s h o w e r s  even  at  
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Fig. 2. (a) Energy dependence of the energy resolution for a 

lead-scintillator calorimeter with t = 5 mm and s = 5 mm. (b) 

Energy dependence of the energy resolution for a lead-scintil- 

lator calorimeter with t = 20 mm and s = 5 mm. (c) Energy 

dependence of the energy resolution for a lead-scintillator 

calorimeter with t = 50 mm and s = 5 mm. 

the highest energies. The computing time needed in 
these calculations is proportional to the energy of the 
showers, in order to keep the statistical error, about 5% 
approximately the same at all energies. 

The results of these simulations are displayed in figs. 
2a, 2b and 2c. We observe that for all calorimeters the 

quantity (o,/E,)@ reaches a constant value when the 

energy increases. These values are 13% 30% and 70% 

respectively. At 1 GeV no significant deviation from 
this constant value is observed for calorimeters a and b, 

whereas a 12% increase of the resolution is observed for 

calorimeter c. At 0.1 GeV these deviations are 4%, 35% 
and 50% respectively. It is interesting to note that the 
deviations of the energy resolution from the @ depen- 

dence at low energies go hand in hand with the devia- 
tions from linearity, as shown in figs. 3a, 3b and 3c. At 
1 GeV calorimeter a shows a deviation from linearity of 
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Fig. 3. (a) Linearity of response for a lead-scintillator calorim- 
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(c) Linearity of response for a lead-scintillator calorimeter 

with t = 50 mm and s = 5 mm. 
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only l%, but  6% at 0.1 GeV. Calor imeter  c shows 
enormous  deviat ions from linearity, even at high en- 
ergies. This is not  surprising since the absorber  layer 
thickness is as large as 9X 0. In order  to limit the 
comput ing  t ime needed, a compromise  had to be found 
between the requirement  of statistical precision in the 
calculations, which favours low energies, and  the re- 
qui rement  that  the response of the calorimeter  should 
be l inear with E and  the energy resolution scale as 
1 / r E .  The latter requirements  favour of course calcula- 
tions at high energies. For  these reasons all the compu-  
tat ions have been per formed for 1 GeV electron showers 
in the rest of the paper. 

5. Thickness dependence 

We have generated 1 GeV electron showers for 
lead-sc in t i l la tor  calorimeter  with a cons tan t  scinti l lator 
layer thickness s = 5 mm, and lead layer thicknesses 
varying in the range between t = 0.2 mm (0.04)(o) and  
t = 100 m m  (18)(0). All calorimeters had a fixed total 
dep th  of 30 X o but  were laterally infinite. The statistical 
precision obta ined  in each computa t ion  of oJE~ was 
about  5%. 

The result of these simulat ions is shown in fig. 4a. 
The dependence  of o~/E~ on t shows three different  
regions: 
(1) For  values of t between 1 and 10 mm, oJE~ is well 

described by a straight line in the l og / log  plot. This 
means that  oJE~ is propor t iona l  to t% The value of 
a which gives the best fit is a = 0.66 _+ 0.02. 

(2) For  values of t below 1 mm (0.2X0), o~/E~ gets 
increasingly smaller than  predicted by t 0"66. 

(3) For  values of t above 10 mm (1.8X0), o~/E~ gets 
increasingly larger than predicted by t 06~. 

These calculat ions have been repeated for different  val- 
ues of the scinti l lator layer thickness s. We observe a 
dependence  of the exponent  a on s as indicated in fig. 
4b. 

Similarly, we have generated 1 GeV electron showers 
for lead-sc in t i l la tor  calorimeters  with a cons tant  lead 
layer thickness of t = 5 m m  and scinti l lator layer thick- 
nesses varying between s = 0.2 mm and s = 100 ram. 
The result is displayed in fig. 5a. The resolution o~/Q is 
again well described by a curve of the type s # with 
f l =  0.23 +_ 0.01. The  exponent  /3 depends  on t (lead 
layer thickness) as indicated in fig. 5b. 

These results show that  the formula o,/E~ = R~f~/E 
in t roduced in section 2, which assumes no dependence  
on the active mater ial  thickness, is in fact only a crude 
approximat ion .  The dependence  of o~/E~ on t and s 
over the large range of values considered before is 
complicated.  However,  for practical  purposes,  the typi- 
cal values of t and  s are l imited in the range between 1 
to 10 mm. In this region o,/E~ is well described by: 

o~ o0 t ~' 

E~ ~-E s #" 

o{}, a and /3 being parameters  only slightly dependent  
on s and  t. 

For  practical  purposes  we will use in the following 
the formula:  

where X t and  X~ are the radia t ion lengths of the 
absorber  and  the detector  respectively. In this way o 0 
has the same dimensions  as the pa ramete r  R in t roduced 
in section 2. We emphasize  that  this formula  is purely 
empirical  and  the parameters  %, a and /3 have to be 
de termined  by fit t ing M o n t e  Carlo data, and not from 
first pr inciples  as in section 2. 

In fig. 6 we plot the energy resolution of 12 different 
l ead-sc in t i l l a to r  calorimeters  with lead layer thicknesses 
t equal to 1, 2, 5 and  10 m m  and scinti l lator layer 
thicknesses of 1, 5 and  10 ram. The resolution of all 
these calorimeters  has been de te rmined  by Monte  Carlo 
s imulat ions with a statistical precision of 10%. The best 
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Fig. 4. (a) Dependence of the energy resolution of a lead scintillator calorimeter with s = 5 mm on the absorber thickness. Both 
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J. Del Peso, E. Ros / Energy resolution of electromagnetic sampling calorimeters 461 

~s/Es(%) 

100 

0.1 I 
0.1 

Pb/sc,ntil[oter i 
a 

t =5ram 
t 

E:IGeV i 
i 

I ~ S  

10 s(mm) 

I 
pl t)  

0.5 

i f 
i 

I I 
! ,, 

i i 
i 

a b 
t 0 

100 t(mm) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  03 ,k  

. . . . . . . . . .  ~- . . . . .  { -4 ,  . . . . . . . .  oa 
+ ,, 

, I I 

0'.1 1 10 100 

Fig. 5. (a) Dependence of the energy resolution of a lead-scintillator calorimeter with t = 5 mm on the detector thickness. Both scales 
are logarithmic. (b) Dependence of the exponent fl on the absorber thickness. 

fit o f  these reso lu t ions  by our  empir ica l  fo rmula  is 
ob t a ined  for the  fo l lowing values of  %,  ct and  fl: 

o 0 = 3 . 4 6 4 - 0 . 3 5 % ,  e t = 0 . 6 7 + 0 . 0 3 ,  f l = 0 . 2 9 ± 0 . 0 3 .  

The  fo rmula  of  sec t ion  2, oJEs= R ( t / X t )  1/2, is also 
ind ica ted  in this plot .  We  observe  that  this fo rmula  
gives a good  desc r ip t ion  of  the resolu t ion  for ca lor ime-  
ters wi th  s = 5 ram, bu t  fails to r ep roduce  o the r  values 
o f  s, s ince no  d e p e n d e n c e  on  s is a ssumed .  

W e  can evaluate  the  sys temat ic  er ror  m a d e  by con-  
s ider ing  that  the  p a r a m e t e r s  ct and  fl are  comple te ly  
i n d e p e n d e n t  o f  s and  t in the fol lowing way:  let us 
a s sume  that  o 0, a and  fl are  per fec t ly  k n o w n  for a 
ca lo r imete r  wi th  t o = 3 m m  and  s o = 3 mm,  then  for 
o the r  values of  t and  s we have:  

e, 7o  soj 
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Fig. 6. Energy resolution for 1 GeV electron showers of a 
lead-scintillator calorimeter for various absorber and detector 
thicknesses. The points are Monte Carlo data, the full line is a 
fit to the formula given in section 5, and the dashed line is the 

formula given in section 2. 

and  therefore:  

where  Aa and  A B are the  d i f fe rences  b e t w e e n  the  exact  
values o f  these  p a r a m e t e r s  for a ca lo r ime te r  wi th  layer  

th icknesses  t and  s, and  the  values  for t o and  s 0. In  fig. 
4b and  5b we observe  tha t  for t a n d  s in the  range  
be t ween  1 and  10 m m  we have:  a = 0.65 _+ 0.05 and  
B = 0.25 + 0.05. This  impl ies  a m a x i m u m  sys temat ic  
e r ror  in % of  11% and  an  average  sys temat ic  e r ro r  o f  
4%. 

We also r emark  that  the s tat is t ical  e r ro r  expec t ed  in 
the  ca lcula t ion  of  the  energy  reso lu t ion  is: 

= - -  + ( A ~ ) ~ ( l o g  t + ( ~ B ) 2 ( l o g  s )  2 
~ o s ]  ~ O o /  

+ 2 ( ~ 0 ° A c ~  ) log t - 2 ( ~ 0 ° A f l ) l o g s  

- - 2 ( A a A f l )  log s log t.  

Tak ing  in to  accoun t  the  stat is t ical  e r rors  of  %,  a and  fl 
and  the cor re la t ion  errors  given by the  fit, we ob ta in  for 
the  previous  c o m p u t a t i o n s  a s tat is t ical  e r ror  o f  abou t  
5% for values of  t and  s in the  range b e t w e e n  1 a n d  10 
m m .  

We  have repea ted  the  ca lcu la t ion  of  the  p a r a m e t e r s  
%,  a and  fl for 10 G e V  inc iden t  e lec t rons .  T h e  result  is 
compa t ib l e  wi th in  errors  wi th  the  p rev ious  one  o b t a i n e d  
at 1 GeV.  

6. Z dependence  

We have  ca lcu la ted  the  p a r a m e t e r s  %,  a a n d  fl 
i n t roduced  in the  prev ious  sec t ion  for d i f fe ren t  ca lor im-  
eters  us ing scint i l la tor  as act ive mater ia l  and  abso rbe r s  
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Table I a 
Charge number, density and radiation length of various materi- 
als used as absorbers 

Material Z O [g/cm3] X o [mm] 

C 6 2.27 188.5 
A1 13 2.70 88.9 
Fe 26 7.87 17.6 
Sn 50 7.31 12.1 
W 74 19.30 3.5 
Pb 82 11.35 5.6 
U 92 18.95 3.2 

Table lb 
Charge number,  density and radiation length of various materi- 
als used as active materials 

Material Z p [g /cm 3] X,I [mm] 

Liquid He 2 0.13 7546 
TMS (2.9) 0.65 525 
Scintillator (3.4) 1.03 424 
Silicon 14 2.33 93 
Liquid Ar 18 1.40 140 

Table 2b 
Values of the parameters o., c~ and ,8 obtained from fits to 
Monte Carlo data for various caloruneters using lead as ab- 
sorber 

Absorber Detector % [%] ~t /3 

Pb Liquid He 5.68-+0.59 0.62+0.03 0.17_+0.03 
Pb TMS 4.43-+0.26 0.71 +0.03 0.26+0.03 
Pb Scintillator 3.46_+0.19 0.67_+0.03 0.29+0.03 
Pb C 3.55_+0.16 0.65+0.03 0.30+0.03 
Pb Si 5.04_+0.20 0.66_+0.03 0.24-+0.03 
Pb L iqu idAr  6.49+0.31 0.62_+0.03 0.19_+0.03 
Pb Fe 7.76-+0.47 0.62+0.03 0.18+0.03 
Pb Sn 9.49-+0.70 0.62-+0.03 0.16_+0.03 
Pb Pb 7.53_+ 0.76 0.57_+ 0.03 0.20_4-0.03 

the  theore t i ca l  p r e d i c t i o n  m a d e  in sec t ion  2 for the  

p a r a m e t e r  R .  

S imi la r ly  we have  c a l c u l a t e d  %,  a a n d  /3 for lead 

c a l o r i m e t e r s  c o n t a i n i n g  ac t ive  m e d i a  wi th  a cha rge  

n u m b e r  g o i n g  f r o m  Z =  2 ( l iquid  he l i um)  to Z =  82 

( lead).  T h e  ma te r i a l  c o n s t a n t s  u s e d  in these  ca l cu l a t i ons  

a re  l is ted in t ab les  l a  a n d  l b ,  a n d  the  resu l t s  l is ted in 

with charge number going from Z = 6 (carbon) to Z = 
92 (uranium). The charge number Z, density p and 
radiation length X 0 of these materials is listed in table 
l a .  T h e  p r o c e d u r e  to o b t a i n  o 0, a a n d  /3 is s imi la r  to 

the  one  u sed  for lead  in the  p r e v i o u s  sec t ion :  the  

r e so lu t ion  for  1 G e V  e lec t ron  s h o w e r s  o f  12 ca l o r i me -  

ters  wi th  s = 1, 5 a n d  10 m m  sc in t i l l a tor  l ayer  t h i ckness ,  

a n d  a b s o r b e r  layer  t h i c k n e s s e s  o f  0.2, 0.4, 1 a n d  2 X o, is 

c a l cu l a t ed  wi th  10% s ta t i s t ica l  p rec is ion .  T h e n  the  for-  

m u l a  

, _  
< Z t < /  

is f i t ted  to the  12 values .  T h e  r e su l t i ng  p a r a m e t e r s  are  

l i s ted in tab le  2a  a n d  in fig. 7a a n d  7b. W e  no t e  t ha t  for  

Z >  25 the  e x p o n e n t s  a a n d  /3 are  c o n s t a n t  w i th in  

er rors ,  a n d  tha t  o 0 scales  l ike 1 / ~ -  in a g r e e m e n t  wi th  

Table 2a 
Values of the parameters o 0, a and ,8 obtained from fits to 
Monte-Carlo data for various calorimeters using scintillator as 
active material 

Absorber Detector o o [%] a ,8 

C Scintillator 16.48+2.50 0.72_+0.03 
AI Scintillator 11.02+_1.21 0.70+_0.03 
Fe Scintillator 6.33 + 0.52 0.62 +_ 0.03 
Sn Scintillator 4.53_+0.32 0.65+_0.03 
W Scintillator 3.61 +0.17 0.70-+0.03 
Pb Scintillator 3.46-+0.19 0.67-+0.03 
U Scintillator 3.28-+0.15 0.67-+0.03 

0.16_+0.02 
0.15+_0.02 
0.21 _+0.02 
0.25 _+ 0.03 
0.29 + 0.03 
0.29 _+ 0.03 
0.30 _+ 0.03 
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Fig. 7. (a) The parameter  o 0 as a function of the absorber 
charge number  Z, for various calorimeters using scintillator as 
active material. (b) The exponents a and fl as a function of the 
absorber charge number  Z, for various calorimeters using 

scintillator as active material. 
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(b) the lead density is kept constant at its nominal 
value (11.3 g / c m  3) and the scintillator density is 
varied between 0.1 and 10 g / c m  3. 

The result of these simulations is plotted in figs. 9a 
and 9b for the case of lead of varying density, and in 
figs. 10a and 10b for the case of scintillator of varying 
density. We observe, within our statistical errors, no 
significant dependence of o o, a and/3  on the density of 
the materials used in the simulation. Lead and scintilla- 
tor of varying density cannot, of course, exist in nature. 
However, the Monte  Carlo program also allows to 
simulate them. 
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b Lead calorimeters 
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Fig. 8. (a) The parameter % as a function of the detector 
charge number Z, for various calorimeters using lead as ab- 
sorber. (b) The exponents a and /3 as a function of the 
detector charge number Z, for various calorimeter using lead 

as absorber. 

table 2b and plotted in figs. 8a and 8b. In practice only 
low-Z materials have been experimentally used so far as 
active media. We observe in this case a strong depen- 
dence of a 0, a and /3 on the charge number Z of the 
active material, in particular for low Z values. 

8. Comparison with experiment 

In order to compare our EGS based formula with 
experimental results, we have selected a large number of 
energy resolution measurements performed over the last 
15 years with electromagnetic calorimeters made of 
lead, iron or uranium as absober, and scintillator or 
liquid argon as active material. The measurements are 
listed in tables 3a and 3b. 
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7. Density dependence 

The formula os /E  s = R ( t / X t )  1/2 of section 2, with 
R - 1 /~ /Z ,  implies no dependence of o s on the density 
of the absorber, apart, of course, from the one con- 
tained in X t. We have also investigated if in our for- 
mula of section 5 the whole density dependence is 
contained in X t and X s. In other words, we have 
investigated how o 0, a and fl depend on the density of 
the calorimeter materials. 

For  these purpose we have calculated these three 
parameters for several lead-scinti l lator calorimeters, 
following the method described in previous sections and 
for the following material parameters: 
(a) the scintillator density is kept constant at its nomi- 

nal value (1.032 g / c m  3) and the lead density is 
varied between 1 and 20 g / c m  3, 
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Fig. 9. (a) The parameter o 0 as a function of the lead density p, 
for various calorimeters using scintillator as active material. (b) 
The exponents a and /3 as a function of the lead density 0, for 

various calorimeters using scintillator as active material. 
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dens i ty  p, for  var ious calor imeters using lead as act ive mater ial .  
(b) The exponents a and ,8 as a function of the scintillator 
density p, for various calorimeters using lead as active material. 

Ideally a good  m e a s u r e m e n t  of  the  energy reso lu t ion  

should  satisfy the fo l lowing requ i remen t s :  
- T h e  ca lor imete r  should  have a regular  s ampl ing  

s t ruc ture  wi th  no  mix ture  of  abso rbe r s  or act ive 
mater ia ls .  The  layers should  have a fixed thickness .  
N o  addi t iona l  dead  mater ia ls  should  be p resen t  in 

f ront  or  inside the ca lor imeter .  
The  ca lor imete r  should  p rov ide  full c o n t a i n m e n t  of  
the showers .  In par t i cu la r  the d e p t h  should  be at least 

20 X o. 
The  m e a s u r e m e n t s  should  be p e r f o r m e d  over  a wide 
range of  energies ,  and  energies  be low 1 G e V  should  

be ignored in the analysis.  
The  exper imen ta l  result  should  be careful ly  co r rec ted  
for ins t rumenta l  effects  (e lect ronic  noise,  ca l ib ra t ion  
errors,  photos ta t i s t i cs ,  etc.). 
In prac t ice  a lmos t  none  of  the m e a s u r e m e n t s  l is ted 

in tables 3a and  3b fulfil all these  r equ i rement s .  This  
has to be taken into accoun t  when  c o m p a r i n g  wi th  the 
M o n t e  Car lo  pred ic t ions .  In the  case  of  sc in t i l la tor  
readout ,  the f luc tua t ion  in the n u m b e r  of  pho toe lec -  
t rons  is the main  effect  which  adds  to the s ampl ing  
f luctuat ions .  This  c o n t r i b u t i o n  has been  sub t r ac t ed  f rom 

Table 3a 
Measured and calculated energy resohuions for ,,ariou~ 
calorimeters employing scintillator as active material. The val- 
ues given for o are fractional energy resolutions scaled to 1 
GeV showers. The contribution of photoelectron statistics has 
been subtracted to the measured values. Otherwise they appear 
in parentheses. 

Absorber t [mm] s [mm] o~p [%] ot(;s [%1%~p/%!(;s Ref. 

Pb 1.0 5.0 5.0 4.0 1.2 [20] 
Pb 1.0 5.0 6.0 4.(/ 1.5 [24] 
Pb 2.0 5.0 7.5 6.3 1.2 [25] 
Pb 2.1 6.3 9.0 6.1 1.5 [15] 
Pb 2.5 4.0 (10.51 7.8 1.3 [26] 
Pb 3.2 5.0 12.0 8.6 1.4 [27] 
Pb 3.5 4.0 (14.0) 9.8 1.4 128] 
Pb 4.0 5.0 11.6 10.0 1.2 [29] 
Pb 4.2 12.6 10.8 7.9 1.4 [15] 
Pb 6.0 5,0 13.6 13.1 1.1 [30] 
Pb 6.0 2,5 17.5 16.0 1,1 [311 
Pb 8.4 25.2 14.7 10.3 1.4 [15] 
Pb 9.4 6.4 (18.21 16.5 1.1 [32] 
Pb 10.0 2.5 22.6 22,6 1.0 [33] 

U 1.6 2.5 (11.0) 9.7 1.1 [34] 
U 2.0 2.5 (13.9) 11,3 1.2 [351 
U 3.0 2.5 (16.3) 15.0 1.1 [36] 
U 3.2 5.0 (14.81 12.7 1.2 [37] 
U 3.2 3.0 (15.01 14.8 1.0 [37] 
U 10.0 5.0 (28.0) 27.9 1.0 [38[ 

Fe 4.8 6.3 10.1 6.8 1.5 [151 
Fe 25.0 5.0 (23.0) 20.(1 1.1 [7] 

"Fable 3b 
Measured and calculated energy resolutions for various 
calorimeters employing liquid argon as active material. The 
contributions of electronic noise and calibration errors have 
been subtracted to the measured values. Otherwise they appear 
in parentheses. 

Absorber t [ram] s [ram] o~p [%] o~(}s [%] O~xp/OE(js Ref. 

Pb 1.0 2.0 8.0 5.0 1.6 [391 
Pb 1.2 3.6 (8.5) 5.0 1.7 [40] 
Pb 1.5 5.0 7.5 5.4 1.4 [41] 
Pb 1.5 2.0 8.0 6.4 1.3 [42] 
Pb 1.9 3.0 9.0 6.9 1.3 [43] 
Pb 2.0 5.0 (10.0) 6.5 1.5 [44] 
Pb 2.0 3.0 (10.8) 7.1 1.5 [45] 
Pb 2.0 2.0 9.6 7.7 1.2 [46] 
Pb 2.0 2.0 (10.3) 7.7 1.3 [471 
Pb 2.2 2.0 9.5 7.7 1.2 [48] 
Pb 2.4 2.8 11.2 8.1 1.4 [43] 

U 2.0 1.6 14.0 11.5 1.2 [49] 

Fe 1.0 1.0 2.8 3.7 0.8 [511] 
Fe 1.5 1.5 9.5 4.4 2.2 [511 
Fe 1.5 2.0 6.9 4.1 1.7 [52] 
Fe 1.5 2.0 (7.4) 4.1 1.8 [53] 
Fe 2.0 2.0 6.1 4.9 1.2 [46] 
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Table 3c 
Measured and calculated energy resolutions for various 
calorimeters employing a gas as active material 

Absorber t [mm] s [ram] oex p °EGS %xp/ Ref. 
[%] [%] GEOS 

Pb 1.1 5.0 11.2 14.0 0.8 [54] 
Pb 1.3 12.7 17.0 13.0 1.3 [55] 
Pb 1.4 10.0 14.0 14.0 1.0 [56] 
Pb 2.0 6.0 15.0 18.4 0.8 [57] 
Pb 2.0 3.2 16.0 20.5 0.8 [58] 
Pb 2.8 11.6 17.0 19.5 0.9 [59] 
Pb 2.8 12.4 17.5 19.3 0.9 [60] 
Pb 2.8 9.5 17.0 20.2 0.8 [61] 
Pb 3.0 7.0 24.0 22.0 1.1 [62] 
Pb 5.0 9.0 28.0 27.4 1.0 [63] 
Pb 6.0 2.0 27.0 38.8 0.7 [64] 

the measured energy resolution whenever the informa- 
tion was available (otherwise the measured value ap- 
pears in brackets). In the case of liquid argon readout, 
the main instrumental effects are electronic noise and 
calibration errors. Again these contributions have been 
subtracted whenever possible. 

We estimate the errors in the values calculated from 
our EGS based formula to be about 5% systematic and 
5% statistical (see the discussion in section 5). The 
errors in the measured values have not been quoted 
since the systematic errors, which are dominant,  are 
difficult to estimate and are normally not given. 

The ratios between the measured resolutions and the 
calculated ones are also listed in the tables. In general 
the measured resolutions are worse than the calculated 
ones. We attribute this fact to the instrumental effects 
mentioned before. It is significant that the measured 
energy resolution of calorimeters with a calculated value 
below 10%/x/E- are worse by 50% on the average than 
the calculated value. Of course, these calorimeters are 
mote sensitive to instrumental effects. The case of the 
A R G U S  calorimeter is particularly interesting. With 1 
mm lead and 5 mm scintillator layer thicknesses, it can 
theoretically achieve an energy resolution of 4%/x/~-, to 
be compared with a measured value of 7 % / x / E  [19]. 
However, after careful corrections for photostatistics 
and for energy leakage, a value of 5%x/E is obtained 
[20]. Calorimeters with an energy resolution above 10%/  

are in general well reproduced by the EGS calcula- 
tion. The agreement is typically better than 10%. 

9. The ease of gaseous calorimeters 

Calorimeters with gaseous detectors [4] require a 
special treatment for the following reason: the density 
of gases is smaller by 3 orders of magnitude than the 
density of the solid or liquid materials considered up to 

now as active media. These small densities lead to a 
qualitatively different behaviour of the energy resolu- 
tion. The dominant  fluctuations are no longer the 
fluctuations in the number of crossings, as discussed in 
section 2, but  rather the Landau fluctuations of the 
energy deposited by low energy electrons in each cross- 
ing and the path length fluctuations produced by elec- 
trons trapped in the gas layers. All these fluctuations 
produce a considerable degradation of the energy reso- 
lution in case a purely proportional  mode is used for the 
readout. Attempts have been made to reduce these 
fluctuations, e.g. by operating in the limited streamer 
mode [21] with the aim to suppress Landau fluctuations 
by a saturation in the response of each calorimeter cell. 
This is practically achieved but at the price of losing 
linearity in the response. This type of readout is some- 
times called "digi ta l"  readout [4]. The track length 
fluctuations can also be limited by adding walls able to 
stop low energy electrons. It is obvious that the particu- 
lar readout technique will have a strong influence on the 
energy resolution of gaseous calorimeters. 

From the simulation point of view, the fact that the 
range of delta rays is much longer in gases than in 
solids or liquids adds a new complication. According to 
ref. [22], the range r of low energetic electrons in a 
medium of density p can be approximated by the for- 
mula: 

r = 0.75E 1"72/0 

( r  in cm, E in MeV, p in g / c m  3), E being the kinetic 
energy of electrons. The kinetic energy used as cutoff in 
the calculations reported above was 0.2 MeV, which 
implies a minimum range for electrons in scintillator of 
0.4 ram. This value is in general much smaller than the 
layer thickness considered. In argon gas, a 0.2 MeV 
electron has a range of 25 cm. To obtain a similar 
minimum range of 0.4 mm a cutoff of 20 keV has to be 
used. This is certainly possible at the cost of a consider- 
able increase in the computing time needed for the 
calculations. The necessity of using such low cutoff 
values to simulate gaseous detectors was pointed out a 
long time ago [23]. Fig. 11 shows how the energy 
resolution depends on the cutoff values for a calorime- 
ter with lead as absorber (t = 5 mm) and argon gas 
(s = 5 mm) as active material. For an electron cutoff of 
20 keV (kinetic energy) we obtain a resolution of about 
30%/v~- ,  whereas for the cutoff of 200 keV used in 
previous calculations we obtain 4 2 % / v ~ .  

A fit to the energy resolution of lead-argon gas 
calorimeters using the procedures described in section 5 
and the cutoff value of 20 keV yields the following 
parameters: 

o 0 = 5 . 8 6 + 0 . 3 3 % ,  a = 0 . 5 1 + 0 . 0 2 ,  f l=0 .17_+0 .03 ,  

the radiation length of gaseous argon being 1.1 × 10 s 
mm. In table 3b we compare the measured energy 
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Fig. 11. Electron cutoff dependence of the energy resolution 
for a lead-argon gas calorimeter with t = 5 mm and s = 5 ram. 

reso lu t ion  of  var ious  gaseous  e l ec t romagne t i c  ca lor ime-  
ters using lead as abso rbe r ,  wi th  the  p red ic t ion  of  our  
E G S  based  formula .  We  observe  in this case tha t  in 
genera l  the m e a su r e d  value is smal ler  than  the  p r ed i c t ed  
one.  This  is no t  surpr i s ing  since, as d i scussed  previ-  
ously,  par t  o f  the  energy  f luc tua t ions  can  be  r e d u c e d  by 
an  adequa t e  choice  of  the r eadou t  technique .  

10. Conclusions 

We have s tud ied  the  energy  reso lu t ion  of  e l ec t romag-  
net ic  sampl ing  ca lor imete rs  using the  M o n t e  Car lo  p ro-  
g r a m  EGS4.  We  have found  tha t  for  a b s o r b e r  a n d  
de t ec to r  layer  th icknesses  t and  s, the  f rac t ional  energy  
reso lu t ion  o~/E S, can  be a p p r o x i m a t e l y  desc r ibed  by:  

O s O 0 l S 

E~ V~- 

E be ing  the shower  energy  and  X t a n d  X~ the  r ad i a t ion  
lengths  of  ab so r be r  and  de tec to r  respect ively.  The  o the r  
p a r a m e t e r s  appea r ing  in this formula ,  o 0, a a n d / 3 ,  have  
to be  ad jus ted  to M o n t e  Car lo  data .  W e  have  f o u n d  that  
c~ and  /3 are  r a the r  i n d e p e n d e n t  o f  the dens i ty  and  
charge  n u m b e r  of  the  absorber .  The  p a r a m e t e r  o 0 scales 
wi th  1 / V ~ -  t ,  Z t be ing  the  abso rbe r  charge  number .  
F ina l ly  we have  c o m p a r e d  the  p red ic t ions  of  this M o n t e  
Car lo  based  fo rmula  wi th  exis t ing expe r imen ta l  data .  
G o o d  ag reemen t  is found  in genera l  wi th in  the  l imits  
i m p o s e d  by expec ted  i n s t rumen ta l  effects  in the  ene rgy  
reso lu t ion  m e a su r e m e n t s .  
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