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We investigate the response of an electromagnetic calorimeter using wavelength shifting fibers for the readout. The calorimeter is 
a sandwich of lead and scintillator plates and the fibers are inserted into holes perpendicular to the plates. We study in particular 
light yield, uniformity of response and energy resolution. We also present a Monte Carlo interpretation of our experimental results. 

1. Introduction 

A characteristic of the detectors planned for the 
electron-proton collider HERA [1], presently under 
construction at DESY, is the use of large calorimeters. 
They have to be compact, cover a large solid angle, and 
present a high granularity in the readout. The energy 
and angular resolution of the calorimeter determines to 
a great extent the performance of the whole detector. 

As part of the design studies for the ZEUS detector 
[2] at HERA, we have constructed and tested several 
electromagnetic calorimeter modules with an optical 
fiber readout system, in order to investigate the energy 
resolution, uniformity of the response and photoelec- 
tron yield. Other experimental results on the same sub- 
ject can be found in ref. [3]. 

2. Description of the modules and experimental setup 

Each calorimeter module is a sandwich of 70 lead 
plates and 70 scintillator plates (see a schematic draw- 
ing in fig. 1). The thickness of the lead plates is 2 mm 
and the thickness of the scintillator plates is 5 ram. The 
total size of a module is 19 × 19 x 49 cm 3, the total 
length is 25.8 radiation lengths and the Moh~re radius 
about 6 cm. 

The light produced in the scintillator is collected by 
16 optical fibers connected via a piece of lucite light 
guide to a photomultiplier placed at the rear of the 
calorimeter. These fibers are inserted into 16 holes of 2 
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mm diameter drilled perpendicularly to the plates. We 
used optical fibers [4] of 1.5 mm diameter containing a 
wavelength shifting agent. They consist of a polystyrene 
core (refractive index: 1.59) doped with 400 rag/1 of 
K-27 [5] and a cladding of polymethylmetacrylat 
(PMMA, refractive index: 1.46). The average fiber length 
was 120 cm. We used two scintillator materials, KSTI- 
390 [6] and SCSN-38 [7]. The edges of the plates were 
polished and the plates themselves wrapped in reflective 
aluminum foe  The surfaces of the holes in the scintilla- 
tor were not polished after drilhng. The module 
equipped with the KSTI-390 scintillator will be referred 
to in the following as module A, and the one equipped 
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Fig. 1. A schematic view of a calorimeter module. 
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Table 1 
Description of the modules and summary of the results 

Module A Module B 

Number 
of fibers 16 16 

Diameter 
of fibers 1.5 mm 1.5 mm 

Fiber 
material polystyrene polystyrene 

Fiber K27 K27 
doping 400 mg/l 400 mg/l 

Scintillator KSTI-390 SCSN-38 
Diameter of holes 

in scintillator 2.5 mm 2.0 mm 
Phototube 56DVP XP2011 
o/vrE (13.1+0.8)% (8.6+0.3)% 

(E in GeV) ~(2.2_ 1.4)%v~ ~(1.9±0.5)%~/E 
Method for 

photostatistics grey filter LED 

%h/(E 
(E in G e V )  ( 9 . 0 ± 1 . 0 ) %  (5.6±0.3)% 

Oo,.e, / f f  
(E in G e V )  (9.5_+1.5)% (6.5±0.5)% 

Photoelectrons 
per MeV 0.7±0.2 1.7_+0.2 

with SCSN-38 as module B. Module A had a photomul- 
tiplier Valvo 56DVP and module B an XP2011. Table 1 
summarizes the description of both calorimeters. 

These modules were tested in a DESY test beam 
which provided electrons from 1 to 5 GeV. The 
momentum spread of this beam was found to be at 
most 3% from a measurement with a BGO crystal. The 
modules were installed on a remotely controlled mova- 
ble support allowing the impact point of the incident 
beam on the calorimeter to be varied. The trigger was 
defined with the help of two pairs of crossed scintilla- 
tion counters defining a beam size of 5 × 5 mm 2 at the 
front face of the calorimeter. A veto counter with a 
central hole of 2 cm diameter was used to reject beam 
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Fig. 2. A schematic view of the experimental setup. 

halo particles. The experimental setup in the beamline is 
shown in fig. 2. The photomultiplier signal was in- 
tegrated by a LeCroy ADC 2249A with a gate time of 
140 ns. The ADC output was read into a NORD 
computer and transferred to the DESY IBM for off-line 
analysis. 

3. Linearity and resolution at the center of the module 

We measured the response of the two calorimeter 
modules to incident electrons of 1 to 5 GeV. The main 
results are summarized in table 1. The calorimeter re- 
sponse and resolution as a function of the energy for an 
incident beam at the center of the module are displayed 
in figs. 3a and b. Both modules show a linear response 
with deviations less than 1% for energies in the range 
between I and 5 GeV. 

The measured resolutions suggest an energy depend- 
ence of the type: 

O a 
- - = - - O b  
E 

( ~  means the square root of a quadratic sum). The 
fitted values for both calorimeters are (for E in GeV): 

a = (13.1 + 0.8)%, b = (2.2 + 1.4)% for module A, 

a = ( 8.6 _+ 0.3)%, b = (1.9 + 0.5)% for module a. 

The constant term b is compatible with the beam 
resolution. The parameter a includes mainly the resolu- 
tion of the calorimeter due to sampling fluctuations and 
also the fluctuation due to photelectron statistics. 

The contribution to the resolution due to fluctua- 
tions in the number of photoelectrons released at the 
cathode of the photomultiplier (Oph in table 1) has been 
determined by two different methods. In the first, a 
grey filter is inserted between the light guide and the 
photocathode and the pulse height is consequently re- 
duced by a factor f;  then Oph is determined according to 
the formula: 

%h= v / - 1  ' 

where e 2 and o 1 are the resolutions with and without 
grey filter respectively. In the second method, the pulse 
height of a light emitting diode (LED), mounted in 
front of the tube, is tuned to the same value as the 
calorimeter signal. Under the assumption that the LED 
delivers a stable light output during the measurement 
time, the width of the pulse height distribution directly 
gives %h- Both methods were checked against each 
other, giving compatible results. 

The measured resolutions are: 

oph.---- (9.0 + 1.0)%V~- for module A, 

Oph = (5.6 + 0.3)%V~- for module B. 
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Fig. 3. (a) Linearity and resolution at the center of module A. (b) Linearity and resolution at the center of module B. 

The contribution from sampling fluctuations to the 
resolution can be estimated using the shower Monte 
Carlo simulation program EGS [8]. In this program, the 
secondary electrons and photons are followed until they 
reach some minimum energies, normally 1.5 and 0.1 
MeV respectively, and then all their energy is deposited. 
It turns out that the resolution and average energy 
deposited in the scintillator depends on these cuts (see 
fig. 10a). We have used for these quantities the values 
which follow from extrapolating the cutoff energies to 
zero: o = 5.6%¢E- and 18.9% of the incident electron 
energy deposited in the scintillator. They also corre- 
spond to a semi-infinite medium, but the Monte Carlo 
also predicts for our finite size calorimeter an energy 
leakage of 3.2%, mainly transverse and independent of 
the incident electron energy, and a fluctuation for this 
leakage of 1.3%v/-E (see fig. 10b). The resolution of the 
calorimeter is therefore the quadratic sum of the sam- 
pling and the leakage fluctuation: 

oes s = 5.8%v~ ( E  in GeV). 

If we subtract quadratically the contribution of pho- 
toelectron statistics from the rE- dependent part of the 
measured resolution, we obtain a resolution (ooth, r in 
table 1) of (9.5 + 1.5)%v~ for module A and (6.5 + 
0.5)%¢E for module B. The value for module B is 
compatible with the resolution predicted by EGS; for 

module A, however, an additional contribution is not 
excluded. 

The number of photoelectrons per MeV of deposited 
energy in the scintillator can be calculated from the 
formula %h/E = 1 / ~  and from the result given by 
EGS that the fraction of deposited energy in the scintil- 
lator is 18.3% once leakage is included. We obtain in 
this way 0.7 + 0.2 photoelectrons for module A and 
1.7 _+ 0.2 for module B. We note that the thickness of 
the scintillator plates is such that a minimum ionizing 
particle deposits 0.9 MeV per plate at normal incidence 
and therefore produces 1.5 photoelectrons. 

4. Uniformity of  the calorimeter response 

Module B was scanned with an electron beam of 3 
GeV along three horizontal lines between rows of fibers. 
The results are shown in fig. 4. The calorimeter is found 
to be uniform in response within + 1%, except in the 
proximity of a border where energy leakage becomes an 
important effect. In particular scans along the two 
symmetric lines shown in fig. 4 give the same result 
within statistical errors. 

We have also measured the calorimeter response 
when scanning across two neighbouring fibers in the 
center of the module. The results are shown in figs. 5a 



B. Loehr et aL / Calorimeter with wavelength shifting fiber readout 29 

MODULE B (RELATIVE PULSEHEIGHT} 

1.0 

0.95 

090 

*1 

1.o I ' 
0.95 

I 

I I I E l I I I J I I 

. . . . . . . . . . .  2 

. . . . . . . . . .  1 

. . . . . . . . . .  3 

I , I 
-5 0 

I I ' F 

J I L I 
-5 0 

l I I I I I 

SCAN LINE 1 

t I J i I 
5 d(cm) 

I I I I I i I 
e s ~ N  LINE 2 
~ S ~ N  LINE 3 

O* 

I I I I ; 
5 d (cm} 

Fig. 4. Result of a scan between rows of fibers for module B. 
The normalisation is taken at the center of the module. 

1.0 

13 

1.2 

MODULE A (RELATIVE PULSEHEIGHT) 
I i I I I I I i 

a • • 

e 

J I I I I i t i I 
-4 0 d[cm] 4 

1.C 

MODULE B (RELATIVE PULSEHEIGHT) 
'1 T q 

b 

e 

/ 
-/. 0 d [ c m ]  / .  

MODULE B (relative pulsehei~tht) a 

J ~ A - ~ - - s c a n  line l set up 2" 
............. ~--"~- Jl-center ] fiber2out 

i ~ -  ..__ sc~ line l ~t up 3: 
0:1 ~center /all fibers except 1 

; o u t  

~ scan line'[ set up/..: 
0 -L,I OI I J I /*1 L center J scintillator out 

d [cm] 

MODULE B b 
g(r) i I i I I 1 i I 

l 

0128 .... ,-~--, ..... -~ .......... ~---~?---~ 
/ / 

O 1 0  

0.05 

SETUP 3 : ONLY ONE FIBER IN 
f ( r )=a+b 

r 
g(r)=[f(r)-a] r =b 
a = (1090 
b = 0128 

I I I J I I I 
0 I 5 r[cm] 

Fig. 6. (a) Investigation of the origin of nonuniformities. 
Several setups where one or more fibers are missing are consid- 
ered. The normalisation is taken at the center of the module 
when all fibers are in place. (b) Verification of the 1/r  be- 
haviour of the response close to a fiber. The data correspond to 

the setup 3 of fig. 6a. 

Fig. 5. (a) Result of a scan across two neighbouring fibers for 
module A. The normalisation is taken at the center of the 
module. (b) Result of a scan across two neighbouring fibers for 
module B. The norrnalisation is taken at the center of the 

module. 



30 B. Loehr et al. / Calorimeter with wavelength shifting fiber readout 

and b. One can see that the response at the fiber 
positions is bigger than at the center of the calorimeter. 
The enhancement is of the order of 50% for the module 
equipped with the KSTI-390 scintillator and 20% for 
the one equipped with SCSN-38. All the pulse height 
distributions have been normalised to 1 at the centre of 
the module. Differences at the level of 10% between 
fibers are also observed. 

To investigate the origin of the nonuniform calorim- 
eter response near the fibers we performed scans across 
fiber positions under various conditions using module 
B. Fig. 6a shows the measured response for the follow- 
ing setups: 
1) module equipped with all 16 fibers (same as fig. 5b), 
2) one fiber is pulled out, 
3) all fibers but one are pulled out, 
4) the scintillator plates are removed and only the fiber 

stays in the calorimeter. 
By comparing the results of (1)-(3) one finds that 

the response at the fiber position has the same shape 
independent of the number of fibers in the calorimeter. 
It is very well described by a 1/r  dependence, plus a 
constant term, r being the distance between the impact 
point and the fiber position. In fig. 6b, which displays 
the data of setup (3), it is shown that this dependence 
persists to large distances. At small distances, less than 
1 cm, the shower spread and the beam size produce a 
smearing of this 1/r  behaviour. In setup (4) the contri- 
bution of shower particles creating scintillation and 
Cherenkov light in the polystyrene fiber is determined. 
This contribution to the total signal is found to be 
small. We note also that a small signal enhancement 
persists at a fiber position even when the fiber has been 
pulled out. A possible explanation for this effect is that 
the collected light, coming from late showering inside 
the hole, suffers less attenuation than in the case of 
normal showers. 

5. Effect  of the nonuniformities in the resolution 

The energy resolution of the calorimeter depends on 
the impact position of the beam. We have analysed this 
dependence for module B. At the center of the calorime- 
ter the resolution has a ~ dependence plus a small 
constant term possibly due to a beam effect. At the 
fiber position, not only the average pulse height is 
bigger than at the center but also the distribution is 
broader and exhibits a tail to higher values. This is 
shown in figs. 9a and b. If we try again the fit (see fig. 
7)" 

f f  a 

Gb,  
E 

we find a = 10.3% and b = 5.3%. The constant term is 
now significantly bigger than a possible momentum 
spread from the beam. 
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Fig. 7. Linearity and resolution at a fiber position for module 
B. 

A larger calorimeter built in the same way as our test 
module can be regarded as being composed of succes- 
sive reflections of one quadrant of the square formed by 
the innermost 4 fibers as shown in fig. 8a. This is 
certainly an idealisation since different fiber qualities, 
cracks between modules and other effects also contrib- 
ute to the nonuniformities in a real calorimeter. In order 
to determine the average resolution of such a calorime- 
ter we have performed a scan across the regions 1, 2, 3 
and 4 indicated in fig. 8a with the 3 GeV electron beam. 
Any of these regions is representative of the response of 
the whole calorimeter and differences can only be at- 
tributed to the quality of the fibers themselves. This 
scan proceeded in steps of 5 mm as indicated in fig. 8b. 
The result for the scanned regions and the correspond- 
ing fibers are summarized in fig. 8c. We see in the case 
of fiber 1, for example, that there is a 25% increase in 
the signal at the fiber position with respect to the center 
of the caolorimeter, whereas this increase is only 3% 
averaged over the corresponding scanned region. Fig. 9c 
shows the pulse height distribution averaged over the 
indicated area in fig. 8a. In fig. 8d we show the resolu- 
tion at an energy of 3 GeV after subtracting the resolu- 
tion at the center which is 5.4% at this energy. If we 
assume again an energ, v_ dependence for the resolution 
of the type o / E =  a~ f E  • b, as suggested by the meas- 
urements described previously, and take for a the same 
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value as in the center, this subtraction procedure gives 
directly the constant b. We find for example in region 1 
a constant term of b = 4% in addition to the beam 
effect which is also present at the center. 

We note that a bad quality fiber can create around it 
a more uniform region than the average and then pro- 
duces a smaller constant b; this is the case for fiber 4 
and the reason why the constant b for the average of all 
4 regions is only 2.6%. 

We can conclude from these measurements that the 
resolution of the module B if the impact position is not 
known can be parametrized by: 

O t2 
- - = - - ¢ b ,  

where a --- 10% and b --- 4% in the case where all fibers 
give a 25% increase with respect to the center of the 
calorimeter. It  should be noted that the energy distribu- 
tion is not  a Gaussian but shows a tail due to the 
nonuniformities. In case of non-Gaussian distributions 
we have systematically taken the rms as resolution 
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6. Monte Carlo simulation 

In  order to explain our experimental results we have 
performed a Monte  Carlo simulation. This simulation 
uses the EGS code for shower development and a 
simulation for the light collection by the fibers (see ref. 
[9] for more details). The result of this Monte Carlo 
simulation is a probability for light collected by a single 
fiber of the type: 

p ( r ) = a +  be-r/Xs ( r > r 0 ) ,  
r 
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Fig. 8. (a) Position of the four scanned regions inside the 
calorimeter. Any of them is representative of the whole 
calorimeter response. (b) A detail of the scan for region 1. This 
scan proceeds in 25 steps. (c) Response of the calorimeter in 
the four scanned regions and on average. The signal is normal- 
ised to the value at the center of the calorimeter. (d) Resolution 
of the calorimeter in the four scanned regions and on average. 
The quoted values result after subtracting quadratically the 
resolution at the center of the module ( e  means a quadratic 

subtraction). 

where r is the distance between the fiber and the point 
where light is produced, r 0 is the hole radius and X s is 
an effective attenuation length of light inside the scintil- 
lator (As = 80 cm for SCSN-38). The parameter a can 
be interpreted as the contribution of  light reaching the 
fiber after one or more reflections at a lateral surface of 
the plate,.whereas the b term is the contribution of light 
reeaching the fiber directly. The parameter b depends 
only on geometrical quantities like the hole radius r0; 
for r 0 = 1 mm we obtain b = 1.17% ( r  in cm). However, 
a depends both on the reflectivity R at the surface of 
the plate and on As; this dependence is shown in fig. 11. 
The 1 / r  behaviour of light collection by a single fiber is 
in agreement with our data  (see figs. 6a and b). The 
Monte  Carlo simulation can in fact reproduce the data 
of  fig. 6a with a = 0.6% and assuming a uniform beam 
spot of 4 x 4 mm 2 (see fig. 12a). It includes also the 
contribution from particles hitting the fibers. This con- 
tribution w a s  tuned in order to reproduce the data of 
setup 4 in fig. 6a. 

When we go to the 16-fiber case, the parametrisation 
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for the l ight probabi l i ty  is: 

P =Pof (Po) ,  

with  

i=1 r/ 

f is a funct ion which can be  found in ref. [9] and  
accounts  for the screening between fibers; a and  b are 
the same as in the one-f iber  case, and  r~ is the distance 
to hole i. Each fiber has  a weight w~; for practical  
purposes  we will take w i -- 1 for all fibers. As a conse- 
quence each fiber will get a different a parameter .  The 
module  B da ta  (see fig. 5b) can be reproduced with the 
same parameters  as for the one-f iber  case by  simply 
tuning the a pa ramete r  (see fig. 12b). The left f iber 
response is reproduced with a = 0.30% and the right 
f iber with a = 0.57%. These results suggest big dif- 
ferences in the response of individual  fibers. 

We can calculate as a funct ion of a the response at  a 
f iber posi t ion Pf, at the center  of the calorimeter  Pc, 

and  for the average Pa, with  the associated resolutions 
of, o c and %. These quant i t ies  are plot ted in fig. 13. 
The resolutions are the cons tant  terms obta ined  after 
fit, in the same way as for the data. The Monte  Carlo 
predic t ion for a = 0.5% is Pf/Pc = 1.22, PJPc  = 1.02, 
o t /P  t = 5.5% and oa/P a = 2.5%. All these values are in  
agreement  with  our  data. We can also observe that  the 
cons tan t  te rm in the resolution for the average signal, 
oa/Pa, falls below 1% only for very h igh values of a. We 
also note tha t  smaller values of )~s mean  also smaller 
values of a and  therefore higher  values of Pf/Pc; this 
explains why module  A is less un i form than  module  B 
since X s is smaller for KSTI-390 t han  for SCSN-38. 

It  is also possible to include in the Mon te  Carlo 
s imulat ion the a t t enua t ion  length )~f along the fibers. 
We introduce in this way a new cons tan t  term in the 
resolut ion and  deviat ion from linearity. These devia- 
tions, after a l inear fit in  the range between 1 and  5 
GeV, are smaller than  2% even for values of hf  as small  
as 40 cm (see fig. 14a). In  fig. 14b the dependence of the 
cons tan t  term as a funct ion of X f is shown. Our  data  
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Average value and fluctuation of the leaked energy given by 

EGS as a function of the incident electron energy. 
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Fig. 12. (a) Comparison between the data and the Monte Carlo 
prediction for the 1-fiber calorimeter. The data correspond to 
setups, 3 and 4 in fig. 6a. (b) Comparison between the data and 
the Monte Carlo prediction for the 16-fiber calorimeter. The 

data correspond to setup 1 in fig. 6a. 
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Fig. 13. Monte Carlo prediction for the signal at center, at a 
fiber position and on average (Pc, Pt, Pa) and the correspond- 
ing constant terms in the resolution (o¢, of, %) as a function 

of the a parameter. 

Fig. 11. Dependence of the a parameter on the reflectivity at 
the surface of the plate R and on the attenuation length of 

light in the scintillator )~s. 
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Fig. 14. (a) Monte Carlo prediction for the deviations from 
linearity due to the attenuation length X r along the fibers. (b) 
Monte Carlo prediction for the constant term in the resolution 

due to the attenuation length ~, ~ along the fibers. 

for module B are compatible with a value of h f greater 
than 60 cm; if ht is greater than I m, the constant term 
falls down below 1%. 

photoelectrons per minimum ionising particle and plate). 
However, the presence of fibers leads to nonuniform- 

ities in the response of calorimeter from a geometrical 
origin (the response varies like 1 / r  plus a constant, 
where r is the distance to the fiber). If the impact 
position at the calorimeter surface is not known, these 
nonuniformities translate into a constant term in the 
expression of o / E  which is of the order of 4% for the 
test module considered. This constant term will 
dominate the resolution for electrons above 6 GeV. 
Additional contributions to this constant term due to 
boundaries or a nonuniform fiber density are also ex- 
pected in a calorimeter as proposed in the ZEUS letter 
of intent [2]. 
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7. Conclusions 

We have tested an electromagnetic calorimeter of the 
lead-scintillator sandwich type with fiber readout. We 
have considered two scintillator options: KSTI-390 and 
SCSN-38. We used for both options 16 polystyrene 
fibers doped with K27 in a concentration of 400 mg/1. 

The best resolution is achieved with the calorimeter 
equipped with SCSN-38 scintillator. This resolution is 
o = 8.6%v/E at the center of the calorimeter, corre- 
sponding to 5.8%V~- from sampling fluctuations and 
5.6%viE - from photostatistics. This combination satisfies 
the requirement of providing enough light (about 1.5 
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