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A detailed investigation is described of the photon production and transport in lead scintillator shower counters with wavelength 
shifter readout built for the ARGUS detector. Experimental data and Monte Carlo calculations are in good agreement. The most 
prominent effects due to the light collection system are small nonlinearities in the relation between deposited energy and pulse height 
and an energy dependent decrease of the energy resolution of the counters. 

1. Introduction 

The A R G U S  detector, set up at the electron-posi t ron 
storage ring DORIS  at DESY, uses a modularized 
lead/scint i l la tor  shower counter to detect electrons and 
p h o t o n s .  The  e x p e c t e d  p e r f o r m a n c e  of  this 
e lec t ron /pho ton  calorimeter, as derived from test mea- 
surements of the counter modules, has been described in 
earlier publications [1-3]; typical energy resolutions of 
7%/~ /E  and detection thresholds as low as 10 MeV 
were achieved. 

Both the very fine sampling of showers, which is 
required in order to obtain such a performance, and the 
high degree of modularity of the calorimeter rely on the 
use of fluorescent radiation converters for the collection 
of scintillation light [4,5]. 

The method is illustrated in fig. 1. One side of a 
shower absorber, consisting of a stack of alternating 
layers of lead and scintillator, is covered with a lucite 
light guide doped with the fluorescent BBQ. The blue 
scintillation light leaves the scintillator plate at one 
edge, crosses a small air gap and enters the BBQ doped 
lucite light guide. It is then absorbed by the BBQ and 
reemitted isotropically as green light. A certain fraction 
of this reemitted light is trapped in the light guide and is 
transported to a phototube. 

The aim of this investigation was twofold: first, it is 
known experimentally [3], that about 1.5 photoelectrons 
are produced at the cathode of the photomultiplier  per 
MeV energy deposited in the calorimeter. The compari- 
son of this number with the " theoret ical"  prediction 
allows to judge whether the calorimeter works as fore- 
seen, or whether there are additional light losses due to 
imperfections in the material, of the surfaces, or due to 
tolerances in the assembly. Second, the efficiency of 
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light collection varies over the sensitive volume of a 
calorimeter module. In order to correct for this effect, 
and hence to optimize the algorithms for reconstruction 
of particle energies and impact points, a detailed map of 
the collection efficiencies is required. 

In this paper, we will present a quantitative descrip- 
tion of the process of light production and -collection. 
Based on measurements of the relevant material param- 
eters, a Monte Carlo simulation of the system of scintil- 
lator plates, wave-length shifter, and light guide was 
developed. Results of this model are compared to the 
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Fig. 1. Collection of scintillation light with a wavelength shifter 
bar: 
Naphthalene (Na) : primary scintillator emitting UV light; 
PBD : wavelength shifter UV-blue; 
BBQ : wavelength shifter blue-green. 
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measured efficiencies of light collection, and their im- 
pact on linearity and energy resolution is discussed. 

The paper is organized as follows: in section 2 we 
review the design of the calorimeter modules. Section 3 
summarizes the measurements of material parameters, 
the numerical simulation of light transport, and the 
derived result for the mean number of photoelectrons. 
In section 4, the "efficiency map", and the implications 
of nonuniformities on the response of the shower coun- 
ters are discussed. In section 5, time-of-flight measure- 
ments using the shower counters are described. A 
summary is given in section 6. 

2. The lead/scinti l lator counter modules 
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Fig. 2 shows a schematic view of one of the shower 
counter modules used in the A R G U S  "barre l"  shower 
detector. Each module consists of two stacks of alternat- 
ing plastic scintillator plates [6] and lead plates of 5 mm 
and 1 mm thickness respectively. The lead- and scintil- 
lator plates are separated by aluminized mylar foils with 
98% reflectivity. The two stacks are read out separately 
via two wavelength shifter bars of 3 mm thickness [7] in 
the middle of each module coupled to 1" photo tubes [8] 
via adiabatic light guides [9]. The wavelength shifters 
are carefully shielded from each other by an aluminized 
mylar foil in order to eliminate crosstalk. A 0.3 mm 
nylon thread maintains the air gap between absorber 
stack and wavelength shifter. The whole module and the 
light guides are wrapped in aluminum foil (85%-90% 
reflectivity). The front end of the wavelength shifters is 
covered by an additional mylar foil. The mechanical 
stability of the module is provided by four layers of a 
special black thermal shrink tubing [10]. This procedure 
guarantees that the aluminium foil lies everywhere close 
to the edges of the scintillator and wavelength shifter 
plates. 

All edges of the wavelength shifters and of the light 
guides were carefully machined and polished, but the 
scintillator plates were left unpolished. Earlier tests have 
shown [2], that polishing the edges gives no sizeable 
improvement in light output or homogeneity. This can 
be understood, since an unpolished edge backed up by 
aluminum foil more or less acts like diffuse reflector. 
Keil [4c] has shown that for the readout of scintillator 
plates (refractive index - 1.5) via an air gap both dif- 
fuse and specular reflectors of reflectivities around 
0.8-0.9 give the same light output. 

The length of the wavelength shifter bars exceeds the 
length of the absorber stack by about 2 cm. This feature 
offers two advantages: first, a quartz fiber cable can be 
installed at the rear end of the counter in order to 
supply a calibration pulse from the laser monitoring 
system (fg. 2) [11]; since this light is coupled into the 
wavelength shifter, the connection between shifter bar 
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Fig. 2. Construction of a ("parallel") shower counter module: 
One module contains two stacks of lead- and scintillator plates, 
which are read out separately via two wavelength shifters. All 
edges are taped for extra protection. (a) Front end view. (b) 
rear end with light guides and monitor input. 

and light guide is tested as well. Second, the emission 
and absorption spectra of BBQ slightly overlap. There- 
fore photons within the overlap region are reabsorbed 
within a few centimeters, and give rise to a strong 
variation of light output with the distance from the light 
guide [4c]. In our case, the last centimeters of the 
wavelength shifter, which are not irradiated by scintilla- 
tor light, act as filter smoothing the attenuation curve 
[4c]. 

In the A R G U S  barrel shower counter, two types of 
calorimeter modules are used: in azimuth (q)) modules 
like the one shown in fig. 2 (the so-called "paral lel '  
calorimeter modules) alternate with wedge-shaped mod- 
ules (fig. 3). The use of two different types of modules 
(instead of one standard wedge module) is unavoidable, 
since the support structure has to be filled from the 
inside of the detector [12]. 
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Fig. 3. Calorimeter modules used in the ARGUS "barrel" 
shower counter: "wedge" (a) and "parallel" (b). The coordi- 
nate system refers to the standard ARGUS coordinates: z is 
along the beam axis, r and ~ are the radial and azimuthal 
coordinates, respectively. (c) Coordinate system used to de- 
scribe the efficiency of photon collection, section 4. 

Table 1 
Dimensions of calorimeter modules. 

Type "Parallel . . . .  Wedge" 

No. of lead plates 64 64 
No. of scintillator 

plates 64 64 
Thickness of lead 

plates (mm) 1 1 
Thickness of scintillator 

plates (mm) 5 5 
Length of entire 

stack (mm) - 390 - 390 
Length of entire 

stack (X0) 12.4 12.4 
z-extension of 

plates (mm) 103.4 103.4 
¢p-extension, first 

plate (mm) 108.7 69.9 
(p-extension, last 

plate (mm) 108.7 147.1 

Further information on the calorimeter modules is 
given in refs. 3 and 13. 

3. Efficiency of light collection 

In the following paragraph the expected number of 
photoelectrons produced at the photocathode of a pho- 
tomultiplier attached to the light guide of a parallel 
module will be calculated. 

For  a given amount E 0 of energy deposited 
somewhere in a scintillator plate of a calorimeter mod- 
ule, the mean number of photoelectrons is 

Nphotoel = cEo, 

where 

= T , ( x , ) . A , ( x , )  

× w(x,, x2)-T2(X~). S(X~), (l) 

with 

E()~I) 
T,(Xl) 

AI(~ . I )  

: scintillator emission spectrum; 
: probability for light transmission from the 

production place in the scintillator via the 
air gap into the wavelength shifter; 

: probability that scintillator light is ab- 
sorbed in the wavelength shifter; 

W(Xi, ?~2) : probability of emission of ~k 2 by the BBQ 
after absorption of a photon ~1; 

T2(2~2) : probability for light transmission to the 
photomultiplier;  

S(2~2) : quantum efficiency of the photomultiplier. 
E(XI):  The shape of the scintillator emission spec- 

trum was measured using a Jar re l -Ash  monochromator.  
In order to obtain the required intensities, the scintilla- 
tor was excited by UV-light from a mercury-cadmium 
lamp. The apparatus was calibrated using the known 
[14] spectra of sodium salicylate and fluoranthene. The 
resulting spectrum is shown in fig. 4a; typical errors are 
+ 5  nm in X and _+2.5% in the intensity. As compared 
to the emission spectra of pure PBD [14], the maximum 
of emission is shifted by 30 nm. This shift is likely to be 
caused by chemical effects due to the comparatively 
high concentration and due to the other additives. To 
determine the normalisation of E, i.e. the absolute pho- 
ton yield per MeV deposited energy, a small piece of 
scintillator was coupled directly to a photomultiplier, 
and was excited by minimum ionizing particles. The 
number  of photoelectrons seen was determined from 
comparison with a light emitting diode reference spec- 
trum, assuming that the width of the Gaussian LED 
peak is proportional  to 1 / ~ - e h . e c ,  and taking into 

account the additional fluctuations in the first photo- 
multiplier stages. Using the calculated geometrical ef- 
ficiency of light collection, the average quantum ef- 
ficiency of the photomultiplier as derived from the 
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Fig, 4. (a) Spectrum of scintillator emission. (b) Absorption 
coefficients of scintillator material vs. wavelength. 

measured spectrum, and known cathode sensitivity [8], 
the mean number  Nsc 

N~ = (2050 _+ 300) photons /MeV (2) 

of photons per MeV energy deposited in the scintillator 
was obtained. 

T1(~1): The coefficient Tj depends on the geometri- 
cal probability, that a photon leaves the scintillator 
plate at the side of the wavelength shifter, and on the 
absorption length in the scintillator. Using a well col- 
limated light beam, and scintillator blocks of different 
length, the absorption coefficients were measured (fig. 
4b). The Monte Carlo method was used to determine T I 
by tracking a large number  of photons, with a spectrum 
shown in fig. 3, which were assumed to be emitted 
isotropically, yielding 

{T~> = (0.18 + 0.03). (0.96 + 0.01) = 0.17 + 0.03, (3) 

averaged over a scintillator plate. The first term in eq. 
(3) accounts for the transport up the surface of the 
wavelength shifter, whereas the second term describes 
reflection losses at the surface. The large error in eq. (3) 
results from the uncertainty in the treatment of light 
reflection at the unpolished edges of the scintillator 
plates. 

AI(Xj):  The absorption of scintillator light in the 
wavelength shifter was measured (fig. 5) by comparing 
light transmission through the wavelength shifter and 
through a similar plate of plexiglass, thereby eliminating 
the effect of reflections at the surfaces. From the data 
shown in figs. 4a and 5, the overlap between scintillator 
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Fig. 5. Absorption of light in the wavelength shifter, and proba- 
bility for reemission vs. wavelength of the incident light. For 
comparison, the emission spectra of scintillator and BBQ are 
included. 

emission and BBQ absorption can be calculated to be 
(0.75 _+ 0.04). The distortion of the scintillator spectrum 
due to the wavelength dependence of its absorption 
coefficient has been accounted for. 

WOW, X2): For the determination of the conversion 
efficiency, a monochromatic light source was used to 
excite a small wavelength shifter plate directly coupled 
to a photomultiplier. The beam intensity was monitored 
via a beam splitter by a second photomultiplier, whose 
gain relative to the first one was known. With the 
measured BBQ emission spectrum (fig. 5), the known 
photocathode efficiencies, the absorption probability A~ 
and the geometrical efficiency for light collection in the 
WLS-probe, the ratio of photon numbers in the beam 
and after the reemission can be determined. It is plotted 
in fig. 5, as a function of the wavelength of the exciting 
light. In addition to the errors shown in fig. 5,the 
reabsorption of photons in the overlap region between 
BBQ emission and -absorption introduces systematic 
effects. Due to the small size of the probe, however, this 
effect is expected to be almost negligible. 

In the determination of W, the following assumption 
was made 

W(~kl '  •2) = U ( X l ) '  V(X2), (4)  

i.e. the shape of the emitted spectrum is independent of 
the incident photon's wavelength. Explicit measure- 
ments have shown, that this is a reasonable approxima- 
tion for X~ < 425 - • - 450 nm, and it will be kept in all 
following calculations. Obviously, this introduces an 
incorrect treatment of photons in the tail of the scintil- 
lator emission spectrum; but since these photons any- 
how are not likely to be absorbed, the error due to this 
approximation is negligible. Weighted with the spec- 
trum of scintillator emission and BBQ absorption, a 
mean conversion efficiency of (0.76 _+ 0.09) is obtained. 

~ ( X l ) :  Similar to the determination of T I, T 2 was 
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obtained by a Monte  Carlo simulation of photon tracks 
in the wavelength shifter and in the adiabatic light 
guide. In order to account properly for the possible 
absorption of light in the wavelength shifter, the wave- 
length dependence of BBQ-emission and absorption was 
included. We used the emission spectrum shown in fig. 
5. The absorption coefficients in the WLS were taken 
from [5c], and corrected for a BBQ-concentration of 120 
mg/1. For a wavelength larger than - 4 7 0  nm, a con- 
stant absorption length of - 180 cm was used, as ex- 
trapolated from other measurements [4f]. 

The aluminum wrapping of the WLS was treated as 
a specular reflector with reflectivities of 0.85 at the 
sides, and a reflectivity R between 0 and 1 at the front 
end. The latter uncertainty is due to the fact that the 
construction of the shower counters sometimes allows 
for a small air gap between the front end of the WLS 
and the plexiglass front plate. In such a case, most of 
photons reflected back at the front-end mylar foil will 
miss the WLS. This uncertainty is included in the errors 
given below. 

Furthermore it was assumed, that photons leaving 
the WLS towards the lead/scint i l la tor  stack are lost. All 
results however are fairly insensitive on these assump- 
tions, except for the front-end reflectivity R. 

The six fingers of the adiabatic light guide were 
simulated as straight pieces of plexiglas. Since the bend- 
ing radius of the strips is large compared to the strip 
thickness; additional losses should not exceed 10% [15]. 
The transmission of light through the light guide was 
measured to be homogeneous within 3%. Further details 
will be given in section 4. For the average T 2 one 
obtains 

T 2 (0.25 __ 0.03).  (0.95 + 0.05) = (0.24 + 0.03). (5) 

The first term refers to the collection efficiency as 
derived from the Monte  Carlo model, the second term 
accounts for losses in the non-ideal light guide. 

S(~2): From the integral over the photon spectrum, 
weighted with the quantum efficiency [8] of the Cs -Sb  
photocathode, a mean conversion efficiency for photons 
of 

S = (0.12 + 0.01) (6) 

is obtained. From the evaluation of eq. (l), we therefore 
predict a yield of 

c = (5.7 + 1.7 pho toe lec t rons ) / (MeV deposited energy). 

This result can be compared to the number of photo- 
electrons produced by an electromagnetic shower. In 
ref. 3 (1.5 + 0.3) photoelectrons per MeV energy of a 
primary electron hitting a shower counter were ob- 
served. Since for electromagnetic showers roughly 30% 
of the primary electron energy is deposited in the 
scintillator [3], this corresponds to (5 +_ l) photoelec- 
trons per MeV in the scintillator. This number is in 
good agreement with the result of the present study and 

proves that the light production and collection proper- 
ties of the shower counters are quantitatively under- 
stood. 

4. Response of the calorimeter to electromagnetic showers 

The efficiency of light collection, as derived in sec- 
tion 3, refers to the production of scintillation light at a 
fixed place in the absorber stack; the final result has 
been averaged over the entire active volume of a mod- 
ule. Detecting electron- or photon showers, we face a 
somewhat different situation: the energy deposition in a 
shower creates a number of distributed light sources. 
Let ~(x, y, z) be the energy deposition per unit volume 
of scintillator. Then we have 

= f d x d y d z , ( x , y ,  z ) .8 (x , y ,  z), (7) Upho,oe, 

with the efficiency ~ as defined in section 3. For  def- 
initeness, choose x , y ,  z as shown in fig. 3c, and con- 
sider a shower whose axis in parallel to z. Any depen- 
dence of c on x and y means that the response of the 
calorimeter is nonuniform and depends on the impact 
point of a particle. Any z-dependence of ~, on the other 
hand, introduces nonlinearities in the energy calibration 
of the shower counter, since the shape of the longitudi- 
nal profile of a shower, 

= f d x d y S ( x , y ,  z) (8) 8 ( z )  

changes with the energy E of an incident particle, and 
correspondingly the weighted mean efficiency ( c )  

f dxdydz~(x, y, z ) .6(x ,  y, z) 
( c )  (9) 

f dxd ydzS(x,  y, z) 

becomes a function of energy. The variation of ( c )  is 
relatively small, and can be neglected in considerations 
such as presented in section 3; nevertheless it is an 
important  effect in high-precision energy measurements 
with a shower detector. 

Furthermore, a nonuniformity of c produces a de- 
terioration of the effective energy resolution, since any 
fluctuation in the development of a shower is im- 
mediately translated into a fluctuation of (c ) .  

Before going into a detailed discussion, let us recol- 
lect the limits beyond which inhomogeneities in the 
light collection start to harm the energy resolution of 
the calorimeter. Obviously, the effect is most critical at 
high energies, since there the resolution limit due to 
sampling fluctuations is small; all energy-independent 
contributions gain in importance. At the top energy of 
D O R I S  II of 5 GeV to 6 GeV, the resolution of a 
counter module is about 3.5-4% rms [3]. Consequently, 
light collection becomes a critical factor, once the rms 
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f luctuat ion of ~, measured in the region of the counters 
where the energy deposi t ion is high, i.e. in the first half  
of a stack, exceeds this value. In fact, the observat ion of 
irregularities in the energy cal ibrat ion and in the energy 
resolution led us to a detailed study of the optical 
system. 

~(x , y ,  z) has been determined experimental ly by 
irradiat ing the scintillator at a well defined posit ion by 

high-intensi ty beta-source, and  measuring the dc anode 
current  of the photomult ipl ier .  

In order to reduce the n u m b e r  of measurements ,  and  
to simplify the presenta t ion of data,  we assumed the 
t ranspor t  efficiency of scintil lator light can be factorised 

a s  

~ ( x ,  y,  z) = , l ( x , y ) " q E 2  ( Z ) .  (I0) 

The term (i describes the transport of photons from the 
place of production in the scintillator to the wavelength 
shifter, and the term ~2 represents the collection of 
photons in the wavelength shifter. This type of factoris- 
ing is exact provided that the efficiency of transport in 
the wavelength shifter does not depend on the trans- 
versc coordinate x of the point at which a blue photon 
hits the wavelength shifter. Geometrical considerations 
suggest such a behaviour. Experimentally, eq. (I0) was 
approximately fulfilled, deviations occur at the I-2% 
level and arc negligible. 

el: fig. 6 shows the dependence of c I on x (coordi- 
nate parallel to the wavelcngth shifter surface) and y 
(distance from the wavelength shifter), for a scintillator 
plate of a parallel module. As expected, the x-depen- 
dence is weak (- 3% rms) and just below the critical 
limit. 

The y-dependence  is much  stronger ( -  11% rms), 
and  has to be corrected in practical applicat ions using 
the reconstructed impact  posi t ion of a particle [3]. ~ has 

also been calculated by Monte  Carlo tracking of pho- 
tons, the results are included in fig. 6 as full lines. The 
absolute  efficiency values given by the r ight-hand scale 
refer to the Monte  Carlo and  describe the t ransport -  
probabi l i ty  up the wavelength shifter surface. The slight 
discrepancy between Monte  Carlo and data  at y - 0  
p robab ly  results from the t ransmission and conversion 
of pr imary UV-light to the wavelength shifter, which 
was not  considered in the Monte  Carlo calculation. 

Since ~l depends somewhat  of the size of a scintilla- 
tor plate, it differs for the various plates in a wedge 
module  (see table 1). According to the Monte  Carlo 
simulation,  the max imum value of ~l increases from 
17.3% for the first (small) plate to 18.0% for the last 
(large) plate. This variation, however, corresponds to a 
l%rms  change in c I and  is negligible. 

c2: The result of a Monte  Carlo calculat ion of ~2(z)  
is presented in fig. 7, for bo th  parallel and  wedge wave 
length shifters, and for reflectivity 1 of the external 
reflector at the end of the wavelength shifter opposite to 
the light-guide. The two types are seen to behave drasti- 
cally different. Whereas  the wavelength shifter of a 
parallel module  exhibits a very smooth and ahnost  
cons tant  efficiency in the critical region around the 
shower maximum, the efficiency of the wedge wave- 
length shifter has a p ronounced  z-dependence.  

The model can be used to trace the origin of the 
difference between parallel and  wedge wavelength 
shifters. The major  differences arise in the losses at the 
y z sides, and in the losses in the light guides. The 
explanat ion is simple: in the wedge wavelength shifter, 
each reflection of pho tons  at the y - z  sides leads to an 
a l ignment  of pho tons  along the z-axis, thereby reducing 
the mean pa th  length and the n u m b e r  of reflections, and 
hence the losses. On the other  hand,  pho tons  which are 
t rapped in a wedge wavelength shifter by total reflec- 
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Fig. 6. Efficiency o f  l ight transport in a scinti l lator plate: 
shown is the efficiency of light transport from a production 
place in the scintillator to the surface of the wavelength shifter 
bar. (a) As a function of the distance y from the wavelength 
shifter. Circles refer to data obtained using a high intensity 
source and measuring the mean dc anode current, square points 
denote the peak of the pulse height distribution by minimum 
ionizing particles. (b) As a function of the coordinate x, at a 
distance of 5 cm from the wavelength shifter. 
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Fig. 7. Efficiency of light transport in the wavelength shifter: 
Result of a Monte Carlo calculation of the efficiency for light 
transport from the place of reemission in the wavelength-shifter 
bar to the photocathode, as a function of z: O parallel coun- 
ters. • wedge counters. For comparison, the longitudinal pro- 
file of the energy deposition by a 1 GeV electron shower is 
included. 
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tion, are not necessarily also trapped in the light guide; 
therefore the losses in the light guide are larger in the 
wedge counters for photons produced close to the be- 
ginning of the light guide. 

Do these imperfections of the light collection system 
provide a quantitative explanation for the measured 
deviations from homogeneity and linearity of the shower 
counters? Consider first the spatial homogeneity. Fig. 8 
shows the mean pulse height as a function of the impact 
position for 32.5 MeV electrons [3]. The direction of the 
electrons coincides with the z-axis. The beam was 
scanned in x-direction from the wavelength shifter of 
one module across the gap between two counters to the 
wavelength shifter of the next module. 

The response of the calorimeter is seen to vary by 
30%. These experimental results are compared to model 
predictions. They were obtained by integrating the 
lateral energy deposition in electromagnetic showers 
weighted with the efficiency q .  In agreement with mea- 
surements, c 1 was assumed to factorize as 

' I (  x '  Y ) = ' I x (  x ) " ' l y ( Y  ),  (11) 

with cnx,y as displayed in fig. 6. The result is included in 
fig. 8 (full line). Slight discrepancies close to the wave- 
length shifters are probably due to shower particles 
generating Cherenkov-light in the wavelength shifters, 
an effect not included in the simulation. 

As already mentioned, the z-dependence of c 2 will 
introduce nonlinearities of the energy dependence. In 
order to simulate this effect, ( c )  has been calculated for 
different energies. For 8(z)  a parametrisation based on 
results from the EGS Monte Carlo code [16] was used 

6( t )=AtO.561nE+, .92  e 0575, (12) 

t = z / X  o ( E  in GeV, X 0 = radiation length). 
Fig. 9a shows @ )  vs. energy for parallel and wedge 

counter modules. For  the wedge modules @)  decreases 
with energy, whereas the parallel modules show the 
opposite behaviour. 

Besides the efficiency changes, another effect in- 
troduces nonlinearities: due to the finite length of the 
counters, the losses due to longitudinal leakage increase 
with energy; fig. 9a includes a curve demonstrating this 
effect. The leakage losses tend to increase the nonlinear- 
ity of wedge counters, whereas for parallel modules 
effects of light collection and leakage partly cancel; the 
resulting net nonlinearities are shown in figs. 9b and c, 
and are compared with data from recent calibration 
runs at DESY. In the energy range required for A R G U S ,  
50 M e V < E <  5 GeV, typical nonlinearities in the 
uncorrected calorimeter data will be about - 4 %  to 1% 
for the parallel, and slightly larger (10% to - 1%) for the 
wedge modules (always normalized to 3 GeV electrons). 

The influence of the z-dependence of photon detec- 
tion efficiencies on the energy resolution of the counters 
can be understood on the bases of a simple model: in 
earlier papers [2,3] it was argued that the energy depen- 
dence of the normalized energy resolution a l E  results 
from an interplay of two components.  Sampling fluctua- 
tion and photoelectron statistics behave like occ I / ~ E ,  
yielding offE = const. = 6.5% at low energies [3]. In 
addition, fluctations in the containment of showers in 
the calorimeter have to be considered. In a very crude 
approximation, the dominant  contribution due to 
leakage at the rear end of a module is given by 

A E  = A t ( d E / d t ) l , o ,  (13) 

where ( d E / d t ) l , o  is the mean energy deposition per 
radiation length at the end t o of the absorber, and 
A t = 1 rad. length is the fluctuation of the shower center 
[2]. The physical idea behind formula (13) is that de- 
pending on the position of the first conversions in the 
shower, the whole cascade moves forward or backward 
within the absorber. If we neglect the weak energy 
dependence of the shower profile, eq. (13) results in an 
energy independent contribution to the relative resolu- 
tion: 
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Fig. 8. Mean pulse height visible in a calorimeter array as a 
function of the impact position of the 32.5 MeV electron beam 
[3] compared to the simulation based on the efficiencies shown 
in fig. 6. 

A E / E  = A t f (  t)[,o = 2.5%, (14) 

with ( d E / d t )  = E f ( t ) .  Since the resolution limit due to 
sampling fluctuations becomes smaller and smaller as 
energy increases, eq. (14) finally dominates, and we 
obtain ov/E cc ~ .  

Especially for wedge counters, however, also the 
mean efficiency for photon collection changes with the 
shower position, and generates a third contribution to 
the energy resolution 

dNphotoel 
Nphotoel ( l / @ ) ) -  ( d ~ / d t ) - d t ,  (15) 

( N p h o t o e  I = number of photoelectrons). 
Taking the average d c / d t  in the region of the shower 
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Fig. 9. Nonlinearities: Contributions to nonlinearities in the energy calibration of the shower counters; shown is always lhe amount of 
light seen by the photomultiplier per unit incident energy. All curves are normalized to 1 at E 0 = 3 GeV. R = 0 and R = 1 refer to 
wavelength shifters without and with front end specular reflectors, respectively. (a) Energy dependence of the efficiency for light 
collection "parallel" counters: area labeled "P",  "wedge" counters: area labeled "W".  Also included: energy dependence of the 
fraction of energy deposited in the calorimeter module (curve labeled "S"). (b) Resulting nonlinearities for parallel counters. (c) 
Resulting nonlinearities for wedge counters. Areas "P"  and "W" are derived using analytical expressions for the average shape of 
electromagnetic showers, and exploiting the measured efficiency of light collection (fig. 7). Circles and squares refer to measured 
nonlinearities based on 640 final calorimeter modules, and on 36 prototype counters, respectively. 

m a x i m u m  ( t  -- 4), and  A t = 1, we get 

dNphotoel 
Uphotoe, = 1.2% (16) 

for  wedge  modules .  

Fo r  paral lel  modules ,  the  effect  is negligible,  and  
even  tends  to c o m p e n s a t e  the effects  o f  leakage. If we 
cons ide r  the  processes  as stat is t ical ly i n d e p e n d e n t  (which  
is p r o b a b l y  no t  fully legi t imate  for  the la t ter  two), the 
effect ive reso lu t ion  is given by  the quadra t i c  sum of  the 

three  terms.  The  x - d e p e n d e n c e  of  q can be neglec ted  in 
this  context ,  s ince da ta  refer  to m e a s u r e m e n t s  for f ixed 
impact ,  and  since mos t  of  the  energy is depos i t ed  close 
to the shower  axis. 

Fig. 10 shows  the measu red  no rma l i zed  energy reso-  
lu t ions  for paral lel  and  wedge  modules .  The  values 
s h o w n  rep resen t  averages  over  640 counters ,  and  refer  
to the o ob t a i ned  f rom a Gaus s i an  fit to the d i s t r ibu t ion  
of  pulse  heights .  On ly  da t a  wi thin  _+ 1o a round  the  mos t  
p r o b a b l e  value were  cons ide red  for  the  d e t e r m i n a t i o n  of  
the  widths .  
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Fig. 10. Energy resolution: Normalized energy resolution oTrE 
of parallel and conical modules, averaged over 640 counters 
each. The values were obtained from a Gaussian fit _+ lo 
around the peak of the pulse-height distribution. The full lines 
refer to predictions based on a simple model discussed in the 
text; the rectangular points result from Monte Carlo simula- 
tions with the EGS code, including the efficiencies for photon 
transport shown in fig. 7. 

The data show the expected trend: especially at high 
energies, in the region where leakage and fluctuations of 
the photon collection dominate the wedge modules are 
worse than the parallel ones. The trend of the data is 
well described by the simple model discussed above, 
and agrees with more elaborate calculations using the 
EGS code and the precise shape of the collection ef- 
ficiencies. 

5 .  T i m e  r e s o l u t i o n  

For some purposes, like the detection of antibaryons 
annihilating in the shower counters, one might be inter- 
ested to employ the shower counters also for time-of- 
flighf measurements. 

Various components  contribute to the time resolu- 
tion of such a system: 
- lifetime of the excited states of the primary scintilla- 

tor, 
- decay time of the BBQ fluorescence, 
- path length straggling of photons, 
- differences in the transit time of photoelectrons in 

the photomultiplier. 
The influence of the first three processes, up to the 

production of photoelectrons, has been investigated by 
a Monte Carlo simulation. The BBQ emission - two 
components  with lifetimes of 17.9 and 620 ns respec- 
tively [4f] - turns out to be by far the dominant  effect. 
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Fig. 11. Time resolution. (a) Time resolution of the calorimeter 
as a function of the electron energy, for a "parallel" (closed 
points) and a "wedge" (open points) module. Timing threshold 
at 5% of mean pulse height. Model predictions: dashed-dotted 
line: contribution from reemission and light collection; 
dashed-dotted-dotted line: limitation of time resolution due to 
photomultiplier; full line: quadratic sum of the two compo- 
nents. (b) Dependence of time resolution on the threshold 
setting. Points: "parallel" counter module; lines: model pre- 
dictions. 

Both experimental and model results on the time 
resolution of the calorimeter are shown in figs. 1 la and 
b, as a function of the electron energy, and of the 
threshold setting of the discriminator generating the 
T D C  signal, respectively. 

Typical resolutions of 300-400 ps (Sigma of a Gaus- 
sian fit to the time-distribution) are obtained for elec- 
trons in the GeV region, with a weak energy depen- 
dence. The model calculations include two components:  
the time ji t ter produced in the light-transport system, 
i.e. mainly in the wavelength shifting process, and the 
j i t ter given by the photomultiplier, which was measured 
to be 220 ps almost independent of the light intensity, 
once the photoelectron number exceeds 1000. The model 
reproduces the main features of the measured resolu- 
tions, however the energy dependence seems slightly too 
steep. 

6. C o n c l u s i o n s  

The process of photon production and transport in 
the A R G U S  lead/scint i l la tor  calorimeter has been in- 
vestigated in detail both from the experimental and 
theoretical side. The agreement between results of the 
Monte  Carlo simulation and the experimental data is 
satisfactory; in this sense the counters are fully "under -  
stood." The most prominent  effects arising from proper- 
ties of the light collection system are nonlinearities in 
the energy calibration of the calorimeter, and a worsen- 
ing of the energy resolution. Both effects are more 
severe in the case of the "wedge"  modules; for the 
"paral le l"  modules, distortions due to photon transport 
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and due to shower leakage even tend to cancel each 

other, resulting in a slight net improvement of the 
linearity. 
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