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The performance of the ARGUS shower counters in detecting electromagnetic showers in the energy range 10-45 MeV is reported. 
When these results are considered with earlier measurements at GeV energies, it is seen that the device behaves almost like an ideal 
calorimeter over three decades in energy, with good linearity and a I/x/E dependence of the energy resolution. The detection 
threshold is at least as low as 10 MeV. 

Characteristics of low-energy electromagnetic showers, such as longitudinal shower profile and fraction of energy visible in the 
scintillator were measured, and are compared with results obtain from the EGS Monte Carlo code. 

l. Introduction 

In the A R G U S  detector, which is built for the elec- 
t ron-posi t ron  storage ring DORIS  II at DESY, a sys- 
tem of lead scintillator sampling shower counters with 
nearly 4qr acceptance is used to detect electrons and 
photons. The physical prospects of the experiment re- 
quire an electromagnetic calorimeter, which has very 
good energy resolution, spatial homogeneity, and high 
detection efficiency for low-energy photons and elec- 
trons combined with the ability to reconstruct the im- 
pact point of a particle with reasonable accuracy. 

These goals can only be achieved by placing the 
calorimeter inside the solenoid coil of the A R G U S  
detector. The calorimeter consists of a cylindrical "bar-  
rel" counter and two "endcap"  parts and is segmented 
into 1760 modules, each read out via its own wave 
shifter plate [1]. The design provides both fine sampling 
and extensive segmentation with minimal dead space. 

In two earlier papers [2,3] we have reported tests of 
prototype shower counters. In the present work, we will 
present results on the detection of very low energy 
electrons in the 10-40 MeV range using the final 
calorimeter modules. The paper is subdivided as fol- 
lows: in section 2, the design of the counter modules is 
discussed. In section 3, some " fundamenta l"  question 
like linearity at very low electron energies, and l / r E  
dependence of the energy resolution are addressed. Sec- 
tion 4 concentrates on more "pract ical"  aspects: homo- 
geneity, energy- and spatial resolution averaged over the 
entire area of the detector, and over various angles of 
incidence. Finally, a brief summary is given in section 5. 
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2. The lead/scintillator counter modules 

The test setup consisted of several identical calorime- 
ter modules arranged in a matrix. The construction of 
one module is shown in fig. 1. Each module contains 
two separate counters, that is two separate stacks of 
alternate layers of 5 mm plastic scintillator [4] and 1 
mm lead plates. The front area of a module (both 
counters) covers 22.5 x 11 cm 2, its depth is approx. 40 
cm, or 12.5 radiation lengths. 

The two stacks are read out separately via two wave- 
length-shifter bars [5] of 3 mm thickness placed between 
the two stacks, in the middle of each module. The 
re-emitted scintillator light is collected by adiabatic 
light guides and is fed into a 1" photomultiplier [6]. The 
two wavelength shifters are optically separated by 
aluminized mylar foil to eliminate crosstalk. A 0.3 mm 
nylon thread serves to maintain the air gap between 
wavelength shifter and absorber stack, which is required 
to ensure the total internal reflection of light trapped in 
the shifter bar. The whole module is wrapped in 
aluminum foil, and covered by four layers of thermal 
shrink tubing [7]. Although each of these layers has only 
30 ffm thickness, this procedure yields a good mechani- 
cal stability. The tubing is black, and so also guarantees 
the light tightness of the assembly, its transmission 
being less than l0 -v. Front  and rear ends of each 
module are covered by 3 mm thick black plexiglass 
plates. All edges are further protec,ed by adhesive tape. 
A more detailed description of construction and mac- 
hining of the calorimeter modules will be given elsewhere 
[8]. 
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Fig. l. Construction of a shower counter module: One module contains two stacks of lead- and scintillator plates, each of which is 
read out by its own wave shifter plate. All edges are taped for extra protection. 

In the A R G U S  barrel shower counter, two types of 
modules are used: modules like the one shown in fig. 1 
alternate with conical-shaped modules. In the present 
test, only modules of the first type were used. The 
special properties of the conical modules will be de- 
scribed in a forthcoming paper on the light collection 
system of the shower counters [9]. 

For the tests described in this paper, the calorimeter 
modules were exposed to an external electron beam of 
the Dor tmund Betatron• The data presented in section 3 
were taken under opt imum beam conditions at a very 
low rate. For the less critical data discussed in section 4, 
the trigger conditions were loosened in order to increase 

the rate, resulting in a few percent false triggers at 
energies below 30 MeV. 

For comparison, some figures include data taken at 

higher energies at the Bonn Synchrotron and at DESY. 
Fig. 2 illustrates how the energy deposition in showers 
changes when going from Betatron to DESY energies• 
The profile of an electromagnetic shower at Betatron 
energies ( <  40 MeV) is compared to a Monte Carlo 
simulation produced by the EGS code [10]. To obtain 
these data, the corresponding scintillator plate in a 
module was replaced by a probe counter. For compari- 
son, the profile of a 1 GeV shower is also shown• The 39 
MeV shower is almost entirely contained in the first 
third of the calorimeter module. 

A first impression of the performance of the calorim- 
eter modules is given by fig. 3, where the distribution of 
pulse height for 39 MeV electrons is shown. The width 
of the LED reference line proves that the energy resolu- 
tion is not limited by photoelectron statistics• 
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Fig. 2. Longitudinal development of 39 MeV electron showers 
in the lead/scintillator calorimeter, compared to a Monte-Carlo 
simulation using the EGS code: The arrow indicates the center 
of gravity z7 of an average shower, taken from the EGS simula- 
tion, ~ is defined as ( f d E / d z  z d z ) / ( f d E / d z  dz), with the 
z-axis pointing along the shower axis. The discrepancy at large 
depth is probably due to the fact, that the probe counter (8 × 8 
cm 2) did not cover the entire cross section of the absorber 
stack, for which the EGS simulation was performed; conse- 
quently, some particles in the tail of the lateral distribution will 
have missed the probe counter. Dotted line: profile of a 1 GeV 
electron shower [10]; the normalization is arbitrary. 
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Fig. 3. Distribution of pulse height for 39 MeV electrons inci- 
dent at the center of an absorber stack: The dotted distribution 
shows the broadening due to photostatistics of a reference line 
generated by a pulsed LED at the rear end of the wavelength 
shifter. 

3 .  L i n e a r i t y ,  v i s i b l e  e n e r g y ,  a n d  e n e r g y  r e s o l u t i o n  

From considerations of the process of formation of 
electromagnetic showers, we expect that the response of 
a calorimeter is a linear function of the energy of 
incident electrons or photons, and that the intrinsic 
energy resolution due to sampling fluctuations behaves 
as o / E = c o n s t . / v / E  [11]. Even if the resolution is 
limited by photoelectron statistics, this effect has the 
same energy dependence, and so the l / r E  dependence 
should be a universal feature of a sampling calorimeter, 
provided that leakage effects are negligible. 

For extermely low energies, however, this behavior 
does not necessarily continue, since the mechanisms of 
energy dissipation change. Below the critical energy of 
the absorber (7 MeV for lead, 80 MeV for scintillator, 
12 MeV in average), d E / d x  dominates the energy loss 
of the primary electron, and cascade processes are rare. 
Indeed, deviations from linearity and I / ~ / E  depen- 
dence have been observed at energies of a few hundred 
MeV [12]. 

The experimental investigation of departures from 
linearity and l / r E  dependence requires a precise 
knowledge of nonlinearities introduced by other compo- 
nents of the test setup, such as 

beam calibration; 
- energy loss in trigger counter etc.; 

- leakage losses in the calorimeter; 
- the longitudinal profile of showers changes with 

ln(E);  if there exist nonuniformities in the light 
collection system, the mean efficiency of scintillator 
light collection may vary; 

- nonlinearities in the photomultiplier; 
- nonlinearities in the ADCs. 

In our case, the accuracy of the calibration of beam 
energy was measured to be better than 1%. All energy 
values given are corrected for losses in the trigger coun- 
ters, the uncertainity of this correction (_+ 0.35 MeV) is 
included in the error bars. 

Since all data presented in this chapter refer to the 
energy deposition in a single absorber stack, both longi- 
tudinal and lateral leakage cannot be neglected. There- 
fore, data shown in figs. 5 and 6 are compared to Monte 
Carlo simulations of electron showers using the EGS 
code, for exactly the same geometry as in the experi- 
ment. 

We have carefully checked that the low-energy 
cut-offs required in the Monte Carlo program do not 
introduce any bias; for cut-offs below 0.5 MeV and 1.5 
MeV for photons and electrons, respectively, stable and 
consistent results were obtained. The EGS results fur- 
ther show that the amount of leakage - about 1-2% in 
the longitudinal direction and 12-13% radially - is 
practically energy independent for electron energies be- 
low 100 MeV. 

Changes in the efficiency of light collection were 
corrected for [9]. For the given operating conditions of 
the multiplier, nonlinearities should be far below 1% [6]. 
In addition, identical results were obtained for several 
PMs operated at different gains. 

The ADCs  [13], however, turned out to be a serious 
source of nonlinearity, especially when a large dynamic 
range - from t0 MeV electron showers up to the 
150-200 MeV deposited by cosmic muons - was re- 
quired. The characteristic of the ADCs  was measured 
using a mercury wetted relais, which discharges a capa- 
citor via a passive pulse-shaping network, yielding out- 
put impedance and pulse close to the actual PM pulses. 
The voltage across the capacitor was monitored via a 
precision DVM. The calibration was done using the 
final cabling gate width. A good fit of the A D C  output 
(channel no. m) vs. input charge q was obtained by the 
expression 

m = Aq + B + Ce -Dq + Ee -rq.  (1) 

The nonlinearity of the A D C  is most easily demon- 
strated using the slope d m / d q  of the characteristic. 
Define d m / d q  = 1 for input charges close to the maxi- 
mum (256 pC). The first exponential then becomes 
important for q < 50 pC ( d m / d q  = 0.98), and reduces 
d m / d q  to 0.75 (typically), for q =  2 pC. The second 
exponential sets in at q < 2 pC, yielding d m / d q  = 0.50 
for q = 0. All data were corrected using the characteris- 
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tic measured for the corresponding A D C  channel.  
Fig. 4 shows the mean  pulse height and the rms 

energy resolution vs. the kinetic energy of the electrons. 
Note  that  "energy resolut ion" here always refers to the 
relative width of the distr ibution,  and is quoted in %. 
The  term "norma l i zed  resolut ion" refers to a l E .  No 
significant deviat ions f rom linearity and l / ~ f E  be- 
haviour,  respectively, are observed. 

In order to check the linearity over a larger range in 
energy, an independent  cal ibrat ion s tandard was needed, 
since the measurements  were carried out  at different 
accelerators using different modules. Cosmic muons  
were used to establish an absolute energy calibration. 
Given the energy deposi t ion in the scintillator slabs by 
cosmic muons,  one is further  able to derive the fraction 
of visible energy in the scintillator for electromagnetic 
showers - which is an interesting test quant i ty  for 
shower models. 

In the most  naive approach,  the fraction of energy 
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Fig. 4. Mean pulse height (A) absolute, (B) per MeV kinetic 
energy as a function of the electron energy. The beam hits the 
absorber stack at its center, and is parallel to the calorimeter 
axis, (C) Rms energy resolution vs. energy. 

deposi ted in the scintillator, Escint/Ekinetic,  is given by 

Escin t ( d  E / d  x )~int Dscint 

Ekinetic (dE/dX)leadDlead + (dE /dx )~c ,mD~in  t (2) 

where D~cmt and  Dlead denote  the thickness of scintilla- 
tor and lead plates, respectively. 

In real detectors,  the fraction of visible energy is 
reduced by two effects: first, a certain amount  of energy 
leakes out of the detector. Secondly, analytic shower 
theories [14] state that  in the presence of a cut-off 
energy Ecut, below which a track cannot  be detected, the 
visible track length is reduced by a factor F( Eo.,t/• ), 
which depends on the critical energy ~ of the absorber.  

Hence Esc in t /Eki  n iS reduced by the same factor. In a 
sampling calorimeter,  the energy deposit ion in a lead- 
scintil lator slab plays the role of a cut-off, since energy 
measurements  are "quan t i zed"  in these units; consider 
e.g. the last piece of the trajectory of an electron, 
s tart ing at the point  where the electron energy decreases 
below half the energy deposited in one lead-sc in t i l la tor  
cell: the chance that  this track piece is " lo s t "  before 
producing a useful " h i t "  in the scintillator slab is about  
50%. In order to show the magni tude of both  correc- 
tions, fig. 5 presents predict ions from approximat ion-b  
shower theory [11], and from the EGS Monte  Carlo 

code, for bo th  E~i , t /Ek i  ~ and Escint/Edeposite d. The latter 
quant i ty  is insensitive to leakage losses, and reflects the 
influence of the cut-off alone. Based on eq. (2), values 
of 0.41 and 0.475, respectively, are expected. Fig. 5 
includes data  pints  for Escin t /Ekin ,  obta ined at Dort- 
mund  Betatron and  at DESY energies. The energy 
deposi t ion by cosmic rays, which is required for normal-  
isation, was calculated by a Monte  Carlo s imulat ion 
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Fig. 5. Fraction of energy deposited in the scintillator, normal- 
ized to the kinetic energy of the primary electron, as a function 
of the electron energy: The error bars shown are dominated by 
systematic scale errors, which may be different for the low- and 
high energy groups of data points. Dashed area: EGS predict- 
ions for Escint/Eki n and f o r  Escint/Ede p. Dashed-dotted lines: 
predictions for Escint/Eki n and  EscintEde p using analytical 
shower theories (approximation b). Typical accuracy: _+ 10%. 
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Fig. 6. Normalized energy resolution o~fE as a function of 
energy: Closed points and stars: optimal resolution for central 
impact parallel to the counter axis. Open points: values aver- 
aged over entire surface of the counter array, and over all 
angles of incidence up to 45 °. Low energy points ( < 400 MeV) 
represent true rms values, whereas data points at higher en- 
ergies refer to a Gaussian fit of the distribution within lo 
around the maximum. The latter method reduces the influence 
of tails due to leakage. Full line: EGS predictions including 
leakage and photoelectron statistics. The estimated error of the 
simulation is indicated. Small insert: distribution of pulse height 
for 18.5 MeV electrons, averaged over impact points and 
-angles. 

including the cosmic muon spectrum, multiple scatter- 
ing, delta-ray production, relativistic rise and density 
correction [15], and the experimental trigger conditions. 

Within the (mainly systematic) errors, theory and 
data agree very well. Over two decades in energy, devia- 
tions from exact linearity, which would manifest them- 
selves via an energy dependence of Escint/Ekin, are 
below 10%, and compatible with zero. 

Fig. 6 demonstrates that the 1 / ¢ E  dependence of 
the energy resolution holds approximately for about 
three decades in energy - note that the absolute width 
of the pulse-height distribution changes by a factor 25 
for the energy range covered by the data points. At high 
energies, slight deviations due to leakage are observed 
and are well accounted for the by the EGS Monte Carlo 
simulation. 

4. Performance of the shower detector 

4.1. Correction of  raw data 

In a storage ring detector, electrons and photons will 
not  hit the detector in the center of an absorber stack, 
and parallel to its axis, but will be distributed uni- 
formly, with angles of incidence up to 45 ° (correspond- 
ing to the range in polar angle of the A R G U S  barrel 

shower counter). Transitions between two absorber 
stacks, as well as losses in the unsampled material in the 
support structure and enhancement by the wavelength 
shifter will broaden the overall performance, compared 
to the data shown in section 3. In this section, we will 
discuss the resolution of the calorimeter averaged over 
impact point and -angles. 

For the data discussed in the following, all counters 
were calibrated using an electron beam hitting the center 
of a stack; all pulse height are measured in equivalent 
energy (in MeV). Evi s = Y~E i denotes the sum over the 
energies E i deposited in each stack. $ = (Y~Ei%)/Evi  s is 
the x-coordinate of the center of gravity of a shower, 
calculated using the center x~ of the i th stack, and 
similarly for the y-coordinate. For the definition of the 
coordinate system, see fig. 7. Note that the z = 0 plane 
lies 5 cm behind the front end of the calorimeter, ex- 
actly at the position of the shower center (fig. 2). This 
definition has the advantage that at fixed impact coordi- 
nates x, y the center 2, )7 of a shower is independent of 
the angle of incidence of the beam [for the energy range 
covered here, the variation of the z-coordinate of the 
shower center with In(E)  can be neglected]. 

Since the amount of scintillator light collected de- 
pends on the position of a shower within the calorime- 
ter, Evi s is a function of the impact point of a particle, 
as demonstrated in fig. 8a. Evi s has a maximum for 
particles hitting the absorber close to a wavelength 
shifter. The rms width of the distribution in pulse 
heights is nearly constant (fig. 8b). Contrary to results 
at higher energies [2,3], the energy resolution does not 
worsen even in the most critical regions A,B (fig. 7). The 
explanation is simply that at energies below 40 MeV, 
sampling fluctuations are so large that they dominate all 
other effects. Even the position dependence of the pulse 
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Fig. 7. Test setup: shows the definition of the coordinate sys- 
tem and of the so-called "basic element". 
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Fig. 10. Fraction of events with only one "hit" in the calorime- 
ter array as a function of impact position, for various angles of 
incidence: The number of hits is defined as the number of 
absorber stacks, each of which contains at least 10% of the total 
energy deposited in the calorimeter array. 

height (<  15% rms) has negligible influence on the 

overall energy resolution ( >  30% rms). 
Nevertheless, one might prefer to correct this posi- 

tion dependence in order to avoid possible systematic 
biases. Such a correction is in fact possible, since the 
impact point of a particle can be reconstructed from the 
measured shower center 2, 37. Fig. 9 shows 2 as a 
function of the beam position x. <2)  is a nonlinear 
function of x, since for particles not too close to a stack 
boundary,  in most cases one stack contains the entire 
energy (fig. 10), and all 2 are pulled towards the x, of 

this stack. 
Nevertheless, corrected values for energy and posi- 

tion can be derived using 

x = 2 + F ( ~ ) ,  y = 3 7 + F ( 3 7 ) ,  E=Evi~a(2,37 ), (3) 

where F and G are periodic functions, which can be 
derived from the data shown in figs. 8a and 9, and 
which can be represented by a Fourier series. Within the 
precision required here, F and G are independent  of the 
particles energy and angle of incidence. (The latter 
property is due to the proper choice of the origin of the 

coordinate system, see fig. 7.) 
Fig. 8a shows the corrected mean pulse height. Since 

the correction translates radial fluctuations in the shower 
development into energy fluctuations, the rms energy 
resolution slightly worsens (fig. 8b). 

4. 2. Average performance 

We are now prepared to summarize the performance 
of the shower counter system, averaged over impact 
coordinates and -angles. 
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Fig. 11. Detection efficiencies for 9, 19, and 32.5 MeV electrons 
as a function of a (software) threshold: An electron is "de- 
tected", when the energy deposition in at least one absorber 
stack exceeds the threshold. Since especially the 9 MeV data 
include a few percent of fake triggers, the efficiencies shown 
should be considered as lower limits. Data averaged over 
impact points and -angles. 

4.2.1. Detection efficiency 
As ment ioned  in the introduct ion,  one of the design 

aims was to achieve a very low detect ion threshold for 
electromagnetic  showers. Fig. 11 shows the detect ion 
efficiencies for three different electron energies, as a 
funct ion of the energy threshold.  A particle is detected, 
when the energy deposi t ion in at least one stack exceeds 
this threshold. In the test setup, which was posi t ioned 
close to the Betatron,  a threshold as low as 0.5 MeV 
could be used, wi thout  any problems due to pedestal  
drift, electronics and  PM noise, and  induced rf signals. 
The  insensitivity to induced signals is due to a special 
design of the PM base, employing decoupled signal- and  
hv grounds [16]. In the env i ronment  of a storage ring, 
thresholds of 1-2  MeV should be managable,  result ing 
in detect ion efficiencies > 97% for 30 MeV electrons 
resp. photons,  and  a low-energy cut-off  below 10 MeV 
(for 50%. efficiency). 

4.2.2. Energy resolution 
Fig. 6 shows the average energy resolution for three 

electron energies (open points). Typical values are 
a round  8 % - G e V  I/2. The small insert  shows a typical 
d is t r ibut ion of pulse heights averaged over impact  posi- 
t ions and -angles. The peak at 0 is caused to a large 
extent  by a few percent  of false triggers in the data  
sample, nevertheless it has been included in the calcula- 
t ion of the rms width. 

4. 2.3. Spatial resolution 
In fig. 12 the rms width of the dis t r ibut ion of the 

difference between reconstructed and  true impact  coor- 
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Fig. 12. Accuracy of reconstruction of the x-coordinate of the 
impact point, averaged over impact positions and -angles. 

d inate  is shown, together with data  points  at higher 
energies [2,3]. Naively one expects a ~/E dependence  of 
the rms resolution. Fig. 12 proves that  this simple- 
minded  guess fails at low energies. A quali tat ive 
descript ion of the data  is however still possible using a 
1 / v ~  dependence  at large energies, and assuming that  
in any case it is possible to find the stack which was hit 
by  the incident  particle, thereby l imiting the resolution 
to D / f i 2  at low energies, where D is the width of one 
stack. 

All these results refer to incident  electrons. As far as 
calorimetry is concerned,  almost  all results should hold 
for incident  pho tons  as well. 

In  practical  applications,  the performance of the 
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Fig. 13. Mean pulse height (O) and rms energy resolution (× )  
as a function of the thickness of absorber material (aluminum) 
in front of the counters, for 39 MeV electrons. 
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calorimeter  may be worsened due to addi t ional  material  
in front of the calorimeter. In order to indicate the 
order  of magni tude  of possible effects, we show in fig. 
13 the mean  pulse height and  the relative rms resolution 
obta ined  with various amounts  of absorbing material  
(a luminum) placed in front of the detector.  From Monte  
Carlo studies we expect that  the decrease of mean pulse 
height and worsening of energy resolution will not  be so 
s trong for incident  photons.  In the A R G U S  detector, 
the material  in front  of the counters amounts  to 17% of 
a radiat ion length. 
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