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ABSTRACT 
A large solid angle BGO calorimeter is under construction for photonuclear experi

ments at intermediate energy facilities. In this note the status progress of the project, the 
technical steps undertaken in the construction of the apparatus and the goals of this initia
tive are reviewed. 
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1. INTRODUCTION 

The availability of high duty-cycle intermediate energy electron and photon beams 

in the very near future opens interesting and exciting possibilities in the study of nuclear 

reactions. The energy of these beams, some of which are already existing (JET TARGET 

•n Frascati, LEGS in Brookhaven, MAMI-B in Mainz, ELSA in Bonn) while others are 

under construction (CEBAF in Newpori News, GRAAL in Grenoble ), covers the 

range that roughly goes from the pion production threshold to the energy where the 

Bjiorken scaling shows up, which is mainly the region where neither the conventional 

nuclear physics description (nuclcon + deltas + exchanged pions) nor the perturbative 

QCD approach (quarks and gluons + exchanged gluons) hold. 

From the experimental point of view this interesting and complex energy region can 

be tackled with two different, and in some way complementary, philosophies. The first 

one asks for measurements of well defined exclusive channels by means of high resolu

tion detectors: it generally deals with little solid angles and low counting rates ;:nd brings 

information mainly on single particle properties of nucleons inside the nuclear medium. 

This philosophy proposes, in some way, the continuation of the electron scattering exper

imental work performed up to now at machines like the Saclay ALS and NIKHEF-K 

with the improvement of higher incident energy and larger duty-factor that will both allow 

precision measurements of form factors (at higher transferred momentum) and an easiest 

transverse versus longitudinal separation of response functions. On the other hand, new 

exotic phenomena linked to short range correlations (six-quarks bags, dibaryon resonan

ces, signals of quark-gluon plasma) and new research fields (i.e. meson-meson scatte

ring) can be more easily investigated, as a first step, with large solid angle, medium reso

lution multi-purpose detectors. In that case, emphasis will be put on pioneering work on 

multi particle final states produced after the absorption of a high energy photon by a nu

cleus , a field in which the theoretical and experimental information is mostly qualitative. 

A 4n detector will allow measurements of very low cross sections (below 1 nb) and the 

possibility of detecting complete events will open exciting windows in this still badly 

understood field of research. 

Following this latter philosophy, a large solid angle BGO calorimeter is under con

struction with the financial support of the Istituto Nazionale di Fisica Nucleare (INFN) 

l'I. The calorimeter will detect electromagnetic showers and, to some extent, charged ha-

drons. The instrument was designed to achieve typical crystal ball performances (large 

solid angle, simultaneous multiparameter measurements, good detection efficiency for 

neutral products like y, JI°, TJ) while having some peculiar features (modularity, limited 

number of sectors, relatively small size). As a large solid angle electromagnetic 

calorimeter, the Rugby Ball is the ideal instrument for the detection of photons and of 
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neutral mesons decaying into the two (or more) photon channel (71°, T], Ks
0,...). The 

calorimeter can also detect protons, with reasonable energy resolution, up to an energy of 

~ 300 MeV. At higher kinetic energy the nuclear interaction becomes appreciable and the 

energy response displays a low energy tail. This limitation is even more true when the 

detection of charged pions or kaons is considered. Therefore the Rugby Ball should work 

in connection with beams of known energy (tagged photon beams). The symmetry of this 

detector with respect to the azimuthal angle will make it the ideal companion to polarized 

beams and/or polarized targets for the measurements of polarization asymmetries which 

could be practically free of systematic errors. 

The design has taken into consideration a constant thickness of 24 cm (21 r.l.) in 

every (d,<p) direction, a reasonable angular resolution (compatibly with the limited num

ber of sectors) and the confinement of photon showers up to 2 GeV. The resulting struc

ture is made of 480 pyramidal crystals, 15 in the #-plane by 32 in the (p-plane. Angles 

from 25° to 155° are covered to a AQ = 11.3 sr. The crystals are manufactured and sur

face treated by Enghelard B.V. to produce a good longitudinal uniformity. When tested 

with a Cesium y-source (Ey = 661 keV) the crystals showed an overall peak spread be

low 5% associated with an average energy resolution of 18%. The uniformity and reso

lution will be controlled, for all crystals, by an automatic scanner of original design. 

The BGO temperature related drifts will be corrected according to the measured li

ght efficiency variation PI. A gain monitoring procedure using a Xenon lamp will control 

the stability. As assessed on a few samples the linearity and stability (time and tempera

ture related) of photomultipliers should be achieved up to lpecfc = 100 mA which corre

sponds to a linearity range for the individual sectors of roughly 1.4 GeV. 

The mechanical structure will consist of 24 carbon fibre baskets, containing 20 

crystals each and supported by an external steel frame. The baskets, manufactured by 

Italcompositi, are similar to a honeycomb, since they are divided in cells to keep the 

crystals optically and mechanically separated. The thickness of the carbon walls is 0.38 

mm (inner walls) and 0.54 mm (outer walls); in this way only a very small amounts of 

inert low Z material will be interposed between the reaction products and the active BGO 

medium. The calculation predicts a very low (< 0.19 mm) overall deformation for a loa

ded basket in any position. The steel support frame will give rigidity to the spectrometer 

and will be separable into two moving halves to give access to the center. 

In order to increase the experimental possibilities offered by the Rugby Ball, a cen

tral detector will be hosted in the 20 cm 0 axial hole of the calorimeter. It will be used 

mainly for particle identification and to obtain the better charged particles angular resolu

tion that will allow the use of long (up to 10 cm) cryogenic targets. 

Montecarlo simulation has been used to predict the main features of such a device. 

A gamma-ray energy resolution of o"(E)/E ~ 1% at 1 GeV is consistently given by the 
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calculations that include all active and inert calorimeter components and target and va

cuum-pipe effects. 

2. DESCRIPTION OF THE APPARATUS 

2.1. Intrinsic and instrumental effects in BGO energy resolut»"on. 
In general terms the overall energy resolution of a BGO counter can be written as: 

I 
2 <J(E) _ 1 2 2 2 2 2 2 

E = "ÈI °fe +°s +(5dis +°temP +GpM +°cn 

where the contributions are: 

- oye intrinsic width due to the energy escape from the crystal boundaries, 

- av statistics of the primary photoelectrons, 

- o ^ longitudinal non uniformity, 

- <5temp fluctuations in emitted light induced by temperature, 

- OpM intercalibration or PMT gain drifts, 

- acn electronic noise, 

The energy dependence of the first term will be discussed in relation to our 

Montecarlo simulation. It is well approximated by a relation like 
<5fe IE = K/VÈ with K = 1% if E is given in GeV. 

Being this term intrinsic to the process of energy release inside the BGO it should 

represent a lower limit to the overall resolution, approached when the other terms become 

all negligible. In practice, a value close to 1% above 1 GeV has been measured in a few 

cases 13.4]. 

Also the statistical contribution has an energy dependence like 

<5jE = C/VÉ with C = 0.3% if E is given in GeV. 

C is computed assuming a conversion efficiency of 100 photoelectrons/MeV in BGO ' 5 l 

The term due to the longitudinal non uniformity, depends in principle on the energy 

of the primary particle with a law very difficult to determine a-priori since the effect may 

change from crystal to crystal. Preliminary Montecarlo calculations f'l have shown that, 

assuming a reproducible compensation process on every crystal, a smooth variation re

stricted between 0 and 10% would give o\//y /E < 0.6%. We expect to improve the uni

formity to better than 5% and therefore to reduce even further this contribution. The cali

bration of our crystals with photons of known energy will establish if and how the effect 

of non uniformity changes with energy. 

The effect of temperature related drifts can be estimated from the measured drift co

efficients and assuming a situation where the Rugby Ball is thermostated within a degree. 

In such a case we have calculated olemp/E = 0.3%. 
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The term contributed by the electronic noise should be negligible, since we use 

phototubes as the readout device. 
The resolution value which results from our estimate of all the effects is 1.2% (in 

o7E) at 1 GeV perfectly compatible with the available experimental data. 

2.2. BGO crystals, characteristics and properties. 

2.2.1. crystals: shape and dimensions. 

The shape of the Rugby Ball crystals is that of a truncated pyramid with trapezoidal 

basis (figure 1). Each crystal, made of BÌ4Ge30i2 (BGO) is 24 cm long (=21 radiation 

lengths) and is wrapped up in a thin (0.03 mm) Aluminum reflector. The light output of 

the crystals is optically coupled to a photomultipler to produce an electric pulse. Two 

additional holes are provided to allow optical access to each crystal and will be used for 

temperature control and for light input (through optical fibres) to monitor PMT gain va

riations. 

— 240mm 

side view 

front 
view 

PMT 
coverage 

back 
view 

Fig. 1. The shape of Rugby Ball BGO crystals. 

There are 8 different crystal types that differ among each other for their shapes and 

the dimension of their basis: in table 1 the angles subtended by each crystal type, its posi

tion in the laboratory frame and its volume are shown. 
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crystal type 

1 
2 

3 

4 

5 

6 

7 

8 

fllab[°] 

28.00 - 152.00 

34.50 - 145.50 

41.75 - 138.25 

50.5 - 129.50 

60.5 - 119.50 

70.5 - 109.50 

80.33 - 99.67 

90.00 

Ad lab [°] 

6.00 

7.00 

7.50 

10.00 

10.00 

10.00 

9.67 

9.67 

volume [cm3] 

324.497 

369.027 

386.761 

511.839 

516.594 

517.521 

503.603 

500.492 

Tabic 1. Crystal dimensions. 

2.2.2. Temperature behavior of a BGO prototype. 

The drift with temperature of the BGO conversion efficiency is larger than that ob

served in Nal lfil, to such an extent that it requires adequate correction (also in compari

son to other effects) to avoid serious deterioration of the energy resolution obtainable. 

The relative spectral irradiance of BGO was measured l7' and integrated from 350 to 680 

nm to give a BGO scintillation yield at six temperatures from -196°C+30°C, giving a light 

output variation of = -1.7%/°C. A smaller gradient of -0.96% /°C was observed between 

12 °C and 55 °C associated with a change in the BGO decay time of = -4.7 ns/°C I5J as 

measured by a single photoelectron delayed coincidence. We have measured the gain and 

decay time variations of BGO in a temperature range from - 5 °C to + 35 °C, well repre

sentative of the ambient conditions in which our spectrometer will operate. We will recall 

here the main results of the tests which have already been published in detail f2l We shall 

refer to the crystal bottom temperature as Tl, and to the crystal top temperature as T2. A 
137Cs gamma source was in contact with the crystal halfway through its height. Standard 

anode pulse treatment has been adopted: the linearity of the entire system has been 

checked beforehand with several gamma sources. Since the curves start from zero, the 

variations of the peak position have been related directly to the variations in BGO light 

output. The anode pulses, induced by cosmic rays impinging on the detector are particu

larly suitable for the determination of the BGO decay-time because of the small statistical 

fluctuations on the number of photoelectrons per unit time found in these pulses as a con

sequence of the high energy released in BGO by cosmic events. 

The peak height as a function of the crystal average temperature <T> = (Tl +T2)/2, 

is plotted in figure 2. The experimental points are fitted in the entire temperature range by 

a unique straight line which corresponds to a per cent variation, relative to the 2()°C point, 

of -1.28%/°C. The temperature drift of the photomultiplier anode sensitivity I2) was 

measured and resulted negligible. The decay limes of cosmic-ray anode pulses, as a 

function of the crystal average temperature <T> are plotted in figure 3 together with the 
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data of reference [5]. A linear fit through all points gives a slope -5.4 ns/°C, slightly 

larger than that previously deduced from points in the range 12 -e- 55 °C. The fitted line 

slope compares well with the measured light output variation since for exponentials of 

equal value at zero time and different time constants (t] > x?) the ratio of their integrals 

goes like X\ I %2- In our case the peak height ratio computed for the -5 °C and the 35 °C 

points gives a value of 1.65, while the ratio of the fitted decay times Xj / %2 gives a value 

of 1.83 well within the experimental errors. 

2000 

crystal temperature [°CJ 

Fig. 2. The E„= 661 KeV peak height 
variation as a function of tfie BGO crystal 
average temperature. The straight line, fit
ting the experimental points, corresponds to 
a 1.28 % variation around 20°C. 

ouu-

500-

1 4 0 0 -
o 
.§ 300-

| 200-
•o 

100-

o- •»" 1 * " " ! — 

^ \ f 

' l ' I ' — 1 ' 1—»'-

-10 0 10 20 30 40 50 60 
crystal temperature [°C] 

Fig. 3. The anode pulse decay time 
as a function of the BGO crystal ave
rage temperature. 

These results show that the response of our BGO crystals to temperature variations 

is rather strong although quite slow. Therefore, to keep the temperature effect on the 

resolution' below the contributions of the energy escape (2+2.5% FWHM), of the 

expected crystal non-uniformity (less than 1.5% FWHM), and of other smaller sources 

(intercalibration, statistics), it is necessary to control the crystal temperature and correct 

accordingly, in the case of slow temperature trends. The design of the detector includes, 

in fact, several thermocouples conveniently positioned within the spectrometer volume . 

Moreover, it appears feasible and convenient to stabilize within a degree the temperature 

in the area in which the spectrometer will be located or at least in an area close to it, for a 

volume of approximately forty cubic meters. 

2.2.2. The longitudinal uniformity. 

The most significant instrumental contribution to the overall resolution of BGO mi

ght come from the longitudinal non uniform response induced by the BGO high refrac-
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tion index (n = 2.15 at maximum emission wavelength). In order to maintain the total 

spectrometer energy resolution around the intrinsic value of o(E) = 1% at E =1 GeV. in

dicated by the Montecarlo calculations we can tolerate a 5 % non uniformity at most. 

Otherwise the response of the scintillation detectors will depend not only on the energy 

released but also on the point of release. The effect can be explained in this way: of the 

total light emitted, about 70% is collected by the photocathode; one third of it suffers a 

partial reflection on the crystal walls, the rest being detected directly or by total reflection 

on the walls. For direct collection only the total reflection at the crystal-cathode interface 

limits the solid angle at a value Si = 2JI (l-cosd/im) being #/,-OT= asin (nl/n2) = 28°. The 

pyramidal shape of our sectors would increase at any reflection the effective collection 

solid angle by an amount 8 = 2JC lcos('0//m) - cos(fl/im+2p)l where P is the angle 

between the lateral surface and the pyramid axis. Since the number of reflections is larger 

for points far away from the cathode, one expects a focusing effect and large front-back 

non uniformities. By a Montecarlo calculation the longitudinal non uniformity of polished 

crystals has been computed taking into account the geometry, the light attenuation, the 

emission point, the concentration of air bubbles trapped inside the crystal and the total re

flection on the surface I11. The result is that the fluctuation for a pyramid inscribed in a 

cone of 6° can be as high as 100% (figure 4). 

100 

80-

—60 >> o 

! « > 
E 

20-

B 20 deg 
• 12 deg 
• 4 deg 
• 2 deg 

• 

5 10 15 20 
distance from PM |cm] 

25 
T — • — r 

5 10 15 20 
distance from PM fern] 

25 

Fig. 4. The light collection efficiency as a 
function of the photomultipUer disto nee. 
The different symbols show the effect of 
different crystal aperture angles. 

Fig. 5. The best (open squares) and 
worst (full squares) uniformity pat
terns for light collection obtained 
from the first 10 delivered crystals. 

In non polished crystals the roughness of the surfaces reduces to minimum the light 

collected by total reflection. The amount of light collected is determined only by the atten

uation process and points close to the cathode give higher responses since the distance the 

light has to travel is lower. The total light collected by the cathode is however appreciably 

smaller than for polished crystals. The two competing effects (focusing and attenuation) 
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are used, through an iterating process, based on partial surface treatment performed at 

Engelhard to deliver crystals with the required 5% maximum fluctuation. In figure 5 the 

results obtained by testing the first 10 delivered crystals are shown. This level of uni

formity is obtained at the expenses of total collected light which implies a worsening of 

the resolution at 137Cs up to 20% FWHM. As already explained this worsening in reso

lution has little effect when extrapolated to energies of relevance to our detector. 

Each crystal will be treated with this compensation process and the uniformity and 

resolution pattern will be measured for all crystals. In order to perform this large amount 

of measurements, we have realized an automatic test bench of original design 1*1 based on 

a PC IBM-XT which drives the movements of the bench, performs Multi-Channel 

Analysis (MCA) of the BGO pulses and elaborates on-line the uniformity and resolution 

pattern. 

The mechanical design takes into account that crystals of similar height, but differ

ent shapes, must be tested. Since gamma-rays emitted by a Cs source have a short mean 

free path inside the BGO, it is necessary to test the longitudinal uniformity along each 

face, to check if, during the growing process, some structural defects (air bubbles, crys

talline plane irregularity, etc.) took place. The mechanical structure (figure 6) holds the 

BGO specimen vertically with the smallest base pointing downwards. The BGO is placed 

tightly inside a thin (0.4 mm) iron box which rotates according to pre-programmed PC 

commands. The Cs source, hosted in a lead collimator with a 0.5 cm 0 hole,moves up 

and down along the crystal sides. To keep constant the distance between the BGO surface 

and the collimator hole, the whole BGO supporting frame can be manually tilted with re

spect to the vertical line.Two stepping-motors allow the vertical movements of the radio

active source and the rotation of the crystal faces after each side scan. The step size, the 

translation speed, the rotation of the crystal and the measure time are all given as inputs to 

a PC program that executes the entire test sequence. The source position is normally in

cremented in steps of 2 cm. At each point a y-ray spectrum is taken and dumped on a 

floppy disk. Afterwards, the acquisition program computes the FWHM, the centroid of 

the peak and logs them on disk. At the end of each crystal face scan, the data are retrieved 

and the uniformity function .Ch/Ch^v (x) and FWHM(x) are computed and plotted for 

immediate evidence of possible departure from the agreed values of 5% for the former or 

20% for the latter. 

2.3. The support structure. 

The Rugby BaH support structure is schematically represented in figure 7 where 

the main parts: carbon fibre baskets, iron support frame and platform, can be easily reco

gnized. The support frame is divided into two halves, which can be taken apart by 1.5 

meters sliding on precision (4 STAR) cylindrical guides. This allows access to the inner 
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part of the ball while insuring a highly reproducible positioning of the spectrometer. 

When closed, the structure has a 20 cm 0 axial hole for target insertion, beam passage 

and the installation of a central detector. The location of the baskets inside the structure is 

such that the vertical axis from the target center coincides with the axis of a crystal: there

fore the two halves are tilted = 6° with respect to the vertical direction. 

Fig. 6. The test bench. Fig. 7. The Rugby Ball support structure. 

The platform occupies a volume of approximately 2 x 3 x 2.3 m3 and has adjust

ments for planarity and beam axis matching. The height of the beam axis from the floor is 

supposed to be 140 cm and there is provision both for a fine (± 5 cm) adjustment of the 

height and for a course increase of another 30 cm by the insertion of two I-beams. The 

manipulation of baskets will be done by a specific tool which was designed together with 

the frame to fit any basket irrespective of its position in the structure. 

Two preliminary studies have been commissioned to major aircraft industries con

cerning the realization of aluminium and carbon fibre baskets. The second option has 

proved much more practical in all regards. An aluminium type basket would have had a 

minimum thickness of 0.5 mm and a rigidity slightly lower than a carbon one. The car

bon baskets (see figure 8) were designed to guarantee a maximum deformation of 0.19 

mm in the comers more distant from the attack point when loaded and mounted horizon

tally. This is obtained with wall thicknesses of 0.38 mm for the inner walls and of 0.54 

mm for the outer walls of each basket. A slightly large (=* 1 mm) thickness is obtained at 

the crystal front due to unavoidable folding pf the carbon tissue. In terms of gamma ray 

attenuation by the inert material, the carbon Solution is 3 times better than the aluminium 

one since both the radiation length (X()A1 = 89 mm, XQC = 188 mm) and the real 
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thickness are lower in the fibre. The baskets are produced with a co-curing technique per
formed in a single step. The procedure requires a specific steel tool and is patented by 
Agusta and Italcompositi. The steel production tools required for our baskets are of un
precedented complexity, being composed of many, large, high precision (±0.02 mm) 
components. Part of the structure has been completed and can give an idea of the com
plexity and size of the Ru$by Ball as seen in figure 9. 

Fig. 8. A carbon fibre basket. 

1A. The central detector. 

The Rugby Rail calorimeter is essentially a detector of electromagnetic showers. 

The possibility of recognizing with this detector showers generated by photons from 

those generated by electrons (positrons) and of detecting charged hadrons lies essentially 
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in the coupling of the Rugby Ball with an appropriate central equipment. The following 

items are to be considered in the project of such a device: 

1) anticoincidence for neutral particles (essentially photons); 

2) identification of protons from charged pions and electrons; 

3) improvement of the angular resolution for charged particles; 

4) identification of charged pions from electrons; 

5) improvement of the angular resolution for photons; 

The first two requirements could be satisfied by an energy loss detector, the third, 

by a tracking detector, the fourth and the fifth by a preshower detector. 

The general layout of the central detector should be like in figure 10. Each part has 

an azimuthal symmetry and can be inserted and used separately inside the Rugby Ball. A 

hole of 8 cm 0 remains as a free space for cryogenic targets location. 

10 cm 
t 1 

Fig. 10. Cut view of the Rugby Ball including the general layout of the central detector. 

2.4.1. Energy loss detector. 

The energy loss detector is made of a plastic cylinder (9 cm internal radius, 1 cm 

thickness and 45 cm length) that covers the whole internal surface of the Rugby Ball. 

This ensures that the efficiency for the detection of a charged particle is very close to 

100% and that for a high energy photon close to 2%. To resolve the final state multiplic

ity the cylinder is segmented in 32 longitudinal sectors, viewed from both sides by two 

10 stage photomultiplier. With three charged particles in the final state, with a random 

isotropic azimuthal distribution, the probability of 2 signals in the same sector is less than 

10 %. 
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The energy loss detector must identify pions and electrons from protons up to = 

300 MeV which is the maximum hadron working energy of the Rugby Ball. The intrinsic 

energy losses for protons, pions and electrons at 300 MeV are shown in figure 11. The 

FWHM of the three distributions are respectively 23%, 26% and 30%. The following ef

fects on energy losses must be minimized to optimize the proton identification: 

a) Homogeneity. It has been measured on a test plastic scintillator bar of dimension 

43 x 2 x 1 cm3 viewed at both ends by two light guides and two Hamamatsu R1450 

photomultipliers. Results of the test with a 106Ru source are shown in figure 12 and the 

maximum inhomogeneity measured is about 10%. 

b) Statistics. It has been measured moving the 106Ru source along the scintillator 

bar viewed by only one photomultiplier and also using a LED; the two results give a 

FWHM of 20% which is less than the value of 25% expected from the measured mean 

anode signal. 

1 2 3 4 5 
energy loss [MeVJ 

Fig. 11. Energy loss distribution (ionization with Landau fluctuations) in the Energy 
Loss Detector for electrons (circles), charged pions (squares) and protons (triangles). 
Curves are a guide for the eye. 

c) Extended target effects. Using a cylindrical target of 1 cm radius and 2 cm length 

the maximum difference in path length inside the detector is 12%; so the target length 

must not exceed 4 cm ( 25% of maximum difference). 

d) Angular effect. The trajectories at extreme angles ( 25° and 155° ) will cross 2.4 

cm of the scintillator against 1 cm at 90°. This factor can be corrected by the track recons

truction or by moulding the longitudinal profile of the scintillator in order to have similar 
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crossing lengths for each angle, if this does not affect too much the homogeneity re

sponse. 

50 

40 -

o 
a. «> 6J0 

& 
o 

30 

20 

10 -

0 

-30 -20 20 30 -10 0 10 
position [cm] 

Fig. 12. Homegeneity response of a bar of plastic scintillator viewed with one photo-
multiplier (open circles) or at both ends with two photomultipliers (full circles). 

2.4.2. Tracking detector. 

Among the experiments proposed for the Rugby Ball many the request the detection 

of one or more charged particles. The angular resolution for charged particles (apart from 

showers generated by e" or e+) is given by the nominal aperture of the crystals (6° +10° in 

ft, 11.25° in (p) if a pointlike target is assumed; this situation becomes worse when a long 

(4 cm) cryogenic target is considered. If the experiment requires higher precision in the 

determination of the emitted charged panicles momenta, a tracking detector must be added 

to the calorimeter. The following requirements to the tracking device have been identified: 

a) 1 mm spatial resolution; 

b) l°+2° angular resolution; 

c) efficiency > 95%; 

d) 1+2 ns time resolution; 

e) maximum working rate > 10s s'1 

f) good radiation resistance. 

AH these requirements could be met by a scintillating fibre tracking device consist

ing of 2 concentric cylinders of 4 cm and 8.5 cm internal radii, respectively. On each 

cylindrical surface (realized in carbon fibre) there are 2 double planes of plastic scintillat

ing fibres forming a relative angle of 60° and 30° each respect to the beam axis. Fibres can 
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be of the type SCIFI S101D with circular cross section and 1 mm0, coated with a sput

tered alumination and black varnish. An Al reflector will be deposited at one end, while 

the other side will be used for readout. The length of each fibre does not exceed 1 m. The 

angular resolution is 2.5° at 90° and 0.5° in forward anu backward directions; charged 

track vertex will be defined within 3 mm inside the target. With such a geometry the total 

number of fibres will be 3072: 1024 in the two internal double planes; 2048 in the two 

external double planes. 

There are two contributions to total efficiency of each plane of fibres: 

1) the probability of emitting zero photoelectrons at the photocathode, given by the 

Poisson distribution with a mean expectation value of 5+10 photoelectrons; 

2) the blind areas along the particle trajectory, due to cladding, coating, interstices 

and diameter tolerance. 

Considering all these effects it is reasonable to estimate an efficiency of 95% for 

individual planes. If we require at least one signal for double plane on each of the 2 cy

linders and in each of the 2 fibre angles, we obtain a total efficiency of 99%. 

Another possibility is to use three planes on each chamber. Two planes at angles of 

±30° with respect to the beam axis and the third parallel to it. If we require a signal in at 

least two planes in each chamber and we assume that the efficiency of each plane is 95%, 

then the efficiency of each chamber will be 99.3% and that of the two chamber system 

will be 98.6%. Very similar to the previous value of 99% obtainable with four planes. 

This system has the advantage that for the 86% of the events in which all three pla

nes fire we have a spatial resolution better by about 20% and the possibility of resolving 

events with two simultaneous tracks. This last characteristic is essential for the detection 

of events with more then one charged particle in the final state. Moreover the total number 

of scintillating fibres will be approximately 2300 instead of 3072. On the other side for 

those 10% of the events in which have fired the chamber parallel to the beam axis and 

only one of the other two, the spatial resolution will deteriorate by about a factor of 1.9. 

The intrinsic time resolution of the fibres is equal to that of traditional plastic scintil

lators ( <1 ns ); the modal dispersion of the fibres is negligible over 1 m being less then 

500 ps. So the time resolution and maximum working rate are fixed by the readout sys

tem. 

Fibres with polystyrene core can work without any appreciable light yield loss up 

to more than 104 rads, depending on the dose rate and recovery times. This dose corre

sponds to 2-10'5 MeV of released energy in the tracking system. Considering 2.5 MeV 

released by a Minimum Ionizing Panicle (MIP) crossing orthogonally the device, the 

maximum mean rate that the system can suffer over 5 years with 25% of machine run 

timeis2-107s'1. 

For the readout of scintillating fibre detectors one can consider three different types 

of devices: 
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a) Si photodiode which however has a very high noise, greater than a factor of 10 

with respect to the fibre signal. 

b) Image Intensifier with a high granularity (more than lC* pixels per device). This 

system has a CCD serial readout speed of few MHz per channel and each image takes 

more than 1 ms to be recorded. 

c) Multianode Photomultipliers (MP) which are good for systems at moderate num

ber of channels, working at high rates and eventually participating to the process decision 

triggers. 

The MP seem the best choice for our purpose as confirmed by tests done on a 64 

channel XP4702 MP. The last dynode of this device is segmented in 64 parts, while the 

anode is common. 
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Fig. 13. Collected charge in the 16 multianode channels at the anode (full circles) and at 
the dynode (open circles). 

Good results have been obtained in terms of light detection and of timing. The mea

sured jitter is comparable to that of linearly focused photomultipliers. Some problems can 

arise from the crosstalk, mainly due to the light spread by the fibre end on the MP win

dow. This effect could be however minimized using a special MP, like the XP4722, with 

an optical fibre glass window. Using the XP4702 as a 4x4 Photomultiplier, by coupling 

four channels together, the crosstalk on neighborhood channels is 5-5-10%, while negli

gible on the others; the last dynode inhomogeneity is 30% as shown in figure 13. 

Processing the signals from Multianode Photomultipliers could be realized, in a ge

neral way, in three steps: 
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1) amplification and discrimination; 

2) registration on CAMAC; 

3) acquisition. 

Somewhere in the electronic chain, one has to compress the high number of chan

nels ( 3072 fibres signals on 48 MP ). An appropriate solution is to use a fully parallel 

processing system like PCOS III; this system needs for the tracking detector a total num

ber of 192 16-Ch Amplifier/Discriminator Chamber Cards and 96 32-Ch Latching 

Modules. A different solution is to record on CAMAC the multiplexed serial map of the 

event for each MP, after a parallel amplificator/discriminator hybrid module which has to 

be especially designed and directly mounted on MP. Some of these modules have been 

developed, but nowadays they aren't commercially available. 

2.4.3. Preshower detector. 

The tracking system leaves a free space cylindrical crown of 4 cm thickness, that 

can be used as a preshower detector. This might be a BGO cylinder longitudinally seg

mented in 32 sectors like the energy loss detector: a 3.5 cm thickness could convert more 

than 90% of high energy photons. This detector might improve the angular resolution of 

e.m. shower because a greater number of Rugby Ball crystals are involved in the shower 

and because the external planes of the tracking system can detect the charged particles 

produced in the shower at that point. The only negative side is a hopefully little worsen

ing in the energy resolution. Using the preshower detector, the anticoincidence for neutral 

particles is given by the internal planes of the tracking system. Finally the compared anal

ysis of the transverse and the longitudinal shower distribution can help in the identifica

tion of charged pions from electrons, which is not possible with the energy loss detector. 

2.5. Photomultiplier selection. 

2.5.1. General considerations. 

To select the photomultipliers for the 480 crystals of the Rugby Ball we have first 

made a choice based on catalogue figures like efficiency, effective diameter, maximum 

peak current, gain, maximum average current and anode rise time. 

We have then acquired a few specimen of the selected types to perform some com

parative tests both in response to light pulses and to radioactive sources when in combi

nation with two prototype crystals. We were confident that even tests on a small number 

of tubes would have assessed the correspondence of their characteristics to the factory 

specifications, and eventually highlighted behaviors incompatible with their use on the 

Rugby Ball. The tests have been performed in several steps excluding from further mea

surements those PMT's which at some stage were found out of the required specifica

tions. We will here recall the main results of a complete series of tests already published 

I9'. Bialkaly photocathodes and borosilicate windows were chosen. Only phototubes with 
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specified rise time below 5 ns were selected. Regarding the gain we have assumed a con

version efficiency between 50 and 150 photoelectrons / MeV 151 and imposed an anode 

signal not lower than 100 mV over 50ft per E = 0.15 -s-2.00 GeV. This requires a gain G 

- 6x105. 

2.5.2. Tests in combination with prototype crystals. 

The sizes of our crystals impose the use of 2" or 1.5" photomultipliers. The use of 

specifically manufactured tubes has been discarded PI. The choice of standard PMTs has 

allowed to test a reasonable variety of types and brands. Two crystal prototypes, one ha

ving the smallest and the other the largest surface coverage by the phototube window, 

have been tested in connection with several phototubes l8J. 
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Fig. 14. The FWHM resolution at £ y = 
661 KeV as a function of the photomulti
plier bias. 

Fig. 15. The FWHM value of the time 
coincidence between the BGO detector 
and a plastic scintillator as a function of 
the BGO photomultiplier bias. 

The uniformity and resolution have been measured by irradiating the crystals with a 

OnQ collimated 137Cs source and analyzing the anode pulses via a spectroscopy ampli

fier having a shaping time x = 6 u:s and a Multi-Channel-Analyzer (MCA). Four plots 

have been built for any PMT. The first one (figure 14) represents the resolution as a 

function of the pMT bias with a non-collimated Cesium source located perpendicularly to 

the pyramid axis of the crystal. Besides the factory typical bias value \typ we determine 

from such a curve the minimum value Vm,„ still compatible with a constant resolution. 

The second plot (figure 15) represents the FWHM of the time coincidence between our 

prototype crystals and a plastic scintillator (2x2x1 cm3), as a function of the PMT bias. 

The values obtained at Vlyp and at Vmin are consistently higher than those reported in the 
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literature I10? but the discrepancy does not affect the relative validity of our measure

ments, as is explained by the fact that our crystals are large and compensated for longitu

dinal uniformity. This is achieved at the expense of total collected light. With a cobalt 

source the timing performance is essentially determined by the statistical fluctuation of the 

number of photoelectrons collected per unit time at the cathode which is strongly affected 

by a decrease in the total light. Assuming a dependence like R = a/VI+b and as starting 

point the value R, taken at VTOn we have evaluated as a reference point the value E j ^ 

where the time resolution goes below 3 ns. 

The third plot (figure 16) gives the energy resolution at 661 keV (l37Cs source) as 

a function of the distance from the photocathode either at V{yp or at VOT,„. From these 

curves the resolution average value <R£> from 6 to 20 cm has been extracted. Starting 

from the value obtained at Vm/n and assuming once again a behavior like R = a/VI+b we 

have evaluated as a reference point the energy Ejpc at which the statistical contribution 

goes below 1%. 
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Figure 16. The resolution at FWHM at Figure 17. The uniformity at Ey= 661 
Ey = 667 KeV as a function of the source KeV as a function of the source distance, 
distance from the photocathode; full squa- from the photocathode; full squares: V = 
res: V = Vlyp, open squares: V = Vmin. Vtyp, open squares: V = Vmin. 

The plot in figure 17 represents the ratio between the peak height at some distance 

from the photocathode (Cx) and the maximum peak height observed along the crystal 

(C^) as a function of the distance from the photocathode. The average uniformity value 

(<U>) in the range 6+20 cm has been extracted. 

Table 2 is reproduced from reference [9] and gives a summary of all quantities 

mentioned so far. A partial factor of merit, normalized to 100, has been defined as 

r <U>2 

vmo = v—p— 

The second power of the uniformity has been taken considering that all values are close to 
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1 and to each other. Partial results could already exclude those specimen that did not 

achieve a factor of merit of 50. It should be remarked that the uniformity is very similar 

from tube to tube stressing the fact that it depends uniquely on the treatment of the BGO 

surface; therefore our attention focused on other PMTs features. 

TYPE 

R329 

R1306 

R1847 

R2154 

9256 

9257 

XP2202 

R580(*> 

R980<*> 

V 

[V] 

1500 

1000 

1000 

1250 

1000 

1000 

1150 

1600 

1000 

V y nun 

IV] 

1200 

600 

700 

850 

750 

750 

800 

900 

650 

<RE> at 

V w [ % ] 

17.3 

16.2 

17.6 

18.0 

15.9 

14.6 

18.8 

21.9 

19.3 

<RisE> 

atVm/n 

[%] 

17.9 

16.2 

18.5 

18.3 

16.5 

15.9 

19.7 

22.3 

19.7 

E7/7C 

[MeV] 

210 

174 

227 

222 

180 

16.7 

257 

329 

257 

<Unif> 
a t ^min 

0.964 

0.974 

0.966 

0.976 

0.965 

0.974 

0.980 

0.983 

0.981 

<R,>at 

V • *min 

[ns] 

4.6 

9.4 

6.0 

7.2 

4.8 

6.0 

7.0 

5.2 

5.3 

% M 

[MeV] 

3.5 

16.7 

6.3 

9.4 

3.8 

6.3 

8.9 

4.6 

4.8 

^BGO 

92.7 

23.8 

47.2 

33.3 

100 

72.5 

30.8 

47.0 

57.6 

Table 2. Test results with prototype BGO crystals. (*) indicate 15" phototubes 

2.5.3. Tube tests. 

A further series of tests has concerned: linearity, maximum peak current, tempera

ture stability, gain variation with average current, linearity in terms of energy, measured 

at Vtyn, Vm,„ or both. The apparatus (' Jl consists of a light tight tube where three LED's 

(HP1540 green) shade light pulses on the photocathode. Different pulses on LED's give 

anode charges A, B...which are read at channels C^, C#.... When LED's are pulsed in 

coincidence, the corresponding total charge Q must be read at Ch = C^ + C# + ... 

Deviations from this relation can be identified in plots like that in figure 18. 

When the points deviate approxi

mately 2% from a straight line the anode 

pulse is read by a digital scope at 150 

MHz and the total charge in the pulse, 

the peak current and the average current 

are taken. Keeping the LED's in the 

very same situation, the pulses repeti

tion rate is increased until a further 2% 

T 1 1 1 — | 1 deviation in the peak value is observed. 
500 looo 1500 This gives a measure of the maximum 
sum 0! channels 

Figure 18. Photomultiplier linearity. 
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tolerable peak current at the limit of linearity. For tubes showing complex results such as 

large fluctuations around the straight line, or departures from linearity already at low peak 

currents, no other tests were made. For the rest of the tubes the linearity test was repeated 

with pairs of exponential pulses as described above. The peak curre.it found in this case 

was consistent with that obtained with square pulses. 
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Fig. 19. The temperature behaviour over a long time period of some photomultipliers 
(a): stable PMT, (b): a case of hysteresis. 

An approximate estimate of the energy corresponding to maximum linear conditions 

has been made comparing the LED output to a pulse generated by a so called Light 

Pulser. This consists of an Americium alpha source dispersed over a little Nal scintillator. 

LED pulses correspond to an energy value Esat computed knowing that the y equivalent 

energy of americium is 2.4+3.6 MeV and that the efficiency ratio BGO/Nal is 

0.10*0.12. For those tubes which had an Esa( value at Vmj„ below the application range 

of the Rugby Ball no further tests were performed. 

The Light Pulser has been used to check the temperature related gain variations over 

long time periods. The curves that are produced (figure 19) reflect basically the variations 

of light efficiency of the Nal, which has a temperature coefficient of 0.22%/°C I6'. Some 

of the tubes show a percent gain variation that is basically corresponding to the AG/AT 

known for Nal. The behavior is linear with high regression coefficients (figure 19a). 

This proves a good stability in time. Some other do show hysteresis (figure 19b) and 

must be discarded. The fitted angular coefficient is as better as it approaches the Nal va

lue. The regression coefficient can be taken as an indicator of good time stability. This 

second set of parameters is reported in Table 3 including A/50, i.e. the anode pulse height 

extrapolated at 150 MeV. 

http://curre.it
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TYPE 

R329 

RI 306 

RI 847 

R2154 

9257 

9939 

2212 

R580(*) 

R980(*) 

y?[mA] 

103.6 

17.4 

30.0 

50.0 

48.0 

152.0 

> 284.0 

100.0 

17.0 

<lAmax> 

[HA] 

18.0 

34.0 

25.0 

12.6 

19.5 

53.0 

8.0 

3.8 

Ip«P[mA] 

112.0 

33.0 

56.0 

94.0 

340.0 

106.0 

17.2 

Eva,[GeV] 

0.6*1.2 

1.0*1.9 

0.3*0.6 

0.2*0.3 

0.1*0.2 

8.4*15.1 

0.6*1.2 

AG/AT 

[%/°Cl 

0.32 

0.44 

0.30 

0.36 

1.06 

0.46 

0.56 

C T 

0.96 

0.90 

0.95 

0.60 

0.56 

0.92 

0.72 

TYPE 

R329 

RI 306 

RI 847 

R2154 

9256 

9257 

9939 

2212 

R580H 

R980(*> 

L/<7[mA] 

47.0 

5.7 

13.6 

24.0 

32.0 

70.0 

>60.0 

35.0 

3.5 

<\Amax> 

[HA] 

15.2 

6.7 

7.6 

9.5 

9.2 

5.8 

47.0 

4.3 

1.8 

\p
exP [mA] 

43.0 

13.6 

28.0 

31.0 

26.0 

82.0 

36.0 

3.4 

Ew„[GeV] 

1.4 - 2.4 

1.3 - 2.4 

3.7 - 6.7 

0.1 -0.2 

0.1 -0.2 

0.4 - 0.6 

0.5 - 0.9 

9.7 - 17.4 

2.7 - 4.9 

A/50[mV] 

190 

60 

34 

17 

390 

880 

16 

7 

F 
1 mer 

13.0 

2.1 

7.6 

0.4 

Table 3. Test results with prototype BGO crystals. (*) indicate 15" phototubes 

2.5.4. Analysis of results. 

The final choice has been made combining the results of Tables 2 and 3. Tests in 

combination with prototype crystals would have already excluded a few PMT's. 

Nevertheless we have thought it reasonable to extend the testing for those tubes which 

stood out because of compactness and low cost. A primary selection rule has been the en

ergy range at which the Rugby Ball should operate (150-2000 MeV). Linear responses 

up to 1 GeV are recommended. Then we have considered the timing performances of our 

phototubes. We have extrapolated the 1.17+1.33 MeV results to higher energies. Those 

tubes which have time resolutions above 6 ns at the energy of a cobalt source must be di

scarded. For the remaining tubes a factor of merit has been calculated to weight appro

priately all the measured parameters. 
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"mtr 

R, <R>£ AG/AT 

The factor of merit will be higher for the best tubes. From the reported values it appears 

quite clearly that the Hamamatsu R329 (2") and the Hamamatsu R580 (1.5") are those 

that gave, in our tests, the best performance. On these tubes some double checks have 

been made, repeating the tests on different samples of the same tube with basically similar 

results U ]1. In the case of the R329 tube, which performs linearly in an energy range just 

within the required limit, we have decided to order linearity selected PMTs. In this case a 

further series of tests has been performed on several selected tubes to establish a correla

tion between the linearity results obtained by our method and the values measured during 

the factory production with a different method. To exclude possible systematic differen

ces a reference tube has been selected to which all the others will be matched. 

3. THE RUGBY BALL FIRST LEVEL TRIGGER 

3.1. Background evaluation. 

The first trigger logic design requires beforehand the evaluation of the expected 

event rate at the electronic front-end. The logic will then select the true events out of the 

background mainly due to electromagnetic interactions. 

The background has been evaluated using a Montecarlo simulation of an intense 

(Riagging = IO7 s"1 in the photon energy range 600*1200 MeV) photon beam on a 1 cm 

thick 12C target. To the Rugby Ball counting rate contribute: i) the nuclear reactions pro

ducts that are in coincidence with one tagging channel, ii) the electromagnetic reactions 

products that are in coincidence with one tagging channel, iii) the nuclear reactions pro

ducts that are in random coincidence with one tagging channel and iv) the electromagnetic 

reactions products that are in random coincidence with one tagging channel. 

i) Only the nuclear contribution has a physical interest while the others produce a 

background that the first level trigger logic must suppress. We examined these contribu

tions more in detail by considering first the effect of the discrimination of the signal of a 

single crystal (trigger a) and then the effect of the discrimination of the total energy detec

ted by the Rugby Ball (trigger b). In this study a threshold corresponding to 3 MeV for 

the (trigger a ) and to 10 % of the tagged photon energy for the (trigger b) is used. The 

meaning of (trigger a) will become clearer with the discussion of the acquisition system 

for the linear signals. 

ii) In figure 20 (a) the expected rate in the Rugby Ball solid angle is reported as a 
function of the polar detection angle f}. Each point corresponds to the expected counting 
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rate of the 32 BGO crystals placed at the same d angle and the different symbols corre

spond to different discrimination thresholds 

The background contribution, corresponding to R#GO = 103 s"1 on the whole 

detector, is reduced to If)2 s 1 after trigger a and further reduced to R„ = 1 s 1 after trigger 

b. 

90 135 ÌW 0 45 90 135 180 
fl l°] 0 [°] 

Fig. 20. Tagged (a) and total (b) electromagnetic background produced by an intense 
(107 s1) tagged photon beam impinging on a thick (lem) 12C target as a function of the 
polar angle i? and integrated over the azimuthal angle (p. Full circles: total contribution; 
open circles: contribution above 1 MeV; open squares: contribution above 3 MeV; full 
squares: contribution above 10 MeV. 

iii) This contribution, equal to RBGO
 = 104 s_1» arises mainly from the interaction in 

the A region that is below the tagging energy range. In this study, it has not been possi

ble to evaluate the effect of trigger a and trigger b, however the evaluation of the random 

coincidence, in the hypothesis of a xcoin = 10 ns coincidence with the tagging hodoscope, 

gives a random coincidence rate R,„ = 2 103 s'1 derived from the expression 

R«i = 2 RBGO lagging \oin - 2 • 10»'- 10?• IO» = 2 • 103 s"' 

With an accelerator operating at a frequency f = 300 Mc and an electronics which 

can resolve events produced in two distinct RF pulses, the fraction <|> of RF pulses occu

pied by tagging events is: 

<t> = ^tagging / f= 107/3-10»= 1/30 
and the random coincidence rate, R',,,-, will be: 

R'iii =104/30 = 3.3»102s-1 

iv) This is the main contribution and it arises from the random coincidence of the 

tagging hodoscope with the pair production from low energy photons. In figure 20 (b) 

the expected rate in the Rugby Ball solid angle is reported as a function of the polar de

tection angle ft. 

The background contribution, corresponding to RBGO
 = ^ s'1 o n the whole de

tector, is dominant at angles less than 80° and reaches the value of 104 s''/crystal on the 
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forward crystals. Trigger a reduces the background rate down to 103 s"1 that produce a 

random coincidence rate Rlv = 103 s"1. Trigger b further reduces the counting rate down 

toRI„ = 4 0 s 1 . XIV 

The contribution of the cosmic background to the random coincidence rate has been 

evaluated considering a uniform cosmic ray flux of 2.10*'- cm'2 s'1 upon the sphere. This 

corresponds to a rate of 1 s'1 that produces the random coincidence rate Rcj, = 0.2S s'1. 

So far, the effect of trigger b has not been evaluated. 

coincidence 

type 

true 

random 

source 

e.m 

nuclear 

e.m. 

nuclear 

cosmic 

total [s*1] 

1.3 103 

2.5 IO3 

0.86 106 

30 103 

0.12 103 

after trigger a 

[s 1 ] 

0.14 103 

3.9 103 

with tagging 

coincidence 

[s-1] 

0.78 103 

6 103 

24 

after trigger 

b 

[ s 1 ] 

1 

40 

Tabic 4. Expected acquisition rate for the different processes with and without triggers. 

The previous counting rate has to be compared with the true event rate R, = 2.5 1()3 

s'1. The results are summarized in table 4 where the effect of each trigger has been poin

ted out. It is clear that the electromagnetic and cosmic ray backgrounds are three orders of 

magnitude lower than R{, Rj{1 is still comparable with R, and a more detailed evaluation 

of trigger b effect must be performed. 

First level TRIGGER n >O.IP. 

OR 
lagging 

f ' > 

V. > 1 McV 

Fig. 21. First level trigger. 
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Furthermore, the AND coincidence between trigger a or trigger b and the tagging 

signal provides the gate for the linear acquisition. Trigger a acts also as pile-up rejection 

device: the pile-up rate of a single crystal (defined as the pile-up of a true signal with a 

noise higher than 3 MeV), in the 100 ns ADC integration time, is equal to 1 s"1. In spite 

of this the noise arising from different crystals is 500 times higher. This rate can be 

reduced, after the ADC conversion, realizing a digital filter that compares the ADC 

converted values with the almost instantaneous 3 MeV map of the crystals. In this case 

the total pile-up rate would be 2 s"1. In figure 21 the first level trigger logic is reported. 

3.2. Linear acquisition. 

A major problem is the data-transfer rate: the conversion and transmission of data 

correspond to a dead time that must be reduced as much as possible. The linear acquisi

tion system is based on the ADC FERA system composed by a certain amount of ADC 

FERA converters (internal threshold of which will be fixed to the 3 MeV value), one 

ADC FERA Driver and one or more Data Stacks or Memories. We studied the effect of 

the division of the FERA acquisition line into different ECL lines (and consequently dif

ferent FERA Drivers and Data Stacks) serving the same number of baskets. An ADC 

FERA takes less than 8 \is to convert the input signals. After that time the device is ready 

to transmit the converted values on the ECL bus towards the Stacks at a transmission 

speed of 130 ns/data with a 270 ns commutation time. All the data, starting from a paral

lel configuration (all ADC convert simultaneously), must converge in a sequential flow. 

In table 5 the effect of a gradual reduction from parallel to sequential flow is reported. 

Tre conversion and transmission time is evaluated as a function of the number of ECL li-

rcs in the hypothesis of a first level trigger rate Rnt equal to 104 s*' (columns t+r obt;ji-

ied without the rejection of the nuclear background R;,,- and 2.5 103 s"1 (columns t obtai

ned with the rejection of the background). 

The values have been obtained from the equation 

X = 8 + 0.13n</ + 0.27nADC | jis] 

where n^ is the number of converted detectors and n^pc l n e number of modules. The 

minimum values were obtained in the hypothesis of only one detector signal and the 

maximum in the hypothesis of 120 detector signals. The probability tha» a second signal 

arrives at the logic set-'.:p during the conversion and transmission procedure is also repor

ted; it was evaluated by the expression 

p = l-exp(-Ry7,T). 

The effect of nuclear background rejection is non negligible and must be evaluated more 

in detail. However it seems that an ECL line number higher than four could guarantee a 

reasonable dead time; on the other side the higher the ECL line number is, the more ex

pensive the system is. Thus all the following evaluations were performed with the mini

mal configuration of four ECL lines. 
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ECL lines 

1 

2 

3 
4 

6 
8 
12 
24 

*min (US) 

16.50 

12.18 
10.83 
10.02 

9.35 
9.01 

8.68 
8.34 

W (Us) 

31.97 

27.65 
26.30 
25.49 
19.75 

16.81 
13.88 
10.94 

Pmin (t+r) 

.15 

.11 

.10 

.10 

.09 

.09 

.08 

.08 

Pmax (t+r) 

.27 

.24 

.23 

.23 

.18 

.15 

.13 

.10 

Pmin (0 
.04 

.03 

.03 

.02 

.02 

.02 

.02 

.02 

Pmax W 

.08 

.07 

.06 

.06 

.05 

.04 

.03 

.03 

Table 5. Minimum and maximum transfer time of the FERA system, Minimum and 
maximum dead time as a function of the number of ECL lines (t) true coincidences, (r) 
random coincidences. 
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Fiji. 22. The data acquisition scheme with filtering. 

Before the second level processing, the data, as mentioned before, has to be filte

red. The instantaneous MeV map can be realized using a LeCroy PCOS Ill-like device. 

The map is built and stored in a Data Array during the ADC conversion and transmission 

time. The Data Anay will be then asked by the single linear data. PCOS III takes 1(K) ns 

•o read 32 discriminators and, while it is reading, an encoder processes the previous data 
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generating the addresses of detectors at IO7 s"1 In a bad condition, when half of the 480 

detectors generate a signal, the storing procedure takes 24 |is, less than the conversion 

and transmission time of the linear acquisition system. 

In figure 22 the whole filter device is shown: the PCOS III signals enter both in a 

data array and in a VME crate for the second level trigger processing, while the ADC 

convened signals, after being stored in a Data Stack, enter into the VME crate through a 

Data Register that is open only if the Data Array gives a positive answer. 

4. CALIBRATION AND MONITORING 

4.1. General considerations. 

At any stage of the life of an electromagnetic calorimeter (EMC), one needs to 

know the correspondence between the charge Q collected and converted by the data pro

cessing, and the effective energy E released in the EMC. In other words the error induced 

by the uncenainty in the absolute energy scale is added to the statistical uncertainty. In 

time, ii is difficult to control this systematic error because of uncorrelated effects like ma

terial ageing, radiation damage, temperature variations, PMT's bias instabilities. The ne

cessity of limiting and controlling these effects is clear because the energy scale must be 

known with more precision than the energy resolution of the apparatus. Two complemen

tary approaches can be normally used: calibration and monitoring. 

Calibration consists in establishing the relation Q = cE with physical events of 

known energy. Monitoring consists in probing and correcting any energy scale derivative 

c = c(t) with reference to known light or charge quantities. The calibration fixes an abso

lute energy scale using the same procedure that will be adopted to treat physical data of 

interest. Anything between the detector and the data sorting is controlled in one goal. This 

can be performed once in the lifetime of the EMC in parallel with monitoring by some 

known and reproducible light pulse. This light pulse will then monitor variations over 

long periods of time. The calibration of an EMC, which does operate in a large energy 

range, obviously requires the determination of a linearity curve including several points 

and therefore requires a complex apparatus to work with a variable energy beam. It is a 

technical effort that we are planning to do at Frascati at the JET-TARGET tagged photon 

beam and that will take advantage of the modularity of our Rugby Ball. Individual ba

skets will provide ideal support to irradiate reasonably large clusters of crystals with sui

table beams. 

4.2. The monitoring technique. 

Monitoring requires that the quantity of light injected in any crystal is stable in years 
to an accuracy better than the EMC energy resolution. The gain variations 8G of PMT or 
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electronics can be spotted and corrected by changing the PMT high voltage. Three ore the 

main components of a monitoring set-up: the light source, the distribution system and the 

synchronization and normalization. 

light source 

^•H-K) 
UV neutral 

fillet filters lens 

trigger 

monitoring electronics 

light 
distribution 

box 

EMC 

EMC 

PMT 

normalisation system 

Fig. 23. General layout of the monitoring apparatus. 

The source should have a stability better than 1 % and in any case its output must be 

controllable to such a precision. The emission spectrum must match the spectral response 

of the bialkaly photocathodes and the source must respond to pulses, having rise and de

cay times comparable to those generated by a scintillation event. The distribution and 

normalization system does not depend on the type of light source chosen. We are presen

tly considering to test the distribution system with a Xenon lamp marketed by Xenon 

Corp. (mod. N789B-1+437A) having a peak power Pp= 50 kW. The number of pho

tons emitted in the window 400/600 nm is N ^ = 1.51017 [ph/200 nm/J in]. The BGO 

light emission is of the order of Nph
BG0 « 104 ph/MeV which makes a total of 5 1 0 6 

photons at 1.5 GeV. The problems connected with the use of such a source are the relati

vely low lifetime and an appreciable UV emission which must be filtered because it can 

damage the BGO crystals. Meanwhile we are exploring the possibility of future system 

configurations incorporating a dye laser as the light source. We are presently testing a 

basic scheme of monitoring depicted in figure 23. UV filtering will be specifically inves

tigated regarding the effect of UV light on filter heat centers which may on a long time 

base appreciably modify the transmitted spectrum. 

If the light source is a dye laser a UV filter will not be required. In fact it will be 

possible to tune the wavelength of the light emission in order to eliminate the U V compo

nent. As for the intensity tuning we are testing neutral high precision (±1%) quartz filters 

in various combinations. 
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The most complex part of the system is the light diffuser. Different solutions are 

reported in literature 112,13,14] t n e i r a j m j s t o produce a light output as uniform as possible 

on all exit channels. Emi-spherical, cylindrical or conical shapes have been produced. We 

shall thoroughly experiment on a cylindrical diffuser where output fibres depart from the 

curved surface. The appropriate material for such fibres is polystirene, which is known to 

better stand high radiation doses. Each main fibre will be splitted by a commercially 

available mixer, providing also an intensity regulation. Two or three main fibres will 

connect the diffuser to the normalization and synchronization electronics. 

4.3. Normalization. 

Specific attention has to be paid to the normalization of the light pulses. As a matter 

of fact it looks quite reasonable to accept sources that are intrinsically less stable (3%) 

than others and monitor them, instead of paying a high price for a very stable source 

which should be after all equally normalized. Some of the systems actually adopted can 

be discussed. The L3 detector at LEPU4! uses two independent devices : a PMT and a PD 

which both read the light source. In addition the PMT reads the light produced on a ther-

mostated Nal scintillator by a Cs source. The three readings provide double checks on the 

stability of the light source and of the PD itself. Over a period of a few days an excellent 

performance of the PD is generally found. The synchronism is given by a reference trig

ger of the light pulse generator. 

In ARGUS I13' these two independent systems are again a PD and a lead glass read 

by a PMT. Here the reference energy is not the Cs peak but the energy deposited in the 

lead glass by muons whose trajectory is identified by a four-fold coincidence. The limit 

of this system is in the low muon count rate (1.8 muons/s"1) which implies long measure 

times (80 min) if a one percent statistical accuracy is required. The reliability of the PD's 

and the versatility of the L3-like system will be experimented first. 

5. MONTECARLO SIMULATION OF THE RUGBY BALL 

The electromagnetic shower code GEANT3 f,5l was used to simulate events in the 

calorimeter in order to obtain response functions for energy deposition, angular resolu

tion and mass identification of neutral particles. A full geometrical description of the de

tector was used including all crystals (TRAP shape of the GEANT3 geometry package) 

and the carbon fibre support structure. A 2 cm long 4 cm diameter mylar cylinder 

containing liquid hydrogen was used as a target for event simulation. A gaussian beam 

with a radial distribution with o = 0.6 cm, corresponding to the shape of the 

JETTARGET beam, was used. As a first step, and in order to have the cleanest 
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information about the possibilities offered by the calorimeter, no central equipment was 

included in the simulation. 
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Fig. 24. The Montecarlo response functions at the given photon energies.Counts are in 
arbitrary units. 
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Fig. 29. Response functions to neutral pion mass reconstruction with different recons
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In figure 24 some of the response functions of the detector at the given photon en

ergies are shown. A 3 MeV threshold will be used in the discriminators and is included in 

the simulation. The length of the crystals and the very thin, low Z, inert mechanical sup

port, allow a quite complete containment of e.m. showers giving rise, for the resolution 

as a function of the incoming photon energy (figure 25), to a behavior very close to E"°-s. 
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Angular response functions for photons are shown in figure 26 for ft and <p 

reconstruction. The angular resolution displays, for both angles, a constant behavior as a 

function of the energy for E~>200 MeV indicating that photon showers have a topology 

independent of the incoming energy (figure 27). It is noticeable that, despite the large 

granularity of our detector, barycentric angle reconstruction allows to obtain resolutions 

that are 40% smaller than the nominal angular aperture of our crystals. Target effects, 

crystal volume effects and different centroid angle reconstruction, were studied for 

photon showers. Results indicate that the relevant quantity for a barycentral determination 

of the photon angle is the energy deposition per unit volume and that targets longer than » 

3 cm can be used only if a central preshower and tracking detector is added to the Rugby 

Ball. 

The angular and energy resolution of electromagnetic showers have direct effects 

on the reconstruction of neutral particle masses. The effects have been studied directly by 

simulating in the sphere the detection of neutral pions of variable momentum. In particu

lar we have studied the effect on the mass resolution and on the detection efficiency of 

different reconstruction techniques, both to establish the limits of the system and to iden

tify the most suitable algorithms to be implemented in the data analysis programs. A triv

ial technique identifies the two maxima in the 480 bins map of energy deposition; then 

theinformation contained in the eight adjacent crystals is considered to obtain the energy 

and the angle of the two showers. The centroid and FWHM resolution, of the mass di

stributions obtained with this method as a function of Jt° momentum are given in figure 

28. Several other attempts have been made. Two 480 bins maps have been assumed, one 

relative to the sectors which detect more than 3 MeV, the other relative to a higher thre

shold corresponding to 2% of the pion energy. The 3 MeV map is in principle more 

complete but entails, specially at the higher momenta, the possibility that two merging 

showers are not identified and that small energy spills (due to the large mean free path of 

low energy photons) are mistaken as individual showers. Correction of these effects is 

possible but at the expenses of detection efficiency. The high threshold map carries a re

duced energy information, but the identification of cluster pairs is very close to the effi

ciency limit allowed by the 78% of the total solid angle covered by the Rugby Ball. The 

systematic error in the mass distribution centroid and the larger FWHM may well be tole

rated due to large difference between the ifi and f\ masses. Some results obtained by the 

different techniques are shown in figure 29. 

6. CONCLUSIONS 

The activity of the BGO collaboration has obtained up to now some fundamental 

results: 
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a) The geometry of the crystal ball has been fully defined and a reasonable 

compromise has been found between apparently conflicting requirements: 

i) a good energy resolution (= 2 % FWHM) at a gamma ray energies up to 

1.5 GeV with an acceptable cost and size ( a thickness of 24 cm or 21 r.l.); 

ii) a sensible angular resolution to photons (Atì = 6°, A(p = = 7° at FWHM 

for gamma ray energies greater than 200 MeV) with a reasonable number of crystals 

(480) and the introduction of a very small amount of non-scintillating material inside the 

ball; 

iii) an inner bore of 10 cm radius which will allow the use of cryogenic 

targets and a vertex detector to measure the angle of charged particles with a precision of 

±1° and their point of origin with a precision of± 2 mm. 

b) Prototype crystals of different sizes have been tested and found to have the 

required properties of uniformity and energy resolution. A computerized testing device 

has been built and already used for the test of the first 80 crystals; 

c) To hold the crystals in position, with a minimum of inert material between them, 

a carbon fiber structure consisting of 24 crates has been designed and built. Each crate 

contains 20 crystals. The maximum thickness of the walls is (0.54 x 2) mm. In this way 

the average ratio of Carbon to BGO inside the ball is 0.04 in volume and 8.5 x 10"6 in 

cubic radiation lenghts, with a resulting insignificant deterioration of the energy 

resolution. The 20 crates are held together by a metallic structure which allows the 

separation of the ball into two halves along a plane containing the ball axis. A special tool 

has been built to remove the crates individually from the ball. Any number of crates can 

be removed without affecting the position of the remaining crystals. In this way the BGO 

can be partially replaced with other types of detectors for special experiments. 

d) Several photomultipliers have been tested and two have been selected to obtain 

the best compromise among efficiency, resolution, speed, linearity and cost. Appropriate 

voltage dividers have been designed. 

e) Preliminary studies of the trigger and acquisition electronics have been 

completed. A reduced prototype of a linear fan-in and delay with 500 input channels is 

under costruction. 

Detailed studies are now under way of the first experiments to be performed. As a 

gamma-ray calorimeter with a In symmetry around the beam axis, the ball is an ideal 

match for polarized gamma-ray beams as the one (Graal) under construction at the ESRF 

in Grenoble. This project will provide a beam of fully polarized and tagged gamma-ray 
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beam with a maximum energy of 1.5 - 2 GeV and an intensity around 107 photons per 

second. In a liquid Hydrogen t; "get several centimeters long, this beam will produce 

some hundreds of pions, some TI and some K+ per second. 

A new report discussing the different experimental possibilities opened by this 

apparatus at various laboratories is in preparation. 
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