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DATA ANALYSIS FOR BUBBLE CHAMBER AND HYBRID SYSTEMS 
M.E. Mermikides 
Nuclear Research Centre "Demokritos", Greek Atomic Energy Commission, Athens, Greece. 

ABSTRACT 
The course will be mainly devoted to data-processing aspects of 
present-day bubble chamber experiments involving the use of ex
ternal particle detectors. Present trends will be briefly re
viewed from the point of view of instrumentation and trigger con
ditions employed to realize the physics objectives. The lectures 
will include a discussion of software aids and disciplines for 
program maintenance and development and the management of data 
structures. 

1. INTRODUCTION 
Bubble chambers have played a fundamental role in the study of high-energy interactions 

since the early days of particle accelerators, and have been responsible for much that is 
known of elementary particle phenomena in the intermediate energy region . Greatest among 
the successes of the technique is perhaps the discovery of neutral currents in the weak in
teraction process. 

Interactions at present accelerator energies are generally of a complexity which cannot 
be effectively handled by traditional bubble chamber methods. Much of the physics interest, 
moreover, lies in processes occurring with very low cross-section which have to be separated 
from a large background of "conventional" events. These requirements have led to the develop
ment of hybrid systems along two general lines. On the one hand, we see the use of large 
bubble chambers forming the dominant detector, complemented by external electronic detectors 
to provide some measure of particle identification and additional measurement. By combining 
the bubble chamber and counter measurements, one hopes to improve the accuracy in the deter
mination of the track parameters. 

The other approach relies on the use of large spectrometers employing a high degree of 
electronic detection, with a small rapid-cycling bubble chamber operated under certain trig
ger conditions playing a smaller role as vertex detector. Various passive devices have also 
been successfully employed in conjunction with a bubble chamber, such as photographic emul
sion and internal track-sensitive targets. 

The emergence of hybrid systems has had a considerable impact on the traditional bubble 
chamber computing environment. The experimentalist now has to contend with problems of on
line data acquisition, equipment monitoring, etc., which were once the domain of the counter 
technique only. In addition, there is the task of correlating the bubble chamber and ex
ternal detector information. 

In order to attain effective statistical levels, experiments are usually performed on 
a large scale involving the collaboration of several university groups and research establish
ments. Data reduction relies on large reconstruction programs which are usually the product 
of many man-years of coding effort. It is the task of each laboratory to adapt the programs 



- 107 -

to its own environment and provide the necessary interfaces to the measuring system. A high 
level of organization and efficient bookkeeping are called for in order to keep track of the 
large volume of data involved. The establishment of the data-processing system is often far 
from trivial, especially in the case of smaller laboratories with limited computing resources. 

In these lectures we shall take a look at the role of computers in present-day bubble 
chamber experiments, and the special demands imposed by hybridization. The subject will be 
treated from a practical point of view, and will include the use of software "tools" which 
can be effectively employed for the maintenance and exchange of large volumes of software 
and data. 

2. INSTRUMENTATION 

2.1 Bubble chambers - Principles of operation 

The basis of operation of track detectors is the rendering of a permanent visual record 
of the passage of an ionizing particle through a medium. 

In the case of a bubble chamber, the medium is a superheated liquid in which a charged 
particle leaves a trail of bubbles in its wake. The liquid is brought to the sensitive state 
by reducing its pressure synchronously with the passage of the particle. The bubbles grow 
in diameter at a rate proportional to the square root of the growth time and, when they have 
reached a suitable size, a flash system is triggered to enable the chamber volume to be photo
graphed from several viewpoints. The set of views is used for subsequent stereoscopic re
construction of the tracks. It is standard practice to provide a magnetic field over the 
volume of the bubble chamber to enable charge determination and momentum measurement. 

A variety of chambers have been built, in sizes ranging from a few inches to several 
metres. Large chambers are generally used in situations where it is desirable to maximize 
the probability of interaction and containment of the interaction products, and for improving 
the momentum determination of energetic tracks. Small chambers operated in rapid-cycling 
mode are well suited to the selective study of low cross-section processes, when used in 
conjunction with an external trigger. 

2.2 Bubble chamber characteristics 
An interesting feature of the bubble chamber is that the liquid combines the functions 

of target and detector. A large number of experiments have used a hydrogen filling in order 
to study interactions with a free proton target. Heavier liquids and mixtures have been used 
to provide a neutron target, and to improve neutral particle detection at the expense of re
solution due to increased multiple scattering, and complications arising from nuclear effects. 

The main advantages of the bubble chamber can be summarized as follows: 

i) High detection efficiency for charged tracks over a 4rr solid angle. Essentially free 
from bias due to detector geometry. 

ii) High precision reconstruction allows excellent spatial resolution and accurate track 
parameter determination. 

iii) Direct and generally unambiguous observation of events. We do not need a complex 
pattern recognition process to associate signals from discrete detector components in 
order to recognize the event. 
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Fig. 1 Production and decay of a charmed meson state in the Big European Bubble Chamber (BEBC) 

iv) A large amount of information is recorded for each event, which can provide decisive 
evidence for new particles or interaction processes. In this respect the bubble 
chamber can be an effective explorative instrument (Fig. 1). 

Against these merits we have to weigh the disadvantages of the method: 

i) Low data rate. Even under rapid-cycling conditions, event rates are far below those 
achievable by counter methods (by at least a factor of 10 3). 

ii) Requires tedious and long term off-line analysis. Results are not immediately avail
able. 

iii) No inherent selectivity. Separation of low cross-section processes is slow and in
efficient. 

iv) Poor time resolution. 

v) Poor precision at high energies. 

vi) Poor detection of neutral tracks. 

vii) Direct particle identification is only possible at low momenta. 

viii) Unsuitable for colliding-beam experiments! 



- 109 -

2.3 Types of bubble chamber 

With the progressive increase in accelerator energies, we have witnessed, as would be 

expected, a corresponding growth in bubble chamber size up to the present-day instruments 

containing some 30 m 3 of liquid. It is interesting, however, to note the recent reversal 

of this trend with the development of minuscule chambers devoted to the study of short-lived 

particles. 

We shall take a brief look at some of the chambers in current use and the functions they 

are designed to fulfill. 

2.3.1 ÇrXogmic_chambers 

Prime examples of this type are the Big European Bubble Chamber (BEBC) at CERN and the 

15' FNAL chamber. These chambers have been especially active in the field of neutrino 

physics, where it is desirable to have a large interaction volume. The main characteristics 

of this type of chamber are the cylindrical shape and the use of wide-angle (fish-eye) op

tics. A superconducting magnet provides a field of 3-4 T over the chamber volume. 

The penalty one pays for the large volume is increased distortion due to turbulence . 

The problem is aggravated owing to the relatively long delay needed to obtain resolvable 

bubbles under bright field illumination conditions. These effects, in combination with op

tical resolution limits, restrict the achievable setting error to around 300 ym in space. 

Although this figure is considerably worse than in earlier generation chambers (such as the 

CERN 2 m HBC), high accuracy is possible by virtue of the combination of high magnetic field 

and long track length. 

The precision in momentum that can be achieved by this type of chamber can be expressed 

as: 

Ap_ 
P 

z ef2l + multiple Coulomb + e r r Q r B 

£2^5 scattering error ' ^ ' 

where 

e = setting error 

B = magnetic field 

L = measured track length. 

Thus a 4?o error is possible on a 100 GeV/c track in BEBC, which compares very favourably 

with what can be achieved by counter techniques. The precision is ultimately limited by 

multiple scattering, and the maximum useful volume, from this point of view, has been reached 

by the present large chambers. 

High-resolution cameras are under development to replace a number of the existing BEBC 

optical channels. It is hoped thereby to reduce the setting error to about 100 \m at the 

expense of restricting the field of view to 20% of the chamber volume. Similar developments 

are under way for the FNAL chamber. 

2.3.2 Rapid-cycling chambers 

These chambers represent an attempt to improve the data rate and to offer the possibility 

of selecting specific types of events with the aid of external triggering. The working prin

ciple approaches that of counter experiments, although the event rate still falls far shorter. 
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The bubble chamber nevertheless has the advantage of providing very precise information around 
the vertex region. 

In some chambers the magnetic field and the optic axis are normal to the beam direction 
(e.g. the SLAC 40'' chamber), giving good resolution in the median plane but producing lateral 
dispersion which necessitates a large aperture for downstream detection. Arrangements with 
the magnetic field and optic axis orientated along the beam (such as HYBUC) have been used 
to avoid this dispersion. 

The data rate in hydrogen is given by the relation 

R = 3.1 x lo" 3 r-d-Z-N ub/day , (2) 

where 

r = cycling rate 

d = accelerator duty cycle 

I = visible beam track length 

N = No. of beam particles entering the chamber/expansion. 

We see that a rapid-cycling chamber operated at a fairly modest rate (10-50 Hz) offers 
the possibility of studying microbarn processes at Super Proton Synchrotron (SPS) conditions. 
Such chambers are in current use in hybrid installations; these will be described later. 

2.3.3 High-resolution chambers 

With the discovery of "charmed" states, there has been considerable interest in the 
study of the production and decay mechanisms of short-lived particles. The direct observation 
of such particles, which are predicted to have lifetimes of the order of 5 * 10" 1 3 s , 
in a track detector requires sufficient spatial resolution to observe track lengths of 
less than 1 mm. This is just beyond the limit of conventional bubble chambers if one takes 
into account the confusion around the interaction region due to high track multiplicity in 
the energy region with which we are concerned. 

The emulsion technique has been successfully employed for the observation of such de
cays in neutrino interactions. Emulsion search, however, is a very slow and painstaking 
process owing to the poor picture quality and high background from secondaries. The back
ground problem rules out the use of emulsions in hadron-induced processes. 

The possibility of using a bubble chamber for the study of short-lived particles has 
been investigated with the aid of a sophisticated Monte Carlo technique , where simulated 
charmed particle decays were recorded on film and scanned to determine the efficiency for 
their observation under various optical resolution levels. It transpires that a reasonable 
detection efficiency for lifetimes of about 10~ 1 3 s requires a vertex resolution of the order 
of 10 ym. The problem is dominated by the transverse separation of the tracks and is inde
pendent of energy to first approximation. 

To obtain sufficiently small bubbles, the illumination must be triggered after a short 
delay (of the order of 10 us) compared to normal operation. Moreover, we have to increase 
the bubble density in order to produce recognizable tracks by operating the chamber at a 
higher temperature and/or reduced expanded pressure. 
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Fig. 2 High multiplicity interaction observed in the Little European Bubble Chamber (LEBC) 

The depth of field of an optical system with resolving power capable of detecting 10 ym 
bubbles is very small (about 1 ram) and requires precise localization of the beam plane. The 
construction of such chambers is technically feasible, as has been demonstrated in the case 
of BIBC (Berne Infinitesimal Bubble Chamber) and LEBC (Little European Bubble Chamber) re
cently built for use at CERN. The resolution capability of the latter device can be seen 
from Fig. 2. Some of the characteristics of these devices are summarized in Table 1. 

Table 1 

Chamber Dimensions 
diameter/depth 

(cm) 

Filling Bubble 
density 
(per cm) 

Bubble 
size 
(ym) 

Cycling 
rate 
(Hz) 

BIBC 

LEBC 

6.5/3.5 

20/4 

Heavy 
liquid 
Hydrogen 

200 

70 

30 

30-50 

4 

40 

An elegant way to overcome the loss of depth of field in high-resolution conditions is 
by the use of the holographic technique '. The method was not applicable when originally 
suggested, owing to the difficulty of maintaining the necessary uniformity of illumination 
over the rather large bubble chambers then in use. The approach has been reconsidered for 
small vertex detectors ' and has been successfully applied to BIBC, where 8 ym bubbles have 
been resolved over the entire chamber volume. A pulsed laser provides a coherent light 
source. Spherical waves scattered from the bubbles superimposed with a plane beam form a 
stationary interference pattern which is recorded on photographic film. When viewed through 
a coherent light source, the image of each scattering centre (bubble) is reproduced at a 
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Fig. 3 Holographic record of a IT N interaction at 140 GeV/c in the Berne Infinitesimal Bubble 
Chamber (BIBC). The bubble diameter is 8 \im. 

distance from the film plane corresponding to the depth of the bubble in the chamber. By 
moving the film along its normal, all the tracks can be brought into focus. The use of a 
pulsed source for recording the film minimizes the effects of turbulence. A photograph of 
an interaction recorded by the holographic method is shown in Fig. 3. 

2.4 Hybrid systems 

The object of hybridization is to extend the usefulness of the bubble chamber by com
bining the "best of both worlds". We shall describe some of the systems at present in use, 
and what they set out to achieve. The treatment is neither rigorous nor comprehensive: the 
aim is to impart an idea of general trends in this field. 

2.4.1 Internal_hvbridization 

One of the earliest attempts to improve the detection of neutral particles was made by 
Florent et al. , who used a composite filling to separate the target from the detector func
tions of the chamber (track-sensitive target). Interactions occur in a region of hydrogen or 
deuterium contained in a Perspex vessel, within a chamber filled with a neon-hydrogen mixture. 
The object is to maintain clarity and high resolution in the vertex region, while at the same 
time improving the detection of neutral pions by virtue of the short gamma conversion length 
of the surrounding mixture. ^ 

Another form of internal hybridization is achieved by the introduction of metal plates 
in the chamber to improve gamma conversion and muon identification. Several other schemes 
for gamma detection have recently been proposed, such as a solid-argon ion chamber J and a 

10") 
visual "matrix" calorimeter ' . 
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2.4.2 External_hybridization 
A basic weakness of the bubble chamber is that particle identification is restricted to 

low momenta where ionization information is of use, while it is generally important to iden
tify the most energetic, or "leading", particles. Moreover, the small sagitta of energetic 
tracks does not allow precise momentum reconstruction. As we have seen before, increasing 
the size of the chamber does not help. It is therefore evident that we need some form of 
external detection in order to achieve these aims. 

2.4.2.1 The External Muon Identifier (EMI) 

An application of external detection which has proved successful is in the study of 
neutrino interactions, where it is necessary to provide positive identification of muons 
produced in charged-current processes of the type 

v(v) + N •+ y~(y+) + hadrons , 

and in rare processes involving two or more final-state muons. 
Figure 4 shows a schematic view of the BEBC EMI facility ' where muon identification 

is achieved by two planes of multiwire proportional chambers (MWPCs) and an iron filter. The 
1QWER 

EMI CHAMBERS 

LOWER ROW - * 4 

Fig. 4 The External Muon Identifier 
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principle is that muons produced in interactions within the bubble chamber traverse the 
iron filter by virtue of their low interaction cross-section and are detected by the down
stream chambers, while other particles are absorbed within the first few interaction lengths. 

The chamber modules are provided with a pair of sense-wire planes and two cathode-strip 
planes. Groups of two to eight wires and one or two cathode strips are connected externally 
and constitute electronic channels of varying resolution (8-32 mm). The higher resolution 
modules are used near the beam axis where the most energetic tracks are expected. The elec
tronics system is self-triggering and consists of about 20,000 channels, each connected to 
a shift register. The bit pattern is clocked into all registers whenever an event occurs. 
As a relatively small number will normally be activated (ideally there will be only one or 
no muons produced on the average from interactions of the desired type per beam pulse), a 
two-level scheme has been adopted to effect better buffer utilization. Each chamber is 
equipped with a 40-bit MOS register per channel. A main buffer records the number of the 
chamber activated in sequential order. The read-out is controlled by the main buffer, which 
transfers the contents of the buffers of the activated chambers to a CAMAC bus and, via a 
DMA unit, to the controlling minicomputer. No on-line data reduction is attempted beyond 
format compression. 

The data acquisition cycle relies on pulses which precede the SPS extraction to reset 
the computer and CAMAC logic and to open an external gate for data taking in slow (2-3 ms) 
or fast (23 \m) spill conditions. The EMI and other control and status information is re
corded on magnetic tape between beam spills. Figure 5 shows the EMI buffering scheme and 
data acquisition sequence. 

The main problem is the high background from upstream interactions and cosmic rays. We 
typically have several hundred hits, out of which only one corresponds to the wanted muon. 
Ambiguities can be reduced by making use of available time information within the 0.5 ys 
resolution capability of the system, and demanding coincidence between the inner and outer 
chamber planes. The veto system facilitates the recognition of the beam-associated muon 
background. The on-line system operates in two modes, or streams. The function of real 
data acquisition is performed in stream 1, while EMI testing is carried out in stream 2 using 
cosmic-ray data collected during the interval between spills. The system also monitors the 
performance of the equipment and essential parameters such as power supply levels, gas flow 
rates, etc., and signals alarm conditions as they occur. 

2.4.2.2 The SLAC hybrid facility 

The study of intermediate energy processes has been successfully pursued with the SLAC 
40" rapid-cycling bubble chamber in conjunction with a downstream spectrometer. The facility 
allows for a large degree of flexibility in order to cope with a wide range of experimental 
requirements. We shall examine here a particular set-up (Fig. 6) conceived to provide high 

± 12) 
statistics on nucléon dissociation processes in 14 GeV/c multibody TT p interactions -1. 

For a detailed study of such processes using the traditional bubble chamber approach, 
one would require an unmanageable number of photographs, as only one picture out of about 
30 will be of the desired type at the energies considered. A downstream magnetic spectro
meter equipped with wire spark chambers provided a measurement of the leading pion, which 
was used as a trigger to activate the cameras only for potentially interesting events, thus 
reducing the film processing load to acceptable proportions. 
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Fig. 5 EMI buffering and data acquisition logic 
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Fig. 6 Experimental set-up and on-line flow of control for the study of nuclear dissocia
tion in TT~p interactions at the SLAC Hybrid facility. XY 1-10, UV 1-4: spark chambers; 
B3, AIR, AIL, A3R, A3L: scintillation counters. 

The trigger requirement was that the mass m,, recoiling against the leading pion should 
be within certain limits chosen to reduce background from elastic scattering and inelastic 
processes other than those under investigation. The expression to be evaluated is 

m* = t + m* + 2m (E^ - E f) , (3) 

where E, , E„ are the beam and fast outgoing pion energies, m the target (proton) mass, and 
t the square of the four-momentum transfer from the beam to the leading particle. An algorithm 
approximating this expression was used to effect the decision within the time until the picture 
would normally be taken (^ 2 ms). 



- 117 -

The missing-mass software trigger was preceded by a fast hardware trigger condition 

RR + RL + LR + LL , 

where RR = A1R-A3R, RL = A1R-A3L, LR = A1L-A3R, LL = A1L-A3L, which fired the spark chambers 
and initialized the digitization process. 

The digitizings were accumulated in a set of scalers which were reset before each beam 
pulse. After completion of the digitization (about 300 ys) the scaler contents were trans
ferred to the computer memory by a DMA process, and control was passed to the missing-mass 
trigger program. 

Data logging and trigger logic were accomplished by a foreground program, while soft
ware development and further analysis of selected events could be performed independently 
as background tasks. 

The scintillation counter B3 provided a supplementary trigger to prevent pictures from 
being taken under unacceptable beam conditions, while the upstream MWPCs provided information 
on the beam profile during tuning, and also gave an independent measurement of the beam energy. 
The spark chamber raw data were converted to spatial positions at each chamber plane by an 
off-line program. Track finding was done independently in the x- and y-projections using as 
constraint the continuity between track segments at either side of the bending magnet and 
extrapolation to the bubble chamber interaction volume. The x- and y-views were matched by 
using u-v chambers at stations 1 and 3, a x 2 test being performed to resolve ambiguous matches. 
A further program was used to merge the spectrometer tracks with the corresponding bubble 
chamber tracks using a x 2 fit with components from the difference between the spectrometer 
and chamber measurements of the track parameters: momentum, dip, azimuth, and exit point 
(x,z). A weighted average was taken for the momentum, which strongly favoured the counter 
value because of its smaller error, while the bubble chamber values for dip and azimuth were 
used. 

Common features of most experiments are a fast trigger logic relying on hodoscope and 
Cerenkov information, followed by a slow trigger algorithm involving some momentum and direc
tion reconstruction. An example of a fast trigger scheme using a large-aperture Cerenkov 
counter (CANUTE) followed by muon detection is illustrated in Fig. 7. A novel triggering 
idea uses a linear image sensor device which previews the bubble chamber for tracks through 

1 3) 
a 45° mirror with the aid of a flash fired before normal picture taking ' . 

Fig. 7 Use of the large-aperture Cerenkov counter (CANUTE) at the SLAC Hybrid facility for 
the discrimination of kaon and higher mass tracks of momentum above 2 GeV/c from pions. The 
fast triggering scheme is S1*CB*BH'CN* ZHi. (SI - Scintillation counter; III - Proportional 
wire chambers; CB - Beam Cerenkov; BC - 40" bubble chamber; DV - Beam veto counter; 
CN - CANUTE; H£ - Downstream hodoscope; ^i,2 ~ Muon detectors.) 
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A recent proposal ' endeavours to use the hybrid facility in the SLAC back-scattered 
laser beam with a downstream lead-glass assembly to enable photon and electron detection. 
The detection of TT°'S will make kinematic fitting possible for events with more than one 
neutral. It is hoped that the possibility of electron detection will provide a subset of 
events with enriched charm contribution from semi-leptonic decay modes (e.g. D •*• K e~v). 
The MWPC data will be analysed using on-line 168E microprocessors ' in conjunction with a 
minicomputer to trigger on a track with a minimum accuracy of 2 GeV/c coming from a vertex 
within the bubble chamber. Another charm search experiment ' relies on the use of internal 
plates to improve electron detection, with the SLAC chamber operated under high resolution 
conditions similar to LEBC. 

2.4.3 TJie_Europ_ean_Hybrid_Sgectrometer_(EHS} 

This system, currently under construction, has been designed for the study of hadronic 
17] 

interactions at SPS energies ' ; it involves a wide range of equipment for the detection, 
measurement, and identification of charged particles and photons. The major components 
being considered are sketched in Fig. 8. 

Vertex and low-energy particle detection are accomplished by a rapid-cycling bubble 
chamber. Downstream multiwire and drift chambers cover the high-energy range, and addi
tional leverage for extreme momenta is provided by bending magnet M2. The system ensures 
a momentum precision of around \% throughout the entire energy range. 

Charged particle identification is achieved by a large drift chamber assembly (ISIS) 
by use of the relativistic rise in ionization. At the low- and high-energy extremes, iden
tification will be supplemented by Cerenkov counters and transition radiation detectors. 
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The European Hybrid Spectrometer. General layout and momentum measurement capability. 
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For data rates of the order of one event in the chamber per burst, the interval between 
bubble chamber cycles should be adequate for examining and, if desired, storing the counter 
information. Trigger calculations, such as momentum reconstruction of a selected track, 
could easily be performed before activating the cameras. Higher-level computations which 
cannot be done in this time may be applied in the time before the next chamber cycle to 
avoid writing unwanted events on tape. The bulk of the data is expected to emanate from 
ISIS (a 30-prong event will need 10k 16-bit words). This detector also imposes the heaviest 
monitoring demand, as on-line spatial track reconstruction is necessary to correct for drift 
velocity variations. 

2.4.4 Emulsion_hybrid systems 

We shall conclude our guided tour of hybrid systems with a brief description of a BEBC 
l e) experiment making use of the emulsion technique for the search of short-lived particles 

The configuration is interesting in view of the diversity of detectors employed, as can be 
seen in the sketch in Fig. 9. 

A veto counter system on either side of the emulsion and coupled to the EMI was used 
to signal the time of occurrence of an event in the emulsion and to tag the corresponding 
picture frame. Charged-current events are characterized by the detection of a muon in the 
EMI. The passage of a charged particle through the counter C gave the trigger signal for 
data acquisition from the EMI and the veto-coincidence system. The multiwire proportional 
chamber D was used to correlate the BEBC reference frame to the emulsion coordinate system, 
the set-up being calibrated by locating in both chambers a large number of muons traversing 
the whole apparatus. 

The BEBC film was scanned for events showing at least three tracks emerging from the 
window and converging to a point within the emulsion. The tracks were measured, reconstruc-
ted, and traced back, using a vertex reconstruction program , to a predicted origin with 
an accuracy of about 1 mm. The method was based on a x 2 fit which took into account the 
BEBC magnetic field, energy loss, and multiple scattering. The object was to reduce the 
emulsion search to a small volume centred around the predicted vertex. 

EMI 

BEBC window 

Emulsion stack-

Coincidence counter C 
MWPC 

-Veto counter V 

Fig. 9 Major components (not to scale) of the BEBC Emulsion Hybrid 
system for the detection of short-lived states. 
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3. DATA ANALYSIS 

The on-line computing requirements for data acquisition from external detectors, equip
ment monitoring, etc., are within the capabilities of a medium-sized minicomputer, as we 
have seen above. We shall concern ourselves here with the off-line data reduction stages, 
which form the bulk of computing, as in traditional bubble chamber techniques. The major 
processes and flow of information which characterize most hybrid bubble chamber experiments 
are sketched in Fig. 10. 

In the scanning stage the operator examines the projected image of the film, and notes 
the frame number and other information pertaining to the events to be measured, according 
to stipulated criteria. The scanning table is often equipped with a low-precision digitizing 
device to provide measurements of vertices and/or tracks which are later used to guide the 
measuring machine. The scanning process is usually repeated, at least on a portion of the 
film, and a comparison is made between the results of the two scans in order to assess the 
detection efficiency for various topological classes. The efficiency is generally very 
high (95-1001), and is one of the attractions of the bubble chamber technique. Losses due 
to orientation (e.g. tracks pointing towards or away from the cameras) can be corrected for, 
using suitable angular distributions. 

Scanning/ 
predigrtishg 

Measu
rement 

Failures 
Geometry 

Failures 
Kinematics 

/Kinemotia 
I output J 

Failures Rescue 
operations' 

Fig. 10 Typical stages of off-line data reduction in hybrid bubble chamber experiments 
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Information pertaining to the scanned events is recorded on some permanent medium 
which serves as a data base for measurement guidance and general bookkeeping purposes. 

At the measurement stage, digitizations of all tracks and vertices of interest are 
produced on each stereoscopic view. These measurements are subsequently used by the geometry 
program to reconstruct the events in space. 

The purpose of the kinematics program is to attempt a x 2 fit using various mass assign
ments for the tracks, as supplied by the physicist in a table of hypotheses. The extent to 
which we can identify the interaction is very experiment-denendent. While the number of 
final-state possibilities can be manageable in low-energy and low-multiplicity interactions, 
it is generally not possible to attempt all allowable mass hypotheses for events encountered 
at SPS energies. The kinematics in these situations is often restricted to secondary decay 
vertices. 

The external detector information is appended to the geometry/kinematics data by a 
separate program, after conversion of the hits to spatial information. This information is 
associated with the bubble chamber results, and is used for track identification and/or 
improvement of track parameters with the aid of a hybrid fit. 

It is seldom the case that we have a unique identification of each event, either be
cause of insufficient kinematic constraints (due to neutral or unmeasurable tracks), or 
because of poor discrimination between mass assignments in the case of energetic tracks. 
For this reason the physicists's judgement is called for. At low energies, particle iden
tification is possible by visual inspection of bubble density. Certain types of measuring 
machines provide ionization information which enables a certain degree of automation in 
hypothesis selection. Other criteria, such as energy loss and production properties (momen
tum distribution, etc.), are often applied in attempts to resolve ambiguities. 

3.1 Film measurement 

In order to derive quantitative information from an event, it is necessary to reduce 
the visual information on the film to numerical form. The measuring device provides raw 
data in the form of image plane digitizings of vertices and a number of points along each 
track which are subsequently used by the geometrical reconstruction program to define the 
event in space. 

As a very large proportion of time and manpower in a bubble chamber experiment is de
voted to film measurement, much effort has gone into the automation of the process. Auto
matic measurement is achieved by a light-beam which is directed on to the film under very 
precise control. The beam image is usually a spot or line element of dimensions commen
surate with the track width. A photomultiplier situated behind the film detects the varia
tion of transmitted light intensity as the probe crosses a track, and this serves as a 
signal to trigger the read-out of counters giving the instantaneous position of the meas
uring probe. 

In early experiments at relatively low energies, one encountered a large proportion 
of interactions of simple topology, and the objective was to provide the highest degree of 
measurement automation possible. The ultimate goal of complete elimination of human inter
vention has not been achieved, except in very simple topological situations. In practice, 
the measurement effort has been diverted to the predigitization necessary to guide the 
automatic measuring machine. 
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1 9 I 

One type of machine which has been widely used for such experiments is the HPD ' , 
where the film area is scanned to extract full information in burst mode. A primary filter 
in the form of predigitizings is employed to define "roads" around the desired tracks. In
formation outside the roads is gated out, and a software filter program running on a dedi
cated computer refines the measurements within the roads and produces a set of averaged 

2 (O 
"master points" along the track. Special hardware processors have been developed to 
achieve significant improvement in measurement speed by implementing pattern recognition 
algorithms. 

The use of such devices is very effective when dealing with simple events and clean 
film conditions. The approach is less well suited for complex events and less than ideal 
bubble chamber conditions, giving rise to a large proportion of failed tracks. Remeasure-
ments cause severe overheads in the preparation of fresh predigitizings and in the book
keeping effort needed to keep track of several passes. These problems can be alleviated 
to a certain extent by redefining roads in "rescue" operations and by patching events using 
partial measurements. 

Another philosophy has led to the development of semi-automatic devices designed to 
ensure successful measurement in a single pass. The approach provides for a large degree 
of operator interaction, and can be very effective for the processing of complicated events, 
especially in systems with on-line reconstruction capability. 2 n Amongst the more sophisticated systems of this type is the Erasme ' installation at 
CERN. We shall highlight some of the salient features of the system in its current status; 

2 2 ~\ detailed accounts exist in the literature ' . 

Track detection and measurement are achieved by a CRT light-spot whose position is 
monitored by digital scan control circuitry. The spot is focused on the film, behind which 
a photomultiplier detects variations in transmitted light. Measurement is performed by 
scanning the spot in raster fashion over a small area covering a segment of track. The 
digitizings are histogrammed to give an averaged "master point" to a precision of 2 pm over 
each scan window. The process is repeated along successive steps along each track, using 
accumulated information to predict the track direction. With the aid of a tracker ball, 
the operator can make manual measurements in case of difficulty, either directly on the 
projected image or by using a video refresh display on the CRT screen. This latter feature 
provides for a superimposition of the measured points on the track image for verification 
purposes. 

At present, the system consists of six measuring units, each controlled by a PDP-11 
minicomputer, and communicates with a PDP-10 through a parallel DMA interface. The large 
memory is available to all tables simultaneously, for on-line geometrical reconstruction. 
The code is fully re-entrant, allowing re-computation of track parameters using new measure
ments. Spatial information derived from a pair of views may be used to assist the operator 
by predicting the position of a vertex on further views. The reconstructed events are stored 
on disk, and may be transmitted to other computers (notably the mainframe IBM and CDC 
machines) for further processing via the CERNET link, without recourse to magnetic tape. 
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3.2 Reconstruction processing 

The viability of bubble chamber techniques is to a large extent due to the fact that 
the reconstruction software is well established and endowed with sufficient flexibility to 
accommodate a wide range of experimental situations. This is to be contrasted with counter 
experiments, where the software is intimately connected with the hardware configuration, 
each experiment essentially needing a separate pattern recognition and reconstruction program. 

The most successful implementation of event reconstruction processing makes use of the 
23) 

HYDRA system ; this will be described later. Each basic task is performed by a "pro
cessor", consisting of one or more routines, which communicates with other processors through 
a well-defined interface. The user constructs a program by writing a steering routine in
voking the required processors. A variety of processors exist in the CERN Program Library, 
catering for usual tasks (point reconstruction, track match, etc.). 

3.2.1 Geometrical reconstruction 

The raw film digitizings will usually have to undergo some format conversion before 
they can be used by the geometry program. The input preparation may involve transformations 
for the removal of non-linear distortions associated with some types of measuring machines, 
and provide some consistency checking and editing facilities to enable early rectification 
of obvious errors. 

The first task of the geometry program is to transform all measurements on each view 
to a reference system defined by the expected position of a set of fiducial marks in a plane 
parallel to the film. The transformation coefficients are determined by a linear least 
squares fit of measured to expected (x,y) fiducial coordinates. A further transformation 
is applied to all measurements to remove non-linear optical distortions using predetermined 
calibration constants. 

Given the camera positions in a common reference frame, we can determine the spatial 
coordinates of a given point from measurements of its image on two or more views. The 
association of vertex and track images is generally handled by the program. The problem of 
track matching is often very acute at the present level of event complexity. The fundamental 
difficulty is due to the fact that we do not have measurements of corresponding points on a 
track; we also have to deal with spurious or missing tracks. In difficult situations the 
program may be assisted by the provision of labels by the measurer, or by the explicit meas
urement of some corresponding point (e.g. secondary interaction vertex, exit point), enabling 
point match to effectively label the corresponding track. Cases that prove to be particularly 
difficult owing to the jet structure at extreme energies are handled by making use of track 
images away from the vertex. 

The determination of the track parameters involves the fitting of the track measurements 
to the expression for the trajectory of the particle in a magnetic field. The coordinates 
of a given point at an arc length S from a reference point (X0,Yo,Z0) are given by 

S 
X = X 0 + J cos <f> cos X dS (4a) 

o 
S 

Y = Y 0 + J sin <j> cos X dS (4b) 
o 
S 

Z = Z 0 + J sin A dS , (4c) 
o 
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Camera system 

Î Principle field 
Component 

Tangent 

Fig. 11 The bubble chamber coordinate system 

where A and cf> are defined in Fig. 11. The equation of motion of a charged particle in a mag
netic field is used to derive the momentum: 

dn 
P HS c 

where n is a unit vector in the direction of motion. From a knowledge of the magnetic field 
map and the range-momentum relation of the chamber liquid, we can derive an expression for 
the perpendicular distance d in the film plane, from a given measurement point (x.,y.) to 
the trajectory: 

d-j — , Xo, <h, X 0 (or Y 0 ) , Z 0 ; x- ,y. i"i (5) 

This relation is expressed in linear form and solved for A(l/p 0), AA 0, 
a least squares method using first-order approximation 

|>o, AX 0, AZ 0, by 

3d 
3(l/Po) m x. 8 d A . 

+ 3 Â 7 A X ° 
3d A<t>o 3d 

3Xn AXC + 3 Z 7 A Z o (6) 

and minimizing for Zd2 = min. This approach is of course valid in the case where the devia
tions are due only to measurement errors. In practice we also have errors due to multiple 
scattering, and we have to use a general least squares method, taking account of the full 
correlation matrix. Another approach uses a parametrization of the particle trajectory in
volving two more parameters which take into account multiple scattering components perpendicular 

2"t") 

to the track direction ' . This allows the use of the simple minimization procedure as the 
track is followed more closely. 

3.2.2 Kinematics 
The aim is to optimize the measured track parameters to satisfy energy and momentum 

conservation at a given vertex, subject to specific mass assignments to individual tracks. 
There are four constraint equations to be satisfied 

Ip. = Zp = Zp = 0 ; ZE (initial) = ZE (final) , (7) 
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in terms of normal variables x. = 1/p, A, 4> and assumed masses m. Additional constraints 
may be imposed by using physical considerations (e.g. zero opening angle of an ep pair), and 
results may be propagated between connected vertices to improve parameter determination and 
supply unmeasured quantities. 

In practice the constraint equations are not exactly satisfied owing to errors in the 
par 

equality 
track parameters. The fit procedure attempts to find corrections c. to these to ensure 

F(x + c) = 0 . (8) 
Expanding to first order, 

F(x + c) = F(x) + ~ c = F(x) + B-c . (9) 

We minimize the expression 

X 2 = c TG xc + 2aTF(x + c) = min , (10) 

where G is the weight matrix of measured variables and a is a set of Lagrangian multipliers 
to be determined by the fit: 

differentiating + transposing -^-1 = 2G c + 2B a = 0 . (11) 

We solve for a and c iteratively, using equations (9) and (11), starting with c = a = 0. 
On the n step we have c ... = c + d c , a ,, = a +da and 1 n+1 n n' n+1 n n 

^ V d O f-Gc - a BT>| 
LB o J da 

x n n 
v -F(x + c ) -> 

*• n ^ 

(12) 

The procedure is terminated when the residue between steps is less than a given limit. 
Divergent fits are abandoned after a suitable x 2 cut-off. 

As biases can arise through convergence criteria which are poorly matched to the meas
urement and geometrical reconstruction precision, it is very important to optimize the values 
of the constants. The tuning is normally done with the help of statistical tests, such as 
X 2 probability distributions and stretch functions, and spectra of physical quantities (an
gular distributions, etc.). 

3.2.3 Data processing_for_external detectors 

In order to relate information from external detectors with the bubble chamber event, 
it is necessary to follow tracks through a number of heterogeneous media which are generally 
exposed to magnetic fields in varying degrees. A variety of algorithms have been developed 

25) 
for this purpose ' in the field of electronic experiments which are beyond the scope of 
these lectures. Track following may proceed in either direction, depending on the relative 
resolving power of the detector components and other considerations. External guidance may 
be advantageous, for instance, as an aid to track matching. The more conservative approach 
of bubble chamber guidance may be more appropriate in high background situations. Such an 

2 6 *) 
approach is used for the BEBC EMI ' , which will serve as an example in what follows. 

One of the first problems we encounter in a hybrid experiment is the large number of 
coordinate frames defining the various detector components. In "classical" bubble chamber 
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analysis we are only concerned with a reference frame defined by the optical system, its 
relation to the external world being of no importance with the possible exception of defining 
the beam direction. The coordinate systems have to be interrelated by survey methods, and 
it is usual to check alignments by tracing non-interacting tracks which traverse the entire 
apparatus. 

3.2.4 Point_reconstruction 
The equation of a wire in the reference frame of a wire chamber module (w,v) is usually 

expressed in the form 
w cos 6 - v sin 6 = p . (13) 

The solution for the intersection of two wires to determine a point of impact is straight
forward, although allowance must be made for non-normal incidence. The condition for the in
tersection of three wires is 

3 

£ si = ° . (14) 
i 

where S- = sin ((3. - 8 V) in cyclic permutations of i, j, k, which reduces to 
1 J K 

£ P i = 0 (15) 
l 

(Dalitz condition) with a suitable choice of wire inclinations. 
In practice, particles generate a cluster of hits, and the equations have to be tested 

within a tolerance corresponding to the spread Ap.. After a fast rejection of wrong com
binations (by application of the Dalitz condition) a least squares fit is performed by 
minimizing 

\2 Y"1 w cos 6. - v sin g. - p. I 
-2 = ' ^ — x•-—! ~ ^ , (16) 

Ap? 

where the sum runs over all participating planes. The conditions 

all = ad = o C17) 
dv dw 

give rise to two linear equations which may be solved to obtain a weighted average of the 
intersection coordinates and their associated error matrix. 

3.2.5 Track_following 
Tracks leaving the bubble chamber are followed through the fringe field to the various 

detector planes encountered. In order to associate the extrapolated tracks with the observed 
hits, it is necessary to propagate the original track errors augmented by the additional 
multiple scattering accumulated on traversal of the intervening media. The deviation due 
to the magnetic field and energy loss is calculated with a knowledge of the magnetic field 
map and the thicknesses and properties of the media. The track is followed in steps of 
varying size in order to ensure moderate variations in magnetic field and energy loss. 
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Real trajectory 

Reference trajectory 

Errors are propagated by relating the particle path with a reference trajectory in 
terms of transverse parameters t and a, which at a given point measure the displacement and 
angle between the two. These are resolved in orthogonal components (h and v) and are used 
to define the "transverse error matrix" with elements consisting of expectation values 

<6x. fix.) l y 
xi = t, , t , a, , a i h' v' h' v (18) 

The method is well suited for the propagation of multiple scattering errors ivhich are 
considered to be uncorrelated. Assuming a large number of scatterings over a total length 
L = n-A, where A is the mean free path, we obtain 

(a 2) - L<6 2) 

(at) = !£ <82> 

<t2> - ^ < 6 2 > , 

(19a) 

(19b) 

(19c) 

where (6 ) = (92>/X is the unit length r.m.s. multiple scattering angle in the material 
concerned. 

The bubble chamber track errors are expressed in transverse form, incremented for mul
tiple scattering; the correlation matrix at a given point of intersection (w,v) with a de
tector module is used for the association of extrapolated and detected hits. 

SOFTWARE TOOLS 

The management and interchange of large volumes of code and data form an important as
pect of bubble chamber data processing. We shall introduce here some well-established 
schemes. 

4.1 Code management. The PATCHY concept 

When developing software for a specific application, we are often tempted to concen
trate on the solution of the problem at hand, giving little thought to the way in which the 
program and data are organized. This straightforward approach may be adequate for simple 
once-and-for-all applications, but if the program is to be used by a number of people who 
may wish to modify and extend it as new needs arise, we will soon reach a state where the 
software becomes unwieldy, sometimes to an extent requiring complete re-coding. 
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Event reconstruction software is of necessity bulky, and it is all the more imperative 
to adopt a well-conceived approach permitting sufficient flexibility to accommodate new 
concepts, while avoiding the growth of "general purpose" programs of unmanageable proportions. 

Editing products (such as UPDATE) exist for the management of large volumes of source 
code, but have the disadvantage that they are of limited flexibility and not exportable to 

27) other machines. For these reasons, CERN has developed PATCHY ', a computer-independent 
package for the handling of multi-version software in an environment of concurrent produc
tion processing and development. The idea is to make available a global pool of all source 
code relevant to a field of related applications, out of which the user can extract material 
to build his desired program. The pool consists of one or more master files (PAMs) con
taining compacted source code (in fact, any "card image" information) structured by means 
of control cards into a hierarchy of "patches" and/or "decks". In a simple case a patch 
may consist of a complete program, each subroutine being contained in a separate deck. 
Modifications can be effected by replacing, inserting, or deleting "cards" addressable by 
line number within a specified patch and deck. An important feature is that existing PAM 
material is not physically altered; the effects of the modifications appear only on the 
output (assembled material file, ASM) which may be submitted for compilation. 

Selection and modification material may be incorporated in the PAM file as a separate 
patch which may be invoked by the user. This offers a powerful means of selecting alter
native program versions. Repeated material, such as common blocks, is defined only once 
through sequence definitions (+KEEP) and delivered by PATCHY at the required places 
(+SEQ or +CDE). 

The PAM file thus consists of source code (self-material) and control cards (foreign 
material), defining sequences and actions, and processing options. The required patches 
are made available by requesting them by name (+USE), but are not passed to the ASM stream 
unless further qualified by +EXE directives. This feature allows the selection of specific 
routines for compilation. Similarly, the +LIST option produces print-out of selected 
material. PATCHY operates by reading sequentially through the source stream, starting with 
a user-supplied patch known as the cradle (default patch name CRA*) which generally con
tains patch selections, processing options, and foreign material. The program may be in
structed to read from one or more PAM files by use of +PAM directives. At the end of the 
file, reading reverts to the input stream until termination by a +QUIT control card. Self-
material for which the +EXE mode is activated is written into the ASM file, while foreign 
material is stored in the memory until the target material is encountered. The allocating 
and relinquishing of memory is accomplished by the HYRDA system. The single-pass approach 
requires definition of actions and sequences upstream of the passive material. This may 
necessitate the re-reading of a PAM file, but the input stream is read only once. 

To illustrate the approach, consider a simple example, typical of the situation we 
often encounter, where events are sequentially read from a magnetic tape, processed, and 
written onto another file. The PAM file may look something like this: 

+TITLE. 
MYPAM 0/0 800815 15:30 (Declares PAM title) 
+PATCH,*VERS1. 
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+USE.CDEQ. 
+USE.MAIN,INOUT,PROC,SUMMARY. 
+PATCH.CDEQ. 

+KEEP.BLCM. 
COMMON//BUFI(1000) ,BUFO(1000) 
DIMENSION IBUFI(1000),IBUFO(1000) 
EQUIVALENCE (BUFI(1),IBUFI(1)), (BUFO(l) ,IBUFO(l)) 

+KEEP,FLAGS. 
COMMON /FLAGS/NEV,NOUT,IEND, 

+PATCH.MAIN. 

+DECK,MAINCDC,IF=CDC. 
PROGRAM MAIN(INPUT,OUTPUT,TAPE10,TAPE11,..) 

+CDE,BLCM,FLAGS. 
C INITIALISATION 

CALL INIT 
C I/O AND PROCESSING LOOP 

1 CALL INP 
IF(IEND.EQ.l) GO TO 50 
CALL PROC 
CALL OUT 
GO TO 1 

C TERMINATION 
50 CALL SUMM 

STOP 
END 

+DECK,MAINIBM,IF=IBM. 
(IBM version ) 

+DECK,INIT. 
SUBROUTINE INIT 

+CDE,FLAGS. 
NEV=0 

RETURN 
END 

+PATCH,INOUT. 

+DECK,INPUT. 
SUBROUTINE INP 

+CDE.BLCM,FLAGS. 
CALL READEV( ) 
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+KEEP,IF=DEBUG. 
PRINT 55, (BUFI(J),J=1,50) 

55 FORMAT(...) 
+KEEP. 

NEV=NEV+1 

RETURN 
END 

+DECK.OUTP. 

SUBROUTINE OUT 
+CDE,BLCM,FLAGS. 

WRITE (...) 
RETURN 
END 

+PATCH.PROC. 

+DECK,PROC 
SUBROUTINE PROC 

+CDE,BLCM,FLAGS. 

RETURN 
END 

+PATCH,SUMMARY. 

+DECK,SUMM. 
SUBROUTINE SUMM 

+CDE,FLAGS. 
PRINT 10, NEV 

10 FORMAT (...) 
RETURN 
END 

The steering, input/output, and processing logic is organized into separate patches, 
each containing related subroutines in distinct DECKs. The example introduces the concept 
of the IF flag for the conditional inclusion of seIf-material. The IBM version, for 
instance, is constructed by the following cradle: 

+EXE. All selected patches to be written to the ASM file. 
+USE,*VERS1,IBM. Use patches *VERSI (which in turn invokes MAIN, INOUT, etc.) and IBM. 

The "patch" IBM acts as a flag for the selection of deck MAINIBM. 
+PAM. Instructs PATCHY to read the PAM file. 
+QUIT. 

The conditional KEEP sequence demonstrates an effective way of activating diagnostic print
out by simply invoking "patch" DEBUG. 
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During program development it is usual to accumulate modifications in the cradle. 

Mien the cradle becomes big, it may be incorporated in the PAM as a separate patch. The PAM 

may be tidied up when it reaches stability by an updating process which makes the corrections 

permanent; in this case caution must be exercised in a multi-user environment because of 

the change of sequence numbering. The PATCHY system comprises a set of auxiliary routines 

to enable the editing, listing, and other manipulations of PAM files, including "computer-

independent" transport. 

4.2 The HYDRA concept 

With the advent of the large bubble chambers, it was realized that a fresh approach 

was needed for the development of the new reconstruction software. To avoid problems en

countered in the past, it was considered that modularity in conjunction with a "natural" 

data structure would offer the most appropriate scheme. These thoughts have led to the 

creation of the HYDRA system, which has found wide application — if not understanding — 

in track chamber data processing. The system is basically an "embedded" language which 

offers dynamic memory management in a FORTRAN environment, and we shall describe the essen

tial concepts below. 

4.2.1 HïÇBA_ÏÏÊ!BorY management 

The dynamic store consists of a blank COMMON vector (conventionally named Q ) , its 

length being initialized by the user to suit the application within the limitations of the 

computer. Long-term information is stored in the form of banks which contain, besides the 

user data, addresses of other banks in the memory, whereby logically connected structures 

may be constructed. The user establishes the banks through the HYDRA memory manager, and 

banks which are no longer wanted are marked by setting an appropriate flag. When the memory 

becomes full, a "garbage collection" is executed which "squeezes out" the dead banks and 

relocates the live banks such that the unused space is available again in a contiguous area. 

The structure of the dynamic store is illustrated in the example depicted in Fig. 12. 

The high area of Q is used for bank storage, which is accessed indirectly, while the 

low area constitutes directly accessible working space, the limits of which must be defined 

at the start of each application. For example, the request CALL MQWORK(SPACE(1).SPACE(1000)) 

Dimension Q(99) ,IQ(99) 
Equivalence (Q,IQ,LQUSER(1)) 
Common //QUEST(30) System area 
+ ,LQUSER(7),LQMAIN,LQSYS(24),LQPRIV(7) 1 . 
+ ,LQ1,LQ2,LQ3,LQ4,LQ5,LQ6,LQ7,LQSV,LQAN,LQDW,LQUP j L % n K s 

+ , SPACE(n),LAST 

CALL MQINIT(LAST) 
CALL MQWORK(SPACE(l),SPACE(m)) 

Q(l) Space(l) Space(m) Q(LAST) 
+ 4- 4- \ 

System 
area 

Links Working space Bank area 
(n-m) words 

Direct access data Indirect access data 
*- Bank occupation order 

Fig. 12 Dynamic memory allocation in HYDRA 
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will declare the first 1000 words above the link area as transient working space (generally 
equivalenced to local variables). A further call to MQWORK destroys the contents of the 
working space; permanent information can therefore be stored only in the bank area or below 
the working space. 

As new banks are created, the reserve area between the top of the working space and the 
end of the occupied bank area will diminish, and when it is eventually exhausted a garbage 
collection is automatically triggered to recuperate memory from "dead" banks. HYDRA also 
provides the possibility for establishing data structures in the working area ("low banks"). 
In this case the occupied memory is released, on the next call to MQWORK, without garbage 
collection. 

4.2.2 Data_structures 

The basic data organization concept in HYDRA derives from the fact that the data banks 
also contain addresses of other banks. A bank is addressed by reference to a particular 
location, known as the status word, such that the first data word of a bank whose address 
is L is found in Q(L+1). The status word consists of bitted information, the first 15 bits 
being available for application purposes, and the remaining for system use. One of the 
latter is the "drop bit", which is used to indicate to the garbage collector that the bank 
space is to be returned. The arrangement of the component of a bank at address L is as 
shown in Fig. 13. 

The links, which are located above the status word, can be classified into two types; 
the first NS are structural in the sense that they establish a logical relation between 
banks (always pointing to status words), while the other type is used to refer to some 
information which may be of interest (not necessarily a status word) without conveying any 
structural relation. These are known as reference links. 
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Fig. 13 Hydra bank format 
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LINK 1 • 

— 

STATUS 

DATA 

B2 

-NEXT IN FRAME 

TRACK AI 

LINK 1 • 
STATUS P STATUS 

EVENT^> 

1 VERTEX> 

TRACKS^> 

TRACK Bl B2 

LINK 1 LINK 1 ' 
STATUS STATUS 

DATA 

A2 

LINK I 
STATUS 

A5 

LINK 
STATUS 

Fig. 14 Representation of a bubble chamber event in Hydra data structure 

To illustrate the data structure concept, let us consider the typical case of a bubble 
chamber event (Fig. 14) where we store parameters for each vertex and track in separate 
banks. In this example we see that link 1 connects objects of the same hierarchy in horizon
tal fashion, while link 2 supports dependent structures (vertical, or paternal link). The 
structure is thus self-defined and may be entered by a single pointer to the main bank. The 
link LÇMAIN in the direct access area is designated for this purpose. A zero link indicates 
the end of a bank chain. 

4.2.3 The_HYDRA_sYstem_p_ackages 
The HYDRA system consists of a set of packages and utility routines in addition to the 

memory management package which performs the essential functions described above. Amongst 
the facilities provided, there exist means for the I/O of data structures, and a scheme for 
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recording and reporting the occurrence of specified conditions, and the trapping of excep
tional situations. Communication between processors is handled by the "jump package", which 
uses banks for the storage of control transfer addresses and parametric information, in a 
structure reflecting the call sequence. Detailed descriptions of HYDRA packages can be 
found in the HYDRA System Manual. 
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