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1 INTRODUCTION 

After nearly two decades of spectacular success the bubble chamber (l), as a 

stand-alone detector of single events in high-energy particle collisions among 

hadrons, seems to be on the wane (2). Its place is being taken by sophisticated 

wire-spark-chamber arrays; by more complicated combinations of a bubble 

chamber and electronic detectors, usually called “hybrid chambers, v or simply 

“hybrid systems;” and by the huge bubble chambers which are mainly used for 

neutrino physics at very high energies. Even these very large chambers are 

partially hybridized-that is, they have external associated electronic detectors 

which aid in the identification of certain particles which leave the chambers. 

There are two main reasons for this change in emphasis: One is the need 

in strong-interaction physics for high statistics experiments, at least an order 

of magnitude greater than the heretofore largest bubble chamber exposures 

(100 events per microbarn of cross section). While these chambers could prob- 

ably have produced the needed events, the required data analysis (the finding and 

measuring of the events) simply took too long. The early promises (2) concern- 

ing data-analysis capability failed by an order of magnitude (3) and, as a result, 

a collaboration of institutions, with a joint measuring capability of 2 million 

events/year, would have required more than ten years to complete the analysis 

of a 1000 event per microbarn experiment in a 2-meter hydrogen chamber (3) if 

they measured every event. Indeed, there are ways of cutting this down, such 

as selecting certain categories of events to measure, but even with such restric- 

tions it would take three or four years of the entire collective resources of 

three very large institutions to do such an experiment, and during this period of 

time they would have completed only this one experiment. 
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The other reason is that the new very high energy accelerators (energy 

greater than 300 GeV) produce many events which have tracks that have momenta 

too high to be measurable in a bare bubble chamber. In such cases the measured 

kinematic quantities, supplied by the bare chamber, are confined to the spatial 

angles and the momenta of the slower particles. Some assistance has to be 

provided by external means in order to be able to analyze an event more 

completely. 

In spite of these difficulties, the bare chamber retains qualities which will 

continue to make it indispensible for a large class of experiments provided the 

difficulties mentioned above can be overcome. Among these qualities are a very 

large detection efficiency; the ability to see very close to the origin of an event; 

almost 100% efficiency for observing the angular distributions of the charged 

products of an interaction; measurements of proper particle lifetimes between 

lo-l1 and 10 -7 seconds; the ability to determine, by means of ionization and 

momentum, the masses of particles moving slowly (p ( 0.8) in the laboratory; 

and good efficiency for observing the decays of short-lived unstable particles, 

both neutral and charged. 

The Hybrid System (HS) is the result of an attempt to retain as many as 

possible of these advantages of the bare chamber while at the same time extend- 

ing its usefulness to experiments needing an order-of-magnitude increase in 

statistics, supplying a better method of particle identification, and providing 

better momentum measurements for the higher energy particles. 

This has been accomplished, gradually over the past five years, first by 

the development of the rapid-cycling chamber which operates reliably at a rate 

from 20 to 100 times faster than was previously possible; and second by the use 

of wire chambers placed both upstream and downstream of the bubble chamber, 
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thus providing particle-by-particle measurement of the incoming beam momen- 

tum and angle as well as an accurate measurement of the momentum of the 

scattered particle. In addition, particle identifiers, such as large Cerenkov 

counters, can also be placed both in the beam and downstream of the chamber. 

The HS operate in either a triggered mode, in which the illuminating lights are 

flashed only when the downstream electronics has selected an event, or in an 

untriggered mode, in which every expansion is photographed and the downstream 

information is stored on tape for later use. Such systems are now in use in 

experiments at the Fermi National Accelerator Laboratory and the Stanford 

Linear Accelerator Center, and are also being constructed for use at the 

Rutherford Laboratory and at the new Super Proton Synchrotron at the European 

Center for Nuclear Research. 

In this article we will describe some of the basic characteristics of these 

hybrid systems, and examine how they have been used in certain experiments 

in high energy physics. 

2 AREAS OF PARTICLE PHYSICS ESPECIALLY SUITED TO HYBRID SYSTEMS 

Since the HS can no longer claim to own all of the desirable characteristics of the 

bare chamber, it is important to delineate those areas of investigation that in 

some way are best matched to the system. At least one of the particles produced 

in an interaction in the liquid has to leave the chamber and be detected by the down- 

stream counters. The structure of the bubble chamber usually imposes restric- 

tions on the momenta and angles of these emerging particles. For example, most 

of the area of the bubble chamber walls is made of thick steel, composed of between 

l/2 and 1 nuclear collision length and 5-10 radiation lengths. In addition, most cham- 

bers are surrounded by fairly thick-walled vacuum tanks and also, except for regions 
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up and downstream of the chamber, by steel magnets, thus making it virtually 

impossible to detect particles leaving the liquid at large angles with respect to 

the beam. In larger chambers, the best that can be done is to provide beam- 

exit windows in both the chamber and vacuum tank that are as large and as thin 

as can be made compatible with mechanical and safety requirements. These 

windows have been made as thin as l/100 radiation length of aluminum (2.3 mm) 

with areas up to 70 x 15 cm, but most are made of stainless steel roughly 

1.5 mm thick. The design of such beam windows is discussed in detail in 

Section 3. 

An illustration of these geometrical restrictions is shown in Figure 1. 

One should also design the downstream detectors so that they can accept the 

maximum number of particles leaving the beam-exit window. 

Finally, especially in the case of rapid-cycling chambers, it is important 

to design a trigger that will keep the number of pictures to be scanned and 

measured to a level such that the experimental group(s) can finish this process 

within, say, a year of their original production. 

Bearing these restrictions in mind, two general modes of operation are 

employed, depending on whether the HS is triggered or untriggered. In the 

triggered case, one generally focusses on a specific interaction for which there 

exists the following conditions: 

(a) A calculable (and preferably large) acceptance. 

(b) A yield which is statistically significant. 

(c) A natural amenability to the design of a tight trigger so that 

the number of background pictures is not excessive. 

(d) Some aspect of the interaction that uses the bare bubble 

chamber Ps natural advantages. 
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Several classes of interactions fall naturally into these categories. The 

first to be considered is the class of single, fast-forward, charged particle 

triggers in which the emerging particle takes up most of the momentum in the 

laboratory system and has a high probability of leaving through the beam-exit 

window. The momenta of the rest of the particles produced in the interaction 

are small and well-measured from the photographs themselves. Furthermore, 

these slow particles can be studied using all the advantages of the bare chamber. 

Some examples of this type of experiment are the following. 

Nucleon Dissociation 

In this process a nucleon is dissociated into a nucleon plus one or more pions, 

namely: 

a+N-a+N* 

L N + n7r (nil) 1 

where a = 7~*, K” or p$; N=p or n; and the emerging particle a carries a large 

fraction of the laboratory momentum in the forward direction. Such processes 

are very well suited to study by the HS. First, the N* system is backward in 

the overall center-of-mass system and is therefore moving slowly in the labor- 

atory. The mass of the N* is well-measured in the bubble chamber, and its 

production and especially its decay angular distribution can be studied with very 

little experimental bias. Since the trigger is a single particle emerging in the 

forward direction, the acceptance of the system as a function of the four- 

momentum transfer (t) from the beam particle to the triggering particle is easily 

calculable, as is the acceptance as a function of the mass recoiling against the 

triggering particle. 

These processes have a fairly sharp dependence on t, and therefore a t 

acceptance which cuts off at about t= l-2 (GeV/c)2 (a typical range for most 
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experimental arrangements); this eliminates a physical region in which the 

yield would, in any event, be very small. The momentum of the fast-triggering 

particle is measured in the downstream spectrometer with sufficient accuracy 

to allow the experimenter to determine whether or not any missing neutral mass 

consists of only one neutral or more than one neutral particle, and thus improves 

the mass resolution for the single neutral case to a level comparable to that 

achieved when no neutral particles were produced in the interaction. 

The diffractive reactions have been the most studied because their cross 

sections remain reasonably large even at high energies, and the background due 

to exchange processes is small even at energies as low as 15 GeV. For example, 

the quartet 
+ + + 

T p’- r N* 2a 

- * np--nN 
4 

2b 

Tn-rN - *o 2c 
-I- f *O m--N 2d 

can be used to study the I-spin dependence of diffractive dissociation for N*‘s 

produced in an energy-independent manner. The cross section for fast-emerging 

T+S is about 5% of the total cross section, so that if one can eliminate elastic 

events in which the emerging particles are identical to the incoming ones, one 

can achieve good efficiency and a high ratio of useful to total number of pictures 

taken. 

Exchange Processes 

These are described by the general process a+b -. c-l-d, in which the fast- 

incoming particle a exchanges some intrinsic property with the target particle 

b so that the fast-emerging particle c differs from a in electric charge, or spin, 

or strangeness, or rest mass, etc. Again, the triggering particle should be a 
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single charged, fast-forward particle so that the trigger criteria described 

above can be adhered to. 

These processes have a much steeper energy dependence than do the dif- 

fractive ones, going roughly as p -2 . However, the power of a HS allows one to 

observe processes whose cross sections are as small as 1 pb with good statis- 

tics. Thus it will be possible to pursue the study of these interactions to 

energies as high as 70 GeV, where backgrounds due to competing processes 

become quite small. 

Exchange degenerate processes are good examples: 

7;i.P - K+Y* 

t- 
Y* -A+ n7r 

K-p w r-Y* 

3 

Here the K* or r- is fast and forward-going. Again, the acceptance is easily 

calculable as a function of t and recoil mass. The Y* is slow in the laboratory 

system, and its decay can be well-studied in the bubble chamber itself. The 

polarization of the Y* can be determined from the polarization of the A itself. 

Another example is baryon exchange where the incoming particle is a meson 

and the outgoing one is a baryon, e. g . 

T&P - p@d 4 

where here the emerging fast particle is a proton. 

There are many variations of the examples given here, including the case 

in which a fast meson is produced in the forward direction and decays into two 

charged particles, one of which is detected by the downstream chambers. Such 

a case is 

w - en 

L K+K- 5 

When one of the K’s is detected, the chamber lights are flashed. 



Fast-Forward Neutral Particles 

Another class of events suitable for a triggered HS are those which have a 

forward-going neutral particle. Provided the downstream neutral detector is 

efficient and has good energy resolution, these events do not have to be char- _. 

acterized by a fast- or high-momentum trigger, since the neutral particles are 

unaffected by the magnetic field of the chamber. Examples of such reactions 

are: 

asp - T O * N 

L p + n7r 6 

Reaction 6 is an example of charge exchange. It is an important adjunct to 

reaction 1 because it sorts out the nondiffractive background. It does have a 

steeper energy dependence than 1 and therefore is accessible only up to the 50- 

100 GeV energy ranges. 

A further example is 

K&P -+Kip+na 7 

Since the KL mean distance for decay is 1.55 meters, many of the forward Ktls 

will leave the bubble chamber before decaying and can be made part of a neutral . 

trigger. Similarly, 

nB +N+nr 8 

where the fast-forward N is detected in optical or wire spark chambers, and its 

energy is measured in a calorimeter. Such experiments examine backward 

production of ordinary mesons and also search for exotic mesons (which decay 

into two like charges). 

Inelastic Muon Scattering 

Since muons have a small nucleon interaction cross section, it is possible to 

increase the incident beam flux by a factor of ten over what can be tolerated for 
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hadron beams. The inelastically scattered muons can be separated from the 

elastics simply by demanding that the scattering angle be essentially nonzero 

before flashing the chamber lights. The advantage of the HS here is that of 

observing in the bubble chamber the hadrons associated with the scattered muon. 

Since the total cross section for inelastic muon interactions is only a few 

microbarns, it would be virtually impossible to use a bare bubble chamber to 

study this process. 

Reactions With More Than One Forward-Going Particle 

The class of interactions that is most difficult to deal with in an HS system is 

that in which the forward particle decays into several particles before leaving 

the chamber. An example is: 

7;rP -BP 

L B - WT 

L 7f+7f-7r” 9 

In reaction 9 the acceptance of the downstream system is poor because only 

a portion of the decay products is detected. Reaction 9 is therefore best studied 

in large-acceptance wire-chamber spectrometers. However, there are special 

cases in which the decay angular distribution of the forward meson is well- 

understood, and the object is to study a complicated N* or Y* state left behind in 

the bubble chamber. Examples of such reactions are: 

IL p + nn 

L+ -+- 7TTr 

T&P - K*Y” 

L A -I- nn 

10 

11 
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In both 10 and 11 the forward p and K* mesons have been well-studied. 

Therefore the effect of triggering on one of their decay products can be modeled, 

and the pseudo-two-body production process can be studied. 

Interaction Triggers 

This is a very general trigger which ensures that the interaction occurs in the 

useful volume of liquid in the chamber. The purpose is to eliminate reactions 

in the beam and vacuum windows, both upstream and downstream of the chamber, 

and to cut down on the number of photographs taken. 

In the untriggered HS mode the focus is on interactions for which 

(a) A number of the forward-going particles have momenta too 

high for measurement in the bare chamber. 

@) It may be important to know the mass of the forward-going 

particle. 

(c) The cross section is fairly large <L several hundred microbarns). 

Untriggered HS are mainly used to improve the accuracy of momentum 

measurement and for particle identification. The most successful systems are 

those set up at the Fermi National Accelerator Laboratory, where the energy of 

beam particles reaches 400 GeV. The classes of experiments that have been 

done at FNAL so far are the following. 

Elastic Processes 

The HS is used to distinguish between elastic and inelastic scattering processes. 

Use of Cerenkov counters upstream of the chamber allows identification of the 

mass of particles in the beam, and therefore p, p, K, and r initiated events can 

be differentiated in an unseparated beam. The reactions studied were: 

rrp-rp 12a 

np--p+nnn 12b 
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K-P -c K-p 13a 

K-P -.K-p+nT 13b 

Low Multiplicity Nucleon Diffraction and Double Diffraction at Very High Energies 

Interactions similar to those of reactions of 2a and 2b have been studied for the 

case in which all the products are charged. In these cases the fast pion 

momentum is measured in the downstream system, and the momenta of the 

three remaining particles are measured in the bubble chamber. The slow 

proton is identified by ionization, and a four-constraint fit is made by balancing 

transverse momentum. Such experiments, as well as those which study the 

double diffraction reaction 

n-p -, pN* 

IL Pr+ 

L +- 7r7T 14 

have been studied with the FNAL 75-cm HS. In these cases the momenta of 

several forward-going particles are measured with the downstream system. 

Inclusive Processes 

These are dealt with in an HS because in order to cover the fullest range of kine- 

matic variables used in the subsequent physics analysis it is necessary to meas- 

ure the momenta of all particles of given electric charge. The variable most 

used is called rapidity, which is symbolized by y and defined by 

where E is the energy of the particle, and pb is its momentum along the beam 

axis. 

. 
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Specific inclusive reactions which have been studied are: 

rX ?Tp-7T 
16 

PP - r &X 

Up to the present it has been assumed that all outgoing particles were pions 

(except those slow protons tagged by ionization as seen in the chamber). These 

experiments are quite suited to the HS because at very high energies, most fast 

particles leave the chamber through the beam-exit window and are seen in the 

downstream spark chambers. The ones remaining in the chamber are usually 

slow enough so that their momenta are directly measurable. Furthermore, 

since these results are mainly statistical and somewhat qualitative, a high degree 

of precision is not required. The incoming particle is again identified by the 

beam Cerenkov counters . 

A further consequence of the increased acceptance at high energies is the 

ability to observe the inclusive interaction 

np - pox 

L +- 7T?T 17 

again made possible by virtue of good downstream momentum measurements. 

Muon Identification in Neutrino Experiments 

A very successful use has been made of the HS in identifying muons emerging 

from neutrino interactions in the liquid of the very large volume chamber 

installed at FNAL. Since the muons penetrate the thick chamber and vacuum 

walls without interacting, they can be detected via wire chambers’placed external 

to the bubble chamber. 

Reactions of the type 

VP - PX 

VP - /wx 
18 
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can be studied in various chamber materials (hydrogen, neon-hydrogen mixtures 

and eventually deuterium) . 

Future extensions of triggered experiments, which will depend upon develop- 

ments in fast on-line data processing, include multiparticle, neutral kaon, and 

missing mass triggers; whereas extensions of untriggered experiments depend 

on more sophisticated particle identification, especially the ability to distinguish 

among the masses of multiple forward-going fast particles. 

3 CONSTRUCTING AND OPERATING FAST-CYCLING CHAMBERS 

Because of the unique nature of its accelerator, SLAC has been a leader in the 

development of fast-cycling chambers. The accelerator can pulse as often as 

360 times a second, and this makes the constructure of rapid-cycling chambers 

a very desirable endeavor. In this chapter we will discuss the SLAC chambers 

(4,5) and also those in operation and being considered for construction at other 

laboratories. 

Definition of a Rapid-Cycling Bubble Chamber (RCBC) 

We have chosen to limit our discussion to those chambers which pulse 10 times 

per second or more steady state, and those which can pulse 10 or more times 

during the beam-spill period of proton synchrotrons. Within the group so defined 

are the SLAC 38-cm chamber, the SLAC l-meter chamber, the Rutherford 

Rapid-Cycling Vertex Detector (C . Fisher & R. Newport, private communication), 

and the proposed CERN l-meter chamber (6). 

Basic Requirements to be Met in the Design of an RCBC 

SPACIAL RESOLUTION WITHIN THE CHAMBER The prime purpose of an HS 

is the accurate location of the vertex in an event and the detection of all of the 

charged and short-lived neutral particles produced. It is very important that 

the liquid motion within the chamber be small so that minimum track displacement 
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occurs between the time of beam injection and the flash of the camera lights, 

The best way to minimize liquid motion during expansion is to use the largest 

possible piston to produce a plane pressure wave in the liquid. The l-meter 

chamber at SLAC is a good example of this principle because it has a piston that 

needs to move only 4.6 mm to expand a chamber which is about 43 cm deep. 

BUBBLE SIZE AND DENSITY ALONG A TRACK In the bright-field illuminated 

chambers, especially those using Scotchlite (7,8), we have found that tracks 

having a mean bubble diameter of around 450 microns in chamber space and an 

average of 10 to 12 bubbles per centimeter are preferred by most experimenters. 

The bubble count per centimeter can be controlled by both the liquid temperature 

and pressure at the time of beam injection, but the size of the bubbles, although 

dependent on liquid temperature, is more easily controlled by the time delay 

between the beam injection and light flash. It is perhaps fortunate that not only 

does a delay of 2.5 to 3 ms give the bubbles time to grow to the proper diameter, 

but it also gives the computer time to make the necessary calculations to decide 

whether or not to flash the lights. 

SIGNAL-TO-NOISE RATIO OF TRACKS ON FILM The film may. be scanned by 

automatic scanning machines which are very limited in their ability to adapt to 

changes in signal-to-noise ratio, and this puts stringent requirements on the 

uniformity of illumination and the bubble diameter. Figure 2 shows a densi- 

tometer scan of typical SLAC l-meter RCBC tracks. It is possible under good 

conditions to maintain tracks of this quality for days at a time. In order to do 

this, the temperature must be maintained very accurately, and the expansion 

system must repeat its operation very precisely for millions of times. Both of 

these systems will be described in detail later. 
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RELIABILITY AND REPRODUCIBILITY OF THE CHAMBER Perhaps the 

greatest difference between a large slow chamber and an RCBC is the difference 

in the reliability requirements of parts. As an illustration, the 72-inch chamber 

at Lawrence Radiation Laboratory (9) (LRL) pulsed around 15,000 times a day, 

and it destroyed its expansion valve about every 60,000 pulses. In contrast, the 

SLAC l-meter RCBC pulses as often as 900,000 times a day, and it destroys its 

expansion valve about every 10 million pulses. A great deal of effort has gone 

into developing that increase in reliability. 

HEAT LOADS It is very important that a fast-cycling chamber be made so that 

the heat load into the liquid is as small as possible. A sliding piston with rings 

not only leaks liquid from the chamber to the region behind the piston, thereby 

reducing expansion efficiency, but it also produces a large amount of heat as a 

result of sliding friction. Eckman (10) introduced the use of a single convolution 

bellows on the LRL 25-inch chamber, and most fast chambers now have such a 

bellows in one form or another. It is interesting to note that although one can 

get much more flexibility with multiconvolution bellows, it is possible that most 

of the motion is provided in the first convolution, and this of course would soon 

cause its failure. 

An additional 

in the piston as it 

source of heat into the liquid results from eddy-current heating 

moves through a nonuniform magnetic field. Eddy-current 
9 

heating is proportional to N(VBd LI where Bx is the gradient of the magnetic field 

in the direction of the piston motion, V is the velocity of the piston during the 

stroke, and N is the number of pulses per second. Both N and V are determined 

by the design pulse rate and chamber depth. The field gradient can be reduced 

by shaping the iron pole pieces to a certain extent, but this is far from a satis- 

factory solution. The only other alternatives are the use of a piston made of 



16 

nonconducting material, plastic or glass, as the Rutherford Laboratory group 

has done with the RCVD, or the incorporation of cooling loops within the piston 

in a manner similar to that used with the SLAC l-meter piston. 

EXTRANEOUS BUBBLES When pulsing at rates in excess of 10 pps, it is very 

important that bubbling from trapped volumes, leaking valves (4)) glass-to-metal 

seals and hot spots be kept as small as possible. The success of any fast- 

cycling chamber will be determined by how well these problems are solved. 

It is possible to inject as many as 100 charged particles into the chamber 

and form bubbles whose volume will total 1.5 cc at the time when they are 

largest. If the chamber is operating well, this volume of gas will present no 

problem to either the expansion system or the refrigeration system. However, 

if extraneous bubbles from a poorly designed chamber collect in the top, it is 

easy to have 50 to 100 cc of gas continuously present, and this quite seriously 

affects both the piston stroke and the refrigeration requirements. The stroke, 

as calculated from the liquid bulk modules, should be much less than 1%. 

However, few small chambers are so free of local gas pockets and bubbles 

distributed throughout the liquid that they achieve sensitivity with a change in 

volume of less than 3/4 of a percent during the stroke. 

Description of Some RCBC’s 

THE SLAC l-METER RCBC This chamber (5) was first operated in 1967 and 

has been gradually improved from its design pulse rate of 1 per second to its 

present lo-12 pulses per second. Since its origin it has expanded a total of 

224 million pulses and has taken 10.5 million pictures. The principal features 

of the chamber are described in Table 1, and Figure 3 shows an elevation view 

of the chamber. A detailed description of the various systems follows. 
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Illumination The piston of this chamber is covered with high quality Scotchlite 

(8) made by the 3M Company. Great care was taken in the selection of the glass 

beads so that they would be very uniform in diameter (about 30 II) and thus all 

have about the same retrodirective characteristics. In addition, they have been 

spread on their support matrix so that their density is quite uniform. The 

Scotchlite comes in 36cm wide strips, and since the chamber piston is 102 cm 

in diameter, it requires four sections of Scotchlite to cover the surface. It is 

not feasible to have the Scotchlite overlap at the seams in an effort to provide 

continuous coverage, because this would cause bubbling from the volume trapped 

under the overlap. A compromise is made wherein the seams are left as narrow 

as possible without overlap, and the sections put on so that the seams are at 

right angles to the path of the beam as it traverses the chamber. This is shown 

in Figure 4. 

Scotchlite is a composite made of beads held in an adhesive matrix and 

covered by a thin layer of mylar for protection. The mylar is a very good 

insulator, and this attribute has, on occasion, been a source of trouble. During 

the piston motion, there is a small movement in the liquid hydrogen, and this 

motion causes an electrostatic charge to build up on the surface of the mylar. 

If the chamber is not extremely clean and free of dust, lint and other such debris, 

these contaminants will eventually end up deposited on the surface of the Scotchlite. 

The deposited material tends to clump together and eventually becomes large 

enough to be a source of small bubbles. The bubbles not only contribute to the 

dynamic heat load imbalance but also impair the retrodirectivity of the Scotchlite, 

causing a loss in picture quality. Very careful installation of the Scotchlite 

allows up to 50 million pulses of operation and several cooldown cycles before 

replacement is necessary. 
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Bellows The stainless-steel omega-shaped bellows which allows the piston to 

move is an extremely critical part of a fast-cycling bubble chamber. The cross- 

sectional view shown in Figure 5 shows the method of construction used at SLAC. 

The bellows is essentially a tube bent into a circle of over 1 meter in diameter, 

after which a segment of the inner portion is cut out. The inner edges of the 

circular tube are then welded to 2 flanges which are then in turn welded, one to 

the piston and the other to the chamber body. 

In the bellows design it is important to keep the bellows quite stiff so that 

there will be little tendency to excite oscillations in the mass of the bellows 

which may be harmonically related to the motion of the piston. During the early 

stages of the SLAC l-meter chamber development, a hydroformed bellows was 

installed whose cross section is shown in Figure 6. When the chamber was 

pulsed, this bellows failed very quickly (less than three million pulses) at the 

point where the metal rolls over the rounded nose of the flange. Tests ultimately 

proved that the “flopping mode, ‘I in which the whole mass of the bellows moves 

up and down, had a period quite close to that of the chamber pulse period, and 

this caused the bellows center to overshoot when the moving flange returned to 

the reset position as the chamber stroke was completed. If heavy liquids such 

as neon are used in a chamber, particular attention should be paid to these reso- 

nances, because the internal liquid mass can greatly affect the bellows’ natural 

frequency. Even though the bellows contributes no significant heat to the liquid, 

it is necessary to have a cooling loop in the top internal section to condense any 

gas bubbles that may be formed and trapped there. 

With proper attention to these problems, bellows can be made to last 

indefinitely. The l-meter chamber has 200,000,000 pulses on its present bellows. 
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In order to keep the expansion stroke as small as possible, it is Pluming 

important that the chamber be completely full of liquid-no large gas bubbles 

trapped anywhere . This must be true both before the start of expansion and 

during the pressure drop caused by the piston motion. Any small pre-expansion 

bubbles can be taken care of by proper cooling of the periphery of the chamber, 

especially the top region. The bubbles that grew during the pressure drop and 

which are a result of hot spots, small cavities or rough surface regions with 

sharp points, are a continuing problem in fast chambers and must be kept to an 

absolute minimum. 

It is probably safe to say that the major source of extraneous bubbles in 

SLAC’s chambers is the seal between the chamber glass and the chamber body. 

During the evolution of the fast-cycling program at SLAC, it was necessary to 

develop a new type of seal before the l-meter RCBC could exceed 6 pulses per 

second. Figure 7 shows the construction of this seal. It is made of pure indium 

that has been pooled over the indium-wetted surface of the stainless-steel rings 

that make up the inflatable gasket. After the indium has cooled, it is machined 

to a wedge shape that crushes into intimate contact with the glass when helium 

under pressure is introduced into the inflatable gasket. 

The traditional glass-to-chamber seal (5) previously used was similar to 

that shown in Figure 8. The indium was pressed into round grooves and then 

later flattened when helium was introduced into the inflatable bellows region 

under pressure. This method of installation allowed small gas pockets to be 

trapped, both in the groove and under the indium, as it flattened down on the 

steel surface. When the chamber was later filled, many of these gas pockets 

were continuous from the bottom of the round grooves out to the chamber liquid 

and thus caused pluming during the pulse. The new wedge gasket cannot have 
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gas pockets between the indium and the steel, and is unlikely to have them be- 

tween the glass and the indium. 

Chamber refrigeration When pulsing at high repetition rates, one finds that 

the time constants involved in changing the temperature of a local region by 

external means are very long compared to the time between two pulses. On the 

other hand, if a warm region develops within the chamber, it will probably cause 

a thermal runaway within four or five pulses. Since it is thus not possible to 

detect a thermal problem and correct it rapidly enough, great emphasis must 

be placed on preventing thermal instabilities from occurring at all. 

One source of thermal instability is the development of gas pockets within 

the chamber at the top of the bellows and the chamber body. If the accumulation 

of gas is slow, it is possible to condense the bubbles and not cause any great 

perturbation in the local region. If it is fast and the refrigeration system is 

given the information to cool rapidly, then a situation can occur in which the 

chamber over-pressure is reduced to the point where it is too low to compress 

bubbles in the main body of the liquid, and a loss of control happens very quickly. 

If in the normal course of operation a heat exchanger is allowed to shut down for 

a period of several minutes because of lack of refrigeration demand for that 

loop, the pipes that supply the loop will warm up by radiation loss, etc. When 

next the loop is required to conduct liquid, the very first gas that comes through 

will be hot and the heat exchanger will have a hot spot in it which in turn heats 

the chamber liquid, causing a bubble and subsequent loss of control. 

We have found that heat exchangers should be operated with some flow at 

all times, and the temperature of the liquid in the heat exchanger should be kept 

only very slightly below that of the chamber liquid. This small temperature 

difference between refrigerant and chamber liquid means that the heat exchanger 
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area needs to be large. The ideal situation would be one where the whole 

chamber body, especially the top, was a part of the heat-exchange system. One 

method is to suspend the chamber totally in a bath of liquid. The SLAC l-meter 

chamber approximates total immersion by having an internal upper heat 

exchanger welded to the chamber wall. In addition, the whole chamber casting 

is refrigerated externally, and the piston is hollow and contains refrigeration 

loops. 

One additional benefit that accrues from the small temperature difference 

between the refrigerant and the chamber liquid is the relative absence of small 

volumes of cold chamber liquid near the heat exchangers. If present, these 

cold or hot volumes of liquid would cause “optical turbulence” because of the 

difference in the index of refraction between the main body of the liquid and the 

local perturbation. This results in some cases as apparent short-range deflec- 

tions of the tracks. 

Expansion system Figure 9 is a schematic representation of the drive system 

used in the SLAC l-meter chamber. Examining this figure from left to right, 

one finds the chamber hydrogen, which can be treated as a massless spring. 

(When neon is the liquid, it is better treated as a distributed-mass spring. ) Next 

is the chamber piston, whose weight is about 1200 lbs, followed by the rod which 

extends from the chamber out through the vacuum tank to the 25.4-cm oil-drive 

piston. The drive rod, of course, is also treated as a spring since it compresses 

about 0.5 mm under the chamber pressure load. The oil system follows, with 

an expansion valve which releases the oil into the bouncer or energy-storage 

region that consists of an aluminum piston backed up against a gas volume. 

When the piston system has moved to the right (decompressed direction) as far 

as the bouncer gas will allow it to move, most of the potential energy that had 
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been stored in the chamber liquid is now transferred to the gas in bouncer. At 

this time the direction reverses and the piston system moves to the left (com- 

pressed direction) and “almost” travels back to its original starting point. 

However, it has lost some energy in sliding friction, oil friction, etc. , and it 

resets about 80% of the way without help. At the proper time the recompression 

valve is opened and a small burst of oil is added to make up for the losses. 

Figure 10 shows a typical trace of the motion of the warm end of the drive rod; 

the cold-end motion is inferred from the pressure change during the cycle. The 

phase lag between the ends can be seen, as well as the natural frequency of the 

drive-rod spring-mass system. 

Beam window design The beam entrance window must be kept as thin as 

possible to minimize beam interactions within its material. On the other hand, 

it must be strong enough to withstand many millions of pulses without failure. 

From the standpoint of low mass and reasonable strength, aluminum is a good 

material to use. If, however, the main chamber body is made of stainless 

steel, then the aluminum window must be bolted in place with a gasket to provide 

the seal. For slow chambers this is a satisfactory solution, but RCBC’s will 

not tolerate the additional pluming that such a seal would introduce, and one is 

forced to look for other solutions. Figure 11 illustrates the methods used at 

SLAC on the l-meter chamber. A section of stainless steel (2.5-cm thick) is 

milled so that it has a cutout of the same height and width as the beam window 

requires. The heavy portion (window frame) surrounding the thin portion will 

ultimately be welded into the chamber body in such a way as to produce a smooth 

l1 P lume free” weld . 

The flat milled piece is then bent into a cylinder whose radius is the same 

as the chamber radius. After it is properly bent it is then placed in a hydroform 
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jig, and the thin section is forced to assume the shape illustrated. Since the 

window is then welded into the chamber, particular attention must be paid to the 

transition from the thick window frame portion to the thin window section. 

Since the thin section moves radially in response to the pressure change during 

the pulse, any discontinuities will soon cause a crack and subsequent failure of 

the window. Therefore the milling cutters should not introduce any scratches 

or grooves that might cause high local stresses. If the window has been made 

with stainless steel, such a failure would give adequate warning because stain- 

less is quite ductile, and the surrounding vacuum would thus deteriorate slowly 

over many pulses. 

THE SLAC 38-cm RCBC This chamber (4, ll), finished in 1973, was the first 

electromagnetically driven bubble chamber. It receives its expansion force 

from a very large coil wrapped on a fiberglass form and suspended in a dc 

magnetic field, much like a large audio speaker voice coil. 

The chamber has achieved a pulse rate of 40 times a second while taking 

pictures of acceptable quality. It has been pulsed a total of 90 million times and 

has taken over one million pictures. The principal features of the chamber are 

listed in Table 2, and the chamber itself is shown in Figure 12. 

The bellows in this chamber perform three major functions. Figure 13 

shows a cross-sectional view of the bellows, which is seen to differ from the 

usual omega-shaped bellows in the extended central section. This was done so 

the beam particles could enter and exit through a section of thin material. In 

effect it provides a beam window with a full 360-degree coverage. The whole 

chamber is immersed in a liquid hydrogen bath, and the thin bellows provides 

a large area for heat exchange between the chamber and the surrounding liquid. 

However, the major part of the refrigeration is done through the top plate of the 
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chamber. The piston motion, about 1.27 mm, is made possible by the curved 

upper and lower sections of the bellows. 

Perhaps the most unusual feature of this chamber is the method by which 

the drive force is obtained. Figure 14 shows the spring-mass system involved 

and the drive coil through which the pulsed current travels. The radial dc 

magnetic field through which the pulsed coil moves is about 14 kG, and the 

pulsed current is 400 to 600 A. Figure 15 shows the control circuits for the 

pulsed current. SEE’s 1 and 2 discharge the energy stored in the capacitor 

through the moving coil. The electrical time constants are designed so that the 

coil current has gone through its peak and returned to zero at about the same 

time the piston reaches the most expanded part of its motion (see Figure 16). 

The charge on the energy storage capacitor is now of the opposite sign and about 

75% of the original value. When the piston starts to move back down in the 

direction of recompression, SRC1s 3 and 4 are fired and cause a braking force 

to reduce the large piston overshoot that would otherwise occur. Proper phasing 

of the various SRC’s can produce a pulse shape very close to the optimum, 

which would be expressed by X = A(1 - cos wt). 

The problem of spurious bubbling or pluming from the glass-to-chamber 

seal was handled in the same manner as that for the SLAC l-meter chamber. 

However, one of the major obstacles to fast pulsing in this chamber was pluming 

from the fill valve between the chamber liquid and the reservoir outside the 

chamber. This problem was solved through the use of the special valve shown 

in Figure 17. An important feature of this valve is the conical seat, slightly 

flexible, which is pressed on by the tapered center prod. A force of about 

40 pounds on the prod will make a seal which is tight when tested by a mass 

spectrograph and which tolerates many operations without developing an appre- 

ciable leak-through rate. 
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THE RUTHERFORD RCVD This chamber (12) first ran in July 1976 and 

promises to be a very useful device. It achieved good sensitivity at pulse rates 

as high as 20 per second, and it is planned to operate at 60 pps. Figure 18 

shows the chamber in cross section. The chamber body is aluminum and the 

sidewalls are very thin so that the beam, which makes its entrance there, will 

cause few interactions in the walls. The cooling is done from the top by a pool 

of hydrogen liquid whose pressure and temperature are controlled by a condens- 

ing coil through which runs liquid hydrogen from the refrigerator. The chamber 

is filled through an aluminum valve in the top, of a design similar to that shown 

in Figure 17. 

The expansion system is electromagnetic, and the force is derived from a 

large coil moving in a fixed magnetic field. The drive coil is at the bottom at 

room temperature and is separated from the cold chamber by an evacuated 

distance piece made of epoxy glass. The glass moves with respect to the 

chamber body and is sealed with adhesive to an annular ring which connects to 

the expansion bellows. In the final version this chamber will be operated in an 

extremely high magnetic field which would cause large-eddy current heating in 

moving metal parts. To avoid this heat load, the Rutherford group developed 

a unique bellows made of epoxy fiberglass and molded over a form of the proper 

shape. As can be seen in Figure 18, the bellows does not close upon itself in 

the same way an omega bellows does, and this, of course, simplifies the con- 

struction process. It also precludes the trapping of bubbles within the bellows, 

a problem inherent in the omega form. A second bellows is used at the bottom 

of the distance piece to allow its free motion. 

The optics system outside the chamber consists of a large diagonal mirror 

to direct the light to the cameras through a hole in the side of the distance piece. 
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The inner upper part of the chamber body is polished and acts as a mirror to 

return the light from the light source. 

The pulse mode, designed to make use of accelerator flat-top operation, 

will be one with bursts of about 20 pulses followed by a period of quiet. This 

mode has the advantage of allowing extraneous bubbles that are formed during 

the burst to condense in the next off period. 

THE CERN RCBC At the present time the CERN RCBC proposal is the only 

known chamber of its size which is designed to pulse 30-40 times a second. The 

possibility of accomplishing such a high pulse rate is enhanced by the mode of 

operation that will be used. Rather than a steady rate of 30 pps, it will be on 

for only 2 seconds and off for 6 seconds. The dead period will allow any residual 

bubbles to be condensed before the next pulse burst arrives. 

Although at this time the final design of the chamber and its expansion 

system is not complete, it is very likely that the usual CERN mechanism for 

expansion will be employed. A hydraulic drive system using a proportional-flow- 

control valve will force the chamber piston to conform to a prescribed displace- 

ment curve. The system frequency response will be high enough to do some 

pulse shaping within the pulse as it is demanded by the feedback control system. 

A system such as this is versatile and will allow them to shape their pulse as 

they wish. A large overshoot in pressure in combination with low operating 

temperature (see bubble-growth description in Section 6) will be needed to achieve 

the pulse rate they need. Table 3 gives the important specifications for this 

chamber. 
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4 DESCRIPTION OF HYBRID SYSTEMS 

General 

As an introduction to a relatively sophisticated triggered HS we consider the 

one associated with the SLAC one-meter chamber. This is shown in Figure 19. 

It consists of four main parts: the beam position, momentum and mass meas- 

uring system, the bubble chamber, the outgoing particle measuring system, and 

the fast trigger. In addition, not shown in Figure 19, there is the on-line data- 

logging system. The fast trigger consists of a coincidence between the beam 

counter (Sl) and one of the hodoscope counters (H), together with a pulse < a 

small value in Cerenkov counter C. If this coincidence occurs, all of the infor- 

mation gathered by the beam multiwire proportional chambers (MWPC), the beam 

Cerenkovs (C,), the downstream MWPC?s and the large Cerenkov counter (C) is 

dumped into the buffer. Since MWPC’s are used, all of the above occurs within 

about 100 nanoseconds. The system then has up to 3 milliseconds (the time it 

takes the bubbles in the chamber to grow large enough to be photographed) to 

determine whether or not to flash the chamber lights and take a photograph. 

This time to sort out unwanted events is extremely important in establishing 

a “tight” trigger, is unique to the triggered HS, and is one of the main reasons 

for its success. Without it the number of photographs taken would be prohibi- 

tively large. The first plane of upstream MWPC’s determine the deflection of 

the beam particle due a bending magnet (not shown) and thus its momentum, and 

the two beam MWPC?s define the entry angle of the beam particle into the bubble 

chamber. The beam Cerenkov, used in a threshold mode, defines the mass of 

the beam particles. Several beam Cerenkovs in series may also be used. The 

three planes of downstream MWPC’s are placed in the magnetic field common to 

the bubble chamber and determine the momenta of the outgoing tracks. Each of 
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the planes, cr,p,y, consists of three sections in x, y and u. All have 2-mm 

wire spacing, with u placed at 30’ with respect to y. 

If one of the outgoing tracks goes through C, its mass can be determined 

by pulse height or by the absence of a signal, and the hodoscope can be used 

later to make a proper match up with a signal from one of the mirrors of C. In 

a typical experiment, such as $p e K*X, it was desired that the lights be trig- 

gered by a K+ of momentum greater than some pmin. The pressure in C was 

set so that at 43 eam the K pulse was one-half that of a 7r meson of momentum 

% eam. After a fast trigger, S1 Cb H e, an algorithm using the information from 

the rest of the system was used to calculate the momentum and angle of the out- 

going track(s). Then a check was made to see if the pulse from C corresponded 

to that for a K particle having the measured momentum, and also to see if the 

hodoscope counter corresponded to a particle having gone through the correct 

mirror in C. (The algorithm will be described in more detail in a later section. ) 

Thus, if the entering particle were truly a beam particle, if the interaction took 

place inside the fiducial volume of the bubble chamber (and not in external 

windows or other material), and if one of the outgoing particles was a K meson 

of the desired momentum, then the lights were flashed. The design goal of the 

system was to achieve an overall on-line efficiency of 2 50%. 

In the untriggered case the emphasis is on storing highly accurate informa- 

tion which is to be used later in off-line analysis. Figure 20 shows a typical 

setup designed for use with the FNAL 78-cm HS (13). The spectrometer is 

composed of MWPC’s at locations H-G and, as in the previous case, makes use 

of the bubble chamber magnetic field. The upstream portion utilizes MWPC’s 
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with 2-mm wire spacing. The wire chamber at each of the detector locations 

is again made up of three sections, each of which is rotated 120’ with respect 

to its neighbor. Planes D, F, and G have a fourth section for greater momentum 

precision. The upstream system includes a Cerenkov counter (14), and the 

downstream system includes a muon counter (not shown in the figure), followed 

by scintillators and a shower detector made up of plane H, immediately pre- 

ceded by 1.27 mm of lead. 

The system is triggered by a coincidence between scintillator counters 

SC1 and II, and all other signals are strobed into memory. Since MWPC’s are 

used, the time to strobe the data was less than 125 nsec, and therefore each 

beam particle entering the chamber during its sensitive time could be individually 

tagged and associated in time and space with tracks in the bubble chamber. This 

system did not have particle identification for outgoing tracks, so that its main 

function was to tag the beam and provide an accurate momentum measurement 

for the outgoing tracks. Particle tagging will be introduced in the near future 

(see Section 6). 

Upstream Counters and Wire Chambers 

These are usually quite conventional in composition. The object is to define 

the mass, angle of entry into the bubble chamber, and momentum of the beam 

particles: the emphasis is therefore on a high degree of spatial accuracy. This 

is usually achieved with MWPC’s such as those shown in Figures 19 and 20, 

placed in such a way as to have a long lever arm between the first MWPC and 

the momentum-defining bending magnet. In general 2-mm wire spacing gives 

sufficient spatial resolution to provide fractional percent momentum resolution 

for beams whose momenta is as high as several hundred GeV/c. The beam 

angles are determined by two sets of MWPC?s with no magnetic field between 
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them. Beam Cerenkov counters are usually employed for mass determination. 

Since the beams enter these counters at a zero-degree or very small angle with 

respect to the mirror axis, they are highly efficient, and it is thus possible to 

know the mass composition also to the level of a fraction of a percent (as will 

be discussed in Section 5). 

Counters Located in Vacuum Tank 

There are special circumstances in which counters placed near the outside wall 

of the bubble chamber, and inside its vacuum tank, can be used to mark the 

occurrence of an interaction with a large acceptance relative to that available 

to a system such as shown in Figure 1. These have usually been scintillators, 

with light pipes coming through the outside wall of the vacuum and out to a region 

of small magnetic field. Such a system can also be used to mark the time-of- 

flight of a neutral beam, The chamber lights can be triggered on a rough time 

measurement, and a more exact determination can be made later by measuring 

the actual path length of the track in the bubble chamber that produced the pulse 

in the scintillator . Such a system of scintillators installed in the SLAC one- 

meter chamber has been used in a K”p experiment (15). Because of the wall 

thickness of the bubble chambers, these counters cannot be used to get infor- 

mation on the precise location of a track after it leaves the illuminated volume. 

An exception to this rule is that of the SLAC 38-cm fast-cycling chamber, 

which was constructed so that the expansion bellows also served as the cylindri- 

cal side wall and was only 1.2 mm thick. Proportional wire chambers (16) were 

placed in the vacuum space, both upstream and downstream. The beam used 

was mainly Ki mesons, and the upstream chambers were used as an anticoin- 

cidence, while the downstream wire chambers were used as part of a positive 
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coincidence circuit which triggered the bubble chamber lights when two or more 

forward charged particles left the bubble chamber. 

The Downstream System 

The most complicated part of the HS is the array of counters and spark chambers 

down&ream of the bubble chamber. These must provide information on the 

momenta, angles and masses of outgoing particles, as well as multiplicity and, 

on occasion, veto capability, either on- or off-line. For charged particles 

there are two classes of systems, depending on whether the analyzing magnet 

is the fringe field of the bubble chamber or a separate magnet forming part of a 

downstream spedtrometer . The former case is cheaper but more importantly 

has a much greater acceptance, which is the reason that most HS use this method. 

The separate magnet has inherently a greater momentum accuracy, which it 

achieves at the expense of acceptance. However, this measurement of momentum 

can be done independently of any knowledge of the vertex point of the interaction 

and is especially useful if an accurate measurement of the mass recoiling against 

the outgoing particle is desired. An example of such a system is shown in 

Figure 21, in which the momentum of the outgoing particle was known to a frac- 

tion of a percent. 

This system was used to trigger on a missing mass greater than the mass 

of a proton, and it eliminated some 75% of the elastic pion-proton scatterings 

which otherwise would have swamped the experiment. This spectrometer, when 

used in off-line analysis of events with very high energy forward-going charged 

particles, is almost indispensible to the analysis of one-constraint (1C) events, 

namely, in separating events with one neutral particle from those in which there 

are more than one. 
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Another form of downstream trigger is that for neutral particles. An 

example (17) is shown in Figure 22. The trigger system consisted of an array 

of 19 wide-gap optical spark chambers, preceded by lead plates and an anti- 

coincidence counter S, and followed by a calorimeter consisting of 15 Fe/ 

scintijlator sandwiches. The bubble chamber lights (and the optical spark 

chambers as well) were triggered whenever there was no pulse in S1 (neutral 

particle and not a gamma ray) followed by a pulse height from the calorimeter 

corresponding to an energy deposited equal to or greater than half the energy 

of the incident n particle. A similar technique has been used with the SLAC 

fast-cycling 38-cm chamber (18) and with the 78-cm chamber located at the 

Argonne National Laboratory and designed by a group from the University of 

Wisconsin (19). 

Another elaborate downstream spectrometer has been used with the SLAC 

38-cm fast-cycling chamber in the scheme shown in Figure 23. The spectrom- 

eter (20) information was fed into a computer whenever the T scintillation 

counter banks recorded two or more fast particles, the E counters did not fire 

(no slow accidental), and the A counters indicated that one or more particles 

had left the magnet. A picture was taken at the same time if two or more wires 

in the bubble chamber PWC’s fired. Off-line the spectrometer calculated the 

mass of the pair in events in which two charged particles went through the 

spectrometer and determined if this was a Ki mass. This was correlated with 

the bubble chamber frame number, and that particular picture was subsequently 

scanned to see if the decay point of the Ki was inside the chamber’s fiducial 

volume. The chamber was then used to see if another particle (usually a slow 

proton) was associated with the interaction that produced the Ki. 
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Another downstream system which was used in an untriggered mode with 

the FNAL 78-cm chamber (21) is shown in Figure 24. The main elements are 

the four dual, wide-gap, optical spark chambers 1, 2, 3 and 4. The gaps are 

20 cm long, the active transverse dimension are 76x 180 cm, and the two 

chambers are separated by 1 m. The spark chamber cameras could be pulsed 

5 times per second. The spark chambers were triggered if an incoming beam 

track either produced two or more forward minimum-ionizing secondary tracks 

as detected in a set of three dE/dx counters, or was deflected from a normal 

beam trajectory as detected by two sets of aligned counters. The dE/dx counters 

have high efficiency for high multiplicity events, and the deflection counters 

are best for low multiplicity events. Here again, the bubble chamber magnet 

is used for momentum analysis of outgoing particles. 

A downstream trigger for muons using the SLAC one-meter HS is shown in 

Figure 25. Muons ‘with a scattering angle roughly between lo and 6’, having an 

energy greater than 1.4 CeV, and penetrating one meter of steel caused a coin- 

cidence between the scintillator trigger-counter hodoscopes which provided a 

fast trigger for the spark chambers. The information from the hodoscope was 

then fed into a computer, which first checked that the hodoscope hit pattern 

could have been caused by a track coming from the bubble chamber fiducial 

volume, and if so, caused the bubble chamber lights to flash. The wire chamber 

information was used off-line to improve the momenturn measurement of the 

scattered muon after it was identified as a track which went through the requisite 

amount of iron. This trigger was used with incoming muon fluxes up to 100 per 

expansion. 

The HS used in neutrino experiments with the FNAL 4.6-meter chamber 

is called an External Muon Identifier or EMI (22), and the arrangement is shown 
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in Figure 26. It consists of three vertical layers of proportional wire chambers 

each wrapped around the back third of the chamber (downstream of the coils) 

and behind a zinc absorber layer. Each chamber is 1.27~ 1.27 meters square. 

The wires are spaced by 5 mm, and there are three coordinate sets x, y and u. 

The readout is by delay line so that while a single track is found with the usual 

wire spacing resolution, two tracks have to be spaced by 5 cm to be resolved. 

However, this is a good match to the system, because of the combination of large 

distances and multiple scattering, and the electronics are relatively inexpensive. 

Because there is only a single plane of counters, they do not by themselves 

determine a direction. The scheme is to record all resolved tracks in the 

MWPC1s and then later to pick only the unambiguous cases where a single non- 

interacting particle is observed in the chamber and then predicted to go through 

a particular set of wires in the EMI. Those that satisfy the criteria are then 

classified as having a very high probability of being muons. Since the chamber 

is very large, the probability is large that the hadrons produced in the neutrino 

interactions will themselves interact, so this method of separation of muons has 

been quite successful. 

Data-Gathering Systems 

All HS have associated data-gathering systems. In the untriggered mode their 

main function is data logging and monitoring. In this sense they are similar to 

the systems used in counter experiments. The information from wire chambers 

or scintillator hodoscopes is put into the computer on a signal from some coin- 

cidence circuit, and at some later time calculations are made and the results 

displayed. Their most important function is to generate position information 

accurately enough to do momentum measurements and to match the spark chamber 

tracks with those measured in the bubble chamber. In addition, they perform the 
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standard monitoring functions. It is of course very important to have a sample 

of the data from the downstream electronics analyzed a short time after pictures 

are taken so as to correlate tracks in test pictures of the bubble chamber with 

the spark chamber information while the experiment is in progress. 

A more complicated use of the data-logging system is used in the triggered 

mode. An algorithm is needed to decide whether or not to trigger the lights. 

Since the time for decision is small (several milliseconds), this is usually 

written in machine language. As an example of such an algorithm we will con- 

sider the one written for the experiment using the SLAC HS in order to study 

the reactions ?r+p -. K+Y* and K-p -+ T-Y*, with the subsequent decay Y* --L A+nn, 

at an energy of 11.6 GeV/c. The trigger for the first reaction was a K+ meson 

of momentum greater than 4.5 GeV/c. Referring to Figure 19, the algorithm 

had to: 

(a) Find all possible tracks that went through all three MWPC 

stations. 

(b) Find all incoming beam tracks. 

(c) Calculate the intersection point between each MWPC track and the 

beam track to find which outgoing tracks came from the fiducial 

volume of the B C. 

(d) Calculate the momentum of all good candidates in step (c). 

(e) See which of the tracks of step (d) project back to the proper 

hodoscope counter. 

(f) Check to see whether the pulse height in the Cerenkov counter (24) 

corresponds to that for a K meson of the correct momentum. The 
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Cerenkov counter has a three-meter path length, so that K mesons 

of momentum between 8 and 11 GeV/c can be distinguished from 

pions and protons by pulse height. 

When conditions (a)-(f) are satisfied, the chamber lights are flashed. The time 

for the execution goes roughly as the third power of the number of tracks. 

Because of the limited time available for computation which is imposed by 

the thermodynamics of the bubble chamber (2-3 msec), it is instructive to 

examine in some detail an example of what current technology permits one to do 

during this time. The system in use with the apparatus of Figure 19 is shown 

in Figure 27. 

HARDWARE The central processor is a Data General Nova 849, which is a 

16-bit four-register machine with a memory cycle-time of 800 nanoseconds and 

a 1.25 megaword/second direct memory access channel. (Devices with con- 

trollers external to the CPU chassis are limited to a 500 kiloword/second 

transfer rate. ) It is equipped with hardware floating point and multiply/divide 

instructions, and a memory mapping and protection unit using 1024-word pages. 

The total amount of memory is 48 kilowords. 

The system has a typewriter master console and a high-speed paper tape 

reader, used primarily for diagnostics. Two g-track, 800 byte/inch, 75 inches/ 

second vacuum-column tape drives are used for data recording. A 786 kiloword 

fixed-head disk is used for nonresident system storage, program swap space, 

user files, and temporary data sets such as histogram displays. The main 

operating console is a graphics display storage scope, which is equipped with a 

hardware hard-copy interface to an electrostatic printer/plotter which also 

functions as the system printer. Two CAMAC crates provide a connection to 

the experimental apparatus. Proportional wire chamber data, photomultiplier 
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pulse heights, scalers, etc, are read in through appropriate modules. The 

CAMAC crates also provide an interface to a set of 16 program-control-and- 

monitor switches and display lights (primarily for diagnostic purposes), and 

also to a 2400 baud link to SLAC’s central computing facility. 

SOFTWARE The 840 system operates under the control of MRDOS (mapped 

real-time disk-operating system), a multitasking system supporting separate 

foreground and background partitions which communicate through a common 

array in memory. Twelve kilowords of memory are allocated for the resident 

system, 14 kilowords for the foreground program, 18 kilowords for the back- 

ground program, and 4 kilowords for the communications array. 

Foreground program The foreground program handles all the l%ime-criticallY 

tasks connected with data reading and recording, and generating a software 

trigger for the bubble chamber camera. It is initiated by an interrupt coming 

slightly before the beam spill. Upon receipt of a hardware trigger (based on 

counter information), PWC data, scalers, pulse heights, etc, are read in via 

CAMAC in 100 microseconds or so. An experiment-dependent algorithm is then 

executed in roughly one millisecond to decide whether to take a picture of the 

triggering event. Provision is made to read in a second hardware trigger in 

the same 1.6 microsecond beam spill to reduce software dead-time inefficiencies. 

If the trigger algorithm generates a positive response to either of the two 

possible hardware triggers per beam spill, an appropriate signal is sent to the 

bubble chamber camera, together with various human-readable data for 

recording on the film. The foreground program then reads in other data not 

needed for the picture-taking decision, and writes out a fixed-length record on 

magnetic tape. Various histogram tallies in the communications array are 

updated, and then the foreground program relinquishes control to the background 

until the next beam spill. 
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Background program The background program can run whenever the fore- 

ground is idle (which is most of the time). When the background is entered, a 

“menu” is displayed listing the various routines which may be run. Among the 

functions available are the following: 

(a) Change parameters and logical switches in the foreground. 

(b) Display a picture of the current event on the display scope. 

(c) Dump the communications array on the scope or printer in 

octal or decimal format, and update the dump periodically, 

if it is displayed on the scope. 

(d) Start, stop, or clear one or more foreground histogramtallies. 

(e) Display one or more histograms on the scope or printer. 

(f) Add, delete, or list a histogram definition from the foreground. 

Trigger algorithm The object is to derive the interaction vertex and momentum 

of a (fast) outgoing track. Angles involved are required to be small, and the 

magnetic field is assumed to be uniform in Y and Z, i. e. B = B(X). The tra- 

jectory of a track with momentum p and initial angle 8 passing through the 

system from (X,, YA) to (xB, YB) can be parametrized: 

AYBA = YB -YA=6*(XB-XA)+IAB/~ 

with 19 

IAB = 3 x lo-“/ xB B (Xl) dX’ 

xA 

We now utilize the fact that a typical noninteracting beam track calibrates 

the system, i. e. provides a reference momentum and relates the lateral offsets 

of one PWC plane with respect to another. 

Assuming an interaction point at +, we can then derive several equations 

by considering the upstream and downstream parts of the system with respect to 
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xv* For the beam: 

AYVA = ‘0 ’ +TA + ‘AV” 

and for the outgoing secondary track 

AYBv = O1. aXBV + tB”’ 

typical beam Defining 6Y = AY - AY = AY - AYb, we find 

6yBv = (el-ei)’ mBv+ (l/P’-l/P)$B 

and 

“yVA = (DO-':)* ax;, 

(Similar equations exist in Z without the momentum-dependent terms. ) 

Considering another point (X c, Yc) downstream of the interaction vertex 

(e. g. A, B, C could be PWCls 2, y and 0) we also have 

+ (‘h?’ - l/P) - $77 

20 

21 

22 

23 

24 

and we are now equipped to derive the vertex and momentum of the outgoing 

track. 

In two experiments at SLAC, matters were simplified by choosing the beam 

to be parallel. Thus B. = ,9! always, and we arrive at the following expressions 

for XV and p1 which are convenient for computation: 

aXBV = 
% C’ *‘BV axBC’ *ZBA = 

“BC “BC 

and 

(UP’ - l/P) = 
(“‘BA’ %C - 6yBC’ %V) 

F(XV) 

where 

FFv) = %C’ =.BV-‘VB’ mCV 

25 

26 

27 
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The main limitation on the programming of the algorithm is the require- 

ment that the time spent in making a decision to take a picture should not 

exceed 3 msec. The program is therefore coded in NOVA assembler language 

using 16-bit integer arithmetic, with the intermediate results of the calculations 

being restricted in magnitude to avoid overflows. Lengthy instructions, such 

as multiply and divide, are avoided wherever possible. In order to complete 

the calculations in the allowed time, limits are placed on multiplicities, etc, 

in the PWCls, and certain numerical approximations are made. For example, 

the quantity AXBc (= 125 cm) in Equation 25 is replaced by the value 64 which 

serves the dual purpose of limiting the size of the result and avoiding a multi- 

plication. 

The following steps are executed in the algorithm used in the SLAC 

experiments: 

(1) 

(2) 

(3) 

(4) 

Check that PWC 2 saw at least one, but no more than two, beam 

particles. With no information to link Y and Z in the beam planes, 

more than two hits in each plane leads to spurious triggers as well 

as consuming too much time. 

Multiplicity cuts are made on the number of hits in the downstream 

PWCls (Y, p andy. 

Matched points are found in PWC’s o, p , y and saved for later use. 

More than five matches in two PWCls causes the trigger to be 

rejected immediately. 

It is now possible to decide which pair of downstream PWCls are 

to be used for the first try at the calculation. Clearly it is desir- 

able to select the two planes with the largest separation to give 

greatest possible accuracy. The method using two PWCls was 
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eventually preferred to making a fit using information from all 

three downstream planes simply because of the higher efficiency 

thereby obtained. 

(5) The beam tracks found in PWC 2 are projected into the downstream 

PWCls being used, and the predictions are compared with the 

matched points already found to remove any noninteracting beam 

tracks. For example, due to the spacing of the planes, predictions 

of Z& Zy can be made according to 

Zy=Z2+Azb 
Y2 + 6z21 

za, = z2 + Azb 
Y2 

+ 3/4 6z21 

for a nonparallel beam. In the case of a parallel beam, the predic- 

tions are simplified even further by the absence of the 6Z21 terms. 

Constants like AZb 
Y2 

are obtained by taking data triggering on inci- 

dent beam tracks only. 

(6) The vertex calculation can now be attempted, as shown in Figure 28. 

The horizontal line defines the path of a noninteracting beam track, 

i.e. ,gZ 
Y2 

=O. xvmax* ;yvmin are the limits of the fiducial volume. 

To avoid wasting time on unnecessary divisions (Equation 25), 

we do the following: 

(a) Using 6Z and a table of values, we check that 6Z ’ 
Y2 yo! lS 

within the fiducial volume, taking into account the possi- 

bility of multiple scattering. 

(b) If this is so and the angular deviation of the secondary 

from the beam track is sufficiently large, then the vertex 

is calculated. If the dip is too small the vertex is imposed. 



42 

(7) Once a vertex has been assigned, the momentum calculation is 

possible. Certain obvious checks (such as that 6Y 
YOJ 

is small 

enough for the track to be within the momentum range of interest) 

are made, and then the substitution in Equation 26 is made. The 

value of the field function F(XV) (Equation 27) is obtained from a 

table constructed separately from a map of the magnetic field. 

(8) Finally, using the calculated momentum, the track is projected 

into the PWC so far unused, and predictions are made for Y, U 

and Z. Confirmation is required from at least one of these before 

the trigger is accepted. 

The steps described in Equations 23-26 are contained within 

a loop such that if at any point the calculation is unsuccessful it 

is possible to continue with, e. g. the next ZQI. It is to be noted, 

however, that considerable time can be gained by ordering the 

computation correctly. The wire numbers are arranged in 

ascending order, which can often prove useful in eliminating 

impossible combinations. 

Should the two PWC calculations be unsuccessful, it is often 

possible to try another pair of PWCls, in which case the steps in 

Equations 23-26 are repeated. 

5 PERFORMANCE OF HYBRID SYSTEMS 

In this section we will examine how well various operating HS have performed. 

For all systems this includes the accuracy of momentum and missing mass 

determination, as well as an evaluation of the losses due to limitations on 

acceptance imposed by the downstream system. In addition, on-line- systems 

must be evaluated in terms of the efficiency and validity of their trigger systems. 
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Since track-matching and momentum measurements are intimately con- 

nected, we will treat them together and begin with a general description of 

off-line track-matching procedure. 

Off -Line Track Matching_ 

Usually the track measured on the bubble chamber film, together with its meas- 

urement errors, is projected into the space occupied by the wire chambers 

(either up or downstream). Then the probability is calculated that the projected 

BC track and the observed sparks in the wire chambers do indeed match 

within their errors. This probability distribution is plotted in order to 

decide under what conditions an event is acceptable. The position of the vertex 

of the event in the hydrogen is well-known in all three coordinates, and this fact 

plays a major role in the procedure for rejection of spurious tracks formed in 

the spark chambers. 

Usually, the space between the BC and WSC systems is filled only with the 

fringe magnetic field of the bubble chamber magnet. Since this is not uniform 

it must be measured to &1/20/a at each point so as not to contribute a significant 

error in the measured momentum. 

In the following treatment (25) we evaluate the probability of a match at the 

first wire chamber plane downstream (or upstream) of the bubble chamber. 

Other treatments (26, 27) use the vertex position in the chamber. We assume 

that all variables are transformed to the bubble chamber space, and we define 

a five-vector called 

z 
8 

v= y 

0 
+ 
P 
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where z and y are the coordinates measured perpendicular to an x axis lying in 

the general direction of the beam, 8 is the dip angle, C$ is the azimuth angle, 

and p is the momentum of the particle to be matched. All variables are evalu- 

ated at an x somewhere along the bubble chamber track, usually at the vertex 

or at the end of the track. This track projected to the first spark chamber 

plane yields a four-vector 

Zb 

Vb = 
eb i! Yb 

eb 

The error matrix associated with Vb is obtained by propagating the error at the 

vertex using a matrix R = (dVb/dV) . 

Since there is a magnetic field between x and xb R is a 4x5 matrix which 

can be taken to be the same as that used in first-order beam transport theory, 

namely, the product of R(bend)*R(drift). To a good approximation, this beam 

transport consists of a bending magnet which turns the track through Q! = eb - $I 

and has an effective length L followed by a drift of length S. Then 

R(drift) 

i 

1 s 0 0 0 

0 1 0 0 0 

= 
0 0 1 0 0 

i 

R(bend) = 

\o 0 0 1 o/ 

0 L 0 0 0 

0 1 0 0 0 
0 0 1 L cos o!/2 -L sina/ 

0 0 0 1, -L tZl o!/2 
P 

Here vb, the 4x4 error matrix on Vb, is crb=R(kT. Again CJ is evaluated from 

the bubble chamber fitting program. 
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The above does not yet include multiple scattering in the region between 

the end of the measured track and the coordinate xb. This includes Coulomb 

scattering in the hydrogen downstream of the measured track, beam windows 

in the bubble chamber and its vacuum tank, and in any counters or other mate- 

rial between the bubble chamber and the first spark chamber plane. 

To treat Coulomb scattering (28), each scatterer, i, is characterized by 

two independent variables in each of two perpendicular planes, namely, oi and pi, 

the virtual displacement and scattering angle at its center. In the mean we have: 

< p,“> = 8; Li/2 

<ai&> = 0 

when Li is the length of the scatterer i and 

then 

1 

xg 

Call 1; the drift distance between the center of the scatterer i and the plane of 
I 

the first SC, and define the drift matrices as 

1 li 0 0 
0 1 0 0 

D(Q.J = 
0 0 1 Ii 

0 0 0 1 

27 

28 
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Then the total Coulomb scattering error at the first downstream SC plane is the 

sum 

wc = 5 D(1.J o DT(I ) i i 29 
i=l 

where N is the total number of scatterers. 

The spark chamber four-vector is 

S 
Z 

es 
vs = i’i YS 

+s 

and its error matrix, u 
S’ 

usually does not include any Coulomb scattering error, 

The goodness of match between bubble chamber and wire chamber is now 

given by 

x2 = (vb -Vs)T (~b+oc+os)-l & - vs) 30 

The results of using this procedure in an actual experiment, namely, the 

study of 14 GeV/c x+p interactions in the SLAC l-meter hybrid system (see 

Figure 21), are shown in Figures 29 through 33, which describe in detail how 

well the components of the five-vectors match up, and in Figure 34, which 

shows the x2 distribution for Equation 30. These show that the bubble chamber 

and wire chamber measurements agree for outgoing tracks to &l. 5 mm and for 

angles to &l. 5 milliradians in $ and *2.5 milliradians in 0. 

For off-line purposes, the upstream and downstream wire chamber values 

were used. According to G. C. Chadwick (26), a final, fitted error of &O. 3 

milliradians in $ and -+O. 5 milliradians in 0 was achieved. 
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Missing Mass and Momentum Accuracy 

OFF-LINE At FNAL energies, the error contribution of Coulomb scattering 

is relatively smaller, and more accurate results can be obtained. Bugg (29) 

reports results from matching beam tracks in the 78-cm FNAL chamber with 

the same tracks as determined by an upstream PWC spectrometer. A similar 

set of curves to those displayed for the 14 GeV/c case is shown in Figures 35 

and 36. 

Since in these measurements the incident angle is known very well from 

the wire chamber measurements, the o’s in Figures 35a and 35b are the angle 

errors introduced by the bubble chamber measurements, and these must be 

used when calculating the momentum of secondary tracks produced in an inter- 

action. Bugg (29) has provided the information in Table 4, which summarizes 

the accuracies in space and momenta that have been achieved with the FNAL HS. 

ON-LINE The on-line momentum accuracy is important if (1) the trigger 

depends on the mass of the outgoing particles as determined by pulse height 

from a downstream Cerenkov counter, (2) the trigger depends on the mass 

recoiling against the outgoing particle, (3) the trigger depends on the transverse 

momentum pI of the outgoing particle or on its total four-momentum transfer 

squared, t. The on-line accuracy depends, among other things, on whether 

there is a full-fledged spectrometer downstream of the bubble chamber, as in 

Figure 21, or whether only the fringe field of the bubble chamber magnet is used 

as the analyzer, as in Figures 19 and 23. 
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The “on-line” momentum measurement of the triggering track (i. e. the 

calculation made before bubbles have reached full size) has been used to deter- 

mine the lfmissing mass*’ recoiling against the detected particle in one case and 

to identify the particle mass in conjunction with the Cerenkov counter in another. 

For the missing mass calculation, we use 

MM2=M;+2M (E p beam -Et.&+t 31 

when t is the four-momentum transfer from beam to trigger particle, and M 
P 

is the proton mass. The beam energy is well defined, and t is restricted to 

rather small values by the inherent aperture limitation, so that the error on 

MM2 is dominated by the error on E trig * Hence we discuss only the momentum 

error. 

In all cases the momentum error scales as the square of the trigger track 

momentum, or 

-+=Ap 

The most straight-forward momentum determination uses only the down- 

stream spectrometer measurements. In a diffractive np scattering experiment 

(see Figure 21) a 29 kilogauss-meter dipole magnet was used, surrounded by 

four wire chamber stations. The two stations between the bubble chamber and 

the dipole were separated by 2.77 m, while behind the dipole the separation 

was 5.91 m. The bending angle could then be determined to 0.56 milliradian 

(using 1 mm uncertainty at each wire plane), which resulted in a momentum 

error coefficient A= 0.065% per GeV/c. This implied an error in the missing 

mass (using Equation 31) of N 100 MeV at single T threshold. In contrast, the 

missing mass error for MM = 3 GeV was only 10 MeV. 
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In the later system, a large Cerenkov counter replaced the magnetic spec- 

trometer, so only the bending power of the bubble chamber fringe field was 

available to use with this method (see Figure 19). Its accuracy was, however, 

quite adequate for particle identification, since approximately 15.3 kG-m of 

bending power was available between the PWC planes CY, p and y. Each of these 

had three sets of wires z, y and a diagonal set, u. The coordinate x is meas- 

ured along the beam direction. 

The momentum measurement comes from the displacement of the spark at 

yp from a straight line joining the sparks at y, and yy: 

s=y p-ye! - .3464 (yy - y,) 32 

when the numerical factor is the ratio of the o-p and a-y separations. For a 

10 GeV/c track, s NN 5 mm, or only 2.5 wire spacings. However, a study of 

tracks found in the downstream system shows that an effective “setting error” 

of a single plane is *O. 7 mm (we note that if two adjacent wires fired we used 

the average location). From Equation 32 we find 

As=O.87mm 

bzAc.87mm 
P s 5mm xp 10 (GeV/c) 33 

A = 1.7%/o/GeV/c 

The resolution coefficient A is 26 times worse than when the separate 

magnetic spectrometer was used. This makes the missing mass measurement 

at single particle threshold unusable: however, at MM = 3 GeV, the resolution 

would be *260 MeV. 

In the experiment to trigger on the reaction $p - K+X+ at 11.6 GeV/c, 

we used the momentum measurement only to exclude triggering particles below 
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4.5 GeV/c. At that momentum, we find Ap/p = 7.5%, Ap = 345 MeV/c, which 

was quite adequate for that purpose. 

The above method of momentum measurement was not used in this particular 

experiment because the 1.5 psec beam pulse width of SLAC requires high detec- 

tion efficiency in the planes used. The alternate procedure was to search for 

y, z and u spark triplets in any 2 pairs of planes, project the z orbit (i.e. in the 

+mbentfl plane parallel to the magnetic field) back into the bubble chamber from 

both downstream and upstream PWC*s. The intersection of these orbits then 

locates the event vertex, xv . The y plane orbits were then similarly projected, 

and the discrepancy of these projections at xv measures the outgoing particle 

momentum. 

The result of using this algorithm is a considerable improvement in on-line 

momentum accuracy as well as improving the detection efficiency. The accuracy 

is downgraded by multiple scattering in the hydrogen and bubble chamber entry 

and exit windows, but much more bending power is used. The error calculation 

is complicated (30) and resolution depends upon the location x of the event 
V 

vertex within the bubble chamber volume, and on the azimuth of the outgoing 

track with respect to the field direction. We found 

A = A(Xv)/COS e 

This dependence occurs because, if the dip angle is small, the vertex xv cannot 

be well located. However, if the production angle is small, the calculation 

becomes insensitive to xv. Therefore in practice, when small dip was observed, 

the value of xv was taken to be at the center of the chamber. 

The calculated values of A(xv), including the effect of multiple scattering, 

are shown in Figure 37 as a function of xv corrected to BC track length L. There 

we see that for events at the beginning of the fiducial volume we can achieve 
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2.5% momentum resolution for a 10 GeV/c track (AMM M 250 MeV at single 

particle threshold), but for events far downstream the precision becomes com- 

parable to that for the first method. 

Missing Mass Errors 

ON-LINE For some experiments it is convenient to include a missing mass 

cutoff as part of the trigger. The accuracy of this trigger depends on the on- 

line determination of the production angle and momentum of the fast triggering 

particle against which the MM is recoiling. 

For the system shown in Figure 21 the error on missing mass is - 150 MeV, 

small enough to eliminate most elastic events. If a downstream spectrometer 

is not used, but rather the fringe field of the bubble chamber magnet, such as 

in Figures 19 and 25, the error in MM becomes larger and in fact has not been 

used as part of an on-line trigger scheme in any actual experiment up to the 

date of this writing. 

OFF -LINE Here, missing mass resolution is, of course, much improved 

again for the main reason that the vertex is known. There are two cases, one 

in which the missing mass is calculated for a fitted event, e.g. one in which 

only one neutral particle is present, and the central values of the measured 

momenta and angles are displaced in order to make the best fit; and two, where 

there are no constraints and include those with more than one missing neutral. 

The two calculations can be made for the same sample of events in order to see 

how the fitted events improve the resolution. For the experiment of Figure 21 

we compare the two cases r+p - $N*+ (fitted events) and 7;‘~ -+ r’ + MM (in this 

case any nlr+ or pro combination is treated as unfitted). Figure 38 shows the 

error in MM against the MM for the fitted cases, and Figure 39 shows the same 

for the unfitted cases. One sees that in the fitted cases a mass resolution of 
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< 20 MeV is obtained for n7r’ masses < 2 GeV, while the unfitted cases range 

from 90 MeV at low masses to 3 MeV at 4 GeV. Thus a separation of the single 

neutral from multiple neutral events can be made with only a 5% residual 

contamination. 

Acceptances 

GEOMETRICAL This is determined in most cases (very high energy 1-1 mesons 

may be excepted) by the fact that the walls of the bubble chamber have to with- 

stand pressures up to 10 atmospheres. This results in walls that are several 

interaction lengths and many radiation lengths thick. In addition, the bubble 

chamber magnet coils and iron also contribute a limitation on the geometrical 

acceptance for triggering particles. (See Figure 1. ) 

In order to maximize this acceptance, a thin exit window is installed in 

the downstream end of the chamber. The relative size and thickness of these 

windows is discussed in Section 3. In addition, the cryogenic chambers are 

surrounded by a vacuum chamber in which a matching exit window also has to 

be installed. 

TOTALACCEPTANCE This is determined by the product of the geometrical 

acceptance, the effect of the magnetic field, and the effect of the production and 

decay kinematics. Complicated cases have to be evaluated by the use of a 

Monte Carlo method. Here we shall discuss some simple cases in order to 

illustrate the limitations and possibilities. 

First we consider the case of a fast-forward single particle in a reaction 

a+b -+ csx and define t as the four-momentum transfer between a and c, and 

M, as the mass of particle x. The masses of a, b and c are assumed known. 

One can now calculate for a given chamber the acceptance as -a function of t and 

Mx for this forward particle c in a downstream detector whose position and 
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dimensions are known. This has been done for a setup such as that shown in 

Figure 21. As can be seen from Figure 40, and as was mentioned earlier in 

this section, the downstream spectrometer, while providing high momentum and 

mass resolution, does that at a sacrifice of acceptance. The same bubble 

chamber, but with the arrangement shown in Figure 19, has the t and M, 

acceptance also shown in Figure 40. 

In the case where particle c decays immediately into two or more particles, 

the acceptance depends on the decay angular distribution. Again each individual 

case must be studied, but as an illustration we have calculated the acceptance 

of the system shown in Figure 19 for the following cases: 

L K+K” 
35 

I 
L K+K” 

with the results shown in Figures 41 and 42. 

In general the limitations of the exit window size made the hybrid system 

a poor choice for the study of forward-going heavy mesons that decay into three 

or more particles, but an excellent choice for the study of recoil baryon reso- 

nances and backward-produced mesons. In cases where the forward meson 

decays into two particles, a choice has to be made on a case-by-case basis. 

Performance of Algorithms for Triggering the Lights 

The algorithms for doing the experiment 7;‘~ -+ K+X, described in Section 2 with 

the apparatus of Figure 19, have been in operation in a routine manner. The 

times to do the calculations described in Section 4 are shown in Figure 43. As 

a result the flash was set to 24 milliseconds after the interaction occurred. 
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Approximately 40% of all pictures taken had an event in the fiducial volume. 

The overall efficiency was checked by taking data with low flux (2-3 particles 

per pulse) and using the fast counters to trigger the lights, namely, triggering 

on any interactions in the chamber, recording however all other spark chamber 

and Ckrenkov information. These events were then processed off-line as 

though they were algorithm-triggered events. From those studies the overall 

efficiency was found to be 80% for low flux. At high flux (8 particles/pulse) the 

efficiency drops to 65%. With these data it is possible to calculate how many 

expansions and how many pictures it would take to do a 500 eV/pb experiment 

with a flux of 8 particles/pulse and a 3/4 meter effective length of hydrogen 

when the triggering cross section is 500 pb. 

This would be: 

( 127x ‘t ’ ” “) (27”,“6bo) t&) (A) = lo6 pictures 

To do the same experiment in an untriggered mode would require 30 million 

pictures (because of a shorter usable length in hydrogen) in the same chamber, 

or perhaps 15 million in a two-meter chamber. This ratio of 15 to 1 changes 

the experiment from an “impossible” to a “possible” state. 

Physics Results from Selected Experiments 

The most extensive work with an untriggered system was done in the 78-cm 

chamber at FNAL with the two arrangements previously described and shown in 

Figures 20 and 24. Much of this work has been reviewed by Whitmore (31). The 

measurement of the individual particle momenta in the downstream system forms 

the basis for a study of the inclusive spectra at very high energies and allows 

comparison with lower energies. The results are shown in Figure 44. 
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The first thing to notice is the remarkable similarity of the spectra as one 

changes energy. Apart from diffractive effects, such as the bump at large X 

for 1;Fp - ?X, what matters most is the c.m. energy of the system which 

seems to be responsible for the small differences. 

A second interesting result comes from the four-constraint channels which 

work mainly when the forward particle is the same as the incident and the slow 

proton is identified by ionization. 

Tr p - 7r-p7r+7r- 36a 

?r-p --c T-p 2r+27r- 36b 

PP - ppn+7r- 36c 

PP - pp 2*+2*- 36d 

Reactions 36c and 36d are from counter experiments at the Intersecting Storage 

Rings in CERN. 

A comparison of reactions 36a with 36c and 36b with 36d is made in Figure 

45 and shows that after a rise from threshold both decrease very slowly with 

incident energy showing that they are processes mainly involving diffractive 

dissociation of the target nucleon. 

Clearly future work with the system depends a great deal on particle identi- 

fication. The EM1 installed behind the FNAL 4.6-m chamber (see Figure 26) 

has been an important part of an experiment (32) done by a Wisconsin, LBL, 

FNAL, Hawaii group in which either the decay of a new particle or the semi- 

leptonic decay of a charmed particle was observed for the first time in neutrino 

interactions. It is also being used in most neutrino experiments in hydrogen, 

the results of which are now being analyzed. 

A series of reports and papers (33) on nucleon diffraction dissociation, done 

by a SLAC, California Institute of Technology, LBL group, has shown that, with 
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the high statistics available from the HS (180 eV/pb), detailed interference 

effects may be studied. In particular the interference between the nondiffractive 

A*(l238) resonance and the diffractive component at the same mass has shown 

the need for nucleon exchange in diffractive dissociation. 

The first look at the hadrons associated with inelastic muon scattering was 

also provided by an HS system (34) which showed that even in the region where 

scaling begins to set in in e-p inelastic scattering, that the hadron component 

still looks very much the same as in photoproduction. 

At the present time the first very high statistics experiments are being 

run in the SLAC HS to look at the exchange degenerate reactions (Equation 3) 

described earlier, About 20% of a 500 eV/pb exposure has been completed, with 

the rest scheduled for completion in spring 1977. 

Several experiments were performed with the SLAC 38-cm chamber. The 

first (18), using a trigger for a forward neutron, looked for exotic exchange in 

the reaction 
++ ++ 

TP +n7r n 38 

by analyzing the backward r+$ system for the presence of resonances. In a 

relatively short exposure on a new piece of apparatus an upper limit of 2 pb was 

set by a group from Indiana, Purdue and Vanderbilt. 

Another group (20) using the same chamber examined the reaction 

K;P - K”‘(892)p 39 

using the arrangement of Figure 23. The results give the differences in total 

and differential cross sections between K”p --L K”*(892)p and ifop -. E”*(892)p 

for momenta between 3 and 12 GeV/c. 
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A high statistics experiment to study the reaction 

7r-p ---c nx” 

at 12 GeV/c incident momentum was carried out by a UCLA group using the 

arrangement of Figure 22 and required 6 x 10 7 chamber expansions. Some 

240,000 pictures were taken, and the sensitivity of this experiment to backward 

p” production, after all corrections for efficiency, etc, was 187 f 7 eV/pb. 

First comparison of the backward differential cross sections for p” and f mesons 

show them to have the same slope. 

6 FUTURE PLANS FOR HYBRID SYSTEMS 

The future of hybrid systems depends on how well one can overcome the present 

limitations: low intrinsic data-gathering power, primitive particle identification 

at high momenta, and the biases associated with the downstream trigger system. 

One way to improve the data rate is to make the bubble chamber pulse 

faster. As pointed out in Section 3, small volume chambers have cycled 

successfully at 36 per second while running in a regular experiment. Other 

experiments (11) have shown that the thermodynamic properties of fluid hydrogen 

allow cycle rates up to 90 per second. However, these chambers have been so 

small so that more interactions take place in the surrounding wall than in the 

useful liquid volume, and they were thus used only for very specialized experi- 

ments. It is however practicable to think of a %-meter chamber operating at 

30 per second if one considers the following: 

(1) Keep the chamber as shallow as possible. A high pulse rate 

requires a short expansion pulse in order to provide enough time 

between expansions to recompress the bubbles that were formed. 

The short pulse generates higher harmonics which can give rise 

to variations in sensitivity throughout the liquid volume. To 
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minimize this effect, it is necessary to keep the chamber depth 

as small as possible. In the SLAC one-meter chamber the 

pulse width is 16 times the time taken by the pressure wave to go 

across the chamber and back again. A factor of at least 10 should 

be put into the design parameters. 

(2) Keep the bubble size as small as possible. Figure 46a shows a 

calculation (35) of the time it takes to grow and recompress a 

bubble of diameter 450 microns in the SLAC one-meter chamber, 

with operating conditions of 4 atmospheres of vapor pressure 

(26’K) and 7.16 atmospheres of overpressure. Measured times 

tend to be 20-30% longer (36). Changing the operating conditions 

by dropping the temperature one degree K or raising the over- 

pressure does not decrease the time significantly. However, as 

can be seen in Figure 46b, if one goes to a bubble diameter of 

300 microns, the bubble-kill time is decreased enough to allow 

30 per second operation. 

(3) Provide proper illumination. It is probably best to use a metal 

piston in order to get good heat conduction, and the most practical 

optics is to use some retrodirective material like Scotchlite to 

cover it with. Some effort should be put into getting a real point 

source (difficult) or a virtual one (using half-silvered mirrors). 

Such a source has been designed by J. Ferrie (37) at SLAC and 

is a great improvement over the usual ring sources used. 

A most novel charged particle identifier that has been proposed for use with 

an HS is ISIS (Identification of Secondaries by Ionization Sampling) developed by 

an Oxford group (39). This is a large enclosure filled witha mixture of 80% argon 
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and 20% CO2 at atmospheric pressure with 300 wires each separated by 1 cm. 

A large electric field is established between the two side walls of the enclosure 

and the wires. A charged particle traveling along the three-meter length will 

create ions along its path that will be attracted to the wires and therefore the 

ionization of the particle will be sampled 300 times, allowing an accurate deter- 

mination of the energy loss. This, together with a knowledge of the momentum 

of the particle, provides a determination of its mass. One interesting aspect of 

ISIS is that many particles can go through it at once and can be distinguished by 

the different drift times of the ions from their point of creation to the collecting 

wires. This is a device that is not particularly useful for counter spectrometers 

because of its relatively slow (lOa set) recovery time, but is eminently suitable 

for use in an HS system. It can be made quite large so that it will not cut into 

the natural acceptance of the system. 

Several new approaches are available to HS systems as electron or photon 

shower detectors with fairly good spatial resolution. One is the liquid Argon 

ionization chamber (39). This consists of a cellular structure of lead walls, 

filled with liquid argon. The shower particles are detected by the pulse from 

the ionization in the liquid argon. The advantage is that a very large wall of 

this material can be placed downstream, 20 radiation lengths or so thick and 

with a 1 cmx 1 cm spatial resolution. Thus, unambiguous identification of 7r” 

mesons and single electrons is possible. Such a scheme provides neutral and 

multineutral triggers for the HS, opening up a little known aspect of strong 

interactions to detailed exploration. 

At very high energies, where most particles go forward, the full-fledged 

downstream spectrometer, using a separate magnet in addition to the fringe 

field of the bubble chamber, can be used without seriously cutting into the 
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acceptance of the system. This is most important for missing mass on-line 

triggers and for good off -line momentum analysis. 

A system employing most of these new features (6) is being built for use at 

CERN, the European Center for Nuclear Research in Geneva and will be installed 

in the experimental area surrounding the new 400 GeV accelerator there. The 

general outline of the system is shown in Figure 47. The bubble chamber speci- 

fications were given in Section 3. The rest of the system consists of multiwire 

spark chambers, W. and W1, and drift chambers, D1, D2, D3, a dipole magnet, 

M2, and another set of drift chambers, D4, D5 and D6. This much of the system, 

which consists of two momentum measuring sections, one using the chamber 

field and the other a downstream spectrometer, will be built first. A second 

stage is planned which will include two multicell Cerenkov counters and a three- 

cell ISIS system some 5.5 meters long. A third stage will include two stages of 

gamma detection labeled FGD and IGD, F for forward and I for intermediate. 

Note that this HS combine extends capabilities along directions mentioned pre- 

viously, namely, higher repetition rate, better particle identification and 

superior momentum definition. Figure 48 shows the momentum resolution they 

hope to achieve. The particle identification as a function of momentum is shown 

in Figure 49. 

A similar downstream system is being built for use in the NAL HS (40). 

This will consist of an ISIS, a 5-meter-long Cerenkov counter with eight mirrors, 

and a detector for forward gamma rays and electrons. 

Another HS is now undergoing initial tests at Rutherford. The bubble 

chamber was described in Section 3, and the HS is depicted schematically in 

Figure 50. The four cylindrical spark chambers have been designed to provide 

a high multiplicity trigger, which is possible because the walls of this chamber 
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are thin enough (3 mm of aluminum) to serve as beam-exit windows. The wire 

chambers will also be used to ensure that the event took place in the fiducial 

volume, a very important consideration with small chambers. 

A further development, which may be a great help in providing a more 

unbiased trigger, is the use of solid-state-light-sensitive modules which can be 

placed in a mosaic whose elements can be made as small as 13 by 13 microns 

and whose information content can be scanned electronically. With such a device 

a low-level illumination may be applied to the bubble chamber after the bubbles 

have grown to almost full size (typically 1.5-2 msec with Scotchlite illumination). 

This light level can be made too low to sensitize photographic emulsion. There 

then remains another 1.5-2 msec of readout and calculation time before having 

to make a decision to flash full-intensity lights and take the photograph. The 

first application of such a system might be a multiplicity trigger which would 

be almost totally unbiased insofar as momentum and angle of outgoing tracks is 

concerned. This would be a marked improvement over previous systems. 

Encouraging preliminary trials of such devices have been made by F. Villa and 

D. Freytag of SLAC. 

In summary, the HS represents a considerable advance in the use of bubble 

chambers in high energy physics, especially with charged particle beams. Its 

use has been extended to the very highest energies, using fixed target acceler- 

ators, and it promises to be a very useful tool for many years to come. 
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Footnotes 

1. Work supported by the Energy Research and Development Administration. 

2. Many of the productive chambers of medium size have been discontinued: 

the SLAC/LBL 82-inch chamber in 1973; the BNL 80-inch chamber in 1974; 

the CERN 80-cm chamber in about 1971. The CERN two-meter chamber 

will likely shut down in 1978. 

3. This calculation assumes a two-meter chamber with a useful length of 

1.5 meters and 10 tracks per picture. For such a chamber, an automatic 

measuring machine could measure about 250,000 events per year. 
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Table 1 Features of SLAC l-meter RCBC 

Visible volume __ 

Chamber depth 

Diameter 

Glass thickness 

Expansion system 

Beam window 

Magnetic field 

Magnet weight 

Refrigeration system 

Illumination system 

Chamber camera control system 

360 liters 

43 cm 

1 meter 

19.5 cm 

Bellows-sealed piston/hydraulically 

controlled at lo-12 pulses per second 

Entrance 1.5 mm stainless 

Exit 1.5 mm stainless 

26 kG 

285 tons 

1 kW refrigerator 

Bright field (Scotchlite) 

Proportional wire chambers, Cerenkov 

counter, s cintillator s 
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Table 2 The SLAC 38-cm Rapid-Cycling Bubble Chamber (11) 

- Shape 

Beam plane dimensions 

Depth 

Approximate visible volume 

Orientation 

Maximum pulse rate 

Illumination 

Entrance beam window 

Exit beam window 

Magnetic field 

Expansion 

Cylindrical 

38 cm diameter 

14 cm 

I5 liters 

Window horizontal 

40 pps (achieved) 

Scotchlite bright field 

Single convolution 

omega bellows, 0.8 mm 

stainless steel 

12 kG (superconducting coil) 

Electromagnetic 
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Table 3 Main Characteristics of the Proposed CERN Chamber 

Diameter 

Exit angles for the chamber body 

in the bending plane 

in the dip plane 

Operating fluids 

Depth 

Cycling rate with hydrogen 

Material in the beam exit windows 
I 

over an angle of f 12’ 

Beam entry window size 

Material in beam entry windows 

Precision with respect to the 

chamber fiducials 1 

Optical resolution 

Precision of correlation with 

downstream system 1 

80 cm 

f 3o” 

jr 13.5O 

Hydrogen and deuterium 

40 cm 

30 Hz for up to 2 set each 8 set 

<4% of a collision length 

< 11.5% of a radiation length 

5 5 cm horizontally 

+ 12 cm vertically 

< 4% of a collision length 

< 11% of a radiation length 

50 pm in the bending plane 

150 pm in the dip plane 

better than 300 pm 

once calibrated, to be stable 

within 100 ,um in the bending plane 

and 200 pm in the dip plane 
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Table 4 Resolution Parameters of the FNAL PWC Hybrid System 

I. Angular accuracy 

Upstream system Downstream PWC system Bubble chamber 
(track length= 70 cm) 

o@ = 0.002 milliradians o$ = 0.12 milliradians 

oh = 0.002 milliradians oh = 0.14 milliradians 

II. Position accuracy at center of bubble chamber 

a$ = 0.45 milliradians 

oh = 1.32 milliradians 

PWC Bubble chamber 

“Y 
=0.4mm 

“Y 
= 0.12 mm 

o- = 0.4 mm 
Z 

crz = 0.34 mm 

III. Momentum 

A. Average beam momentum 

43 = 146.75 GeV/c Error = 0.4 GeV/c 
earn 

B. Single-track accuracy on beam tracks (using upstream PWC only) 

Ap=2.1GeV/c 

? = 0.0 11 p/(GeV/c) 

C. Secondary tracks in downstream PWC system 

$L 0.053 p/(GeV/c) (vtx close to entrance window) 

AL 
P 

0.074 p/(GeV/c) (vtx at center of chamber) 

(All errors are standard deviations) 
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Figure Legends 

Figure 1 

Figure 2 
.” 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

The SLAC one-meter bubble chamber, showing the limitations 

imposed on the exit aperture by the magnet steel and coils. 

A densitometer scan of tracks from the SLAC one-meter bubble 

chamber. The bubble diameter is 400 microns. The scanning slit 

was 0.26 mm by 10 mm (parallel to track). The signal-to-noise 

ratio is 6:l. 

An elevation drawing of the SLAC one-meter bubble chamber. The 

outer shell is the 280-ton magnet. From right to left are shown: 

the iron shield for the camera, the main glass window, the chamber 

body with its internal heat exchanger at the top, the hollow expansion 

piston on which Scotchlite is glued and inside of which are refriger- 

ation loops, the piston drive rod which extends through the vacuum 

tank out to the room temperature hydraulic expansion system. 

Photograph of the SLAC one-meter bubble chamber taken while the 

chamber was operating at 10 pulses per second. Note the absence 

of bubbling along the Scotchlite seams. 

A cross section of the bellow used on the SLAC one-meter bubble 

chamber. The effective bellows diameter is 120 cm. 

The hydroformed bellows first used with the SLAC one-meter bubble 

chamber. This bellows was later replaced by the type shown in 

Figure 5. 

The special glass-to-metal seal used in SLAC bubble chambers. 

An inflatable-gasket glass-to-metal seal of the type conventionally 

used in bubble chambers. Note the voids around the indium seal. 



Figure 9 

Figure 10 

-. 

Figure 11 

Figure 12 

Figure 13 

Figure 14 

Figure 15 

Figure 16 

Figure 17 

Figure 18 

Figure 19 

Figure 20 

Figure 21 
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The spring-mass equivalent of the expansion system for the SLAC 

one-meter bubble chamber. 

Displacement vs time for the piston system used in the WAC 

one-meter bubble chamber. 

Cross section of the beam window used in the SLAC one-meter 

bubble chamber. 

A cross-sectional view of the SLAC 38-cm bubble chamber. The 

bellows has an extended flattened central region in order to provide 

a thin window for particles through a full 360 degrees. The chamber 

is immersed in liquid hydrogen for cooling purposes. However, 

most of the cooling occurs through the top plate. The piston motion 

(0.125 cm) comes from the curved portion of the bellows. 

The bellows assembly for the SLAC 38-cm RCBC. 

The spring mass equivalent of the expansion system for the SLAC 

38-cm RCBC. 

Control circuit for pulsing the SLAC 38-cm RCBC. 

Current and stroke vs time for the SLAC 38-cm RCBC. 

The chamber-liquid seal-off valve used with the SLAC 38-cm RCBC. 

An elevation view of the Rutherford Laboratory rapid-cycling vertex 

detector (RCVD). 

An isometric view of the present SLAC hybrid system. 

Schematic diagram of the FNAL hybrid system. The muon detector 

is not shown. The trajectories of a two-particle event are sketched 

in. 

Top and side views of the first SLAC HS using a downstream 

spectrometer. 



Figure 22 

Figure 23 

Figure 24 

Figure 25 

Figure 26 

Figure 27 

Figure 28 

Figure 29 

Figure 30 

Figure 31 

Figure 32 

Figure 33 

Figure 34 

Figure 35 

Figure 36 

75 

Top view of the neutron HS used with the SLAC one-meter 

chamber. The path of a noninteracting beam particle is sketched in. 

The hybrid system associated with the SLAC 38-cm bubble chamber. 

The downstream spectrometer has been used mainly for counter 

experiments. 

Schematic diagram of the first FNAL HS using optical spark 

chambers in the downstream system. 

The HS used with the SLAC one-meter bubble chamber for triggering 

on scattered muons. A typical four-prong event is sketched in. 

The External Muon Identifier (EMI) installed at the FNAL 4.6-meter 

bubble chamber, 

Block diagram of the computer hardware used in the SLAC HS. 

Sketch of the vertex calculation algorithm used with the SLAC HS. 

Track matching in the SLAC HS in the direction perpendicular to 

the magnetic field. 

Track matching in the SLAC HS in the direction parallel to the 

magnetic field. 

Track matching in the SLAC HS for 13, the angle of bend in the 

magnetic field. 

Track matching in the SLAC HS for $, the dip angle. 

Momentum matching in the SLAC HS. 

x2 distribution for the five variables (three are independent) in the 

track matching for the SLAC HS. 

Track matching in the two transverse dimensions for the FNAL HS. 

Track matching in 6 and $ for the FNAL HS. 

The coefficient A (see text1 vs length of track in the bubble chamber. 
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Figure 38 The error in missing mass vs missing mass for three-body events 

which had a three-constraint fit. 

Figure 39 The error in missing mass vs missing mass for three-body events 

for which no fit was attempted. 

Figure 40 

Figure 41 

Figure 42 

Figure 43 

Figure 44 

Figure 45 

Figure 46 

Figure 47 

The t-acceptance of the SLAC HS for a fixed mass. Note how much 

this is reduced by the use of a downstream spectrometer. 

The t-acceptance and angular acceptance in the SLAC HS for a 

forward-produced f meson decaying into K+K-. 

The t-acceptance and angular acceptance in the SLAC KS for a , 

forward-produced A2 meson decaying into K’K-. It is quite evident 

that three-body decays would have a serious bias in angular acceptance. 

Distribution of the time taken to calculate the momentum of the 

scattered track and the vertex position of the event in the SLAC HS. 

The cutoff is made at 2.5 milliseconds. 

Inclusive distributions in the Feynman variable x =pi/picmaxj from 

data obtained with the FNAL HS compared with lower energy data. 

Cross sections for the reactions (a) pp -. pp+7r and np --t p+n, 

and W PP - pp27r+7r- and n-p --c .rr-p27r+27r- as a function of incident 

beam momentum. For the ISR points the mass of the pn+n system 

is chosen to be less than 2.5 GeV. 

Bubble growth and decay time compared with the pressure trace for 

a maximum bubble size of (a) 450 microns and (b) 300 microns. 

Side and top views of the proposed European HS. The Cerenkov 

counters, ISIS system and gamma detector will be built at a later 

time. 
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Figure 48 The design momentum resolution of the proposed European HS. 

Figure 49 The design particle separation of the proposed European HS. 

Figure 50 The chamber and trigger system of the Rutherford Laboratory RCVD. 
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