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CONVENTIONAL AND SEMIAUTOMATIC DATA PROCESSING AND fNTERPRETATION 
i 

Margaret Alston, Jack V. Franck, and Leroy T. Kerth 

I. GENERAL 

Lawrence Radiation Laboratory 
University of California, Berkeley, California 

January 26, 1965 

A. Data Processing for Bubble Chambers and Spark Chambers 

1. Introduction 

Data analysis for bubble chambers and spark ~hambers serves both 
. (l 

to identify the events recorded on film, and also to interpret the overall behavior 

qf physical quantities obtained from each event. Events cat) be identified either 

by requiring a definite signature in a secondary array of cqunters, or by scan-

ning the film for the required topology, making coordinate measurements along 

' 
the tracks, and then making a mathematical reconstructio~ of the tracks and a 

kinematic analysis of the event to identify the particles. The first method is 

often used for spark chambers, but bubble chambers require the second method 

because the pictures are used to study many reactions simultaneously. The 
i 

second part of the analysis requires calculation of various physical quantities 

from the observations as well as interpretation of physics results. 

The approach to the problem~ of data analysis for the two types of 

chambers is strongly influenced by basic differences in the way the devices are 

used as well as by differences in the devices themselves. 

A bubble chamber is a large, expensive p~ece of equipment that 

'""'- changes its configuration very little from one experiment to the next. Many 

different reactions, both simple and complex, can be studied using the same 

film; in addition, the method of analysis is ·very similar for all types of ex-

periments and chambers. To analyze bubble-chamber data, several large 

complex systems of machines, people, and computer programs have been 
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built up in many laboratories over the past several years. In fact, these 

systems· have occupied many engineers and programmers,. and much of the . ·, 

physicist manpower spent in bubble-chamber physics. Each system is uauaUy • 

very flexible and can be used to analyze data from almost any chamber or 

experiment. 

The spark-chamber experiment, on the other hand, is often d,~signt~d · 

to study only one particular reaction with high statistical accuracy. The cham·~ 

her can be triggered by external devices to record only the required events and 
;r 

the configuration of the chambers can be tailored to suiti!he experiment. Each 

experiment, therefore, may present a whole new data-reduction problem, and 

the techniques used may be different for each experiment. Consequently, the 

data-analysis systems used for spark chambers are less sophisticated than 

those for bubble chambers. Compensation for this lack .of sophistication in the 

analysis system can be obtained by a careful, and sometimes ingenious, ar-

rangement of spark chambers, triggering logic, and optics. 

·This chapter describes some systems and techniques used in data 

processing. Unfortunately, much of the information is unpublished, making 
i . 

the compilation of a comprehensive bibliography extremely difficult. However, 

additional information can be found in the proceedings of several meetings 

(International Conference on Instrumentation for High Energy Physics 1960, 

1. 963; Informal Meeting on Track Data Processing, i 962). We have also drawn 

extensively from the review article of Rosenfeld and Humphrey (1963). 

2. Recording the Track Images 

The track images are recorded on high-speed, high-contrast 

film with as fine a grain as possible •. A bubble chamber is illuminated with 

high-intensity flash tubes in such a way as to produce either dark- or 

bright-field illumination; dark-field illumination is more popular. For 

; 
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spark chambers ·the sparks themselves provide the illumination so that the 

pictures are always dark-field. In general, it is the neg~tives that are 

scanned and measured; therefore most pictures appear as dark traces on a 

transparent background • 

Since the aperture of the camera lenses must be small to pro-

vide adequate depth of focus, the bubble or spark images are enlarged by 

diffraction. Bubble images are typically 2.0 to 30 microns in diameter on 

the film; the size of a spark image varies considerably, !depending upon the 
t.i 
·~i 

arrangement of the plates and the magnification of the pl~ture. 

To make stereo reconstruction calculations as easy as possible, 

the simplest camera arrangement is preferred. For bubble chambers there 

are usually three views of each picture, the camera lenses being arranged 

on the corners of either a right angle or equilateral triangle and having their 

lens axes parallel. Parallel-plate spark chambers can be photographed with 

two camera lenses whose axes are perpendicular to each other and parallel 

to the surfaces of the plates. In either case the pictures can be taken on a 

· separate film strip for each view, or all stereo views can be recorded on 
I . 

one film strip. For cylindrical-plate spark chambers, the two "views" are 

obtai'ifed by placing a tilted mirror below the chamber, giving the direct and 

reflected im'ages on the same exposure~ 

3. Scanning 

Negatives of the pictures are scanned for interesting topologies 

by human scanners, who recognize the patterns made by the tracks and 

classify them into event types. Each view is projected onto a two-dimen-

sional screen (either reflecting or transmitting) and carefully examined. 

Usually the views of the stereo combination can be projected onto the screen 

either singly or <;oncurrently so that the views can be easily compared. 
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After the scanner has found an interesting event, he recor11• its topology and 

whereabouts in .so~e coded format so that the event can b~ recorded on the 
' \ 

master .list of the experiment for subsequent evaluation. Great care must 

be taken to educate the scanners so that they record not only the event types . 

£or which they· are looking but also those they do not understand; otherwise, 

unusual events will be lost. 

· 4. Measuring 

For bubble-c~am~er pictures, scanning and reasuring may be 
. (~ 

done. separately or concurrently. lfl most exper1ments, ·::pnly the more in-
"··/ 

teresting events are measured because of limited measur~ng facilities. The 

frequency of events requiring measurement depends upon the interactions . 

being studied and may be one or more eventa 'per pic~ure·for simple ~tvcnts 

or as few as one in many thouaanda of picture• in the clue of unuaual inter· 

actions, Although some work haa been done in reprojecting and meo.auring 

in three-dimensional apace, the moat l)opular technique il to make two~ 

dimensional meo.aurci,menta of point• along the track• in at lo&tt two-ot th1 

stereo viewa. The track me&I\U'emonta are made relative to two .or fnore I . 

reference marka (tiduci&ll) which are ulu&lly ero11ci1 ~mgraved on<the 

window• o£ the chamber• About tO point• are moa1urad alona at.eh trAck in 

either Carta1lan or polar eoordinatea •. Tho time required to moaaure eAch 
' ' 

, event de pencil not only upon ita complexity, but &lao upon the delian ot the 

me&Ut\lrlns machina and how well the operator and machine have 'bcum 

intosrahul. 

For I pArk cham'b1r1, th1 acannina and m1t.1urin1 problem i1 

oomowhAt 1lmpler thAn tor bubble chamber I, Thlf@ &re 11veral ri&IOnl 

!of' thhu Tlut totAl~omount of informAtion ·on e&~h ph~ture ill .lei II a 1p1:rk 

chamber often hau no m&IJftltie tilld, And eonleC~Uently tho tr&ckl &rl 

.. 
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straight; and the measurement need not be so accurate. Spark~chamber 

pictures are often ~easured with an x, y, (J device with a precision that is 

1/5 to i/10 that o£ bubble.:chamber measurements. 

5. Reconstruction and Identification 

For accurate spatial reconstruction of the tracks, two-dimen-

sional measurements on at least two stereo views must be made. Provided 

that corresponding identifiable points (i.e.; a definite spark or bubble) are 

measured, two views are sufficient for accurate reconstruction of any track. 
~ •.. 

Bubble-chamber tracks do not usually have sufficient di~t,Jnguishing features 
-~~ ~ 

to make this practical. If random points are measured an~:the track lies in 

a direction parallel to the line joining the two camera len~es (the stereo 

axis), it is impossible to find the depth of the track; the qepth measurement, ! 

.... 
is also very poor if the track makes a small angle with tqis direction. Con-.. 
sequently, if random points along each track are measur~d and only two 

' 
views. are used in the spatial-reconstruction Rrogram, the pair of views 

which gives optimum stereo reconstruction should be chosen by the meas-

urer o. r the computer program. 
I 

If no magnetic field is applied to the chamber, the trajectory of 

each particle will be a straight line; however, in this case, no momentum 

m-easurement is obtained for any of the ·particles. In most bubble chambers 

and some spark chambers a high magnetic field is applied with its lines of 

force parallel to the optical axes of the camera lenses. The trajectory of 

each particle is then approximately a helix in space 'with its axis parallel to 

the lens axes, and the momentum is proportional to the radius of curvature 

of this helix. 

Events. can be identified by either (1) a special signature observed 

in external triggering devices, or (Z) kinematics calculations made at each. 
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vertex. The first method is normally used with spark chantbers, the second 

for bubble chambers. When a kinematic analysis is used,• a mass· identity 

i.s assigned to each track and the four equatio'ns of momentum and energy 

conservation are used as constraints in the calculations. One can then cal­

culate x z. for this hypothesis and hence find the probability that this particu-

lar physical interpretation of the event is correct. In general the hypothesis 

with the best x Z. is accepted as correct un{ess this interpretation is over-

ruled by the ionization of the tracks or other considerat\ons. 
:; 

6. Display of Physical Quantities and Interpref.ttion 

After an event has been consigned to a physical interpretation, 

the physical quantities required in the experiment are cafculated. For ex­

ample, the angle of the scattered particle With respect t~ its incident direc ~ 

tion, or the invariant mass of two out-going particles mi'g,ht be required. 
: '\ . 

Distributions of these calculated variables a're then di,splayed for the physi·­
\ 
\\ 

cist so that he can attempt to interpret the results. For. example, the 
\ 

physicist might wish to examine the angular distribution ~·f. the scattered 

particle. Th~se displays are usually in the form of histograms, ideograms, 

or scatter plots and can either be made by means ofprintout or by photo-

graphing a display on an oscilloscope attached to the computer. 

From these displays the physicist attempts a further interpreta-

tion of the observations. To do this he requires additional physics -oriented 

computer programs. These programs may perform minitnizing procedure~:~, 

phase-space calculations for multibody final states·, or any other physics 

calculations required. 

7. Data Sto:.rage and Retrieval 

All the raw data and the results of calCulations must be filed so 

that they can be retrieved 'easily whenever additional calculations are 
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required. When only a few hundred events comprise the "!hole experiment, 

it is usually quite easy to keep a record of their current s~atus and then 

construct tallies or histograms by hand. However, when :~he number of 

events increases to several thousands, this becomes very tedious and leads 

to many human errors. The best solution to this problem is a library 

system which uses a computer to store the data on magnetic tape or other 

storage media and also to retrieve the data when required. This library 

system contains scanning information, measuring infor~tion, physics in-
.,~"''' 

formation, and also the current status of each event. Tallies, lists, histo-

grams, and plots can be obtained from this library as required. 

B. History of Development 

1. Equipment 

Some of the first bubble-chamber experiments adopted techniques 

of analysis used previously for cloud-chamber experiments. One of these 

methods was to use a "space table. 11 This was a screen mounted in such a· 

way that it could be moved into any orientation in three dimensions. To 

reproduce the Tvent in space, the two stereo view~--~-ra picture were re­

placed accurately in the camera and projected through the camera lenses. 

The screen could then be moved until the two images of any track were con-

current over its surface. The space table was particularly useful for events 

in which all the tracks were coplanar (e. g. elastic scatters). In this case, 

by properly positioning the screen, the.two images of all tracks could be 

brought into coincidence on the table at the same tirrie, and space angles, 

ranges and c~urvatures could be measured directly on the surface of the 

table; using a protractor, ruler, and curvature templates. ~other method 

of using a 11:apace table" was to obtain coincidence of the two images of one 

track with a line on the table. The dip and azimuthal angles of the track 
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could then be measured by protractors attached.to the table"!. 
' . ~/ 
,. ~ The use of a space table for bubble-chamber al_lfl.lysis was very .. 

tedious, slow, and inaccurate. It was also seriously limited because the 

imag_es were reprojected -into air whereas the tracks were originally formed ,;; 

in a medium with a refractive index not equal to one. Consequently, a 

cor-rectio,n had to be applie(i to all dip al'lgles. This correction, although 

quite small for liquid hydrogen (JJ. = 1.06), is quite large for 11heavy-liquid11 

chambers. Because of this correction an(! the tedium of the method, an 
. . I 

easier way to analyze bubble-chamber pictur~s is to rna~.'- coordinate meas-

urements along the track images on each view separately and then calculate 

the position of the track in space. This method is currently used. At first, 

the pictures were either projected onto a screen and measurements made on_ 

the projected image using a ruler and protractor, or measurements were 

_made on the film itself using a two-dimensional traveling microscope. The 

choice of method depended upon the a,ccuracy required, and in either case 

the measurements were re<:orded man~ally •... Later the coordinates of a 

measured point were automatically digitized and punched on cards. Devices 
.. I . --. . 

such as .those just described are still used quite frequently at installations 

where only a few thousand· events are analyzed in each experiment and speed 

is not too important. 

To speed up th.e measuring process, projection microscopes 

were introduced which made the measuring less fatiguing for the operator • 

. The precision engine was guided by a servomechanism which sampled the 

·track signal and kept the reticle tracking along the chosen track image. This 

device was invented and first constructed at Berkeley and is colloquially 

c.alled a 11 Franckenstein. u Projection microscopes bot}l with and without 

automatic track following are now in use all over the world and have 

.. ;· 

~·· 



L~ 

-9- UCRL-11869 

accounted !or most of the bubble-chamber data measured d~ing the past six 
. \ 

or seven years. These conventional measur~ng projectors· Will be described 

in detail later in this chapter. 

In the past year more automatic devices have been put into oper-

ation !or bubble-chamber analysis. These include the spiral reader, scan- · 

ning and measuring projectors (SMP), and flying-~pot digitizer (FSD), all at 

Berkeley, and the Hough-Powell device (HPD) at Brookhaven and CERN. All 

of these devices attempt to relieve the human operator of some or all of his 

chores and consequently speed up the measuring operat~~b· · "The FSD may 
. .ftj~!! 

also be used ultimately to automatically scan and measU~'· Another device 
. . 'll~,j 

designed for this purpose is the precision encoder and p~~tern-recognition 
f\ ~ 

. t:: 
device (PEPR) currently being built at MIT. All of thes«t;:devices are 

I., 
:·~ 

described in detail in Chapter IX. 
•, 

Spark-chamber measurements usually need not be as accurate 
! . 

as those for bubble chambers. ·Consequently, scanning .nd measuring of · 
I 

spark-chamber film are usually done on the same machine. The measuring 

projectors curt"ently in us.e are not so highly developed as for bubble-chamber 

measurements. · 

. Recently several new devices using an oscilloscope for. the auto-

matic scanning and measuring of spark-chamber pictures have been put into 

operation at MIT and Chicago (CHLOE). The SASS project is under construe-

tion at Berkeley. These devices are described in detail in Chapter IX • 

. 2.. Computation '.-
In the early days of bubble-.chamber analysis little computation 

was required. Events were identified -by making simple measurements on 

a scanning projector and comparing the measured quantities with graphical 

plots of kinematic functions ·and ionization.· Transformation of measured 

quantities to the center-of-mass system could also be performed 

.. 
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graphically or by hand calculation. However, as the numbe··:r of events in-

creased, _this pro~edure became too clumsy, and comput~r programs were 

required to cope with the volume of data. 

The fi'rst programs which were written performed the spatial 

reconstruction of tracks from measurements on the film or projected image, 

since these calculations were most tedious to calculate manually. The 

azimuth and dip angle of each track were output and the event was plotted on 

a Woolf chart 
1 

to obtain the geometric three-dimensional properties of the 

event. Comparisons could then be made with kinematid.~lots as before. 
~~:~ 
·~: .. 

After an event had been identified, various quantities we~e punched onto 

cards o:t paper tape for input t() programs that calculate4 the required phys-
' } ' 

ics information. . i 

The next important advance, made about sbc·:years ago, was the 

writing of prog~atns for the kinematics calculations and the classification of 

the event. Several versions of these programs exist and are described later. 

The most ·:recent advances have been in the areas of data manip:.. 

ulation: (1) p,rograms to generate histograms and scatter plots, and (Z) 
. . I 

library routines. These latter routines are most important because they 

make a more coherent system out of the many unrelated program,s. 

The computations required-for spark chambers are in general 

simpler than those for bubble chambers. Spark chambers have only existed 

for the past four or five years and no large data-reduction systems have 

been constructed. However, the growth of spark-chamber analysis has been 

·similar to -that of bubble chambers, and it is clear that many of the operations, 

particularly data manipulation and physics calculations,' are identical in the 

two cases. 

In general, the data-analysis ability in both spark-chamber arid 
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bubble-chamber physics has lagged behind the output of th~ detectin.g device; 
. :~ 

only the more interesting events have been processed, an~ many experiments 
.~ ·', . 

are completed years after the exposure has been made • However, with the .. 
; 

a,dvent of the more automatic devices described in Chapter IX, this should 

no longer be the case. 

II •. INTERPRETATION OF EXPERIMENTAL DATA 

A. Types of Experiments 

Most bubble chambers and spark chambers have ~een used in con-

junction with large accelerat.ors, primarily at Berkeley, Brookhaven, and 

CERN, in the study of high-energy-particle phenomena. Ip this chapter we 

do not attempt to review the field since this would ob.vious,ly be impossible;~\. 
' rather we give the reader a brief outline of the type of experiments per-

formed and techniques used in bubble- and spark-chambe!r data analysis. 

The bibliography we present is incomplete and merely gives examples of 

analysis techniques. The review articles quoted contain comprehensive 

bibliographies.1 

Most strange particles had already been discovered prior to the ad­

vent of the bubble chamber. However, many of their properties, such as 

mass, lifetime, decay modes, spin and parity, etc., have been determined 

using bubble- and spark-chamber techniques (Adair and Fowler, 1963). 

A phenomenon that has been investigated very intensively in the past 

four years is that of particle resonant states, both between strange and non­

strange particles. (See for example Dalitz, 1963; Puppi, 1963; and 

Rosenfeld, 1963.) Many resonanceshave already been discovered and many 

more will probably be found in the future. The technique most often used 

when searching for resonances in the final state is to plot histograms ·in M 
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(the invariant mass of the combination of particles) or M 2,·\and scatter dia-,. 
. . M2 grams 1n • A resonance Will appear as a ~eak in the rpa~s spectrum and 

a clustering of points in the scatter plot. 
~~ .. i 

Resonances can also be found in 
\ 

. . . 
the initial' state by observing "bumpsi• in the total or part'ial cross sections 

and by investigating the behavior of angular. distributions with incident mo-

mentum. Since the "lifetime" of a resonance is extremely short,. a "resonant 

particle'' does not travel an observable distance, and its existence can only 

be inferred. Determination of spin, parity, etc., for bith particles and 
~·~~~~ 

resonant states often requires examination· of angular ~t~l:ibution·s and 

polarizations {Adair, 1955; Trieinan and Yang, 1962; By~~~ and Fenster, 

1963; Gatto andStapp, 1961; and Capps, 1961). The existence of definite .. 
1' 

production or decay mechanisms, together with conserv~.tion laws, ~an also 
(. 

be used. 

Many bubble and spark chamber experiments haye been performed 
:'1· . 

to investigate the properties of weak interactions (Interl\ational Conference 
; 

on Weak Interactions, 1963; Feinberg and Lederman, 1'963). These experi-

merits usually1 involve the. observation of rare leptonic decay modes of 

particles and the interactions of muons and neutrinos with matter. Rare 

decay modes can be conveniently observed in bubble and spark chambers 

because the signature of-the event is often .unusual; a kinematic analysis 

can be made to identify the event. Information concerning the interactions 

of neutrinos with matter has been very limited in the past due to the very 

small cross sections involved·(- 10- 38 cm
2

) and the difficulty of thi~ type 

. of experiment. However, large fluxes of high-energy neutrinos are now 

available from the accelerators at Brookhaven and CERN, and the age of 

"high-energy neutrino physics" has just begun. 

In all experiments it is customary to determine the cross sections 

.. 
- .~· ' 

~ 
J 

f• 

h 
I 
~ 

~y 
" 



\~. 

'' " 

. -13- UCRL-11869 

for the various reactions that occur. It may be difficult tc:t:~btain absolute 
f~·· : 

cross sections from bubble. chambers if the incident beam; is contaminated 
• 

with other particles, because it is hard to estimate the appropriate incident 

path length. Bubble chambers are always useful for finding relative partial 

cross sections. Total cro.ss sections can be obtained quite easily from 

spark-chamber or counter experiments where a time-of-flight method and 
v 
Cerenkov counters can be conveniently used to identify each incident particle. 

B. Methods for Displaying Data 

1. Histograms and Ideograms 

Many data can be conveniently displayed in the form of histograms 

or ideograms. A histogram is a plot of the number of events that have a 

value (x.} of variable (x)· falling. within cells of chosen size (b.x). The plot 
1 ' 

is independent of the calculated error (ox.) on each value (x.'), although it 
1 1 . 

is usual to choose b.x >> oxi. A Gaussian ideogram, on the other hand, takes 

into account the value of 6xi. Each everit is assigned a probability described 

by a normalized Gaussian centered at x. and with startdard deviation ox .• 
. . 1 1 

Probabilities ~or all the. events are then added together and plotted. It is 

important to estimate the value of oxi correctly, and in bubble chamber ex­

periments one must often increase the calculated errors by a factor a. (see 

Section IIID). 

z 
The variables most often represented are mass or (mass) and 

angles of production or decay (angular distributions, Fig. 1). The distribu­

tion in M
2 

is often preferred because it is the proje.ction of a Dalitz plot -
(Fig. 2}; also it can be shown the M 2 is nearly Gaussian distributed whereas 

M has a skew distribution (Rosenfeld and Humphrey,1963}. 

Histograms are in general superior to ideograms because they 

are a straightforward representation of the data, whereas in an ideogram 



-14- UCRL-11869 

some ipformation is lost. Consequently, histograms affo1t~ a better feeling 
. .(. ·" 

for statistical effects in the data, and it is easy to combht'e the results of 
i 

many experiments. However, ideograms are ·useful for finding the resolu-

tion function in a mass distributio:p. In this case an ideogram can be made 

of the events in which the cen~ral value for eachpoint is set equal to an. 

arbitrary mass. ThEm the width of this ideogram gives the experimental· 

resolution function. 

l. Scatter Plots 

a. Dalitz. plot. A very convenient way of di8playing the proper-
. . :·' . 

ties of three bodies in a final state is to plot each event as a· point on a 

Dalitz plot (see Fig. l). This is a scatter plot of either T:. vs T. or 
• ·.. . . 11!1 J 

Mfk v_s M:k' . where T i is the kinetic energy ofth~ _!.t? pa~ticle in the· center':· 
I 

of mass of the three-body sy_stem, and Mjk is the invariant mass of the di-

particle consisting of particles j and k,; namely, 

M~k· = (E.+ Ek)z .. (P. + Pk)z. 
J J . J 

The available are, a of the Dalitz plot lies within an envelope 
~ . ' . . 

de.termined by1 momentum conservation and the total energy of the three-

.. * 
body system (E ). It can be shown that unit area within this envelope is 

· · proportional to the Lorentz-invariant phase space. · Consequently',· if there 

are no correlations between the three particles~ the Dalitz plot f()r a particu­

lar center.;.of-mass energy will b.e uniformly populated. A resona~t state 

·between two of the particles will produce a ·b~ching of points along the 

horizontal or vertical line corresponding to the mass of the resonance. 

The Dalitz plot containJ:J no information about the direction of 

the incident particle. Tlfis momentum merely determines the total energy 

availaple in the system, and consequently, the size of the envelope. 

The choice of the variable MZ or T is optional,. since they are 
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linearly related by the expression T. = [(E* - M.)z - M~k]/.ZE*. If a reso-
1 1 J \~/~ 

nance in the final state is being investigated, it, is conveni"ent to use the MZ 

representation, because all events, regardless of incident momentum, can 

be added together on 'one plot and will show the resonant effect at the same 

place. If, on the other hand, correlation between particles produced in a 

decay {for example, w decay) is of interest",· the variable T or. a linear 

combination of T' s is often used, and the coordinates are normalized so 
I 

that the envelope for each event coincides as nearly as 'ijpssible. 
' 

b. Triangle plot. A four-body final state i~r;nuch harder to 

represent since there are five internal variables in additf~n to the beam 

momentum and direction. A plot sometimes made is a s~atter diagram of 
, . ,~ I 

Mij versus Mkl. This is called a triangle plot because t1e outer envelope is 

a right triangle. Unfortunately, in this plot unit area is not proportional to 

Lorentz-invariant phase space. As in a _Dalitz plot, a resonance between 

two particles shows as a clustering of points. However, since only ~wo 

pairs of particles can be plotted at a time, some prior knowledge of the 

most useful pairing is required. Any additional correlations are not dis­

played and may produce spurious effects in the mass plots. 

c. Chew-Low plot. Another type of scatter diagram is the 

Chew-Low plot (Chew and Low, 1959). ·This is used when "one-partiCle 

exchange" mechanisms are being investigated. Each event is represented 
z . . z . . 

as a point on the plane of a vereus w , where a is the four-momentum 

transfer to the nucleon andw is the invariant mass of the exchanged particle_ 

combined with the incident particle. If one-particle exchange takes place 

in the reaction considered, the points sho~ a bunching towards low a. 

I '·' 
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. C. Analysis· of Experiments 

1. ·Minimizing: Procedures 

Having obtained values and plots of various ~~ysical quantities, 

one ~ust attempt to interpret those experimental data. ~his usually in­

volves parameterization of the problem in terms of some currently favored 

theory. It is then necessary to find the values of these parameters which 

best describe the data. Two commonly used optimizing procedures ate 

the maximum-likelihood and least-squares methods. T~se methods have 
'!,r . 

been described in detail by Solmitz (1964). iif . 
. i.''i't 

All the· "fitting procedures" consist of using~·t}l~ mear:Jured 

vadables x and attempting to find good estimates (a*) of~~e true values. - . - .~-) 
·:·\ 

(~) of·all the parameters describing the problem. I~ the;l·'maximUrnr 

likelihood" method the required estimator (a~ is that v,lue o£ the parameter 
. ~ 

(a>) for which the likelihood function (L) has its greates~ value, i.e. 

aaa [ln L(x, a)] = O. 

For a sufficie~tly large sample, the distribution of a~ is approximately 

Gaussian with its mean at aX.. In the special case of Gaussian variable ~· 

we have 

and 

z . + -1 
X (x, a) = [x- f(a)] • G • Jx- !(a).]; 

. -- - -- . - - --!· 

therefore the maximum-likelihood estimate occurs at the minimum value of 

2 
X . The minimization of x2

, called the least-squares method, is often 

used instead of the maximum-likelihood method. In many cases the least-

squares criterion may provide a reasonable estimate even if the measured 

variables :5. are not exactly Gaussian. ·In addition, one need not know the 

-. 

• r 

·. ~-
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moment matrix (G) precisely since a small error in G will.-~ave only a 
t" ~ ~ . 
j;;"' 

second-order effect on the standard deviations of a. In ~~rticular,. the 

numerical computation can often be greatly simplified by;neglecting small 

correlations between the variables. (Note that if all the yariables (x .. ) are 
lJ 

'-~ independent, G is diagonal·and X z is a sum of squares). 

Of course, the choice of method depends largely on the problem 

to be solved. In both methods described above the best values of the pa-

rameters are those that occur at an extreme value of a fllllction. The maxi-
. ,.~ 

mum-likelihood method requires finding a maximum; h~~ver, the sign of 
' .~·:~.?--·~ 

the likelihood function can be changed, and both method~rJnen require a 
' '"' ·, .... ~ 

minimizing procedure. Since the required calculations ~re very complicated 
·'' ; ~ ... 

and tedious, computers are usually used, and analyses that would have been 
I ·.::. 

prohibitive in the past are now possible. 
I 

The· actual minimizing procedures mo.st frequently used fall into ,. 
~.'· 

two classes: iteration procedures in which repeated atttl_mpts are made to 'reach a 
,· 

minimum in One step, and stepping procedures in which ~n attempt is made 

to reach a minimum through a series of small steps. The iteration method 
I . 

is usually easier to perform and is used for straight-forward problems in 

which the first,· and possibly the second, derivative of the function can be 

evaluated with respect to all parameter·s. For example, consider the 

least-squares fit where the functions _!(a) are only approximately linear. 

If the nonlinearities are small within the region of the maximum in the 

likelihood function, it is oft'en adequate to ,fepresent' the f1q1ctions by 

r 

L ·(a)\.- a~) 
)\.=1 
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where a~ is the value of ax_ near the minimum of x 2 , foU11d·;by some method 
;z •.• 

of approximation. If this approximation is inadequate, a ~ew value a~ can 

be found by minimizing x 2 , using the above eq~ation for tfax_)· This process 

can be repeated until a minimum value of X z is obtained giving a value a~. 

The stepping procedure is usually preferred if the function is 

expected to .behave in a complex way--for example, to have multiple minima 

or unallowable regions- -or require numerical evaluation of the gradient. In 

this case it is advantageous to be able to .follow each ste~~ and make c.ertain 

!! that no extraneous minima are encountered. A procedutlf;f frequently used is ., 
'\til 

the "ravine method." The hunting procedure consists of~ sequence of two 

types of steps: an overstep along (and down:) a "ravine" i~;the contour lines 
•i 

of the function to be minimized, followed by a side-step across the ravine 
• 
i 

.(i.e. , perpendicular to the overstep). A minimum along"the direction across 

the ravine is then calculated and used to give the direction down the ravine 

for the Jollowing step (see Rosenfeld and Humphrey, 1963). The actual 

position of the local minimum in the function is determined by reducing the 

step size and ljeversing the direction each time an inc_r'""ease in the value of 

the function is encountered. At Berkeley a Fortran program called MINFUN 

(Humphrey (1962.)) is used to seek a minimum according to the ravine method. 

The minimizing procedures described·are used for f:l.tting theo-

retical parameters to many types of experimentally determined distributions, 

for example, angular and polarization distributions, ~ifetimes, and partial 

and total cross sections. In addition, these procedures--particularly ,the 

least-squares method--have many applicMions in experimental physics such 

as the parameterization of magnetic-field values; particle -orbit fitting~ and 

determination of atomic constants. The least.:.squares method, ua~ng 

Lagrangian m'\lltipliers, is extensively employed for kinematic analysis of 

.. 

"· 
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events occurring in bubble chambers (see Section IIIC). '· •' 

2. Monte Carlo Techniques I 
·'!), 

It is frequently necessary to investigate biases in an experiment 

or in the analysis· system. A convenient way of accomplishing this is by 

generating track measurements, event measurements, or distributions 

according to some prescript~ons using the Monte Carlo method. The analy­

sis of these simulated events by the techniques used in the experiment then 

show up any biase~ or errors that are be.ing introduced i.~to the experiment. 
. ,L:~ 

"These techniques can also be used for designing or inve~ligating the feasi-
A.J. .. , 

bility of future experiments. Some examples of comput~~~;Programs that 
~ 

have been written at Berkeley to accomplish the simulatio'~ are described. 
; 

Simulation of track measurements can b~ used to study the 

biases introduced by track-fitting procedures. These si~ulated measure­
i 

· · ments are also useful in many other ways: for example» to adjust uncertain 

parameters used in the reconstruction, study correlations between track · 

variables, study the limitations of track reconstruction methods, and "debug'' 

new programs. The SIMULATE programs (Zarian, 1962) have been written 
. I ~ . 

. to generate actual coordinate-point measurements along tracks as accurately 

as possible and produce a sample of events for input to the track-reconstruc-

tion program. The program generates.a particle orbit within the chamber 

by adding together short track segments. The origin, initial orientation, 

momentum, and mass of the particle a~e specified. Each additional seg­

ment is calculated, taking into account coulomb scattering and magnetic-· 

field variations in the chamber, and these seg.ments are added together. 

until the track is of a specified length or the particle stops. Points along 

the track are then traced through the optics to the film plane on each o£ 

several views, and typical measurement uncertainties are imposed to 

-
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generate measured film points. 
,: ··. 

_ One of the most important and distressing bia~es in an experiment . -~· . 

is introduced by the misidentification of events. This may occur during 

scanning, or in the case of bubble-chamber analysis, may often be caused 

by acceptable kinematic fits of interesting hypotheses being made to back­

ground events. Corrections for the misidentification of events during scan-

ning are usually applied by estimating the scanning inefficiency from a re­

scan of all 'or a sample of the pictures (see Section lilA).{ Misfitting during 
. !~ 

the kinematic analysis can be simulated by generating a\i~.ample of typical 

events due to a certain reaction and then analyzing them·;~th the appropriate 
' . ·~' 

' . 

kinematic fitting routines. The frequency and type of spuJious fits can then 
. ~: 

be easily determined. The Fortran program FAKE (LynG~ et al., i96Z) use.s 

the Monte Carlo method to generate the track parameter~'·; of events occurring 
t' 

in the chamber. The events are of a specified type and c/an be. generated 

according to a phase~space distribution or. any other distribution whic:h can· 

be written analytically. Each event is constructed within the chamber, and 

the momentum .(p), azimuth (9),. and dip(~) are calculated for each track. 
I .· . . ' •;f!;."t!.•· 

Using the errors that.the track reconstruction program would have given to 

these quantities, FAKE then modifies the values to simulate measuredevents. 

Kinematic analysis of the FAKE output shows how often ope type of evE:lnt 

will 11fake" another. The effect of these spurious events upon various ex-

perimental distributions can also be determined. In so:me cases, it is 

easier to use a sample of real events than to FAKE them. For example, to 

find how often events that are really examples of the reaction 

K- + p - :I:± + 1r f. + 1r0 + 1r0 will fit the reaction K- + p - ~:i: + wf + 1r
0 , we. 

can either use the FAKE program to generate the events, or ut~e a sample 

of real events of the type K-+ p- X.±+ 11' f + w ++ w· by ignoring the 

,.., 

·' 
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m~asurements of a pair of unlike -charged pion tracks duri~f the kinematic 

fit. 
( 
' ;. 

FAKE output can also be made ~irectly into histograms .by using 

the program SUMX (see Section III). This is very convenient for displaying 

expected distributions or for calculating correction factors--for example, 

investigating the shape of a particular center-of-mass distribution as seen 

in the laboratory, system, or calculating escape corrections. One particular 

application· of this method is the generation of ''phase-space" curves. These 
. . ft 

represent the expected distributions of various quantitie~ (a) if the particles 
·'· ... 
·'~·I·•~·· 

in the final state are distributed according to phase spa,~r,cir (b) if the 

interactions between them are given by explicit matrix elftnents. 
~~,· I 

One further Monte Carlo program called GA:r1E (Lynch, t963) 
11 

can be used for evaluating experimental distributions. T;his program gener-
.i .. • 

ates many independent distributions for aparticular nu~rer of events ac-
,~j. • 

cording to a prescribed equation and plots themas histo~:rams. These 
l" 

simulated distributions are very helpful in understanding' the statistical 

significance of fny observed deviations from a theore~cally pre~icted dis­

tribution. 

III. BUBBLE CHAMBER DATA PROCESSING 

A. Scanning 

i. The Scanning Operation 

The object of scanning is to find and reco·rd interesting events 

on the film. The track images are projected onto anopaque table,,or a screen 

which is either transmitting or reflecting. At. least two views of each pic-

ture should be carefully examined unless it is obvious from the first view 

that there are no interesting interactions or decays on the picture~ 

-
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,\ ~ 
Many different scans are usually made on the fil'tn• In fact, one 

.... 

roll of film is often put in the scanning projecto~ 10 to ZO ~imes· during the 
I ,. 

course of a:ri experiment. Since the number. of pictures is large, routine 
~~ 

scanning is usually performed by nonscientist scanners who are specially 

trained for the job. Nowadays it is normal for physicists and graduate 

students to look at only unusual or difficult events after routine scanning 

has been done. Scanning is much easier and the· efficiency is higher if there 

are not too many incident tracks; fifteen seems a good a*ei'age. 
~t:: . 

The first scanning in an experiment is usu<q'\;\r a beam scan to 
··~ ' 

! 

determine the characteristics and composition of the inci~ent beam of par-
'· ~ ' 

ticles, so that the beam-transport system can be change1 if necessary. Of 

course, it is also wise to make a quality scan of a small;:sample throughout 

the film soon after exposure so that difficulties in the ch~mber operation and 

conditions, light intensity, photographic processing, etc., can be rectified 

as soon as possible. 

The first routine scan (Section IllAZ) usually starts soon after 

the exposure• i Since this type of scanning is done by 11~nscientists, it is 

usually topological. The scanner has to recognize the pattern made by the 
;'\ ' -

tracks 1 and to classify and record it. To determine the scanning efficiency 

(Section IIIAS), part or all of the film is rescanned and the two scan:s com-

pared. 

In addition to the routine scans, many special scans are often 

made on the film. These are discussed in Section IIIA3. 

z. Routine Scanning 

Two schools of thought exist as to the procedure that should be 

adopted in routine scanning. In the first method the film is sca~med for all 

the topological-event types of general interest in the experiment. ·For. 
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example, this rn.ight be all beam-track interactions, 9r aq/l?eam-track 

interactions more complicated than an event with two outgoing prongs. In 

the second method the film is scanned for each topology separately.· Method 

I usually makes the scanning instructions rather complicated and arguments 

have been advanced that the scanning efficiency is higher if Method II is used, 

because the scanner is less confused and can concentrate on one particular 

configuration. Method II has the disadvantage that an interaction can easily 

be identified as two different events in two different seals, and it is very 

difficult to resolve this problem in the bookkeeping. E'1,n worse, a par-
I,.:/ 

ticularly interesting but unclassified event cari be completely overlooked.· 

However, if one of the prime objectives of an experiment ~s an attempt to 
;.; 

find a new particle or a reaction which makes a very.distjnctive topology, 

then Method II is adopted, since performing an overall s~an and recording 

all events would take too long. 

As already mentioned, most routine scanning is performed by 

nonscientists whose knowledge of physics is rudimentary. Consequently, 

,·, 

.scanning is usttally oriented toward a topological cla~~~~fication of the events, 

in which the scanner is not expected to identify the type .of particle which made 

each track. For· example, all beam interactions in which two charged prongs 

and a V are produced would be classified as belonging to. the same event type, 

regardless of whether or not the V can be identified as a K 0 or A. The 

computer programs would then allow all possible mass assignments :for each 

track and identify the event. by kinematic analysis (see SectioniiiC). 

3. Special Scans 

-1 These scans involve reexamination of events found during the 

routine scan or rescan. This scanning is done by physicists, graduate 

students, and the most experienced scanners, because it often requires an 
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advanced application of scanning technique, a knowledge of/track charac-
•; ' 
~: 

teristics, ~and considerable knowledge of particle physics.:. In a routine scan 
. . 

the ~scanners are not expected to identify each particle reaction occurring in 

the bubble chamber. Rather, they need only recognize and record specia:l 

characteristics of an event which can be determined with the minimum of 

equipment--for example, circular templates for momentum measurements, 

curves of track density versus momentum or energy, and templates of 

stopping tracks for the correct magnetic field, or curve~ of range-momen-
~~~: . . 

tum or range-energy relations. In special scans, howell;,,r, in addition to 
. ·~~· 

the above capabilities, it is often necessary to use kinerdatics plots and be 
~ 

familiar with all the reactions that can possibly occur fo~the particular 
t" \ 

incident particle and incident momentum. Most special ~cans are deter-, 
t .·. 

mined by the nature of the experiment; however, some r~asons for special 

scans are common to many experiments. 

Many rescans are the result of poor scanning instructions in the 

original routine scan. This unfortunate state of affairs can best he avoided 

by very carefutlY prepared scanrting instnuctions for lP.e routine scans, al­

though it is usually impossible to cover all eventualities, particularly when 

these scans are topological. 

Three other reasons for rescanning occur very often. The first 

is to. reduce the number of events that_require measurement. This is 

necessary if there is a shortage of measuring capability and involves se­

lecting a sample of events with special characteristics from a particular 

topology. For example, if we have a large number of events in which K 0 1 s 

and A's are produced and we a.re v.ery anxious to measure only the events 

with K 0 1 s, then the events can be reexamined on the scanning table and those 

events where the V is a possible K 0 can be selected for measurement. 

' I 
·I 

i 

'i I 

I 
~ ... !J 

I 
. ' I 

;·· ~~ 
I 
I 
I 

"I 
I 
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Events may also be reexamined if they have failed measurtiment. This 

often reveals misidentified events or even unusual events such as three-

body V decays or neutral interactions. A'third reason for a rescan is a 

"conflict" scan on all or a sample of film that has been second scanned. 

This scan is made to resolve the "conflicts" between the two scans, and is 

used to determine the scanning efficiency (see Section IliAS). 

In addition to the above special scans, it is very important to 

reexamine all the ZOONS, i.e., those strange events t~t were not under-
, I . 

stood by the original scanner, or events for which there::,was no assigned 
. ~ 

event ty;pe. Most of the ZOONS usually turn out to be ~interesting; however, 
~· .) 

'I 

they must be reexamined in case some unpredicted inte~action has occurred. 
,, 

In addition, events with rare but predicted topologie.s ar~ usually reexamined .. , . . 

because they are often misidentified. 

Another special scan is often nece.ssary to determine the incident 

path length accurately for cross -secti~n·measurements. For pion beams .the 

number of background particles that/;roduce interactions is very small, so 

that the number of intera~tions,/appropriately correc;:~ed for small-angle 
I '/ .-~;..!: 

scatters, can be normalized to the published total cross-section data 1 which 

is usually obtained from' counters. For K and p beams the pion contamination 

is very troublesome~ However, this contamination can often be estimated 
/ 

:from a particular interaction,which is easy to distinguish, for example, 

1T- + p- K_~· fA or from the number of large 6-rays (see Appendix). The 

number of interactions due to K' s can then be found, and the partial cross 

sections normalized to the published value of the total K-p cross section • 

Another method of obtaining the K path length is to count the T decays in 

the incident beam. Care must· be taken when using this method, because in 

many cases genuine T decays cannot be distinguished from decays that 
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produce a Dalitz pair and one charged particle. It is impor~ant to count all 
\ -

events withthree outgoing prongs and then correct for the' Dalitz-pair con-

tamination. 

4. Recording of Scanning Information 

One important aspect of scanning is the manner in which the data 

are recorded; since this information forms a master list of the experiment. 

For this purpose a record of each event must be kept. This includes its 

indicative data (roll and frame number), its location, it~/~vent-type assign­

ment, and often any additional physics information that 111ay be required. 

The identity and whereabouts of an event is also requir~·Q. during the meas .. .. , ... ' 

uring phase so that the event can be relocated. 

For small experiments of a few hundred everits, it is pos.aible ,,. 
~~ ;., j 

to keep the lists on hand-written sheets and to make ske~¢hes of the events 

requiring measure1nent. However, for large experiments this is impracti­
h :, 

cal, and the scanning information is coded so that a co~puter can easily do 
.,. 

the bookkeeping. As an example of a large operation, Vf,¢ will describe the 
~~ 

method used by the Alvarez Group at Berkeley. 
I 

',! 

-·- ·- '\. 

The location of the event is partially defined by the roll and 

frame numbers. To distinguish events on a frame, each event is assigned 

a unique beall1-track nwnber so that no.two events in an experiment can have 

the same identification number. To obtain the iocation of the event within 

the frame, a grid is projected onto the scanning table and the appropriate 

zone number assigned to each vertex of the event. This information is very 

helpful for relocating the event during the measurement or in subsequent 

special scans, although it is obviously not necessary for identification. 

An event-type number is assigned 'to each topology. For example, 

all events where an incident particle produced two charged outgoing tracks · 

" ' 

.. 
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and a neutral, which subsequently decayed to form a V, at,e: called primary 

event type 32. This number, together with the experime~r number, controls 

the processing of the event in later analysis (Section IIIC). In addition, 

physics information is inserted by means of binary switches and decimal-

code riumbers. 

The procedure adopted is as follows. When the scanner finds an 

event, he switches on the grid on view 2 and positions it correctly.· Then he 
I 

records the relevant data on a printed form similar to a::'fomputer-program 
'''f 

coding form. An example is shown in Fig. 3. The hea~fngs of the columns 

are mostly self explanatory; the grid locations on view 2 for each vertex in 

the primary event are entered .in x, y; F 1 and F 2 are decimal-flag digits 

which give the configuration of any secondary interactions not included in 

the primary event type. The binary-code switches and decimal codes arc 

preassigned to have special meanings in each experiment. The hand-

written data are keypunched onto holorith cards and merged with the master 

list of the experiment (Section IIIC?) to form a scanning-information library. 

An,othe:r: method of recording the data. is ta_?e -recording the 

scanner' s description of the event. The tape can then be played back by a 

keypunch operator and the data: punched onto cards. This method has 

proven very efficient for rec.ording simple events that occur frequently 

(Anderson and Laney, 1964). 

5. · Scanning Efficiency 

To measure scanning efficiency, all or part of the film is re-

scanned. Scans one and two are then compared and frames which have a 

conflict between the two scans are reexamined on the scanning table. Mter 

this "conflict" scan, the master list is updated with the 11 conflictor' s" 

decisions. Then, for a total number of events N, the number of events 
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fo~nd by scanner 1 correctly is N 1 = E 1N, those found by· s~anner 2 correct-
, 

ly is N 2 = E 2N, and the number common to scans 1 and 2.is N
12 

= E
1
E

2
N; 

where the scanning efficiency of scan 1 is E
1 

= N 1/N = N 12/N z and that of 

scan 2 is E 2 = N 2/N = N 12/N 1• Then the total number of events (N) is 

N 1N 2/N 12, and the total events found is N
1 

+ N
2

- N 12. The efficiency of 

scan 1 +scan 2 is (N 1 + N 2 - N 12)N 12/N 1'N2 = E 1 + E 2 - E
1

E 2• In practice 

the efficiency for most topologies is greater than 90%, so that the efficiency 
f. 

of a double scan is about 99%. In some experiments al~~$~he film is scanned 
'. 

twice to pick up the extra events. However, as experirp.Emts become larger, 
. ·~;. 

this becomes rather uneconomical, and a correction can be applied. It 

should be pointed out that the above estimation of the sca,nning efficiency is 
. 

meaningless if either or both scans are biased in some way. For example, 
. ! 

if the scanning efficiency of both scanners is low for a particular topology 

or configuration of the tracks, the value of the scanning efficiency obtained 

by the above method will be optimistically high. 

There are many causes of inefficiency. The most frequent are 

(a) missing the whole event completely, (b) misidentifying it, or (c) mis-

recording it. The first is usu~lly co~pletely random and probably caused 
/ 

by tiredness or some other distracti~n of the scanner. The latter two, 

however, can be biased. They are often caused by poor scanning instructions 

which are either unclear or ambiguous, and also by poor training of the 

scanning personnel. This is particularly true of physics information re-

corded by means of binary switches. In some cases the efficiency for 

recording this information properly may be as low as SOo/og simply because 

the scanners did not understand the importance of this physics information 

to the physicist. 
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B. Measuring 

1. ·· The Measuring Operation 1-.: 

The basic purpose of measuring is to reduce the quantitative data 

contained in a photogr_aph to digital form. Firstly, these digital data are 

used for identification of the event by space reconstruction and kinematic 

analysis, since the event is usually unrecognizable o~ the scan table. 

Secondly, the physical quantities pertaining to this event which will be re-
'! 

quired in the interpretation of the experiment are calculctted from the meas-s . 

urements. In most laboratories there is a shortage of rn~asuring capability, 

' • 
and only the more interesting events are measured. 

Events can be measured in a variety of ways.· If there is no 

magnetic field in the chamber, the tracks are straight, ap.d a simple'meas-· . . , 
' urement of a point on the track and the track' s direction ~11 suffice. How-

ever, when there is a magnetic field the tracks are curved, and points must 

be measured along at least two images of each track in an event, so that each 

track can be reconstructed in space and its momentum and space angles 

determined. I~ only two views are measured, they should be chosen to ob-

tain the beet stereo reconstruction. Measurements, sometimes in r, () 

but usually in x ,y coordinates, are made with respect to the images of 

fiducial marks within the chamber. 

Two methods of measurement are used. In the first method, 

the film is placed on the precision stage of a microscope and measurements 

made essentially in the film plane, although in many instances the meas-

uring machine is a projection microscope and the operator looks at a 

projected image. For the second method the film is projected and the mea a-

urcments made on the projected image. Method two is inherently less ac-

curate because of distortions in the projection optics; consequently the 
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measuring machines using this method are usually simpler/and cheaper than 

those for method one. Method two is often used for measu,rements of events 

in heavy liquids where. great accuracy in the measurements is not necessary 

because of the large uncertainties introduced by multiple scattering. This 

method is also particularly useful if there is no magnetic field in the cham-

ber because a simple drafting-machine arrangement can be used to obtain 

adequate r, 0~ coordinates. 

At many laboratories the ionization is measu,ted on some or all 
;..,. 

)• 
tracks. This may be a special precision measurement ('){the gap lengths· 

along the tracks (see Appendix) using a microscope.· The track density can 

also be found from any pulse-height information obtained during routine 

measurement. Pulse -height analysis is used frequently with the mote ad-

vanced types of measuring equipment (see Chapter IX). 

2. Measuring Techniques 

Of course, the measuring techniques used vary appreciably 

depending upon the type of measuring machine. Measuring is a rO\itine t:asl{ 

performed by s~ecially trained technicians. In almost all conventional 

measu-ring machines a reticle is moved along the track (or vice versa) and 

positioned a£:> accurately and quickly as is reasonable, commensurate with 

the accuracy of the machine. The operator is expected to choose clear points 

along the track for measurement, to choose the views to be measured, to 

perform the measurements of the fiducials and tracks in the correct order, 

and to insert all necessary indicative data for the event. When measure-

ment is not :required to great accuracy, relatively crude techniques and 

machines can be used. However, when an accuracy of a few microns is 

required, precise machines and good measuring technique is essential. 

The conventional precision measuring machines currently in use 

J 

(I• .. 
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are often very complicated and are designed to assist the o-perator as much 
. ~.-. ·~ . 

as possible (see Section IIIE3). Some form of projection ·nticroscope is 
} .. 

usually used. The operator views the picture on a transmission screen 

which has a stationary reticle projected on it. He moves the measuring 

stage carrying the film by means of hand wheels and (or) a joystick. Since 

moving the measuring stage and centering the track image on the reticle 

is a tedious process, there is often a servo system to keep the track centered 

so that coordinate measurements can be made "on the nt." In addition all 

data are recorded as automatically as possible and are putput directly onto 

paper tape, magnetic tape, or punched cards. 

To illustrate the measuring technique required to operate such 

a machine, the methods used on the automated Franc::kensteins at Berkeley' 

are described. When a physicist decides that a certain sample of events 

should be measured, he makes a measurement request. The library pro-

gram then abstracts the locations of the required events from the experi-

ment master list in the form of a listing and measurement control cards. 

These contain the indicative data, event type, zone numbers of the vertices, 
i 

and many other data required in the measurement. The film .is loaded onto 

the Francken:stein, and the first control card placed in the card reader. 

Any relevant data are displayed to the operator by means of lights.' The film 

is advanced to the required frame automatically, and the stage moves so that 

the first vertex to be measured is close to the reticle. The operator then 

looks at the event on all three views to make sure that he can measure it 

and also decides which views of each track he will measure. He then pushes 

a button whi~h enters the indicative data on the control card onto the output 

1 paper or magnetic tape. This also causes the stage to position itself auto-

matically for fiducial measurements. After the operator has measured the 
I 

fiducials, the stage returns to the vicinity of the first verte~. The operator 
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measures this vertex and all tracks radiating from it, us~qg the servo to 
' 
' i' 

control the motion of the stage. Next he measures the tr~c·ks from any 
i . . , 

other vertex requiring measurement on the first view ancfthen repeats the 

process on the other two views. The machine is capable of sequencing it-

self correctly and entering the identification of each track so that the 

operator canconcentrate on measuring the points accurafely. All vertex 

points are measured; and the neutral tracks are inserte~ in the computer 
~. 
>· 

program. Th.e measuring rate for strange-particle, tw~-vertex events 
;,;., 

·''' using this teclmique is seven to nine events per hour. With less automated 

machines it is about five events per hour or less. 

Errors that occur during measuring fall into two categories. In 

the first case the error is catastrophic,-' and the event is rejected ea-rly in 

processing. Many of the· errors of this type are due to operator mistakes: 

for example, choosing the wrong pair of views for good stereo reconstruction; 

not measuring two views at all; or measuring tracks in the wrong order. In 

addition, some of the catastrophic errors may be due to machine errors such 

as bad sequencing orincorrect data transfer. This type of error, which 
I . 

makes the event fail completely, usually amounts to about 10o/o. The events 

should be unbiased and most of them pass when remeasured. 

The second type of error is caused by poor measurements. 

These occur when the operator does not measure accurately enough and 

' 

particularly if he records a point when the servo is not centered correctly. 

z 
These error.s are hard to detect but are indicated by high values of X ob-

tained in the kinematic fitting program. The number of failures varies 

consid~rably dependent ·upon the quality of the track images and the com-

plexity of the events. 

\"• 
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C. Computations · 
:·~· 

' .. 
.. , ··.~ 

1 •. Data Flow 
~~ ... r 

Digital computers are used extensively in the analysis of bubble-

chamber pictures. In fact, the volume of data is now so large that it would 

be impossible to do bubble-chamber physics without the aid of a large 

general-purpose computer. The computer analysis of the data divides itself' 
I 

naturally into six phases: (1) spacial reconstruction of ~ach track in an . . . f 
event, (2) kinematic analysis at each vertex, (3) interpr~tation of each 

l' I 

event, (4) calculation of physical quantities for ~ach evefPt, (5)_ analysis of 

the whole experiment, including the display of experimental data, and (6) a 

library program which organizes the data into an orderly system and coin-

piles records of the progress of the experiment. 

Several large analysis· systems exist. At Berkeley there are the 

PANAL, PACKAGE, WRING, EXAMINE, SUMX, LINGO system designed 

by members of the Alvarez Group (see Rosenfeld, 1963) and the FOG, 

CLOUDY, FAIR system (designed by White (White, 1960 and 1961, and 

White et al., ~960). There are also THRESH, GRIND, BAKE, SLICE, and 

S.UMX. at CERN, and variations and combinations of these programs that are 

used at other laboratories •. ·Most of these programs have already been 

described in detail. In this chapter we· do not attempt to describe any of 

these systems extel)sively or compare them, but rather, give the reader 

some idea of the philosophy underlying the programs. As an example of a 

large data-analysis system, we discuss the Alvarez Group programs used 

at Berkeley (see Fig. 4). 

2. , Spacial Reconstruction of Tracks 

The first computation is the spacial reconstruction of the bubble­

chamber tracks. Th~ information input to this program from the measuring 
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machine consists of indicative information for the event, ~ucial measure-
. \ 

ments, track-coordinate measurements, and an identifica~i~n word Ior each 

track. In additibn'the~e may be bubble-den'sity'information and a flag on 

each track indicating whether or not it stopped in the chamber. The quantities 

calculated include at least the position, momentum, and orientation of each 

.end of each track,· its length, and the estimated errors on these quantities. 

To do this calculation in great detail is not really sensib~e because it requires 

too much computer time; however, various compromise~ and approximations 
~-

based on three slightly different philosophies are in use.~ 

In the older programs PANG (Humphrey, i 959), FOG (White, 

1960), arid TRED (Thorndike,1958), .the method of corresponding points is 

used. This method of reconstruction relies upon the. fact that if a pa-rticular 

bubble is measured in two views, the two light rays traced backwards from 

the film through the optical syst~m intersect at the position of the bubble. In 

practice, measurements of corresponding bubbles are not made because this 

is too time -consuming. Instead, the points are measured at random along 

the images in ~he two views. Consequently, it is necessary to generate an 

artificial correspondingpoint in one of the views by interpolation between 

two measured points. · The calculations would be very simple for a pin-hole 

lens and no refracting media. The actual situation is somewhat more com-

plicated due to lens distortion, film shrinkage, tilted mirrors, and refracting 

media between the lens and bubbles. The corresponding point is actually 

found by iterating once from the point found by using "ideal" optics. The 

calculation is done in two parts. First, view A is chosen as the principal 

view, and points on view B corres.po.ri.ding to .the measured points in view A· 

are found by interpolation. From this the coordinates of a string of space 

points lying along the track can be calculated. The. second part consists of· 
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fitting a curve to these space points by using a least-squ<\~~s fitting proce-
. \ 1 

dure. The method is then repeated, using Bas the princ~pal view and 

interpo•lating on A. The parameters of the two fitted curyes are then used 

to calculate the properties of the track.. The shape ofthe fitted curve is 

very complicated but is basically either a parabola or a circle in projection. 

In addition, the fitted curve must take into account corrections for variations 

in magnetic field and the energy loss of the particle. Since the latter is 

mass dependent, it is customary to repeat the fitting prfcedure for all 

possible partiCle identifications for the track, thus obtaining mass-dependent 

fits. 

In PANG two independent power series are used to parameterize 

the space curve: 

x=x 

y = y (x, a 1 , a 2, a 3) 

z = z(x,a4 ,a5), 

where z is the direction ,of the magnetic field at the center of the chamber. 

The curve for iY involves terms 'to the fourth power,. and for. z, terms to the 

third power. 

The PANG method has several disadvantages: (a) Information 

from only two views is used. (b) The ·interpolation of the corresponding 

point is very inaccurate if the direction of the track makes only a small 

angle with the stereo axis and is impossible if this angle is zero. Conse-

quently, 'the two views used for the reconstruction are chosen to give the 

best stereo angle. This choice is made either by the measurer who meas-

ures only two views, or, if more than two views are measured, the choice 

of the pair of views 1..1Sed for the reconstruction is maqe by the program. In 

addition, if the track turns through a large angle, it is often impossible 
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or very inaCcutate to make the stereo reconstruction using ,:only two views, 
, .. 

because the direction of the track gets too close to the ste~eo axis for some . 0 
part of its length. In this case only the first part of the tiack can be re­

constructed using the appropriate pair of views and the end is chopped off. 

This·problem becomes more severe for large chambers with large magnetic 

fields. (c) Track extrapolation is very dangerous and usually is avoided.· 

(d} One of the worst problems is in the estimation ofthe errors, both of 
I. 

the coordinates of the space points and also the fitted pa~'imeters of the 
!_')· 

curve. The main advantage of this method is that it is 11:~latively simple. 
·i\ 

The optical reconstruction is done once, and then a com~Jicated fitting proce-
. ' .. 

·~·· 

dure can be made to .the space points for each mass interyretation of the 

track without using too much computer time. 

To overcome some of the difficulties of the corresponding-point 
I· 

method of reconstruction, newer programs, for example THRESH (Moorhead, 

1960}, employ a method which describes the track in space by a helix, cor:.. 

rected for magnetic-field variations and momentum loss. This curve is then 

fitted to sets of rays traced through the optics into the chamber from each 
. I 

measured film point in each of the measured views. This is done by finding 

a first approximation for the helix by using a few :m.ea~ured points and then 

representing each ray by two intersecting plapes. A short segment of the 

helix nea1· the ray will usually intersect the two planes in two points, or in 

/ 

one point if the helix and ray actually intersect. The angular separation of 

the two intersection points on the helix is then used in a miniYnizing procedure 

to calculate optimum parameters for the fitted curve. This method has 

many advantages over p:ri:wious methods, but it: is still hard to relate the 

uncertainties in the parameters of the helix to the setting errqr on the 

film. 

/ 

.. 

. 
'l 
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An alte.rnative method using a helix has been d~Wsed by Solmitz 

(1960). Two versions have been coded, one at the Rutherford Laboratory 

(Burren and Sparrow, 1963) and another called TVGP at Berkeley. This 

method consists of projecting a helix in space (corrected as before for 

changes in curvature) onto the film in each view. The deviations between the 

projected helix and the measured points are then ·minimized by varying the 

parameters of the helix. The first approximation to the helix is obtained by 

the method of ccirre~~Jponding points, but all views are us~d and weighted 
~~- . 

appropriately for stereo angle. This method has the ad~ntage that the er­
~ . ~ ~ ~~,. .. , 

rors in the track parameters can be calculated rather e~~il~, all views are 

used in the reconstruction, and there are no_ p"roblems oMtrapolation and 

interpolation. / 

The information on each mass interpretation -.'o'f each track output 

from the space-reconstruction program contains the post,pon, orientation, 
~. ~ 

and curvature of each end of each track.· In addition, th~ momentum calcu.:. 
~ . 

lated from the range of the track in the chamber is included and is used in 

the subsequent 
1
programs if the track stops in the chamber. In practice a 

variable proportional to momentum -:1 is preferred over momentum because 
.. 

for most tracks this variable is more nearly Gaussian distributed than the 

momentum itself. 

3. · Kinematic F+ts of Vertices 

The variables calculated by track-reconstruction programs are 

concerned only with the geometric properties of each mass interpretation of 

each track and not with the physical interpretation of the tracks or the event 

as a_ whole •. Since all physically possible mass interpretations of each track 

are tried, many of the values of the var~ables calculated have no physical 

\ 
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meaning because momentum and energy conservation at t~~ vertex will be 
• II.". 

~:::~ ' 

violated. However, if all tracks at a vertex have been id'~ntified correctly, 
.. 

then the calculated variables shoulcJ. conserve energy and momentum, subject 

to the uncertainties in these variables. The kinematic requirements at each 

vertex can therefore be used to choose the most probable interpretation of 

an event and also to reduce the uncertainties in the kinematic varia'bles 

assigned to each particle. The conservation of energy and momentum (in 
{ 

three mutually perpendicular directions) can impose up ·fo four equations of 
. ;!t' . 

constraint on the track variables at any vertex. A vercl!x at which all .,. . . 

quantities are measured is subject to four constraints and is classified 

colloquially as a "4C fit. 11 If the momentum of one track is unmeasured, 

one conservation equation must be used to calculate this momentum;and· 

only three constraints (3C) remain. Similarly ZC and 1C fits can be 

classified. In each of the above cases a least-squares fit can be performed; 

however, if four variables are unmeasured, the problem is unconstrained~ 

Note that if there is one unobserved or unmeasured track at a vertex the 

fit is at best "11C. " In the kinematic fitting procedure each track is assigned 

a mass identity, and the fitting program then attempts to perform a least-
··--.. 

squares fit to the variables calculated by the· geometry program, minimizing 

2 
· X subject to the' constraints required by energy and momentum conservation. 

The Alvarez Group program GUTS (Berge et al., 1961; and 

Berge, 1959) uses the method of Lagrangian multipliers (CLk) to apply the 

kinematic constraints. An attempt is made to- minimize the function: 

I 

M= L 
·i=1 

j=1 

( m . ( . m) x. - x. ) G .. x. - x. + Z 
J J . lJ\ J J 

L 

L: 
k=i 

l 
i 

.. 
' 
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where I is the number of measured track variables, Lis the number of 
I :. . 
I •; ; 

constraints, x. is the J"th variaBle with a measured value it~. 
J - \J 

G~.1 = (ox~ oxi?) , and ox., the error on the jth variable, is assumed to 
. lJ 1 J J -

be Gaussian. The kinematic constraints are applied by Fk(xi) = 0 for 

k = 1, 2, ••. L. The variables actually used in GUTS are the azimuthal 

angle (cf>), tanh. {where h. is the dip angle), and curvature.· (Obviously tanh. 

is not normally distributed, but it is convenient to use).· .. 
~· 

The fitting procedure would be simple if the.~~ h. functions were 

linear in the parameters xj' because then the problem ~".}lld reduce to the 
, .. 

solution of L simultaneous linear equations. In practice ~his is unfortunate-

ly not true, and it is necessary to iterate. The fitting procedure may ob­

tain (a) an acceptably small X z.; or (b) a X z. that is too la~ge to be ac-ceptable 

by some predetermined criteria. Cases (b) are classed as rejects, and 

only a S'rnall amount of data are output. However, if the vertex is acceptable, 

the fitted-track variables. are output. 

GUTS was originally written for single-vertex events, but the 

coding hasbe~n extended to make an overall fit to the more common two­

vertex configurations. Multivertex configurations can be fitted as a chain 

of single-veft'~x fits by "swimming" the values of the. variables and errors 

of any charged connecting track to the second vertex. The whole kinematic 

program which incorporates GUTS and does the chaining of fits is called 

KICK. 

The 'GUTS method has three disadvantages: .(1} only the last 

vertex fitted uses all the input data and consequently best values for 

parameters at previously fitted vertices can only be found by ;refitting, 

{Z.) it is hard to fincl an overall X Z. for the. whole event, (3) there are some 

multivertex chains in which one vertex is undetermined although the whole 

. \ 
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To overcome these problems the CERN kinem'atics program 

GRIND has been written by R. Bock (196Z). In this program the event is 

first f~tted as individual vertices and then automatically as a whole. This 

provides a well-defined X Z for the. fitted hypothesis of the whole. event and 

also gets the best values of all the parameters simultaneously. The actual 

fitting program incorporated into GRIND is called FIT.' This routine uses 

a method similar to that of GUTS for the minimizing pJhedure. However, 
f·· ' 
' 

it has the advantage that it attempts to use even poorly :measured parameters 
1. ~ .. . ;,_ 

\·!\I 
(with appropriate errors), whereas GUTS treats the patmeter as unmeas-

.. H 
ured if the error is greater than an aribitrarily assigne4, percentage, be-

. ~ 

cause otherwise the method may become numerically u11;~table.' 

In addition to kinematic fitting at a vertex, ft is often desirable 

to perform a "missing mass" calculation. This can only be done if there 

are four constraints at the vertex. From the unbalance in energy a_nd mo­

mentum and by using the measured parameters of the visible tracks; a 

calculation is lmade of the invariant mass o! any unobserved particle or 

collection of particles. 

The minimizing routines GUTS and FIT are incorporated into 

large kinematics programs which perform the chaining together of vertices 

and also the assigning of a mas.s identity to each tracko This latter can be 

done in two ways: Either a physicist can write a subroutine which performs 

the tas.k explicitly, or the physically possible assignments can be made 

automatically by the program using the cons.ervation laws for baryons, 
. . ' . . 

strangeness, etc. This latter method is. used in CLOUDY and GRIND.· It 

is easier to write an event-type subroutine)l:Sing this method; however, it 

is liable to become very complicated a)ld wastef~l. of computer time 
;'. 

/ 

/ 

I 
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unless it is used with discretion~ . :' 

ti L 

The kinematics program KICK (Rosenfeld, 196.1; Rosenfeld and 

Snyder, 196Z; Harvey, 196Z; and Dahl, 1963) is basically a collection of 

subroutines (induding GUTS) which can be called by an event-type subrou-

· tine. Each topology has a different event-type number and the program 

branches to the correct event-type subroutine by testing the event-type 

number of each event. The event-type subroutine is designed by a physicist 

who is familiar with the physics of the experiment. · Ve~ices can be fitted 
,, 

in any order provided they are not underdetermiried. · The vertex that is 

required with greatest accuracy is usually fitted last. To avoid extra tape 

handling the PANG and KICK programs have been combined together and 

are calledPACMGE (Fig. 5). 
"' \ 

This program contains about 2.8,000 words ·. 

of machine language coding (including storage). A mixed sample of events 

can be processed at.the rate of about ,10 to Z.O events per minute on an 

IBM 7094. 

The output from kinematic routines is in the form of a binary 

tape for use ast input to subsequent programs~ Each vertex fit that is sue­

cessful (i.e., has an acceptable value of X 
2

) contains information such as 

the x Z. for the mass interpretations used; momentum, azimuth, and dip 

angles for each track at the fitted vertex; and a matrix of the errors on the 

fitted quantities.' A shorter record is output if the vertex fit failed.· Using 

PACKAGE a complicated event currently produces about 2.000 words of 36 

bits each. 

An additional tape-editing pass ~amed WRlNq (Johnson, 1962.) 

is now made on the PACKAGE output tape~ . This pro·gram condenses the 

data to about 600 words per event by ignoring/redundant elements in the 
/. . 

,.-"/ 

/ 
/ 

/ 

.. 

-
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In particular, Jt greatly reduces 
~·· (I '1, 

the data from a "failing" vertex. 
i'\1:' 

WRING is run as a sepa.;rate pass because 

PACKAGE and WRING together· overflow the core of the IBM 7094. .The 

WRING output is our library of fitted data.· 

4. Interpretation of an Event 

To find the most probable interpretation of the whole event, a 

comparison is made of all the values of x Z obtained in the fitting procedures. 

Of course, the numerical values of the x Z cannot be coyared directly; 

account must be taken of the number of con:straints in t~~' .. fit.' The interpre-
. '~o:-

tation of an event is much simpler if an overall X Z is oBfained for the whole 

event, rather than a number of X Z frorn chains of single~~ertices. This is 
. ~ . 

particularly true if there are several physical interpret"\tions of the ·event 
~- :· 

with s.imilar probability. If bubble-density information i.~ available, this 
~ 

can sometimes resolve the ambiguities. The criterion qsed for interpreta-
l~. 

tion is defined by the physicist and may take into account a scaling of the 
~. 

2 
X va1ues (see Section IIID). 

In ;many instances no interpretation has an acceptably small 

probability. This can be caused by bad measurement or bad distortion of 

thetracks, or be· simply b~cause the correct p.hysical interpretation of the 

event was not tried during the fitting procedure.· This latter problem must 

always occur when more than one unobserved particle is produced at any 

vertex, because the vertex is then undetermined and a fit ca~not be made. 

In this case, the "missing rnai'Js 11 calculated at the vertex can be used, since 
. . . -
if the missing mass i~ g:reater t:han the sum of the masses. o£ the two lightest 

. . /- . 

unob~?erved particles that can posSible be pr()ducedyth~.:event .can be accepted 

and classified. 

,( 

':. 

/ 
.' 

/ 

/ 
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Once the most acceptable interpretation of the event has been 
--~ -~ ;, 

determined, the physical variables interesting to the phy~icist can be calcu'-

lated. These variables are such quantities as the momentwn and direction 

cosines of each track and their errors (in one or several rest frames). In 

addition such quantities as invariant masses of groups of particles and their 

err0rs may be required. 

One Alvarez Group program which selects the most probable 

interpretation of each event and then calculates any required variables is 
.j 
; 'I ~ 

called EXAMIN (Johnson, 1961). This program consis~" of a large selection 
,:;:, 
·.·.:'Jo. 

of FORTRAN subroutines that perform Lorentz transfor\nation, calculate 

missing masses, etc. The 

which calls the subroutines 

physicist writes a FORT~ control routine 
~-
1: 

and does any additional arit~etic and logic ,. 

" 
required to process the event. EXAMIN produces an o~tput tape called a 

11 Data Summary Tape" which is the library of experime~tal physics quantities 

and usually consists of about 2.00 words (36 bits each) per event. 

Recently a new sequence of programs has been written which 

perform the functions of EXAMIN (Dahl and Kalbfleisch, 1963). These new 

programs use the same subroutines as EXAMIN. · The first program AFREET 

reads WRING output and determines the most probable interpretation for the 

event. A second program DST-EXAM·calculates.physical'quantities required 

by the physicist. 

5. Interpretation •. of an Experiment 

Before a physicist can interpret the results from an experiment, 

the information from all the events in a required category must be gathered 

together and displayed. The forJ:ll of this display depends upon the type of 

experiment, but histograms and scatter plots are usually the most popular. 
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• 

These plots can be obtained from the "data summary" inf~-~~ation. The 
·' ' 

progr·am SUMX {Ghampomier, 1964) is used at both Berk~ley and CERN for 
' ' ' .i . 

this purpose. This program contains a num'Qer of FORTRAN subroutines 
!' 

which make histograms, ideograms, and scatter plots. The required sub•­

routines are .called by data cards placed behind the program deck.· Scatter 

1plots are displayed on the CRT connected to the 7094 and photographed, and 

histograms are printed. This program is general and· can be used for pre-

paring displays of any type of data. FAIR is a of program u~ed 

by the White group. , 

-~ 

In addition to the displays of data, the physicist requires lists 

and talli.es of all the events in the experiment. These are prepared by the.· 

li;brary system. (next section). 

Other routines are also available to the physicist. These in­

clude routines for least-sqt1ares fitting, phas~ :space, and Monte Carlo 

calculations (see Section II}. Of course, mar;a.y special-purpose routines 

are also written for each experiment. 

6. Dat
1
a Storage and Retrieval 

A library serves two main functions: first, to store all the 

relevant measurement a:nid physics data in an orderly way for easy data 
. _., ,) \ . 

/ 

retrieval; and second, to keep a status report of each event ~n an event 

• catalogue so that tallies, lists, etc., can be e;:Lsily ¥Juppl:i.ed to the physicist 

\ ~ 

on request. Now that all calculations ar~ do'pe with computers, the data 

are stored on punched car.ds, or more frequently, magnetic tape •. Con-
. i 

sequently, a system of tape editing, condens~ng, ord~ring, · an:9:,;~.erging 
>· 

17outines is. r~quired to keep the data
1 
~idy. The bookkeeping function can 

quite easily be done .with p~ncil-a!ld-paper te~hniques if ther~ are only a 

·' 

,. ! 

... 

... 
' 
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few hundred events in the experiment. However, with evetl1increasing 
'· 4 ,~, 

yolumes of data, it becomes imperative to have more autatitatic library 

procedures. 

Two different approaches to this problem are described here. 

In one used by LINGO (Penny, 1 96Z), an event catalogue or master list is 

kept which contains a current status report for each event in the experiment. 

It can be used to control some of the functions in the event processing and 
I 

is also used for producing lists and tallies. It only comtnunicates with the 
'< 

other programs and data when being updated. 
.:..i 

A schemaltic diagram of the 

Alvarez Group data-processing system including LINGO is shown in Fig. 6. 

Scan data is entered onto the master list from the scan cards containing 

information written down by the scanning technician.~ From the current 

master list and using measurement-request criteria supplied by the phys-

icist, the "measurement request processor" generates measurement-

request cards which initiate measurement on the Franckenstein. The out..; 

put from the Franckensteins then goes to P ANAL {Alston et al. , 1961) 

which checks for gross errors in the data and condens~s it. This data is 

then input to PACKAGE whose output is geometrical quantities from PANG 

! 

together with the fitted data for each track at each vertex (from KICK). The 

condensed-results tapes from EXAMIN or AFREET are then run against 

the library list to update the master list with the interpretation of the event 

and obtain a "clean" master summary tape which contains no duplicate 

measurements. In this way the master list always 'knows the current . 

·status of an event and can be used to initiate further processing, for ex­

ample, to gen.erate a re~e~surerrient request if the/eV:~mt failed the previous 

measurement. Modifications can be made ~the master list deliberately 

by means of the routine "Modify.... // 

. // 
// 

// 

1/ 
/ . 
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In a second approach to library functions used~b·y FOG, all in-

formation pertaining to one event is stored in a block on 11{lagnetic tape; for 
( 

easy dat~ retrieval the events are written in serial-number order. A 

schematic diagram of the FOG, CLOUDY, FAIR system is shown in Fig. 7. 

In this case the experiment data, scan data, and measurement data are all 

stored in the same record together with otitput from the FOG, CLOUDY, 

and FAIR programs. Again the library contains the status of each event 

and can be used to generate lists, tallies, and remeasur,fment requests. 
-t~. -

One advantage of the LINGO system is that fo\r lists etc. , only 

the master list--which is quite short and contains only about 20 words per 

event--is read. In addition, data-summary information which is fairly 

short ("" 200 words per event) can easily be made into histograms etc., by 

the SUMX routines. It, however, has the disadvantage that retrieval of the 

voluminous data (measurement, PACKAGE output etc.) is difficult because 

it is not stored in a coherent way. FOG has an advantage in this respect 

because all data is stored neatly in serial-number order. 

Th~ volume of data handled by the-library is increasing rapidly, 

and systems using magnetic tape as their/storage medium will soon become 

saturated. In fact, data storage and retrieval is rapidly becoming the 

limiting factor in large -scale data analysis. There are plans at Berkeley 

to solve this problem by the use of a large random-access digital store 
I 

where binary bits are permanently imaged onto photographic film as black 

and white spots. The volume of the store will be about J X 10
1 

i binary bits 

and contain all the data for approximately five million bubble-chamber 

events on line to a large general-purpose computer. To obtain very fast 

access tothr:! data in the store, an index of the location of each event within 

the store will be kept on the master list.· A preliminary run will then be 
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made to abstract these addresses and arrange them in an OJder giving 
/. '){. ': 

optimum access to the store. This list of addresses will then be used to 
. ( 

v-, ' 

access the data within the store as rapidly as possible. A.· study of the use 
,· 

of a mass store for bubble-chamber-data analysis has recently been made 

at Berkeley (Alston and Penny,/ i 964). Proposals to build a· device on a 

special contract have been. received from two commercial companies. 
2 In 

addition to bubble-chamber analysis the mass store will be used to service 

requests from remote on-line inquiry stations. :J 
! 

7. On-Line Analysis 

.In any experiment there are always events tha't cannot be 
t· 
' 

processed using the general programs. These may be events found during 

scanning that have_ a strange topology, or they may be events with a J\ormal 

topology that will not fit the usual-event hypotheses. In these cases it is 

very tedious to write special computer programs for the kinematic analysis. 

Since these events are rare and often very interesti?g, it is useful to have · 

an on-line kinematic program in which a physicist can direct the mathematical 

processing of tpe event by means of a typewriter connected to the computer 

and can decide what fits to attempt, depending upon the results already ob-

tained. 

At Berkeley the program QUEST (Alston et al.p 1962 and 1963) 

has been written to fill this need.· This is a reorganized version of 

PACKAGE in which the Pang and Kick event types are replaced by control 

routines that can be entered by means of a typewriter (or card reader) 

connected directly to the computer. The results of the kinematic fits and 

any required calculated data is written out on the typewriter. Coordinate 

data can be input from magnetic tape or from a Franckenstein. A 
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physicist sitting by the typewriter can then directly controf'the processing 

of the event without writing a program explicitly, but simply by typing in the 

necessa.ry mass assignments for the tracks, the topology of each vertex, 

and the order in which vertices should be fitted. 

The system (Fig. 8) has proved very useful for analyzing ZOONS 

and also those events which fail the regular topological event type due to 

some idiosyncrasy in the particular event. 

D. Errors· 

1. 2 
Scaling of X 

One of the most difficult problems in data analysis is the estima-

tion of random and systematic errors in the calculated qU:antities. These 

1nay be caused by coulomb scattering; measurement .errors; distortions in 

the tracks due to liquid motion and optical effects; ·and various imperfections 

in the bubble-chamber camera and measuring machine which cause distortion 

of the track images. In addition, approximations in the fitting procedure and 

parameters describing the geometry and magnetic field may produce errors 

in the fitted da,ta. 

Incorrect determination of the errors leads to a x 2 
distribution 

from the kinematic fit whose width differs from the expected width by a 

factor of a.
2

• Sin~e some causes of errors are likely to be omitted in the 

analysis, a.
2 

is usually greater than unity. In the experience of the Alvarez 

2 . . 
Group, the value of a. is usually in the range 1.4 to 1.8. The distribution 

2 I 2 . of X scaled by 1 a. has almost the theoretical shape, but has an excess of 

about 10o/o too many events in the tail of the distribution due to plural and 

single scattering, bad measu~ements, and wrong interpret(ltions. The 

factor a. determined from the X 
2 distrib~tion should be applied to the un-

. ~--

certainties in the fitted quantities. 

.J,j· 

-~ 
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2. Distortion of Track Images 

Track images may be distorted by poor optic~~ components be-
,· 

tween the track and the film. The errors introduced by the optical compo-

nents(i. e., windows, mirrors, and lenses) can in theory be measured and 

then corrected for by the computer programs because they should be constant 

if the optical components remain fixed. Unfortunately, it is difficult to 

measure them to the necessary accuracy and, in particular, it may be im-

possible to obtain a simple parameterized expression to p.escribe them 

satisfactorily. The refractive effect of the windows can be calculated easily 

except for imperfections in the material; plastic is much inferior to glass 

in this respect and should be avoided. Mirrors, if sufficiently flat and 

mounted properly, do not produce distortions, but inadequate lenses ·can 

cause large and complicated distortions, particularly if they are used at 

large angles. The errors caused by the optical components are systematic, 

so it is desirable to minimize them as much as is practical. 

In addition to distortion caused by optical components, there rna y 

be some opticat turbulence in the chamber caused by local heating or cooling 

effects. This leads to local variations of refractive index and the tracks 

become "kinky. 11 This effect is uncorrectable and merely increases the X 
2 

for the particular event. 

Nowadays with mylar-based photographic film, problems due to 

film shrinkage have been greatly reduced. Bulk changes due to development 

and storage are now of the order of one to five parts· per thousand. Since 

measurements are always made with reference to at least two fiducial 

marks in the chamber, an overall change in the·magnification of the film 

caused by aging, humidity, and temperature changes are not important. 



-50- UCRL-i i869 

However differential shrinkage can be troublesome and sho4.1d be minimized 
,'·t.·· 

!._· 

as much as possible by stabilizing the film conditions duripg exposure, 
,_ 

storage, and measurement. In particular, care should be taken to ensure 

that the film is clamped flat on the film platen in both the camera and meas-

uring machine, or there will be bad localized distortions of the track images. 

Distortion of the tracks can be ca,used by the motion of the 

chamber liquid in the interval of time between the passage of particles 

through the chamber and the light flash. This effect is h4trd to calculate 

because it is quite unpredictable. It is dependent upon the expansion system 

oi the chamber and can vary from pulse to pulse or with location in the 

chamber. To reduce this error, a short bubble growth time should be used. 

Another difficulty arises in estimating the central value and in.-

homogeneties in the magnetic field. In theory the field can be carefully 

mapped and the correct parameters calculated to describe the shape of the 

field. In practice, however, extensive measurement of the field can only 

be made at room temperature, and since the magnetic properties of the 

stainless steeliof the chamber, vacuum tank, ·etc., change at low tempera-

tures, it is never certain that the calcu).ated parameters are correct under 

operating conditions. 

Another effect that _is hard to estimate is multiple coulomb 

scattering. One difficulty is that the theory usually used assumes that the 

distribution is gaussian. (See, for example, Bethe, 1953). This theory 

neglects. single and plural scattering, and this effect probably·accounts for 
/ . -

some of the ext:ra' events in the high-value tail of the X z distribution. In 

audition, the formulas must be modified to take account of scattering from 

aton1.ic electrons. The approximation used (replacing ZZ by Z(Z + 1)) is 

·' 

....... 
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particularly inaccurate for liquid hydrogen. A comprehensJve study of 

coulomb scattering has been made by Gluckstein (1963). . ... 
';·.•. 

3. Measurement Errors 

Measurement inaccuracies arise from uncertainties in the 

measuring device and from setting errors. It is usually assumed that the 

measuring machine and operator combined contribute some arbitrarily 

chosen measurement error in the film plane transverse to the track direc-

tion and independent of the track. In practice, to account for possible errors 

caused by track distortions, the value chosen for the un~ertainty in each .,, 
:~· 

coordinate measurement can be made larger than a simple estimation o£ 

measuring-machine accuracy and setting errors would indicate. This 

"external error" is propagated through the spacial-r.econstruction pPogram 

to form a first contribution to the uncertainties in the track variables. The 

"internal error"--the scatter of the measured points about a fitted curve--

is not used to estimate the errors in the track variables. It can, however; 

be used to reject points, or the whole track image, if the measured points 

do not lie suff~ciently close to any fitted curve. 

The multiple coulomb-scattering contribution to the error is 

added to the estimated measurement error after the "mass-independent11 

spacial reconstruction, because the mass and momentwn of the particle 

are· required to perform the calculations. In PANG, a contribution is added 

to each of the estimated errors in the track angles to allow for errors in 

the optical param,eters, distortions, etc. The value of this contribution is 

chosen so that the quoted uncertainties do not have unrealistically small 

values. 

--..,~ 
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E. Hardware 
I., 

1. , Requirements !or Scanning Machines 

A scanning machine is a film projector used by a human operator 

to examine the stereo pictures of events occurring in a chamber. Although 

~ three -dimensional representation of the picture is sometimes examined, 

most pictures are scanned by examining the stereo views of an exposure 

projected onto a plane surfac~, either reflecting or transmitting. The 

stereo views can be projected singly and concurrently on¥o the same surface 
iii 

area, or side by side for easy comparison. Many facto#;~ influence the 
,, 

design of a scanning machine. The more important !acto·rs are the size and 

arrangement of the stereo images of the chamber on the film or films, the 

rcprojection magnification required, and the type of screen and viewfng 

arrangement used. In particular·, the degree to which· all desirable features 

can be realized is limited by the amount of investment that can be justified. 

Most bubble -chamber groups now use scanning tables with opaque 

screens mounted horizontally like a table top. The stereo images are pro-

jected onto the ~able via overhead mirrors and the opcrCI.tor sits at the end 

or side of the table. Although it may seem that the operator' s·head may 

cast a shadow, this is not the case with a carefully designed machine. The 

advantage of having a horizontal screen is evident when two people wish to 

scan at the same time, and when templates, protractors, rulers, etc., are 

used to n1.ake measurements on the projected image. In practice it is found 

better for the operator to sit in such a position.that he can scan along the 

beam tracks rather than orthogonal to them, because "along-the~track" 

scanning makes it ~asier to find small-angle scatters and decays. In some 

scanning machines the viewing screen can be tilted such that the, operator 

car+ view the track images at a grazing angle. 

... 
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The size of the table is determined by the size gf the picture on 
#I~--' 

~: •. 

the film and the reprojection magnification desired. A m~gnification of Z/3 

to 1-1/Z times the size of the original tracks in the chamber is usually pre­

ferred. Since the operator is only capable of making a detailed study of a 

picture projected on an area of_ the table within abo4-t two feet of his eyes, 

large pictures should be mounted on a movable film platen such that all parts 

of the picture can be projected onto the end o£ the table nearest the operator. 

Although it is then unnecessary for the table to be long +.?ugh to accomodate 
/,,if, 

the whole picture, operators seem to prefer a table on Which they can scan 
I 

the whole picture superficially and then move the pictu11ft: for detailed examina­

' 
tion of the events. \ 

The stereo views of each bubble-chamber picture are uso.ally ·' 

projected onto the same area of the screen either singly_ or concurrently. 
I 

This is achieved by having solenoid-operated sQ.utters in the light path of 

each view. In addition, it is advantageous to mount the projector lenses on 

movable stages so that the various stera:> views can be superimposed at any 

depth in the bupble chamber; this facility is often used to determine whether 

a track stops in the chamber or goes out of the top or bottom. 

The scanning projector should be de-signed for easy operation 

and maintenance. Control knobs and switches should be easily accessible 

and simple to operate. It should also be easy to load and remove film from 

the machine and to change projection lamps. The screen brightness should 

be sufficient for easy viewing in a semidark room, typically ZO foot-candles 

are adequate; less makes scanning tiring. The resolving power of the 

·. optical system should be close to six lines per millimeter on the viewing 

screen. A "crisp" image is advantageous since details--approximately a 



-54- UCRL-11869 

bubble diameter in size--are often significant. The distort'ions in the pro­

jected image should be small so that it is possible to ma~e crude momentum 
t 

m:easurements by matching calibrated templates to the pt~jected -track images. • 
·' 

Curvature measurements of a few per cent for tracks of about i BeV / c in a 

field of 15 to 20 kG should be easily achieved. 

2. Description of Some Scanning Projectors 

In the next few paragraphs we describe some of the scanning 

projectors currently in use at various laboratories throughout the world. 
1 
' 

Some are designed to handle only one specific film forrqat, whereas others 
J 

are easily adaptable to handle single and multiple films of any width. 

Figure 9 shows the type of scanning projector designed and 

built at Berkeley and used by the Alvarez Group. This machine hanales 

film from the Berkeley 25-inch and 72-inch hydrogen bubble chambers. In 

this format all three stereo views of each pictu!e are interlaced on one film· 

strip 46 mm wide and 800 to 1000 feet long. The film is threaded through· 

the three film platens and clamped with solenoid-operated mechanical 

clamps. The correct spacing between views is obtained by looping the film 
I , 

around rollers. Each view is illuminated by a tungsten lamp and a con­

densing system placed underneath it and is projected via a Schneider 

Con1.panon lens and two overhead mirrors onto the opaque white horizontal 

. screen. The projector magnification is iQX, giving track images 2/3 their 

original size in the chamber. The resol,ving power is 60 to 100 lines per 

millimeter on the film. All three film platens are mounted on a: common 

slider which can be moved parallel to the l9ng axis of the table· so that any 

portion ofthe picture can be proj~·cted onto the endof'the screen nearest 

to the operator. 
" ./ 

l 

I 
! 
i 

I 
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j 
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The three images can be projected onto the table simultaneously 
....... 
. ''1 

or singly by means of solenoid-operated shutters actuatecfby switches. The .,. 

projector lenses for Views I and III are mounted on movagle stages such that ... 

the stereo views can be easily superimposed. The fourth lens in Fig. 9 is 

used to project the image of an illuminated numbered grid onto the picture. 

The operator can use this grid to designate the approximate location of each 

vertex in an event. 

The controls for image superposition, film advance, and reWind 
{ 

are situated near the operator' s left hand, as are the s'fl.tches for the 

selection of one or more pictures of a stereo combination and for controlling 

the projection of the grid. The knob for moVing the film platens is on the 

operator' s right. 

Figure 10 shows a modification of the scanning projector 

dcscribe'd above. This model is used by the Powell-Birge and Goldhaber-

Trilling Groups at Berkeley and is designed to handle up to three films 35 · 

to 70 mm wide. Three fihns are shown loaded on the machine. The main 

modification toi the previous model is a physical rearrat:tgement of the 

components to allow easier film loading and projection-lamp changing. In 

addition, a rriorc complex film advance, including a printed-circuit motor 

and clutch brake for each film is used to move all three films. An indexing 

system is available providing that appropriate indexing marks are on the 

films. A combined vacuum and mechanical film clamp is used to provide 

adequate clamping of large pictures. This. projector was also designed and 

built by personnel at the Lawrence Radiation Laboratory, Berkeley •. 

, The scanning tables pictured in Fig.· i 1 were designed and. 

constructed at the Brookhaven National Laboratory. These machines also 

use opaqu~ screens and overhead projection •. They have a magnification 

'· 
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of approximately eight and project four 35.-mm films sim~l~a.neously. The 
1 '\: 

im.agcs are projected side by side rather than superimpo~~d. The table 
,•·-

can be tilted and pulled upwards to facilitate easy "along ~the -track" 
' 

scanning. To accomplish this the mirrors turn through Hilf the angle of 

the table so that the image remains at the same place on the scanning sur-

face. 

Figure 12. pictures a scanning table used by the CERN Laboratory 

in Geneva, Switzerland. Opaque screen, table -top projection is used. This 

l· 
machine handles the two- 35-mm, 400-ft spools from th~ CERN 80-cm 

·:· 

hydrogen bubble chamber. The projected pictures can be superimposed by 

the operator, using. controls that move the respective projection lens. 

In addition to scanning tables designed and built by the expcri- 1
. 

n-..ental physics groups and laboratories, several designs are available f1·om 

. 1 . 3 co1n1nerc1a sources. 

3. Requirernents for Measuring Machines 

A measuring machine is used to reduce the information contained 

iri. a photogi·aph to digital form. Measurements may be made in xy, rfJ, o~ 

in any coordinate system that fits the problem. To do this effectively and 

efficiently, the measuring m~chine must combine several basic features· 

and capabilities which are discussed h\ the next few paragraphs. 

If the measuring errors are to be small compared to the other 

errors, the machine must measure to a precision of at least ±3 microns in 

the film plane for hydrogen-bubble-chamber pictures.· The precision can 

be less (±10 microns) for heavy-liquid chambers because of deviations in 

the tracks caused by multiple scattering. 

There should be some way, either through switches or a type-

writer, to enter indicative data that describe the event to the computer 
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programs during analysis. In addition, there should be pro.vision for enter-
"' 

ing auxiliary information which may be useful to the physf~~'st during sub-

sequent analysis. 

To achieve any reasonable speed in measuring, the machine 

must have some type of automatic coordinate readout and recording. The 

output media usually takes the form of punched cards, paper tape, or magne-

tic tape. 

There are many designs for measuring machines, but usually 

one of three approaches to the design problem is follow~d: (a) The optical 

system is held stationary. The film is moved, being fa~~ened directly to a 

precision measuring engine. (b) The film and projection system are held 

stationary except for the lens which is fastened to and moved by a precision. 

measuring engine. (c) The film and the projection systems are held station-

ary; measurements are made on the projected image. 

Design method (a), where the complete optical system is held 

stationary and the film is mounted on and moved by a precision measuring 

engine, is usually considered to be the most desirable approach. The film 

is moved until the projected bubble image is coincident with a reticle on the 

projection screen. In this way the xy position of the film image is always 

determined using the same optical ray through the projection system. 

Consequently, lens and mirror distortions do not affect the measurements. 

The reticle is usually on the optical axis ·of the projection lens where the 

image resolution is a 1naximum. The precision of the measurements is 

lin"lited only by the precisi~n of the measuring engine and the ability of the 

·operator to set the reticle on the proper point •. When it is desired to meas-. 

ul.·e.to the maximum precision, this method is usually used.· A precision of 
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one part m 100,000 over a length of 100 mm can be obtained by careful 
.. ~ 

design. 
,. 

Method (b), where the film and projection sys~ems are held 
. ~ 

stationary and the lens is moved by a precision measuring engine, will 

produce measurements that are not quite as precise as can be obtained by 

using method (a), since the lens is used off-axis artd different optical rays 

through the system are used. With a good lens the errors ~re small, but 

not negligible. The magnitude of the opto-mechanical-d~sign problem is 
~ 

similar to that in method (a) except that the illumination:{ system must now 

be made to track the projection-lens aperture and projection angle. 

Design m.ethod (c), where both the film and the projection system 

arc stationary and measurements are made on the pr-ojected image, is used, 

when the· required precision is about 1/10 the precision of that attainable in 

r.1cthod (a). However, with perserverance and attention to detail, it is 

possible to approach the precision of method. (a}. Most of the inaccuracies· 

in m.ethod (c) are due to the measurements being made off-axis of the lens. 

The resolving power always falls as one gets further off-axis, and this 

adversely affects the ability of the operator to set precisely. A more serious 

problem is the lens -field distortion, which can cause errors greater than 

one part in 1000. These errors can be· corrected by measuring the dis-

tortious of each lens and correcting the data in the computer. With care, a 

precision of about one part in 10,000 is possible if corrections are made. 

In methods (a) and (b) a precisio~/engine is required since meas­

urcrnents are made directly in the film plane. The operator, however, 

usually views a magnified image. Thf~ is achieved by viewing a projected 
/ 

im.age in a projection microscope'or by viewing through the eyepieces of a 
. .' 

conventional microscope. The engine almost always measures in 

•, 

... 

Jl 
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Cartesian coordinates (x, y}. The stages are usually move<l by means of 

two lead screws, one for the .x stage and one for the y stage, with a thread 

\ 
pitch of about 1 mm to 0.1 in. being typical. In some typ~:~ of engines the 

stages are moved by hydraulic actuators. 

The position of the stages can be measured in two ways: (1.) by 

rotary encoders to measure the angular position of the screws if precision 

lead screws are used, (2.) by means of linear encoders fastened to the stages 

(such as those using moire-fringe gratings, Guild, 1.960) if the stages are 

moved hydraulically, or by recirculaUng ball screws. :_ .· 

In method (c) measurements are made on ~he projected-image' 

plane. ! In this case the precision of the measurements can be less than in 

methods (a) and (b) because of the mag~ification of t~e projection system. :' 
. / 

The measuring device is usually some form of digitized drafting machine, 

·although the SMP uses a very sophisticated method (see Chapter IX). 

In aU types of machines it is usually considered an advantage 

to be able to view all views simultaneously for comparison of different. 

views of difficult events. In addition, it is. advantageous to be able to 
I 

superimpo-se the track images. - This ability helps the operator to find the 

end of a track obscured by other tracks which cross the desired one at very 

small'angle_s, or to locate small kinks .in the tracks (decays) which may be 

virtually invisible on one or two views. Superposition of the images can be 

achieved by mounting the projection lenses on movable stages. · 

Magnification, resolving power, and image brightness are 

·fundamental in their effect on the performance of any measuring machine. 
i 

The ~~nification should be high so that accurate measure~ents can be 

made quickly. A large field of view is desirable so that the tracks to be 

measured can be found easily. The magnification that is most generally 
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found to be satisfactory is that which allows the operator to _,;\riew the tracks 
•· I 

at 2./3 to 2 time~ life size •. Typically, this means viewinq,·rpagnifications 
•.' 

of from 7-1/2 to about 30 times the actual size of the ima~e on the film. If 
:>\;. 

these result in a viewed bubble image of approximately 1 mm diameter, the 

setting accuracy for the average operator will be about ±0.1 mm or about 

0.1 bubble diameter. The advantages of high magnification and the ability to 

see a large c;;_rea of the picture can be realized by using a high power projec-

tion system and also a projection system with a large-ar~a viewing screen; 

or by using a zoo~-microscope system. 

The resolving power of the measuring-machine system can 

normally be made at least 70 lines/rrtm. This is adequate since the image 

quality is then limited by that on the film, where the .diameter of a bubble 

image is usually about 30 microns. This size is determined by diffraction 

in the camera> lens and is large because of the small lens aperture required 

to obtain good focusing throughout the depth of the chamber. 

The image should be sufficiently bright that the operator's ef-

ficiency and speed are not impaired. The image can be so bright that it 

can cause physical discomfort; although this limit is not normally reached. 

Usable brightn~sses for transmission screens vary from about 0. 5 to about 

5 foot..:candles. For reflecting screens the range of usefulness is from 

about 5 to about 2.5 foot lamberts. 

The numbers of films, their width, and the picture format vary 

considerably between bubble chambers. A measuring machine that is to be 

used to analyze pictures from several different chambers may have to handle 

three rolls of film in sizes up to 7.0 rrim wide and pictures as long as 150 mm. 

Only a few per cent of thetotal machine time should be used for moving 

film. Loading film into the machine must be a convenient ·and r?.pid 

, .. 
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operation, and of course the machine should not scratch, te'ar, distort, or 
-~~- , ~ 

.·· 
damage the film. 

Since measurements to a few microns are nec,~ssary, the film 
1: 

must be clamped securely. This is usually accomplished by using a mechan-

ical clamp to force the film against a glass platen in which there are vacuum 

grooves placed near the edge of the film. A moderate vacuum causes large 

pressure forces that hold the film securely to the platen. A blast of com-

p:t:"essed air can be used instead of a mechanical film clamp. 

Even with "clear" film, as much as SOo/o of tP,e illumination 

energy is absorbed in the film base because of the anti-halation dye used in 

its manufacture. A rise in temperature reduces the moisture content and 

causes the film to shrink, producing localized distortions which may· be 

significant. The temperature rise of the film within the platen should be 

limited to a few degrees and to not more than 10° C if the film is to be meas-

ured to within a few microns. The temperature rise may be controlled by· 

cooling the film platen with air or a liquid coolant. The thermal energy is 

normally remo
1
ved from the illumination system by heat-absorbing glass or 

11 cold" mirrors. In projection systems, power densities in the visible 

spectrum e~ceedirig 0.1 w /in. 2. at the film _gate are typical. 

The control that the operator has over the speed of the film 

transport can greatly affect the productivity of the machine. A slow film 

motion (approxim~tely 1/10 in./ sec) is necessary to be able to easily and 

quickly adjust the position of one film with respect to the others in the case 

of a multi-film transport. A medium film speed of between 1 and 5 in./ sec 

is useful for advancing from one frame to the next •. For moving long distances 

along the film or for rewinding, speeds from 300 to 1000 ft/min are nee-

essary if valuable machine time is not to be wasted in this necessary but 
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unproductive operation. All three speed ranges have their:\1ses: they may 

be dis~:reet speeds or continuously variable from the slowest to the fastest 
r-

rewind speed. 

A film-frame counter is a useful operator aid for locating a 

particular picture on a roll of film. It saves time and thus helps keep 

production at a maximum. A frame counter may be an approximate device 
I 

that measu.res film footage via a metering capstan, or can co\m.t sprocket 

holes or photographic marks next to each picture. An effective teclmique is 

to present a visual display leaving it up to the operator to do the final lo-

eating of the proper picture. If sprocket holes or accurately placed marks 

on the film are used, the counter can locate particular pictures exactly, and 

if desired,· automatically. An automatic film advanc.e can also use coded 

marks to find a particular frame, if such marks are available on the film. 

The position of the viewing screen and of the machine controls 

with respect to the operator is most important. The type of controls and · 

their placement make the difference between a machine that is unwieldy and 

tirirlg to operate and one that is so convenient that the operator can continue 
I 

at 1naximum speed for hours. 

When a precision stage is used for measurement. position 

controls--usually in the form of handwheels connected to the lead screws--

J 
are probably the fastest and most accurate means that an operator can use 

to set on a point. /rhe use of a velocity control (joystick) for rapid traverse 

and approximate positioning of the film does save tiine. It relieves the 

'----- operator of the tedious and annoying job of turning a lead screw for a 
I 

hU...J.dred or so revolutions to traverse present-day-bubble-chamber pictures • 

. Some measuring machines are designed with only a velocity control, usually 

a joystick, and this is used for setting on points as well as slewing. The 

,. 
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speed and accuracy of the operator is less with this method~han with the 

position c~mtrols. When _used for slewing, a joystick almost always is used 
f 
~.·' 't. 

to control a servo system. The motors of this system tu'P. the lead screws. 
' .;',<¥(; 

Typical speeds of rotation of precision-lapped screws (:i:t micron) is about 

5 rev/ sec (1 rnl? pitch). Recirculating ball screws are in general less 

precise- (±5 microns), but some models can be rotated in excess of 40 rev/ sec. 

Semiautomatic centering and tracking of bubble tracks (described 

for the MPI and MPII Franckensteins in Section IIIE4) is not essential but 
., 

r.nay increase overall data rates appreciably, particularly on large pictures 

where the tracks ar·e long. The major advantage is·that the .machine auto­

matically performs the tedious setting on the,track, leaving the operator 

free to concentrate on measuring at ma~iinum speed _and efficiency .. The 
/ 

accuracy obtained during ''on-the-fl:,y'{ measuring depends upon the speed at 

which the stage is moving and on the performance of the servo system. In 

practice, it is pqssible to measure with a precision of about ±l microns at· 

a speed of 2 mm/ sec. 

In addition to all the characteristics of the machines already 
i 

discussed, it is often worthwhile to build into the machine features which 

aid the operator. These may be. designed to reduce the error rate or in­

crease the" measuring speed of the machine. These aids can be achieved 

by logic that is internal to the measuring machine or by connecting the 

machine or several machines to an external device such as a small, 

programmable computer. (Goldschmidt-Clermont, ·1964)o 

Interlo.cking and automatically sequencing the operation of the 

machine guarantees that the operator performs each operation in the proper 

order and that none is forgotten. For example, such controls might insure 

that the operator measures the correct number of fiducials and tracks in 
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the correct order, and changes the view number at the proper time. Inter-

locks do not usually increase the speed of operation much, but can reduce 

operator errors as much as 50o/o representing an overall data-rate improve-

ment of about 5o/o. Automatic sequencing assists the operator appreciably 

and increases speed by about 10%. In addition, the automatic insertion of 

indicative data, automatic frame finding, and automatic vertex and fiducial 

finding may increase the speed by another 30o/o. 

4. Conventional Measuring Machines at Berkeley 

To describe or even to discuss more than a very few of the 

machines. that are presently being used to measure bubble-chamber photo-

graphs is beyond the scope of this article. The author will discuss in detail 

two Franckenstein machines, measuring projectors MP-IE and MP-IID. 

These machines .were designed and built at the Lawrence Radiation La bora-

tory, Berkeley. 

The first Franckenstein (MP-IA) was put into service in 1957 

by the Alvarez Group, analyzing hydrogen bubble-chamber pictures on a 

production basis. The MP-IA was designed to measure only the 35-mm 

film from the B<;lrkeley 4-in., 10-in., and 15-in. hydrogen bubble chambers. 

The latest MP-I' s (MP- IE and F) are designed to handle three rolls of film 

of an~ size up to 70-mm wide and 10oo.:.ft long, as well as the Berkeley 

46-mm and 70-mm film (all three views on one film). Six MP-I projectors 

with va:rious film-handling capabilities have been built at Berkeley. 

The MP-I' s are semi-automatic centering and tracking projec-

tiori rnicroscopes using rear projection screens. The system design in-

corporates stationary optics and moving film (method 1 discussed iri 

.Section IIIE3). This machine, shown in Fig. 13 is composed <;Jf a projector~ 

.. : .. 

., 

" 
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several racks of electronics, an indicative data panel, and a card punch. 

The proje_ctor in the center of Fig. 14 contains the precision measuring 

engine, film platen, illumination and projection optics, viewing screen, 

operator controls, and the electromechanical-optical scanning unit which 

I 
I 

is used when autocentering. The indicative data panel at the right" is used 

to enter fixed data to identify the event and each track. Data are output 

onto punched cards via the IBM 526 punch at the left of the machine. 

The internal features of the projector are shown schematically 

in Fig. 15. The platen,· projection lens, and first mirror arc supported on 

the measuring-engine base which in turn rests on the rigid and massive 

base frame. A rigid structure mounted on the base frame supports the 

other n1irrors, screen, and upper cabinet. The detecting head and reticle ' 

projector are independently mounted on the base frame. As mentioned 

previously, the complete illumination and optical system is stationary; only 

the film is moved. This is clamped in the platen which in turn is part of the 

top stage of the precision engine. The film to be measured is held by both 

mechanical clamps and by vacuum to the glass platen. The projection lamp, 
I 

via suitable lenses and mirrors, illuminates the itnages on the platen and 

focuses the transmitted light into the projection lens. This lens forms an 

image at approximately thirty times magnification on the screen via the 

three mirrors. The beam-splitting mirror causes an image identical to 

that formed on the projection screen to be focused on the scanning disk in 

the optomechanical scanner or "detecting head. 11 An illuminated reticle is 

projected through the beam-splitting mirror onto the screen by the reticle · 

projector. Manual measurements are made by moving the stage, and thus 

the film, so that the magnified image o"n the projection sc1·een coincides 

with the illuminated reticle at the points to be measured. 
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The x and y coordinates of the stage and film a~ determined by 

' 
measuring the angular position of the two i-mm-pitch lea4, screws. This is 

accomplished by means of rotary encoders fastened to each lead screw, 

giving 1000 counts (±1. micron) per revolution over the complete 100 mm by 

150 mm trav~l of the engine. Both the x and y encoders are read electrically . 

and the data stored instantaneously (within 10 jlSec) in a bu!!er. The data are 

output from these bu!!ers in decimal form onto punched cards. The buffer 

store is absolutely essential in this machine because coordinates are read 

out "in flight. 11 In addition, during manual setting the buffers make it un-
f 

necessary to hold the handwheels stationary for an appreciable time during 

readout. 

The operator's console is pictured in Fig. 14. The X and y 

handwheels ar.e the two ·largest wheels. A joystick-type velocity control is 

located at the far right-hand end of the control console and is used to move 

quickly to the next area of interest on the projected image. The smaller 

knob to the left of the x and y handwheels is used to align the projected 

reticle to the direction of the bubble track. This alignment is not only an 

aid to manual setting, but, through mechanical gearing, adjusts the orienta-

tion of the electronic cross hairs and of the sine and cosine potentiometers 

that proportion the error signals to the· servomotors that drive the lead 

screws when autocentering. 

Film is mounted on spindles at the back o!the machine and 

threaded through the film platen. The film transport controls are the four 

push buttons and the knob in the se.micircular slot at the far left end of the 

control. console. With these controls thr~e rolls of film can be transported 

singly.or in unison at any speed fro:rn 0.1 in./sec to.750.ft/min.' The 

-

-. 

.. 
-. 
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machine is pictured with a roll of Berkeley 7 2.-in. hydrogen bubble chamber 

film mounted on it. When three films are to be measured, the reel spindles 

to the right and left of this roll are also activated. 

The remaining controls on the projector are either control push 

buttons or limit lights indicating that the engine is at the end of it 1 s travel. 

The push buttons for manual control of the track and view numbers, and the 

Imobs for controlling the superposition of views, are all mounted on the 

small panels to the right and left of the projection screen. The panel above. 

the screen contains the track and view-number display, the film footage­

counter display, and the brightness control for the projected cross hairs. 

The indicative-data switches are mounted on the left half of the 

indicative -data panel. The array of push buttons on .the right half of· this 

panel control the automatic sequencing of track and view numbers. The 

control information recorded by these switches is either determined by the 

operator upon inspecting the event to be measured, or it may be obtained · 1 

from sketch cards or library lists generated during the scanning operation. 

A Fathode-ray tube is mounted at the center bottorn of the projec­

tion screen. The track and marker signals are displayed here as an aid to 

the operator in maintaining speed and precision when setting manually. It 

also serves as a monitor on the performance of the machine when it is in 

the automatic centering and tracking mode of operation. With this displayp 

any operator can quickly· and easily reproduce settings to ±1 micron. Ex­

amples of the display are shown in Fig. 16. 

The track and marker signals are generated in the detecting 

head. &1. optically opaque scanning disk (Fig. 17), about 5 in. in diameter, 

with 24 radial transparent slits is turned by a synchronous motor at 

60 rev/sec. The slits are approximately 1/5 of the average track width on 
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the projected imago. The positions of the detecting head and of the projcctcci 

reticle are adjusted mechan.ic<Gly until the optomechanical center of the 

detecting head is on the sa1ne point as th~ center of the reticl~ on the pro-

jccted itnagc. An optical mask in the detecting head causes the disk to scan 

only that part of the projected image that is in the immediate vicinity of the 

projected reticle., The light that goes through the slits is picked up by a 

photoelectron multiplier which generates electrical signals proportional to 

light flux. As each slit in turn scans across the track picture aperture, it 

also scans a 1ight beam from the marker lamp. The marker light goes 

th]:ough the scanning disk at a radius that is smaller than that for the track 

picture, so that there is no mixing of the two light beams.. A second photo-

electron multiplier converts this scanned marker light beam into electronic. 

l signals; in effect the marker signal is an "electronic cross hair. ' 1 To measure 

a track, the center of the rotating disk is positioned by the reticle alignment 

knob such that the electronic and projected cross hairs are aligned with the 

track being measured. 

In ~ddition to being displayed on the cathode -ray tube, the track 

and 1narker signals are also fed into electronic circuits which generate er-

ror signals that in turn control the relative speeds of the servomotors that 

are connected to the x and y lead screws. This circuit is activated when 

the machine is autocentering. 

Figure 1.8 is. a block diagram of the electronic circuits. · The x 

and y handwheels are connected to the lead screws by synchro transmitters 

and receivers which are declutched from 'the lead· screws when the machine 

is autocentering and tracking •. Synchro deciutching ·is necessary to eliminate 

degrading the servo-system performance. Th~. enerates x and y 

signals from two internal potentiometers, the output of each proportional 

,, . . . . 
-·----·- -- ------~----_:....:. __________ , ________ .... ~_..;,:._;_, .. ...__,_,_._~ ...... , ... ··--='=---~=:~.---"'.-.. ~ 
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to the x and y displacement of the joystick handle. -~··:i 
i,· 

'! 

For autocentering the track and marker sign<+ls generated in the 

detecting head are directed separately into the pulse shaper and time dis-

criminator. These circuits generate an error signal proportional to the 

difference in time of arrival of the centers of the track and marker signals. 

The output of the time discriminator is applied to a sine-cosine potentiometer 

by a differential amplifier. The sine and cosine components of the error 

signal are fed to the input of the x- and y-axis servo amplifiers respectively 
I ,. 

which supply the power to the servomotors that turn th~~ x and y lead screws. 

To close the servo loop, a continuous sampling (1440 pulses/ sec) is made of 

the track images projected onto the detecting head. Tachometer feedback 

from the motor shaft to the servoamp+.Hiers linearizes the servo clo'sed-loop 

characteristics.· The bandpass ofthe servo system is usually greater than 

.· 
30-cps. The velocity alortg the track, when autocentering, is controlled by 

the operator via the foot pedal and is typically Z to 3 mm/ sec. The proper 

components of the control signal generated by the foot pedal is directed to 

the x and y sel'voamplifiers by a cosine-sine potentiometer • 
.. 

The'measuring speed of the MP-I' s for strange particles is 

approxilna~ely five to six events/hour. For two-prongs the speed is more 

like 10 e.,;ents/hour; complicated eventS may be as slow as three or four 

per hour. 

A large model of Franckenstein, MP-II, has been built to meas-

ure the 46-mm film from the Berkeley 72--:in. hydrogen bubble chamber. 

These machines, of which four have been built, are similar to the MP.-I' s 

in that they incorporate the same autocentering and tracking circuits and 

use the same type of rear projection screen for measuring.· Figure i 9 is 

a photograph of MP-IID. The tracks are viewed on the measuring screen 

-· . -----------------··· ··-----·-------~--------------------- -- ---------· ------ __________ ,.,, ---- -----· ------------------------------- -----·---- -------------------- ------------------------·-- ----·-- -- ---··-- ---:------------...,...-- :- ··-- ~--,---'-·-----· 
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at 33X magnification, with less than 4o/o of the picture area being visible at 

oi1e time. The meaE?uring screen is smaller than on the MP-I' s, since the 

event can be found on a low-power front projection screen located to the 

right ofthc operator. The image is formed on the low-power screen by 

long..:.focal-length ledses projecting via three overhead mirrors; it includes 

1 OOo/o of the picture at 7. SX magnification. , The lenses are moved 'by a 
' ~ ~- ~· 

mechanical linkage to the engine ·,·~uc}l thctl;the image on the projection screen 

rem.ains stationary even when the engine is moved. The data switches 

mounted on the desk to the operator' s left are used to enter the operator' s 

number and the date. In addition there are several control and delete push 

buttons. A punched card containing th~ indicative data for the event and its 

approximate location on the picture is inserted into the card reader ·shown·. 

at the ncar edge of this desk. 

The MP-II elec~ronic system first reads the indicative data 

from the punched card and records it in binary coded decimal form on the· 

paper-tape output (far right). Itthen aut:bmatically searches the;'roll of film 

for the proper
1 
picture by automatically reading the binary marks which <:tre 

on the. fihn adjacent to each stereo triplet. The searching occurs at film-

transport speeds in excess of 600 ft/min. The mec,t.s'liring procedure is 

very sirnilar to that followed on the MP-I' s, .except that sequencing circuits 

within the MP-II require that the operator measure nine fiducials (tllree on 

each of three pictures) and all the t:ra~ks associated with the vertices 

specified on the input control card. Each track is measured on the best 

stereo-view pair; a "dummy'' track is entered on the unwanted view~ During 

the m.easuring process, logic circuits within the machine automatically 

switch views and run the measuring engine to the close proximity of each 

ficudial and vertex to be measured. The operator, does the actual precise 

/ 

. ' 

•· 
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setting on fiducials and vertices, and records coordinate points along the 

proper tracks using autocentering. When the x and y cdprdinates of a point 
t 

arc recorded by means of the "record" push button, the 1;putput of the binary 
. c 

scalers are instantaneously stored in a buffer and then 1;ecorded on paper 
•. #• 

tape. The buffer store is again necessary because the tnachine reads co-
. 1: . : 

,~.· 

ordinate points "in flight. 11 The least count of the systeri;>. is l. 54 microns. 
h 
jY.; 

. The MP-II' s do not use precision-lapped sc~'ews to determine 

x, y position, but use moire-fringe gratings and two-way binary scalers to 

count the fringes. The measuring engine is moved by ~ecirculating ball 
. r.r 

screws so that it can be moved at lin~ar speeds up to· a 'bOut 5 in./ sec. 
I 

With autotracking, five to ten strange-particle events (typically 

two vertices and four to five tracks total) are measu.red on this machine 

per hour. Two-prong events can be measured at a rate of about 15 events 

per hour. 

5. Other Types of Conventional Measuring Machines 

Bubble-chamber pictures are analyzed by many laboratories 

throughout the
1 
world. The equipment used is either built by the laboratory 

personnel or i~ purchased .from commercial concer,n.s. 3 The simplest way 

of making a precision measuring machine is by using an ordinary binocular 

microscope and measuring engine. Rotary encoders are usually attached 

to the screws to make automatic the readout of the stage position. Some of 

these machines have zoom optics so that the event to be measured can be 

located n10re easily. 

Many of the measuring machines are similar to the Francken-

steins described above, namely: measurements are made on the film by 

digitizing the position of a precision engine; and the pi~tu,res are viewed on 

a rear projection screen. The engine may be moved and its position 
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digitized in a variety of ways. In the United States precisJ.on lead screws 

and rota1-y encoders seem to be preferred; in Europe moire-fringe digitizers 

are usually used. Many European machines use screws to move the meas­

uring engine; although one English design uses hydraulic rams (Welford, 

1963}~ M~my of the Franckenstein-like machines use only a joystick to 

control the motion of the stage; this makes accurate setting slower than 

with handwheels. Some ofthe machines have autocentering and track fol-

lowing; others do not. The design of the film transport is determined, of 

course, by the format of the film to be measured. On rnany of the machines, I . 

indicative data are entered by means of a typewriter instead of switches •. 

In spite of these differences, the machines work in a way very similar to 

that described for the Franckensteins. Their measuring speed .vari~s 

considerably, but averages four to five events per hour. 
- . ' 

.. 

Many bubble-chamber pictures are measured on machines less precise 

than those already described. Thea~ machines me~sure .the proJected 

image, usually on ~ reflecting screen. The measuring device may be a 

simple x, y digitizer, or it may depend upon some method of triangulation. 

Three basic methods frequently used (see Fig. ZO) are (a) mea.sureme~t 

of x and y, using linear encoders; (b) measurement of two angles 0 1 and 

Gz, using angular encoders, where. r 1 and rz are rigid members of constant 

length; (c) measurement of lengths r 1 and rz from origins 0 1 and Oz. 

The physical layout of the machines and the methods used to 
~ . 

obtain the digitization are very varied an4 depend mainly upon the accuracy 
. -

required. In method (a) two rigid beams are used. The digitization can 

be done using coarse moire-fringe digitizers on both axes or in other ways. 

·Method (b) uses a drafting machine digitized by means of rotary encoders. 
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There are many ways of accomplishing method (c). The most common is to 

use two unstretchable wires wound around rotary encoders attached to two 

stationary posts at 0 1 and Oz. (Fig. 2.0). The lengths r 1 and rz. can then be 

simply related to the angles read by the two encoders. Other methods using 

sound waves and light rays to measure the distances have also been tried. 

To make rapid measurements on the images of straight tracks 

(i.e., no magnetic field in the chamber), another rotary encoder can ~e 

fixe·d to the measuring arm at point P (Fig. 2.0). A template containing a 

straight line and a reticle is attached to this encoder. 1The complete l:lleas­

urement of one track then consists of placing the straight line along the 

track and recording. This gives the digitization of an arbitrary point on the 

track and its orientation with respect to some chosen axis. · 

The setting precision obtained with these simple. machines is 

about 5 mils on the projected image. The precision on the film is dependent 

upon the magnification of the projector but is typically:..±fOtJ.. Of course, 

distortior1 in the lenses and mirrors may cause/~he measuring precision of 
/. 

the machine t~ be less than this. This met.hod of measuring is used where 

great precision is not required, primej..tfly for heavy-liquid bubble -chamber 
./" . 

and spark-chamber pictures. It is/particularly useful for straight-track 

images, since only one reading is required per track. 

F. Existing Data Reducdon Systems 

1. Operational Characteristics 

Over the past five or six years· data-reduction systems have 

been built up at ~any laboratories throughout the world.· These vary in 

magnitude from university departments of about 10 people to large installations 

employing over ZOO. Table I shows statistics gathered from a representa-

tive sample of bubble-cha·mber groups a~d illustrates the enormous effort 
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currently being made to analyz~ bubble-chamber pictures./>) 
' . \. : ,/ .;: ~· 

Comparisons bet:\Ve~n the various systems are"extremely dif-

ficult because of the disparity in the size of the groups and also because the 

apparent performance of a system (events scanned and measured, etc.) is 
~- t • • ~ :· • • • • .. •• - ' 

strongly influen:c;::ed by the type of experiments being performed.· No com-

parisons are attempted here. The folloWing points are emphasized, since 

they may help in the design of future systems. 

On the average, one physicist or graduate student is assisted by 

one to two special~y trained scanning technicians who scan and measure the 

film and also assist in bookkeeping, expediting, and other chores associated 

with the analysis of the data. The number of scanners is presumably limited 

primarily by economics. In addition to scanning technicians, most rabora-. 

tories have a staff of programmers to assist the physicists with writing new 
/ 

programs and maintaining old ones; there are also engineers and mainte~-­

nan.ce technicians to look after the equipment.. 

The number and types of machines is again governed primarily 

by economics.! However, for an effici~nt operation there should be a sur­

plus of equipment or scheduling Will become a problem.; It is also important 

to have the proper ratio of scanning to measuring projectors. Experience 

in the Alvarez Group at Berkeley has shown that about 35% of the total 

scanning-technician effort is used for measuring--about 40o/o for jobs re­

quired the- use of a scanning projector, and Z.S% for chores, for example, 

bookkeeping, expediting, computer runs, supervising, etc. In addition, 

physicists and graduate __ students should have easy access to scanning 

projectors if they ar~- towork e~ficiently. The numbers obtained from the 

survey show that few groups use their measuring machines more than 
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100 hours/week; the average usage is about 80 hours/week;' ·• The number of 

scanning machines required per measuring machine is st;rongly influenced 
. ·' 

by the type of experiment and the speed of the measuring projector. Most 

groups have about two scanning projectors per measuring projector. 

The measuring rates are determined by many factors, for 

example, the complexity· and frequency of the events, the type and design of 

the machine used, and the size of the pictures. Consequently, it is very 

difficult to compare data from the various groups. In general it appears 

that for strange-particle events of average complexity (e. g., two vertices 

and four or five tracks per view) the measuring rate is five/hour or less. 

Automatic track following is helpful but not essential. On small pictures 

the increase in measuring rate produced by autotracking is not appre'ciable;', 

however, fqr larger pictures where the tracks are long, autotracking may 

increase the number of events measured 'per hour by as much as Z.Oo/o. The 

measuring rate can be further increased by automating the correct sequenc-

ing of the machine, insertion of indicative data~ and finding and positioning 

the pictures. tfhis automation can be achieved either by the use of control 

circuits within the machine or by attaching the measuring device to a computer. 

The card-controlled Franckensteins at Berkeley (described in Section IIIE) 

are currently averaging about eight events/hour. This measuring rate is an 

average for all types of events. The average rates are about half as fast 

for 'complicated events and twice as fast for simple two-prongs (one incoming 

and two outgoing tracks). 

Scanning rates depend upon the type of experiment. At Berkeley 

the current rate is about 7 5 frames/hour. This is achieved when scanning 

film from the 72.-in. chamber with about iO to iS incoming tracks/frame 

and recording about 30 strange-particle events/hour.· Considerably less 
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than half the scanning .effort is used for initial scanning of t~e £11m. The 
'·· . .. ~ \ 

remaining .time is used for routine rescanning and special scans (see Section 

IliA). Because of lhnited measuring capability, most groups record only 

the rnore 'interesting events, and large numbers of events are deliberately 

ignored. The measuring power of a group strongly influences the type of 

experiments that can be done. The anomalous figures (Table I) for the 

Alvarez Group at Berkeley, where the rate of event measurements is cur-

rcntly higher than the rate at which events are recorded, is caused by re-

m.easurement and measurements of events from old experiments which .were 

scanned years ago. 

In addition to the huge effort involved in scanning and measuring 

the pictures, each group uses an appr~ciable amount .of computer time. This 

varies enormously from group to group dependent upon the availability and 

cost of computer time, the number of events, and the amount of analysis 
. . ' 

. and book1cecping performed on each event. The Alvarez Group at Berkeley· 

·currently uses Cl.hout 100 equivalent-7090-.hours per week. This amounts tq 

about one minute per new measurement processed. However, the analysis 

of each event through the progral'I'l.s once should take only about 15 seconds. 
. . . 

Th~ additional time is required for reprocessing, library functions,. tape 
.. -···. 

manipulation, and debugging. ·Table II shows a breakdown of computer usage 

·in the Alvarez Group. Only about 40% of the time is used for direct compu­

tation on the events and 10%- for miscellaneous calc~_latfons (e. g., minimizing 

and fitting routines, Monte Carlo calculations ~t~.·) 'Fifteen o/o of the time 
. . . / 

is used fo~. program development. About/J·s%· of the computer time is un-
~"/" . 

. productive since it is used for formatting (PANAL and WR!NG), tape mani-
,.///, 

pulation (MERGE-SELECT), and)ibrary procedures (LINGO or LYRIC). ,. 

.. 
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Many bubble-chamber exposures are made over1periods of a 

year c;>,r so. Such experiments currently involve recording and (if measuring 

capability permits) measurement of 50,000 to 300,000 events. Analysis of 

such an experiment is usually divided into subexperiments pertaining to 
./ 

different physics problems.· These subexp:_;-irnents may contain as few 

as 100 events, or perhaps 50,000. Analysis is most active during the ex-
/ 

posure and for one to two years the,reafter, although some experiments may 
/ 

still be active five years after the exposure started. In a'large bubble-, 

chan1bcr group several experiments are analyzed concurrently. 

2. Cost of Operation 

Analysis of bubble-chamber data is very expensive. This is 

illustrated in Table III which shows approximate costs for data analyS"is for 

the Alvarez Group, Berkeley. Since this group is one of the largest in the 

world, it is not a very representative example; however, it does illustrate 

the large expenditure to qe expected for the analysis of bubble-chamber 

pictures.· Two interesting facts emerge from this table. .First, the capital 

investment in e
1
quipment is similar to the cost of operating and maintaining 

the equipment for one year. Consequently, depreciation of this equipment, 

even if calculated on a four-year basis (equipment usually lasts longer), is 

quite small compared with all other costs. Second, if the cost of computer 

time was calculated at the commercial rate (> $ 300/hr) it would be much 

greater than the cost of scanning personnel. However, the low recharge 

rate and the accessibility of the computers at Berkeley does encourage us 

to use the computers more extensively. Costs at Berkeley are higher than 

at many other places because of the high overhead on salaries {about 100%) 

charged to the physics groups. 
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··Costs given in the survey of other groups are ~·~ry hard to 
.· '• 

·' interpret. In Europe, salaries are very much lower than in the U. S. This 

is also reflected in a lower cost of ('lquipment. The price of equipment 

varies considerably. A measuring projector similar to a MP-I-type 

Franckenstein can be bought for between $30,000 and $100,000 depending 

upoi1 the complexity of the machine. Machines that measure the projected 

image are cheaper--usually $10,000 to $30,000. A one-eyed scanning 

projector can be obtained for as little as $300; however, a three-view 

projector usually costs about $iS, 000. 

IV. SPARK CHAMBER DATA PROCESSING 

A. Data Analysis and Experiment Design 

' ,) 

As pointed out elsewhere, one ofthe advantages of using spark 

·chambers is the freedom allowed to the physicist to adapt the physical con-

figuration of his apparatus to the physics of the given experiment. This 

.advantage is not without cost, however. Since no two spark-chamber ex­

periments are1the same, a general approach to data reduction is very dif-

fieult. In fact, some thought should be given to how the data from an ex-

periment is to be analyzed at the time the experiment is designed, in order 

to avoid waste of time, effort, and money invested in obtaining the data. 

The chambers and triggering system must be designed with an eye to simple 

and rapid data reduction, as well as the physics that is to be done. In 

general, the design criteria dictated by the data analysis will differ depend-

ing on the analysis equipment available and whether automatic equipment is 

to be used. The latter is treated in Chapter IX. What follows in the rest 

of this section are general remar~s and various procedures and techniques 

-

.. 
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that may be useful in the design of a spark-chamber experi"inent. . ' 
1.. Arrangement of the Chambers 

Proper physical placement of the spark chambers may ev~ntually 

simplify the scanning, while not affecting the physics. For example, in 

many experiments coplanarity of several tracks is an important criterion 

for rejecting background. In such an experiment it may be possible to 

arrange the chambers in such a way that one of the stereo views shows an 

11 cdge on" projection of the event. Then coplanarity becomes a simple 

scanning criterion (Cook et al., ·1963). Another possible example is an 

experiment where the opening angle between two particles is of interest~ 

The chambers should then be arranged in such a way as to allow a film 

format such that a scanner may easily check the appropriate angle. · Such· 

considerations are particularly important for experiments where there is 

a large background that can not be rejected by the triggering system and 

must be done by the scanning. 

Z. Fiducial Marks 

Fiducials are placed on the various chambers in the experiment 

to relate the positions of the chambers and correct for any optical distortion 

that may exist in the system. This latter point is of singular importance. 

Because of the temporary nature of a spark-chamber setup, the tendency 

is to rather haywire the optical system. Thus there may be considerable 

optical distortion caused by warped mirrors. This distortion and indeed 
. . 

the relative position of the various chambers in the array may change 

during the course of the experiment. The placement of. the fiducials can 

play a crucial role in the analysis of the experiment. 

A very simple system is to place a grid on each chamber and to 

reference all measurements to the nearest grid line. · This system can 
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eliminate in a direct way all optical effects since measure~ents arc then 
.1:.11 

made in real space. Unfortuna~ely this system is only useful for experi-

n'"lents. involving relatively few events. If the measuring is done withes-

scmtially no automation (!or example, a projector and rulers) this method 

is straightforward but too slow for large numbers of events because of the 

time taken to record the measurements. On the other hand, if a digitized 

nJ.easuring device that automatically records the measurements is used (see 

Section IVB3), then the procedure of measuring each track with respect to 

a local fiducial at least doubles the number of measurements made for each . t 

event. To speed up event analysis, one measures only,.~ few fiducials on 
'\ 

each pictl.,trc, and the entire set only from selected pictures taken at di£-

ferent times during the experiment. Since .. the entir~ grid is needed .only 

occasionally, it may be worthwhile arranging two sets of fiducials. One set 

is recorded on each picture, which provides only a basic set. The second 

set then consists of a complete grid to check the optical distortion and 

geometry of the cha1nbers occasionally during the experiment. More con-

cerning opticat distortion is contained in the section on riOptics and Film 

Fo1:n1.at. " 

3.. Stereo Technique 

For parallel-plate spark chambers little difficulty is encountered 

in taking stereo pictures. In some cases 90-deg stereo is possible when 

two adjacent edges of the chamber are accessible. When only opposite 

edges are accessible, a tilted mirror behind the chamber is often used 

(Fig. 21). The depth of the. spark in the chamber is then given by 

Z = z
0 

+ y sina. + d/ sin Za. where d is the displ~cement between the image 

. and the spa.rk as seen by a camera at infinity (this is the case when a 

spherical field lens is used; see Section G). This is equivalent to a small-

angle stereo using a second camera. 
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An adaptation of this system can be used for cylindrical spark 

chambers (Beall et al. 1 1963). The mirror should be in the form of a helix. 

The problems of fabricating a helical mirror are overcome by making an 

equivalent mirror from a number of flat mirrors in the form of a:turbine 

blade. (Fig. 2.2). 

Another technique has been used for cylindrical chambers· that 

are not complete cylinders. This system is illustrated in Fig. 2.3 for a 

180-deg chamber. ()ne view is taken parallel to the axis of the cylinder. If 

the chamber plates are made froxn or coated with some highly reflecting 

material (such as polished aluminum) the light from the spark is multiply 

reflected around the cylinder and can be brought to the camera by a subtly 

placed mirror. This second view gives a direct meC!-surement of the. spark 

position along the axis of the cylinder. It should be noted however, that in 

this view a straight track appears as a section of a hyberbola. 

4. Optics and Film Format 

The effect of bad optics on data reduction has already been 

mentioned. The main point that should be kept in mind during the design, 
I . . 

setup, and operation of a spark-chamber experiment is that although almost 

any optical distortion is subject to correction, it will have to be done l 

Since any complicated computer programs to correct for sloppiness in the 

optics will probably be useless for the next experiment, time and money is 

better invested in avoiding the correction as much as possible. Supports 

for mirrors should be carefully designed, and everything possible done to 

make the mirrors flat and above all avoid time-varying warpage. Rcmem-

ber that glass in large sheets ls quite-flexible. 

For nonautomatic film scanning, it is convenient to keep the 

entire picture on one film.· The arrangement of the chambers on the fil:~.n 

-
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need not be the same as that in real space. Ho~ever, whe\!,ever possible 
,·· ,··· ···~ 

' one should arrange them so as to make scanriing as easy a~ possible. A 

week spent adjusting and changing mi~_~6;s may save six months of scanning 

and measuring time. / 
/ 

B. Scanning and Measuring/ 

If the scanning of a spark-chamber experiment differs at all from a 

bubble-chamber problem it probably tends to be simpler. The spark-

chamber pictures are in general much simpler, and the scanner is asked to 
~ 

look for a rather restricted topological pattern which is quite easy to 

recognize. Typical examples of the scanning criteria that might be used 

are: Do certain chambers have one or two tracks? If there is a track irt . 

one chamber is there a corresponding trac.k in some .other chamber?· Are 

there tracks in one chamber that are roughly an extrapolation of tracks in 

another chamber? Such criteria are easy to apply and, therefore, usually 

one can very rapidly scan the film to find pictures that must be measured · 

for further analysis. Oilce the picture to be measured has been found, the 

problems of the spark chamber are somewhat different from those of the 
I 

bubble. chamber. 

1. Spark Chambers without Magnetic Field 

For spark chambers without a magnetic field track measuring 

can be conside.rably simplified. Since many chambers used in an experiment 

are usually of this type, much benefit can be derived by reducing the number 

of measurements required. This is accomplished by using some system of 

measurement which measures all of the sparks that make up an individual 

track simultaneously. The usual system is for the scanner to lay a straight 

edge or fiducial line along all of the sparks t}lat constitute a track and then 

make the ''best fit" by eye to the sparks.· If one point ofthis line, say x, y, 

·' 

.. 

j: 
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is recorded along with the direction of the line, these thre~ numbers serve 
j. 

' ' 
to parametrize the track. This technique for measuring the tracks is 

enormously faster than recording coordinates of each spark and later 

fitting a straight line to these measurements. The problem that arises is 

with the "best fit" to these sparks. Indeed, this problem is the most 

plaguing in spark-chamber data analysis. What part of a spark should be 

used to best measure the position of the particle passage through the 
' ·'· > ' • 

chamber? This has been subject to a great deal of debate, and some ex-

perimental information exists. · The answer to the problem is never clear 

and may vary from time to time within a given chamber as the operating 

conditions of the chamber change. If the particle passes within about 10 

or ZO deg of the normal to the spark-chamber plate, little dif£icultris 

·encountered. In this case the "best £it" by eye·probably gives as good a 

result as a more detailed computer fit to coordinates of each spark. On 

the other hand, if the direction of the track. makes an angle with respect to 

the normal to the plates greater than about ZO deg, a careful measurement 

of each spark! and a computer fit to these sparks is probably unwarranted, 

since under these circumstances it is never clear what part of the spark 

should be used. For experiments where the ultimate in· precision is 

required and the particles may be traversing the gaps at rather large angles, 

the only solution is to make series of experimental tests.. of the chamber 

under various operating conditions. Then the ope:t:.ating conditions of the 

chamber (i.e., gas pressure, gas purity, cl~a.'ring fields~ operating 
. . .·// 

voltage) must be carefully controlled dur~g the experiment to insure that 
. /. 

// 

the characteristiCs of the chamber_.are the· same as they were when the 

chamber was calibrated·.· 

.... 

I 

/ 

·/ 
/ 

.~.1/1" 
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2. Spark Chambers in a Magnetic Field 

For chambers immersed in magnetic fields th;~ iproblem of 

measuring becomes very much more akin to that_of the bubble chamber. 

In this case, the best information comes from a measurement of the co-... - . " ·. 

ordinates of each spark and,then a fit to these/~easurements to determine 

the dir.ection and momentum of the parti-Cle. In the case of a chamber op-

crating in a magnetic field, however, the problem of what part of the spark 

to u~e is even m.ore serious than in the chamber without a magnetic field. 

Between the time of the passage of the particle through t{le spark chamber 

and the time the voltage is applied to the plates the electrons tend to drift 

under the action of the clearing field of the chamber. With the crossed 

electric and magnetic field, the electrons then move .in a direction parallel' 

to the spark .. ·chamber plates. Thus when the sparks are formed they may 

be displaced from the original track of the particle. Since in most spark-

chan1.ber configurations ~he. clearing field is in an opposite direction in 

adjacent spark chamber gaps, the drift of the electrons in the magnetic field 

is also in opposite directions in adjacent gaps.; TherefQre, one sees a 
I 

staggering of the tracks in alternate gaps. Under these conditions, the best 

one can probably do is to average adjacent pairs of sparks to determine 

the best location for the original particle position. Such a system works as 

long as the particle is traveling more or less normal to the plate. As the 

particle trajectory turns in the magnetic field and becomes parallel to the 

plate one usually finds several sparks in a gap from· a single particle 

passage. These multiple sparks make impossible accurate determination 

of th.e position of the particle passage •. · F()rtunately, careful consideration 

of this problem during the design of the spark-chamber experiment can 

make an accurate measurement at this point unnecessary. 

'' . 
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3. Hardware for Spark-Chamber Data Analysis 

Hardware for measuring and scanning spark-chamber pictures · 

has been produced by a number of groups, and a partial list of reference.s 

appears in the bibliography for this chapter (see Hardware!, Spark-Chamber 

Scanning). The simplest hardware that one can envision is an ordinary 

microfilm reader to serve as a projector and a rule and a protractor for 

the measuring. For experiments involving only a few thousand pictures 

this is qul.te sufficient and usually accurate enough. For experiments in­

volving tens or hundreds of thousands of pictures one ne'eds a m.ore automated 

device than this. The autornatic recording of the coordinate information is 

particularly important. A number of systems using automatic digitization 

for spark-chamber measuring projectors have been constructed by dif-

ferent groups. Even for chambers in a magnetic field, these devices are 

usually simpler than the track-following Franckenstein-type measuring 

projectors used on bubble-chamber pictures, since the track-following fea­

ture is of no use for the spark-chatnber photograph. For chambers without 

a magnetic fie+d where one would prefer to record thre~ parameters for an 

entire track rather than individual spark locations, one needs to add to the 

usual x, y coordinates another parameter giving the direction of the track. 

One method is to use an ordinary drafting machine on the scanning table 

with each of the three angles at the bearings of the drafting machine 

digitized. Another system is to use a Franckenstein-type measuring projec­

tor without the track-following feature. A rotating fiducial line is added to 

the measuring projector to digitize the direction of the track. The position 

of the stage and the angle of the line are :moved until the line lies along the 

track, and then the x, y position of the stage and the direction of the· line are 

automatically recorded. 

-
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C. Spatial Reconstruction 

Spatial reconstruction for spark-chamber trac'ks is hmch simpler 

than for bubble chambers because it is relatively easy to identify corre­

sponding spark images. Even when more than one track traverses the 

chamber, the corresponding spark images can usually be identified by some 

characteristic feature. Because of this, spatial reconstruction for a spark-

chamber experiment is usually a simple problem in geometry .. It should be 

remembered, however, that a spatial-reconstruction program. for one 

experiment is of little or no use for another experiment. Consequently 

careful consideration should be given to the spatial-reejl~nstruction problem 
.. , 

during the design of the experiment~ For a spark chamber of any reason·· 

able size,. the collimation of the light by the spark-chamber plates require~. 

that the optics of the spark-chamber experiment be arranged in such a way 

th~t the light traveling doWn the gap of the spark chamber can reach the 

camera lens. Several techniques are commonly used to solve this problem. 

A spherical field lens at the chamber with the camera leris at the focal 

point of the fie
1
ld lens (see Fig~ Z4) forces. light from all. spark-chamber 

gaps to reach the camera •. Such a lens actually simplifies the data reduc­

tion, because the image on the film is ·then a simple ~rojeetion of the spark 

positions on the plane of the field lens.· So, coordinates mea!3ured in the 

.filin space are proportional to the coordinates on this surface. A second 

technique for solving the problem of "seeing" down the gaps of the spark 

chamber is to use a cylindrical field lens. Since for a parallel-plate 

chambers deflection of the light leaving the spark-chamber gap need be 

only in one plane, a cylindrical field lens serves the purpose of allowing 

the camera to record sparks deep in the chamber. Spatial reconstruction 

now involves a ·coupling between the two stereo views of the spark ·chamber. 

•' 

•. 

.. 
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For this reason one should avoid using a cylindrical field I~ns rather than 

a spherical lens. 

A third solution to the problem .of "seeing" down the gap can 

sometimes be used.· If the spar)t chamber can be constructed of independent 

gaps, each gap can be set at a slight angle with respect to the others. Thus, 

all of the planes of the gaps can be made to intersect in a line through the 

lens of the camera. This can be a us_eful scheme for very large chambers 

where it is felt that construction of an extremely large spherical lens is 

unwarranted. However, at best this scheme is poor·from the standpoint of 

data analysis. First, the tilting of the gaps in a practical case can limit 

one to a small stereo .angle. Determination of depth in the chamber is 

u~ually rather poor. In addition, both coordinates measured on the 'film . . 

for this system only give directions from the camera to the spark. Thus, 

the two views are more strongly coupled than with the cylindrical lens, and 

spatial-reconstruction equations are then more complicated. 

.. ': 

-
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VI. APPENDIX: TRACK IDENTIFICATION AND SCANNJJ'iG-TABLE 
.•. 

MEASUREMENTS IN BUBBLE-CHAMBER ANALYSJf.': 
"~ 

A. Bubble Density 

The bubble density can be used very conveniently to identify tracks 

in the chamber. The number of bubbles per centimeter along a track, is 

determined by the operating conditions o! the bubble chamber (i.e., tempera-

turc and pressure) and the velocity of the particle. It is found experimentally 

that the relation is approximately 

bubble density·= D = Azz Jr./·, 
. 

where A is dependent upon the chamber conditions only, ~ is the velocity 
. . 

of the particle in units of c, and z is its charge in units of e~ For unit-

charged particles the value of i/f3Z gives the "relatiye density'' (d) of the :i 

particle, i.e. , the density relative to the density for the particle when 

i3 = 1. Experimentally this relation seems good for O. 5 < f3 < 0.8 for heavy 

liquids and up to f3 - 0. 97 for hydrogen (Biswas et al., i 963;. Fabian et al. ·, 
·z. 

1963; and Hahn et al., 1961). For scanning purposes, curves of 1/f3 vs 

momentum are very useful for identifying particles with densities from 
I . . 

1.5 to 5.0. · If the particle is more heavily ionizing than. this, the track 

usually becomes solid; if it is less ionized, it is har,d·to distinguish by eye 

from minimum-ionizing tracks. 
,.. 

Of course, since the number of bubbles 
. .' 

/ 
/ 

per centimeter depends upon the sensitiv~ty of the chamber, it is essential 
// 

/ 

to have a track of known ionization in-the picture for comparison. Also 
,,/ . 

care has to be exercised since the· s_ensitivity may vary over the volume of 

the chamber, causing tracks with the same value of~ to have different 

track densities in different parts of the chamber. To use this method 

during scanning, the curvature o£ the track is measured with a circular 
. . . 

template and the density estimated by eye. Estirnation of bubble density 

' / 

-
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~~ 
is difficult for dipping tracks because the track image is for~shortened and 

' ; : 

the track appears more dense than a flat track with the sawe (3. 
~~· 

This method of track identification is very useful for distinguishing 

'IT+. from protons in the 'momentum region 0. i to 1 BeV / c, thus making 

idcntificatio'n 6£ K 0 and A de~ays comparatively simple in many cases. The 

idcntifit:atioh 'ir::l: from K::l: is harder, but can be made by ionization from 

100 to 600 MeV/ c. Distinguishing 1r::1: from ,...* is usually impossible at any 

rnomcntum because the masses are· so similar. An electron is easily 

identified if its momentum is less thail. about 100 MeV/ c, since it is the only 

. ' 
particle that produces a minimum-ionizing track at such a low momentum. 

Accurate bubble -density information can be obtained by measuring 

gap lengths in the track (Barkas, 1961). Then the distribution of distances':. 

between bubble centers is N(x) = N
0 

e-x/g, whe~e_N0/i.s the total number of 

gaps on a track, and g is the mean gap length·'{MGL) and is proportional to 

!3 2• Actually, distances be_tween the edgt{s of bubbles are measured. To 

usc this method successfully, one m~~t control the bubble-chamber conditions 

carefully, sinciC the limits. of f3_,ibr which bubble-density measurements are 

'useful depend upon cham.ber conditions. In addition, the sensitivity of the 

chamber must be fairlyuniform over its volume.· 

B. Range 

Range measurements can only.be used for identifying low-momentum 

tracks,sincc fast tracks leave the chamber. The momerifum_interval in 

which this/method is useful depends upon the size of the chamber and the 

chamber liquid and operating conditions.· To give some feeling !or the 

sizcs''ii.tvo'lved, ra'nge -momentum curves for hydrogen are shown in Fig. A1. 

-

In propane and xenon the ranges are about 0.3RH and 0. iRH respectively, 

• .. 

.. \. 
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~where R.t-I denotes the range in hydrogen. To utiliZe this m·~thod efficiently, 

when there is a magnetic field· in the bubbl~ chamber, it is ;,cry handy to 
/ 

have a set of templates for flat stopping/~' 1r, K, and p tracks of both charges. 

A set is required for each value of th·~ magnetic field used in the experiment. 

Since the magnification varies with depth in the chamber, the templates are 

us-:.1ally drawn with the right magnification of tracks ·in the center of the 

chamber when projected onto the scanning table. Of course, these templates 

will not fit a dipping track too well. However, after some experience, a 

scanner can become quite proficient at recognizing the identity of the particle 

which made the stopping track, and therefore will not need templates. 

C. o..:Rays 

A o -ray electron. results from the elastic collision between an inci-
1 

• 

dent particle and a stationary electron in the bubble-chamber medium. The 

energy and number of these electrons can be used to identify the incident 

particle (Crawford, 1957). 

Consider an electron mass me struck by a particle of mass m. Then 

the kinetic energy (Ke) of the electron is given by 

:.z_z z -2-2 z -f 
K = 2m '( f3 cos (J (1 + '{ f3 sin B ) 

e e e e 
(f) 

where ee is the labora~ory angle of the electr.on, and y and~ refer to the 

center-of-mass system. For m >>me' we have y~ '!\' yf3 i.e., the observed 

values for the incident particle in the laboratory system.· Now the mass of 

the particle is 

(2) 

where p is the momentum of the incident particle, which can be determined 

from a cur\~tu~e measurement~ Hence if we determine y~ from Eq. (1), 

we can calculate m from ·Eq. (2). To find y ~ we can measure the angle B . e 
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and obtain the energy of the electron by range or curvatura(:measurement, 
: ~ 

or by counting the number of turns made by the electron spiral. However, 

in practice this method. is difficult to use. Measurement of 8 is usually e 

very inaccurate because the beginning of the 6·-ray is obscured by the 

incident track, and because .of multiple scattering of the electron. 

Nevertheless, 6-ray counts are very useful in determining contami-

nation in a beam of particles incident' on the chamber (see Section IIIA3). 

This method is baaed upon a count of the numbers of high-energy a-rays 

produced by beam tracks. 

We first utilize the fact that the maximum energy in MeV of a a-ray 
lj 

produced by a particle of momentum p and mass m is 

- Z -Z Z Z . 
K = Zm y f3 -::: Zm y p = Zm 

e max e e e 
(3) 

Consequently we know that if we have, for example, a separated K beam of 

momentum p composed Qf a tnixture of K-, 'IT-, and j-1-, then the K' scan­

not make a-rays of energy greater thanK =2m (L)
2

• Therefore, 
emax e tnk ·· 

if we observe 6-rays with energy greater thanK , we know these must · e rr1ax 

have been m~de by 'If-, j-1-, or e-. 

Secondly, the cross section for producing a-rays greater than 

some energy Kmin is given by 

cr (T > T . } = · m1n 

z 
1Tr0 

( 

1 

T . mtn 

-:1-pz.tn·-i-). 
T . mtn 

(4) 

where Z is the charge of the bubble-cha~ber liquid, T = K /K , and -e emax 
Z/ -13 r 0 = e m = Z.8 X 10 em. . e 

Then for y ~ -::: yp (i.e. , yp less than 30 for pions, iOO .for kaons, and 

180 for protons), we have 
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Z~m )f K . z e -·:rrun 
- -2. t 2 

emin mey 13 

For y !3 ~ ·1. 5, a good approximation for the cross section in barns is 

a(K > K . ) = e emtn 

where K . is in MeV • . ; nun 

2. 
1Tro Z z 
T 

2.m 
e 

K . emtn 

(5) 

(6) 

•\ 

For electron contamination in the beam the formula for 0' (T > T . ) 
· · m1n 

should be modified (Nordin, 1958) to 

[ 
1 

T . 
. mtn 

1 
+ ~ - T ·1· (7) . c. mtn 

y 

From ~qs. (3), (6), and (7), we see that for a· particular momentum, 

heavy particles produce a large number of low momentum 6-rays, whereas 

light particles produce a smaller number of 6-rays, but these can have much 

higher momentum. Hence, by observing the number of 6-rays with an 

energy gre~ter than that possible from K mesons [i.e., 2. me (p/~)2], we 

can calculate the. contamination of light particles in the K beam. 

D. Depth in the Chamber and Dip Angle 

The depth of a point on a track can be found easily I'rovided the film 

planes are all parallel to each other. We will define the depth (z) as being 

the distance of the point from a fiducial (F) on the inside of the glass window· 

nearest to the camera in a direction parallel to the lens axes. ·If we 
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superimpose the three images of the point A at depth z in t~ chamber, the 

images of. the fiducial mark F 'will be separated by a distance Af on the 
I 

scanning table (as shown in Fig. Ala). Then the depth z is 

z = 

where K, the stereo·ratio, is equal to ( L' + (z/n)]/d, Mf is the magnifica­

tion of the image on the -scanning table at the fiducial plane of the bubble 

chamber with respect to the original object size, n is the refractive index 

of the bubble -chamber liquid, L' is the effective optical distance from the 

camera lens to the fiducial plane, and d is the separation of the camera 

lenses. ·Since K varies only slowly, z cc 6£ can be used for many purposes. 

Note that if t~e fiducial plane is parallel to the film plane; all fiducials will,. 

be superimposed at thJ;! same time. 

To find the dip angle (A) of a track, consider the two images of the 

track segment AB, A' B
1

, and A' B 2 on views 1 at:td 2, respectively,. super:.. 

imposed at A {Fig. Ala). To a good approximation (first-order optics) 

B 1 B 2 is parall~l to the stereo axis of views i and 2. Then we hAve 1 

tan A = nK..ll./S, 

·where 6 is the distance B
1

B 2, and Sis the plane-projected arc length of 

AB. Note that S is not the average of lengths A' B 1 and A' Bzi it is actually 

the projected arc length which would be observed if the carne ra lens 

happened to be directly over A. For small dip angles, using either A' B 1 

or A' Bz is suificiently accurate. However for large dip angles, we can 

use the following method for finding S {Lynch, i 959). When the two images 

of track segment AB from views i and 2 are superimposed at A' (Fig. AZa), 

the points B 1 and B
2 

are distance 6 apart, the direction B 1 B 2 being parallel 

to the stereo axis for lenses 1 and 2. In additiort, if there is a third view, 

·-· 
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,. 

when this is projected and point A superimposed at A', thE7i:points B
1

B
2

B
3 

will form _a mapping of the camera lens axes c
1

, c2, c
3 

(Fig. AZb). Con­

sequently, if the track segment AB is in the region of the ~hamber P with .. 
,. 

respect to c
1

, c2 , and c
3

, then the required arc length is from A to point 

P', where P' B
1 

B 2B
3 

form a mapping of PC
1
c

2
c

3
• ,If the tracks are 

curved, it is usually rather hard to estimate the right curvature of arc 

A' P', but this will only cause a small. error in measuring S. 

E. Momentum 

If a uniform magnetic field is applied to the bubble chamber and the 

particle loses no momentum, its trajectory will be a helix of radius R with 

its axis parallel to the magnetic lines of force. For the momentum P in 

MeV/c we have 

,p = 0.3 HR 
coso. 

where His the magnetic field in kilogauss, R is the radius in centimeters, 
. 

and o. is the pitch angle of the helix. If the magnetic field is parallel to the-

camera axes, o. is equal to the dip angle ('A). 

For scanning purposes this .relation is sufficiently accurate to find 
I 

the momentum, even though the magnetic field is not usually uniform. The 

scanners are equipped with circular templates to measure the radius·. p 

on the scanning table. Usually p can be found to a few per cent; the main 

inaccuracy in P is in the estimation of the dip angle ('A).: Since it is im-

possible to reconstruct the correct arc AP' (Fig. AZb}, the best procedure 

to reduce the effects of conical projection is to measure boththe projected 

arc length (S ) and the radius of curvature (p ) on view n, where n is the. 
n n 

lens that has its axis nearest to the track.· 

· Then we can write 



P= 
0.3HR 

n 

-1 I cos(tan KA S ) 
n 

-96-

= 
c p 

n 

cos(tan -i ~/S } 
n 
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where C is approximately constant anc;l can be calculated from the magnifica­

tion of the scanning projector. 

F. Origins of Neutral Particles that Decay to Produce V' s 

When an experiment involving V' s is scanned, great difficulty is 

often experienced in associating the V' s with their appropriate production 
' . ' 

vertex. A quick method for doing this is shown in Fig. A3 which represents 

one view of the V projected on the scanning table. The V is formed by the 

decay of a neutral at A into two particles of momentum P 
1 

and P
2 

at angles 

0 1 and e2 to the direction o£ the neutrq.l. Then if we _extrapolate {if necessary) 

the two circles to intersect at B, 'the origin of the neutral will be somewhere 

along the line AB. 

The proof of this is as follows: it assumes that the camera is direct-

ly over the vertex of the V with its axis parallel to the lines of magnetic field 

and perpendicular to the surface of the scanning table; inhomogeneties in the 
I 

magnetic field and any momentum loss of the particles are neglected. 

The components of the momentum in the surf~ce of the scanning table 

are c-" •• ---

P' = C p and P' = C p·., 1 1 2. ' . c. 
/ 

where p 1 and Pz. are the radii of cu~vaiure of the two tracks on the scanning 

table. Conservation of transverse momentum gives 

Pi_ sin9 1 ·= Pl, sin9 2 
/ or 

-
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·'· 
This defines the direction of the neutral particle on the surface of the 

. .\'': 

scannil1.g tilble. 

Now, by the construction shown in Fig. A3, we have 

chord AB = Z p1ein8 1 = Zpz sin82•· 

Consequently, the neutral direction is along BA. To reduce inaccuracies 

due to conical projection, the construction should be made. on the view whose 

lens axis is nearest to the V. Of course, since this method depends upon 

conservation of transverse momentum,. it is only applicable for two-body 

decays of the neutral. 

G. Coplanarity 

To find out if three tracks are coplanfJ,·t' in the bubble chamber, the 

simple construction shown in Fig. A4 c~n· be made. .Consider the projected 

images of the two-prong event at A .. 'The images of the arbitrarily chosen 

points Band Care B 1 and.Bz and c1 and c 2• Then c 1, C 2, B1, B 2, and 

A 1A2 are parallel to each other and to the stereo axis. The extrapolated 

image of track 1 inters:ects B 1C 1 and B 2c2 at 0 1 and n2, 'respectively. Then 

i£ track 1 is co1plan~r with tracks z. and 3, the line D 102. will be parallel to 

A 1 A2, etc. , be5a:use D is a real point in space in the plane of i, 2, and 3. 

Also w.e wil:~/have 
/ 

For the special case where track 1 is horizontal in the chamber 

(i.e. , in a plane perpendicular to the camera-lens area) and A 1A 2 are 

superposed at A, then D
1

Dz will be superposed also at D; conGequently 

AD, B 1 c1, ·and B2C 2 will be concurrent at D. This gives a very quick way 

of finding out if two outgoing tracks are coplanar with an incident beam track, 

which is usually horizontal. For curved tracks the tangents should be used. 
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VIII. FOOTNOTES 

1. This is a plot used by the Navy for navigation and dept~ts the lines of 
~:~ .. 
:•: 

longitude and latitude projected onto the polar plane passirig through 

Greenwich. A track is represented by a point plotted at its azimuthal 

(latitude) and dip (longitude) angles. Spatial angles are obtained by meas-

urement along the great cicle joining the points. Coplanarity is exhibited 

by points lying on the same great circle. 
/ 

2. International Business Machines, San Jo~(e, California, and Itek 

Corporation, Lexington, Massachusett,~-.;' 

3. Sources in the United States include Itek Corporation, Lexington, 

Massachusetts; Nuclear Researc-h Instruments, Berkel~y, California; 

Micrometric Corporation, Berkeley, California; Recorda:k Corporation 

(Eastman Kodak), New York, N.Y.; and Vanguard Instrument Corporation, 

Roosevelt_, Long Island, N.Y. In Europe, sources include Beds and Herta, 

Drawing Services Limited, Luton, Beds, England; Ferranti Ltd., Edinburgh, ,. . ... 

Scotland; K~ristka, Milano, Italy; Prevost, Milano; Italy. Sogenigue, Ltd., 

Newport P~gnell, Bucks, England; and Societe d 1 Optique et Mecanique, 

Paris, France. 

·-·~- ' 
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Table I. Survey of a Sample of Bubble Chamber Groups 

'H 'H 'H 'H >- >-G) 
4) 'H 4) 4) b.!) 0 +> 0 p ,0 p r-1 ...-el-i 

>; >- .e>- >-. ~ >- >- -c>- >- _4) 4>.-~ -
1-i 1-i ~ ~i:Q ~ 1-i 

p.. +> -~:!:: (/)+> ........ ~"0 +> 
0 0 

...... 1-i-..... . .... . ,.. en . .... •.-I 1-i I b1) (!) 
::l Ol 0 ,.om ro en en ~ en I=! en ro ........ Ol 4) ~ 4>..--~~..0-
0 

~ 
1-i b1) s ~ -el-i 1-i 0 '"' ro 1-i > 1-i ro 1-i 

j CCI~ CCI .......... ro 
1-< 4> ro 4)...-i 4> 1-<· ..... 4) ~ u > :;:... ~ 0 

4) ~ 
~ro 

<:) ·..-< ..c: 
0 H > u ::l > 1-< :> ..c: 0 > ..... ~:::;:1-c 4) 

z ~ 
.......... ..... ..... 0"'"' ..... en .,... 1-< ..... "' ..,..o .,... 1-< ~~ ~ 0 1-i ...--~ ...-c 
!=l..C: -o ~ ...... ~- ~- .... ~ ro 1=l ro ::l ro I=! ::l u ro 

r:Q u ::>u u::> ~::; ::>~ ::>~ PD.i ~~ . ::> f-! ::> ~$ H&t.o >< 

People 

Physicists zo 54 4 5 z 11 9 15 6 10 4 Zi 13 7 
a 

Grad. students- 0 4-1/Z 4 7 6 3Z 8 4 0 5 5 Zi 17 6 

Programmers 6 3 z z 1/2 5 1 4 5 ' 0 -J/Z zo 6 1 
I 

Engineers 2 4 1' i/Z 0 0 0 5 1 0 0 4 z 0 .... 
0 
-.J 

i1ji. 
l 

Scanners (FTE) Zi 69 Z6 16 66 10 zo 4. 1Z 4 65 45 zo 
Maintenance 1Z 6 1 z 1/10 54/l z 3 1 1 18 ·6 2 

Technicians 
-; 

Machines 
: .... 

Scanning projector 14 7 1Z 4 z zo 15 . 10 5 4 14 11 4 

Measurihg projector 6 1Z z 3 1 8 6 6 z z 3 ¢. 6 3-~ ·_-. ..,. c: 
(') 

Performance (rates/year) 
~ 
~ 
I 

Pictures scanned (xro-6}-
.... 

2 1 z 1 1 .... 
(10 
0' 

Events recorded (Xicf) 40 150 Z5 50 400 30 100 100 zzo 1Z5 100 ..0 

b 
Events-measurements 40 52 100 zo 15 150 10 zo 10 4 4 30~\ 7s.=. 50 

(><10!) 
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Table I. continued 

a. Part time. 

b. Includes ren1easurements. 

c. Includes four MP-II Franckensteins (described in this chapter) and 

five SMP' s (described in Chapter IX). 

d. Includes SMP measurements. 

e. Does not include measurements made by FSD (flying spot digitizer) 

described in Chapter IX. 

.' . 

• .i 
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' Table II. Computer Usage for Alvarez Group, Bt~keley 

Program. 

PANAL (Prepackage formatting) 

PACKAGE (Track reconstruction 

and kinematics) 

WRIN'G (Postpackage formatting) 

EXAM IN Interpretation of 

AFREET. events and physics 

DST-EXAM calculations 

SUMX (Histograms, plots, etc.) 

Merge -Select (Tape manipulation.) 

LINGO }·. 
Library 

LYRIC · 

Miscellaneous (Minimizing, 
{ 

Monte Carlo, phase space, etc.) 

Programming (Debug, etc.) 

Totals 

Approximate 

utilization(o/o . 

or hr/wk) 

(7090)a 

5 

2.0 

5 

iS 

5 

iO 

15 

10 

15 

100 

hr/wk 

Time per 

new meas-

urement 

(7090b sees) 

3 

'; 3 

. 9 

3 

6 

9 

6 

9 

60 sec 

per meas. 

Time for 

i pass per 

me as. 

(7090 sec) 

3 

7 

1 

3 

<1 
• I 

15 sec' 

per meas. 

a. Total time used per week is 100 hours of 7090 equivalent time.· The 

computers actually used are two 70941 s and a 7.044. 

b. Assuming 6000 new event measurements are added per week. 

... '} 
~' ;: 

•.'. 
·:· '• 

.... · ... ·'I···· 
;• 

... 
·}· .. :.· 

; '•' 

-

.. 
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Table III. Gos:,o£ Data Analysis fo~ .. !J.varez Group, /~!rkeley 
' ' 

Item Approximate ApproXimate Approximate 

cost/yr 

(k$) 

cost/ event cost/useful 

measurement event 

Direct costs 

Salaries for Scanning Technicians 680 

and key-punch Operators (68 FTE 
,/a 

at .10 k$) 

Maintenance (including salaries for 

rnaintenance technicians and 

. )a eng1neers 

Computati01; (100 hr/wk at 85/hr)b . 

Con~puter for SMP (rent) 

Salarie~ for pr~grammersa 

(2.0 at 2.0 k$) 

Subtotai 

Depreciation of equipment 

. Capital cost c 

(k$) 

4 MP-II Franckensteins 

at 150 k$ each 600 

14 scanning projectors 

at 15 k$ each ZfO 

5 SMP' s at 40 k$ each .2.00 

Subtotal :1010 

Total 1010 

32.5 

;\ 

42.5 

100 

400 

1930 . 9.65 

Depreciation d 

· · ';ee r Y..ear (k$) 

.. 
' 

i50 

'. 

50 

50 

2.50 0.85 1.2.5 

2.:180 7.3og 10~90 

-

I 
. I 

.. 



-tit-· UCRL-11869 

Table III continued 

a. Salaries includes overhead at about iOOo/o." 

b. Recharge rate to physics groups; commercial rate is about $300 to 

$500/hr. 

c. Capital cost of equipment does not include development. 

d. Depreciation calculated over a !our-year period (i.e., Z5o/o of capital 

cost per year). 

e. The current rate is 300,000 event measurements/year, 

f. The useful number of events is taken to be ZOO,OOO/yr. The difference 

between the cost per event .measurement and that per useful event 

is due to · re_measurements and eve;nts that are unacceptable for some 

reason (e. g., outside fiducial volume). 

g. Does not include salaries for physicists and graduate students because 

much of their time is spend teaching, planning, and setting up experi-

menta, etc. The time spent by physicists and graduate students on 

data analysis will add 1.00 to. 1. 50-:~ to the cost of an event measurement. 
- -

0 0 

-
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Fig • .1. Angular distribution in the center of mass of the :~reaction 

K- + p ..,. K0 + n at 1.ZZ GeV/ c incident K- momentum (1895-MeV c. m. 

energy). The dashed histogram represents the angular distribution of the 

events for which the K0 was greater than 5 mm (500 events). The curve is 
. ' 

a fit to the data up to the sixth power of cosO (Ferro-Luzzi et al., 1962.). 

Fig. Z. Dalitz plot for the reaction K- + p - K0 + p + 1r- .for the events 

defined by 1.45 BeY,/;< PK;_ < 1.. 55 BeY/ c. Tfi'~ envelopes correspond to in­

corning momenta of 1.45 and 1.55 BeV/c-'(Wojcicki, 1964). This plot shows . ./. 

* z the existence of a K (K-1r resonance} with a mass of 890 MeV (M = 0. 79 
. z 
BeV ). 

Fig. 3. A typical picture from the 72-in. hydrogen bubble chamber'at 

Berkeley and the corresponding entries on a scan sheet. Three events are 

recorded: (1) A type 3Z (Z-prong and associated V), (Z) type ZZ (Z-prong), 

( 3) type 82 (a ::E + production and decay}. 

Fig. 4. Normal flow of data through the Alvarez group data-analysis 

system (not including the library system}. PANAL and WRING are essentially 

library routines, since they only condense and reorganize data. 

Fig. 5. Flow diagram of the PACKAGE program. The PANG part of the 

'program performs stereo recons.truction of each track; KICK makes a 

.kinematic analysis at each vertex in an event. The PANG and KICK event 

types are rewritten for each experiment, but the remainder of the program 

is unchanged. 

Fig. 6. Flow diagram for the library system, LINGO, and other p:rog:rams 

of the Alvarez group. The division betw~en the Hbrary function!J and the 

rest of the system is indicated 'Qy the dQtted lipe (Rosenfeld., 196;3). · 

. ... 
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Fig. 7. FOG-CLOUDY -FAIR system used for Franckensteln measurements 

(White 1960}. 

Fig. 8. Overall f).ow diagram for the QUEST program. The left-hand part 

of the diagram represents PACKAGE, and the right-hand part is routines 

that have been written to control the progress of the event through the 

processing (Alston et al. , i 963). 

Fig. 9'. Scanning Projector 4A designed and '!>uilt at the Lawrence Radiation 

Laboratory at Berkeley and used by the Alvarez Physics Group for scanning 

film from the 72-in. hydrogen bubble chamber. 

Fig. 10. Scanning Projector SA designed and built at the Lawrence Radia­

tion Laboratory at Berkeley and used by the Trilling-Goldhaber, Powell­

Dirge, and Segr~-Chamberlain Physics Groups for scanning bubbleJchamber 

film from many laboratories. 

Fig. 11. Scanning tables designed and built at the Brookhaven National 

Laboratory. 

Fig. 12. Scanning table used at the CERN laboratory in Geneva for scanning 

film from the ~ERN 80-cm hydrogen bubble chamber. 

Fig. 13. Overall view of the Franckenstein measuring projector IE, 

designed and built at the Lawrence Radiation Laboratory at Berkeley, shown 

with film from the Berkeley 72-in. hydrogen bubble chamber (all three 

views on one film} mounted on the center~reel drive of the three-roll film 

" transport. 

Fig. 14. Control console of measuring proj~ctor IE. The indicative data 

panel is mounted on the desk to the right. Data are output by the card 

punch on the left. 

Fig. 15. Optomechanical schematics of the Franckenstein measuring 

projector IE. 
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Fig. 16. Typical track and marker signals as displayed on'the cathode-

ray-tube monitor mounted at the lower edge of the projection screen of 

.F'rancken.stein measuring projector IE. 

Fig. 17. Schematic representation of the scanning disk that generates the 

track ancl 1narker signals. This disk is part of the detecting head (see 

Fig. 15). 

Fig. i8. Electronic schematic diagram of the operator controls and auto-

matic centering and tracking circuits of the Franckenstein measuring 

p1·ojector IE. 

Fig. 19. Franclcenstein measuri11g projector liD, designed and built at the 

Lawrence Radiation Laboratory at Berkeley. Machines of this type are 

used by the Alvarez Physics Group for measuring film from the 72.-in. 

hydrogen bubble chamber. 

Fig. 2.0. Schematic. diagrams of image-plane digitizersG {a) Scheme for 

n1easuring coordinates of a point (P) in x and y using linear encoders. 

(b) Scheme for measuring coordinates of a point (~)by measuring two 

angles (G 1, 0 2)i The two lengths (r 
1

, rz) are constant. (c) Scheme for 

measuring coordinates of a point (P) by measuring distances (r 
1

, r 2) from 

each of two origins (0 
1

, 0
2

). 

Fig. 21. Schematic representation of the use of a 1-nirror behind a parallel-

plate spark chamber to achieve small-angle stereo.· 

Fig. 22. Photograph of a cylindrical chamber with a segmented mirror for 

stereo recording. The mirror is at the left. 

Fig. 23. ·An illustration of the technique of multiple reflections for recording 

the depth of sparks in semicylindrical spark chambers. 

Fig. 24. A spherical field lens used to optically place the camera at 

infinity. 
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Fig. Ai. Range-momentum curves for liquid hydrogen. Liquid hydrogen 

1 · -Z 3 
conditions: T = 27.6:%:0.1 °K; P = 48.5:%:5 psia; p = (5.86:f::0.6)X10 g/cm. 

',\ 
(Curves by Glenwood Clark and William Diehl, Lawrence Radiation Laboratory 

Report UCRL-2426 (rev) Vol. II, ~ 957. 

Fig. A2.. (a) Diagram of the three images of a track AB projected onto a 

scanning table such that the three images are superimposed at A'. F 
1

, 

F 2.' F.
3 

are the images of a fiducial on the top glass of the chambers. 

(b) Plan view showing the relative positions of the camera axes c
1

, c
2

, 

and c
3 

and the point B in the chamber. 

Fig. A3. Construction for determining the possible origin of V' s. 

Fig. A4. Construction for finding if three tracks are coplanar. 
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This report was prepared as an account of Government 
sponsored work" Neither the United States, nor the Com~ 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 

this report" 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



l 92 
I 
I 
I 

A 

... 142-

. '1\ .............. . / 'I' ""-.. . ............_ P, ./ {1 \ . ........____pz 
./e ' I . ' e""""---........... 0 .,L ___ t -·-1-l-1. ________ 2 ___ ·.::::..,02 

I I I . 
\ I I 
\ I I 
\1 I 

t~ 
I 
I 
I 

Fig,. A-3 

'MUB·5158 
., 

· ..... ::~~··:-':~,-~. · .. 

,, 



-143-
• 

.. 

------------------

VIEW ! VIEW 2 

--------- STEREO AXIS 

Fig. A-4 

I 
i 
I 
I 
I 
I 

I 
I 
i 
I. 
I 
I 
I 

I 

I 
I 
I 
I 
i 
I 

MUB-515: 



.. 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the ~se of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






