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. CONVENTIONAL AND SEMIAUTOMATIC DATA PROCESSING AND INTERPRETATION

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

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
to identify the events recorded on film, and also to intex;pgét the overall behavior
of physical quantitiés obtained from each event. Events can be identified either
by requiring a definite signature in a secondary arfay of cq:unters, or by scan-

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

the tracks, and then making a mathematical reconstructior; of the tracks and a

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

often used for spark cham‘bérs, but bubble chambers require the second method
because the pictures are used to study many reactions simultanedusly. The
second part of tl;e analysis requires calculation of various physical quantities
from the observations as well as interpretation of physics results, -

- The aﬁproach to t,he'problem‘s 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 differerices in the devices themselves.

A bubble chamber is a large, expensive piece 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-

pe‘rimenté and chambers. To analyze bubble-chamber data, several large

~complex systems of machines, ipeople, 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 n‘qanpo'wer épent in-bubble -chamber physics. Each system is usually -

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

experiment.

The spark-chamber experiment, on the other hand, is ofte_n'dgésigned -
to study only one particular reaction with high statistical accuracy. The cham- :

ber can be triggered by external devices to record only the required events and . .

the configuration of the chambers can be tailored to suit:he experiment. Each

experirhent, therefore; may preserit a §vhole new. data-rev'du'ction problem, and.
the techniques used may be different for each experi'ment; Coﬁsequently. the
data;anélysis systems uéed for spark chambers are 1é88 sophisticated than
those for bubble chambers. Compensation fér this léck of sophistication in the
analysis system can be obtai‘néd by a careful,. and sometimés ingenious, ar-
rangement of spark chc’;.mbers, triggering logic, and optics.

This chapter describes AsomeA 9y§téms and techniques ﬁséd in data
processing. Unfortunateiy, rﬁuch of f.he info.rmvat‘ion is unpublished, making
' th.e corﬁpilatibr; of a .q;rhprehénsi_vé bibliography exfremely diﬂ"icplt. HoWever,
. additional information can be found ih the proceedings of sevefal meetings
(International Confei'ence on Inst'rufnentation for High Energy Physics 1960,
1963; Ihformal Meeting on Track Data Processing, 1962). We have also drawn
extensively from the review article of Rosenfeld and Humphrey (1963).

Z, Recording the Track Images '

'I‘Be track images are recordea on high-—apeevd, high-contrast -
film"wirth‘a.s ﬁpé a grain as 'povssivble._ A bu‘bble_ chamber is illuminated with
highl-intensity flash tubes in such a way a8 to produce either dafk_- or

bright-field illuminé.tion;' dark-field illumination is more popular. For

.

3
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spark chambers-the sparks themselves provide "vt};1e illuminé;tion sé that the
pictures are always dark-field. In general, it is the negatlves that are

scanned and measured; therefore most p1ctures appear as dark traces on a
transparent_backg_round. |

. Since the aperture of the camera -leﬁses ’must. be small to pro-

vide adequate dé?th’ of focus, the bubble or spark images‘ are enlérged by

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

. the fllm, the size of a spark image varies con81derab1y, dependmg upon the

arrangement of the plates and the magmﬁcatmn of the piéture.

To make stereo reconstruction calculations as easy as possible,
the simplest camera arrangement is ‘preferred'. For bubble chambers there
are usué.lly three views of eécl-uvpictur'e, the camera lenses being arranged -
on the corners of either a right angle or equilé}teral 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

one film strip. For cylindrical-plate spark chambers, the two 'views' are
obtiified by placing a tilted mirror below the chamber, giving the direct and
reflected images 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 i‘s projected onto a two-dimen-

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

v Usually the views of the stereo combination can be pro_)ected onto the screen

either smgly or concurrently so that the views can be easxly compared.’
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After the scenner has .fdund an interesting event.‘ he recerdn vits topelogy and
"whereabouts m some coded format so that the event can be recorded on the
master list of the experrment for subsequent evaluat:on. Grea.t care must
) ‘.be taken to educate the scanners so that they record not only the event _type,s 8
for which they“ are,:looking but also those they do not under'etand; otherﬁse.
| unu‘sual -events will be lost, |
4, Measuring

For bubble chamber pictures, scanning and Eneasurmg may be
done. separately or concurrently. In most experzments. pnly the more in-
teresting events are measured beca.use of limited measuring facilities. The
frequency of events. requiring meaaurement depends_' upon-the interact:'@ns .
being studiedianvd may be o'ne or more events per picture: for eim‘ple eventaz
‘or as few as one in many'thouliandsl of pictures in the case of unusual intere"'
actions, Although some work has been done in reprejeeting and measuring :
in- three-dimenoionel space, the most popular technique is to make twoe |
_ d:.mensional meeaurementa of pointl eleng the tracks in et least two ef the
- stereo views. The traek meesurementl are made relative to two or mere
r'efe rence ma.rks (ﬁdueiah)vwhi_eh ere-usuauy ereue: engraved,on=the
. windews-of the ehaurber. - About 10 pointa are measured aleng each traek in
either Certesien or poler eeordin&tes. . The time required to meesure eaeh
~event depends not enly upen its eemplexity. but alse upon the design of the
| meeauri’ng mechine and héw well the operator and machine heve_'. been
integrated, | | | | - ) |
| For spark ehembers. the seennmg and measuring preblem i
eemewhet simpler then fer bubble ehambers, There are several reasons
:fer thiaﬁ The tetal emeunt of 1n£ermetien on each pieture ie less; a Spark

chamber often hea ne tnagnette- ﬁeld, and eensequently the tracks are
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straight; and the measuremént heed not be so accurate. Spark-chamber
pxctures are often measured with an x, y, @ dev1ce thh a’ precwlon that is
1/5 to 1/10 that of bubble-chamber measurements._ | $

5. Reconstruction and Ident1f1cat1on
For acc’u»ratve spatial recon.struction of the tr‘:_icks, two-dimen-
gional measurements on at least two.stgreo views must be made. | Prévided
that corfesponding identifiable ppints- (i. e.; a definite Spaz"'kvor bubble) are

measured, two views are sufficient for accurate reconstruction of any track.
%
L '

Bubble-chamber tracks do not usually have sufficient d'igginguishing features
to make th‘is practiéal. If random points are measured and'the track lies in

a direction parallel to the line joining the two camera lenses (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 t}iis direction. Con-

sequently, if random points along each track are measur,éd and only two

’

views_ar‘e used in the Spafial-réconst:uction pfografn. the paiir of views
which gives optim_urh stereo reconstruction should be éixo'sen by the -rﬁeas-
urer or the computer program. _

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
measurement is obtained for any of the particles. In most bubble chambers
and some spark chamBers a high magnetic field is applied with its .llines of
for'ce parallel-to the opti.cal axés of the camera lenses. Thé trajéctory of -

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

g

. 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 devi‘ce’s, or (2) kinematics calculations made at each.
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vertex. The first- method is normally used ‘wit}i s'rjark' cha‘,mbers, the aecond; .

for bubble chambers. -When a kinernatic analysw is used,' a mass 1dent1ty
is assxgned to each trackand the four equations of momeﬁtum and energy
'conservatlon are used as constramts in the calculatmna._ One can then cal-
culate )\Z for this hypothesxs and hence. find the probability that thts particu-
labr physu:al interpretation of the event is correct. In general the hypothesis
with the 'Best'x’z i8 a_ccepted ‘as correct unl‘ess this i-nterpretation‘is over-
ruled by the ionization of the tracks or other conslderat}ons. | |

6. Dlsplay of Physmal Quant1t1es and Interpre;’gtxon

‘After an event has been consigned to a physical mterpreta_tion,
the physical qua-nti'fi"es reAquired in the experiment afe 'ica}.culated. For ex-
andpleg the angle ef the. scattered particle with respect tq' its incident d'if_ecf- _

tion, or the invarianvt'r'nas's ef_ two -Qut;goiﬁg-, particles m;\g}{t be requifed. |
Distribut.iohs ofl fhese calculat'edvv'aria‘bles:'a’re tl_ieﬁ'di:\\Splayed for the p'}x'ysi..
_cist s0 that he can a&empt to inierpref the resﬁlts.' Fg\‘x_;}\example, the .
physicist might wish to examine the ahgular distribution c“;'f~:the. scattered
particle. These displays are usually in the form of hlstograms, 1deot,rams,
or scatter plots and can either be made by means of printout or by phuow- |
>graph1ng a display on-an oscrllos_cope attached to the computer.

From these displays the physicist attempts a further interpreta-
tion of the _'obéervations. To do this he requires a.dd.iticl)nal physics-oriented
computer programs. ‘These programs may perforr_n minigpizing‘procedures,
phase-space calculations for mnltiboc'ly.ﬁnal states, or-any.ether physics
calculations required. | |

7. Data Storage'and Retrieval
.'Alll the raw data and the resal,ta of caidulations must Se filed so-

that they can be retrieved easily whenever additional calculations are

<é
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required. When only a few hundred events comprise the whole experiment,

- it 1s usually quite easy to keep a record of their current s;atus and then

construct talhes or histograms by hand However, when the number of
events increases to several thousands, .th1s becomes very tedxous and leads
to many human errors. The best solution to this problem isi' a library
syétem which uses a computer to store the data on magnetic tape or other
storage media and also to vretrieve the data when required.' This library
system contams scanmng mformatlon, measurmg mformﬂtlon, physics in-
e

formation, and also the current status of each event. Ta;‘lhes, hsts, hlsto—
grarns, and plots cén_ be obtai'necl from this library vas required.

B. History of Development

1. Equipment | . | S o - -
Some of the first bubble-chamber experimentfb adopted techniques

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

methods was to use a ''space table.' This was a screen mounted in such a-

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

reproduce the event in space, the two stereo views omf\?i‘picture were re-
placed accurately in the camera and’projeoted 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 coincidenc’e on the table at the same time, and space angles,

r’anges and curvatures could be measured d1rectly on the surface of the

‘table, using a protractor, ruler, and curva.ture templates. Another method

of usmg a ”space table“ was to obtain comc1dence of the two images of one

track with a line on the table. The dip and azimuthal angles of the track



8- A UCRL-11869
;euid then be meaSui'ed by i)rotractors attached to the table, |

| . The use of a space table for bubble ~-chamber 'a;%é;lysis was ve_r)t
- tedious,' .slew; ‘and inaccurate. Itvwa.s'also' seriousiy lirnited because the
: 1mages were reprOJected into air whereas the tracks were originally formed
in a medmm ‘with a refracture index not equal to one. Consequently, :

correction had to be applied to all d}p angles. Thxs correction, although

quite small for liquid hydrogen (s = 1.06), is quite large for "heavy-liquid"

chambers. Because of this correction and the tedium of the method, an
- easier way to analyze bubble-chamber pictures is to make coordinate meas-
‘urements _'alon'g 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 a.nd measurements made on

the progected image usmg a ruler and protra.ctor, ‘or measurements were

- ma.de on the film itself using a two-d1men51ona1 tr,avelmg m1croscope. ‘The

ch01ce of method depended upon the accuracy reqmred and in either case
‘the measurements were recorded mant;elly. _ Later the coordmates of a

- measured point were automatically digitize’d and punched on cards, Devices
such as those Just descnbed are st111 used qulte frequently at mstallatxons

- where only a few thousand’ events are analyzed in each expenment and Speed
" is. not toe important.

To speed up the rneasuring process,‘ projectionv m_icroscopes
were introdnced wh;ch made the measuring less. fetig_uing fcf the opetator.
The precision engine vses guided by a servomechanism which .sarnpled_ the
‘track signal and kept the reticle traclcing along the chose_n track image. This

device wé.s in\tented.and first ccnstructed at Berkeley. and.is colloquially

called a "Franckenstem. " Pro_lectmn m1croscopes both with and without

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

@

o
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‘accounted for most of the bubble-chamber data measured dtiring the past six

§

or seven years. These conventxonal measurmg projectors w111 be described
in detaﬂ later in this chapter.

. In the past year mo.re automatic devices have been pht' into oper-
ation fer bubble-eﬁamber anelysis. These include the spiral reader, scan- -
ning and meesuring-projectors (SMP), and flying-spot digitizer (FSD), 'a_:lllfat
Berkeley, and the Hough-Powell device (HPlj) at Brookha.ven and CERN. All
of these devices atfempt to reheve the human operator. o{ some or all of his
chores and consequently speed up the measurmg operat:@P “The FSD may
also be used u1t1mate1y to automatxcally scan and measu;ae Another device
designed for this purpose is the precision encoder and p%%;ern-rec@gnition
device (PEPR) currently being'built at MIT. All of thesqiielevices are
described in detail in Chapter IX. - B t“ |

Spark- chamber measurements usually need not be as accurate
as thvo_se for bubble chamber,s. ~_Consequent1y, scanning %ynd measuring of
spark-chamber filen are usually done on the same machiﬁe. The measurihg
projectors curpentlgy in use are not so hjghiy dev’elopevd as for bubble-chamber
measurements. - | . | | |

- Recently several new deiiiceé gsih‘g an oscillos_cepe for the auto-
‘matic scanning and measuring of spark-chamber pictures have been put into
| ope'r‘aeion at MIT and Chieag.o (CHLOE). Thev SASprroject' is under construc-
tion at Berkeley. These devices are ¢.:l,e'sc'rib'e'd in det‘a‘ill in Chapt'er' IX.
| 2. Computation | | _

’l In the eafly days of bubble-.chamber anal‘yais.little cbmputation

‘was requ1red Events were 1dent1f1ed by makmg sxmple measurements on

. & scanning prOJector and comparmg the mea.sured quantities with graphical

plots of k1nemat_1c- functmne and .1omza.t1on_. - Transformation of measured

quantities to the center-of-maa'_s system could also be performed
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graphically or by hand calculation. However, as the numli)_;e:"r of events in-
creased, this procedure-became too clumsy. and 'computor programs were
requ1red to cope thh the volume of data. - B '

The f1rst programs which were wrltten performed the .s‘patxal :
re‘cons'truction of tracks from measurements on the film or projected image,
since these .calc'ulations we-re most tedious to calculate manually. -The |

az1muth and dip angle of each track were -output and the event was plotted on

a Woolf chart 1 to obtam the geometnc three-dimensional propert1es of the )

After an event had been 1dent1f1ed, var1ous quantltles wei'e punched onto

cards or paper tape for input to programs that calculated the reqmred phys -
S 3
ics 1nformat1on. o _ _ L -

i

The next 1mportant advance, .made about 81x years ago, was the
writing of programs for the k1nemat1cs calculatmns and. the class1f1cat1on of
the event. Several versions of these programs exist and are descnbed later. »

- The most Tecent advances have been in the areas of data mamp-
ulations ::_;(:1) Rrogram_s to generate h;stograms‘ and scatter,-plots_, and (2) .
'librar’y' routines._ These latter ,routine's _are most important b‘ecau‘s?» they-

' malce a more coherent system' out of the many unrelated programs.

'I‘he" computat‘ions required-for spark c'hambers are in general
si‘mpler than those for bubble chambers. Spark chambers have 'only. existed
for the past four or five years and no large data'-'reduction 8ystems hatre

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

o

's1m1lar to that of bubble chambers, and 1t is clear that many of the operatxons,

: part1cu1arly data mampulatmn and physxcs calculatlons, are identical in the

two cases.

In general, the data-analysis ability in both spatk-chamber and

s
M ?




\‘F‘

1= UCRL-11869
-bubble'-chamber physics has lagged behind the output of the detectin'g device;
.
only the more mterestmg events have been processed, anq many experiments

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

advent of the more automatic devices deacribed in Chapter IX, this should

" no longer be the case.

II.. INTERPRETATION OF EXPERIMENTAL DATA
A, Types of Experlments !
| Mostvbubble chambers and spark chambers have"-;&aeen used in con-

junct»ion with large eccelerators, primarily at Berkeley, Brookhaven, and

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

do not attempt‘ to review the ﬁeld sihce this Would obvious:ly be impossible;lii

rather we give the reader a br1ef outline of the type of experlments per- N

formed and techniques used in bubble ‘and spark-chamber data analysis,

The bibliography we present is incomplete and merely gives examples of

-analysis techniqueé-. The review articles quoted eontain compreheneive ‘

bibliographies, | |

Most strange particles had already been discovered‘_prior to the ad-
vent of the bubble chamber. Ho@ever, many of their preperties, ISueh as
mass, lifetime, &ecay modes,r spin and parity,”v'et.c. » have been determined
‘using bubble- and spark-chamber.techniquesb (Adair and Fowler, 1963).

A phenomenon that has been inVeétigated very intensively iﬁ 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 al.ready 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 mvamant mass of the combmatmn of partlcles) ‘or MZ. iand scatter d1a- '
grams in. Mz. A resonance will appear as a peak in the xpass spectrum and
a clustermg of pomts in the scatter plot. ‘Resonances rcan also be found in
the initial' state by observing '"bumps'' in the total or p(a.rt;‘ialt 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 -

part‘iele" does not travel an obs.ervable.di-stance,i and its'.exi'sten'ce can only
be mferred Determmatmn of 8pm, parity, etc. , for bq:;h part1c1es and
W
resonant states often requ1res exammatmn of angular dﬁtnbutmns and
polanzatxons (Ada1r, '1955 Tr1eman and Yang, 1962 B}:ghts and Fenster,
1963; Gatto and Stapp, 1961 and Capps, 1961) ‘The ex1stence of def1mte
production or decay mechanisms, together with conserv?tmn laws, can also
‘be used. | |
| Many bubble and Spark chamber experlments haye been performed
to 1nvest1gate the propert1es of weak interactions (Internatlonal Conference
on Weak Intera(_:tlons, 1»963; Femberg and Lederman, 1963). 'The.se experi-
ments usuallyjinvolve tbe. obsef,vation of rare leptonic decay r'nodes of

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

: decay n“xodes can be conveniently observed in ‘bubble and s’park chambers

" because the signature of the event is often unusual; a kmematlc analysm

can be made to identify the event. Informatmn concer,mng the_ interactions

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

-38

' 'small cross sections involved (~ 10 cmZ:) and the difficulty of this type

of expe;‘izjnent. However, large fluxes of high-energy neutrinos are now
| available from the acceleratoi‘s at Brookhaven and CERN, and the age of
g "hxgh-energy neutrmo physzcs" has Just begun.

In all expenments 1t is customary to determme the cross sectlons

.v‘\‘ -
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for the various reactions that occur. It may be 'difficult to.‘obtain absolute
cross sections from bubble chambers if the incident beam is contammated
with other part1c1es, because it is hard to est1mate the a;;proprxate incident
path length. Bubble chambers are always useful for fmdmg relative partial |

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

| spark-chamber or counter‘exf)eriments where a time-of-ﬂight method and.

Cerenkov counters can be convemently used to 1dent1£y each incident partxcle.
B. Methods for stplaymg Data L , K
1. Histograms and Ideograms o *?
M.a.ny‘ ds.ta can be convenientlf displayed in the fofm of histograms
or .ideograms. A histog ram is.a plot of the number of events that have a

value (xi) of variable (x) falling within cells of chosen size (Ax). The plot 3'5‘,

" is independent of the calculeted error (6xi) on each value (x{), although it

is usual to choose Ax >> dxi. A Gaussian ideogram, on the other hand, takes
into account the value of 6xi. Each event is assigned a probability described

by a normalized Gaussian centered at x1 and with standard deviation 6x..

Probabilities for all the events Ia_‘re then added togeth'er‘and plotted. It is

important to estimate the value of 6x; correctly, and in_‘vbubbl’e cha.-mb_elr ex- .
perimeots one must ofter_x increase the calculated errors by a factor a (see
Section IIID). |

: '_I‘he variables‘ fnost often iepresented are mass or (ma.:ss)2 and
angles of production or decay (angular distributions, Fig. 1). The distribu-
tion in MZ is often preferred becs.use it is the projection of .a Dalitz plot
(Fig. 2); also it can be shown the M? is neariy Gaussian distributed whereas
M has a skew distribution (Rosenfeld and Humphrey.1963) |

H1stograms are in general supenor to 1deograms because they

are a stralghtforward representatmn of the data, whereas in an ideogram
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' eome information is loSt. Consequently, histograms affond a better feelmg |
for statxstmal effects in the data, and it is easy. to. combme the results of
many experiments.. However, 1deograme are _useful for glnd1ng the resolu- ..~

tion function in a mass distribution. In this case an ideogram can be made

~of the events in which the central value for each point is set equal to an. I &

‘arbitrary maas.. Then the width of this ideogram gives_the experimental ;
reeoiutlon function.’ | | |
2. Scatter Plots o - ' | B

a. Dahtz plot. A very convement way of dlgxplaymg the proper- -
ties of three bodles in a final state is to plot each event as a’ pomt on a
5 Dahtz plot (see F1g. 2). Th1s is a scatter plot of e1ther T vs TJ of -
Mf‘k vs Mzk, where T is the k1net1c energy of the 1th partlcle in the center
.of mass of the three—body system, and M, k is the 1nvar1ant ma.ss of the d1-.‘
' partxcle cons1st1ng of part1c1es Jj and k, namely, h

Mi‘ = (E, +E)?

) - (Pt pk)"
The ava11ab1e area of the Dahtz plot lies w1th1n an envelope

‘determined by, momentn_m conser‘vatmn and the total energvy of th’e t_hree_-

bodjr ‘syetem (E.*)‘.: It can be ‘shown' that unit ‘aree. wit_hin thie envelop'e"is

','“p_vropo_rtional to the -Lor.entz-inireriant phase space, Co’__nseouently',-,if there

are 'no 'correlations bet.weevn the 'th.ree particles, the Dvalitz.‘plot for a particu‘-'

: slar center of-mass energy will be umformly populated A resonant state

'between two of the part1c1es will produce a- bunchmg of points. along the

hor1z_onta1> or vertical line correSpondmg to the mass of the resonance. o @
The Dalitz plot con’tains no informa-tion ab’out the clir.ect'ionof

‘the incident particle. Th1s momentum merely determines the total energy

avaﬂable in the system, ‘and consequently, the size of the envelope.

The choice of the variable M2 or T is,optxonal,_ since they are
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: linearly related by the‘expression T, = [(E* - M.)Z k][QE . If a reso-
2

nance in the final state is being investigated, it is convement to use the M

representation, because all events, regardless of 1nc1dent 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 deca&r) is of interest, 'the variable T or a linear
combmatmn of T 5 is often used and the coordinates are normahzed so
that the envelope for each event co1nc1des as nearly as Bpsslble.

b, Tnangle plot. A four-body final state 1&;‘much harder to

LJ(

represent since there are five mternal variables in addltxpn to the beam-

momentum and direction. A plot somet1mes made is a seatter d1agram of

3 |

Mij versus Mkl' T}.xi.vs is called a triangle plot because tlilfe' outer envelope is

;

a right triangle. - Unfortunately, in tnis plot unit are'a is not proportional to '
Lorentz-invarianﬁ phase space.’ .‘Aa in a Dalitz plot, a resonance between
two particles shows as a clustering of poinfs. However, since only fwo ‘
pairs ef p‘_a.'rticles' can be plotted at a time, some prior kn'owledge»‘of the .

most useful pairing,ie required. Any additional correlations are not dis-

played and may produce Spnrious effects in the mass plofs.

c. CheW—Low plet.l Another typ"e'vo_f scatte:’diegrarn is the

Chew-Low plot (Chew and Low, 1959), Th1s is‘_'u'sed. when _"one-;pant'icle.

. exchange'! mechanisms are being investigated. 'Each event is represented

as a point ._on'the plane of AZ ve‘rs,u.s wz, where A is the four -momentum

tfansfer to the nucleon and_w-is the invariant mass of the exchanged pa.rticle -

‘combmed with the incident part1c1e. If one —part1c1e exchange takes place

-in the reactmn cons1dered. the pomts show a bunching towa.rds low (oY



-16- ° ' UCRL-11869
C. Analysis of Experiments |
: ‘1.‘ "Minimizing: Procedures o . - ‘;

Having obtained vs.lu'es and plots of various q};ysical quaﬂtities,

Y , : . RN

one rmust attempt to interpret those experimental data. This usually in- .
volves parameterization of th‘e problem in terms of some‘ curvrently'favored_ I b?’
‘ theory. It is then necessary to find the values of these parameters wh1ch

best descr1be the data. Two commonly used opt1m1z1ng procedures are

the max1mum hkehhood and least- squarea methods. Tl}ese methods have

been described in detail by Solmitz (1964), - %.
' B
All the 'fitting procedures" cons1st of usmg;;he measured

%
va.r1ab1es x and attemptmg to find good estunates (@) of the true values

\

~ (a) of all the parameters descrlbmg the problem. In the;,g_.'.mammumr ‘

' . ot e AT P . ' '
likelihood" method the required estimator (a,) is that value of the parameter.

(ax)'_for which the likelihood function (L) has its g.reate"st,-"value,: i. e.

) L

¢
For a suff1c1ent1y 1arge sample, the d1str1but10n of a, is approx1mate1y

Gaussxan with its mean at a In the sPeC1al case of Gaussxan va.nable X,

. h.
we have - v
L « exp[- 5 x (x2)]
and ]

X x- ]t g Tx - @]

therefore the maximum-likelihood estimate occurs at the minimum value of', s v

xz. v’vI‘he minimization of x'z.. called the least-squares method, is often .

used instead of the maximum-likelihood method. In rhany cases the _,least—
~ squares criterion may provide a reasonable estimate even if the measured '

variables x avre not exactly Gaussian, . In addition, one need not know the -
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moment matrix (G) precisely since a small error in G wﬂl} 'iiave only a
second-order effect on the standard dev1ation8 of a. In ;{alrhcular, the |
numerical computation can often be greatly Blmpllfled by neglecting small
correlatio_ns between the variables. (Note that if all the yariables (xij) are

independent, G is diagonal and xz is a sum of sdua;res).'

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

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

rameters are those that oc¢cur at an extreme value of a function. The maxi-~
g,
mum-=- likelihood method requires findmg a maximum, hq*gever, the sign of .

the likelihood function can be changed, and both methodqut'hen require a

mimmizmg procedure. Since the required calculations q.re very comphcated
and tedious, computers are usually used, and analyses that would have been
, iy 2 :

- The actual minimizing procedures most fr_eqixently used fall into

two classes: 1teration procedures in which repeated attqmpts are made to reach a

minimum in one step, and steppmg procedures in which a.n attempt is made

to reach a minimum through a series of small steps. The iteration method
is usually easier to perform and is used for stra'ight-forwa;rd problems in
which the fi'rst, ‘and po_séibly the second, deriVetive of the function ean be
evaluated with respect to all parameters. f‘or example, consider the

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

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

likelihood function, it is often 'a'deq__uate to fepresent the functiona by

[ ot

ey > £a0) + Z oy =) | [0 s

N=1 AT
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'where‘a;’-\ is the value of e)\ near the minimum of x»z, found-.ilby‘ some method

of approximation. If this approximation is inadequete, a new value _a;\ can

be found by m1n1m1z1ng xz. using the above equatmn for ff )\) This procees
can be repeated until a minimurmn value of x 2y is obtained giving a value a;‘:.»
The ‘stepping procedure is usually preferred if the function is
.e'xpected to behave in a c_omplexpwa}‘r--for example, to have multiple minima
or unallowable fegions.-'-or reciuire numerical evaluation of the gradieut. In
this case it is advantageous to be able to follow each ste@ and make ‘eertain
that no extraneous minima are encountered A procedu& frequently used is
the “ravme method " The hunting procedure consists of a sequence of two
types of steps: an overstep along (and down) a "ravme” u;‘the contour lines

W
of the functmn to be minimized, followed by a 81de step across the ravine

I

(i. e., perpendicular to the overstep). A minimum along the d1rectlon across
the ravine is\then'calculeted and used to give the direction down the _ra.vm’e —
for the following step (see Rosenfeld and Humphrey’, -4963). ‘The‘actuel.
'position of the local"minimum in.the'function is determined by reduc‘ing the
step size and reversmg the direction each time an increase in the value of |
the functlon is encountered At Berkeley a Fortran program called MINFUN
(Humphrey (1962)) is used to seek a mmmmrn according to the ravine method
| The m1n1m1zmg procedures described are used for £1tt1ng theo-
' 'r_etica‘.l parametera to many types of experimentally determined distributions,
vfor example, angular arld polarization distl'ihutions. lifetinies, and parfial
‘avnd total oross sections. In addition,. these'proce‘dures--particularly.the
least-squares method--have many applicafiohs in experimental thsie's such
. as the parameterization of maghetic-—ﬁeld values, particle-orbit fitting, and
determination of atomic constants.. The leest;squeres metho_d. .u'ei,ng '

- Lagrengian multipliers, is extensively employed for kinematic ehalyeis of

N
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events occurring in bubble chambers (see Section IIIC).
2. Monte Carlo Techniques | ‘ o ;
| It is ffequently necessary to inve;tigate biases in an experiment
or in the analysis: systerri. A convenient way of acccmplisﬁihg this .is by |
generatihg track measurements, event measurements, or distributions
according to some prescriptions using the Monte Carlc method. The analy-

sis of these 81mu1ated events by the techniques used in the exper1ment then

show up any b1ases or errors that are’ bemg introduced uito the experlment.

‘These techruques can also be uaed for designing or mveﬁpgatmg the feasi~

bility of future experiments. Some examples of computer“programs that
have been written at Berkeley to accomphsh the s1mu1atxon are described.
Simulation of track measurements can be used to study the

biases introduced by track- f1tt1ng procedures. These_sxmulated measure -
ot

' 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, \‘:}9_62) have been written

to generate actual coordinate-point measurements along tracks as accurately

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

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

by adding together short track segments. The origih, initial orientation, |

momentum, ‘and mass of the particle are speciﬁe&. Eac}‘x‘ additiohal selg-'
ment is calculated, taking into account coulomb scattering and magnetic~
field variations in the chambér, and these se‘g.ments are addcd‘ tcgcther;

until the track is of a specified iecéth or the partlicle_‘ stops. Poicts along
the t’rack avlre 'then 'trcccd'through the_optics to the film plane cn each of |

several views, and typical measurement uncertainties are imposed to
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generate measured film points. o

One of the most important and distressing 'bias;'ee in ai; experiment
is introduced by the misidentification of eventsv. This ma; occur during
scanning, or in the case of bubble-chamber analysis, may often be caused
by aeceptable kinematic fits °f, inte;restving h'ypetheses being made to back-
ground events. Corrections for the misidentification of events during scan-
ning.are usually applied by estimating the Bceming inefficiency from a re-
scan of all or a sample of the p1ctures (see Sect1on IIIA).: M1sf1ttmg during
the kmemat1c analysm can be s1mu1ated by generatmg ay g;mple of typ1ca1 |
events due to a certain reactmn and then ana.lyzmg themx&nth the appropnate
kmematm f1ttmg routines. The frequency and type. of spufious fits can then
be easily determmed. The Fortran program FAKE (Lynqh et al., 1962) uses
" the Mbni:e Carlo ﬂmethod to generate the track parameterq‘j of events occurrmg
in the chamber. The events are of a specified gype and c;z\,n be gene..vrated . |
according to a lehe.sevspace distribution or any other distribution which can
‘be written analytically. Each evenf is constructed within the ehamber, and
| the, mvoin'entul_'n i(p), a_zimutl#_”(@),, vend dip'(}g) ére.ealcui{%éed for each t:ac‘k.‘ '

Using the errors that the track reconstruction program would have g"iven to .

these quantitiee, FAKE then modifies the'ir'alues te simulate measured;event's.'b

Kinematic enalysis 'o‘f the FAKE- outpu't. s_hoWs how often one type of.event_‘ '
will '"fake' another. Y'I_‘he. eff_ectxof fhese spdrioﬁs_ 'evehts upon various ex-
_pei-imental. distributions can also be deterfnined; In _sc;me.ca.ses. it is
¢asier to use a sample of real events thep to FAKE them. Fe_r"example, to

ar

find how often events that are really exampies of the reaction
K #p—= I 4a" 4% 4 «° will fit the reaction K™ +p = E° + n' + n°, we.
can either use the FAKE program to generate the events, or use a sample

~of real events of the type K™+ p - = 4 w; +'_1.r+‘,_L+ w~ by ignoring the
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measurements of a pair of unlike-charged pion tracks durmg the kmematm |

e

fit.

FAKE outp_‘ut can also be‘made Qirectly into histograms.by using
the program SUMX (see Section III). This is very convenient for displaying
ex.pectedk distributions or for bca.l.c'ul'ating correction factors--for example,

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

in the laboratory system, or calculating escape corrections_v. One particnlar

applieation'of this method is the 'gener'a.tion of ''phase-space'' curves. These

f represent the expected d1str1but1ons of various quant1t1eq‘ (a) if the part1c1es
in the final state are distributed accordmg to phase spaq‘:é*’r"or (b) if the
mteracnons between them are given by exp11c1t matrix elgmente.

One further Monte Carlo progra.m called GAME (Lynch, 1963)
can be used for evaluatmg experimental distributions. 'Dh1s program gener-;
ates many independent d1str1butmns for a partxcular num}aer of events ac-

» cordmg to a prescnbed equation and plots them as h1sto§rams.- These
s1mu1ated d1str1butxons are very helpful m understandmg the atatxstxcal

mgmﬁcance of ?,ny obse_rved dev1at1ons from a theo_reg.cally predicted dis-

tributio_n.

1. BUBBLE CHAMBER DATA PROCESSING
A, Scanning
4. The Scahning Operation
The object of scanning is to find and record interesting events
on the film. The track ima.ge"s are projected onto anopaque table,or a screen
which is either transmitting or feﬂecting. At leaat two views of each pic-
ture sheuld be carefully exa.mined 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 fllm. In fact, one

roll of film is often put in the scanning projector 10 to 20 hmes durmg the -

course of an experiment. Since the number of pictures 15 large, routine
scann'mg is usually performed by nonscientist scanners who are specially
trained for the job. Nowadays it is normal for physiciste and graduate -

students to look at only unusual or difficult events after routine sca,nniﬁg -

-has been done. Scanningis much-eas.ier-'and‘the‘efficiency'is' higher if there

are not too many mc1dent tracks; fxfteen seems a good ag@erage.

The fert scanning in an expenment is usual’fy a. beam scan to
‘determme the charactenstms and compos1t1on of the mc1dent beam of par;
ticles, 50 tha.t the beam-—transport system can be changec} if necessary. Of
course, it is also wise’ to make a quality scan of a small sample thrOughout
the film soon after exposure 8o ‘that d1ff1cu1t1es in the chamber operation and
cond1t1ons, light mtensu:y, photograph1c processing, etc. » can be’ rect1f1ed
as .soon as possible, o

‘The ﬁrst routine scan (Sectien. IIIAZ) u’sual-iy starts sootx after -
the exposure. i Since this type of scanmng is done by n&nsmentmts, it is
usuelly topological. The scanner has to recogmze the pattern made by the
traeks;‘ end'to clees:.fy and record it. To determine the scanning effxcx_ency
(Section IIIAS')-, part er all of the film is rescanned and the two scans eo_m-
pared. ' o

In addition: to the routine scans, many special scans are often
'made ‘on the film. These are discussed in Section TIIA3.

o 2. Routine Scanning |

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

adopted in routine scanning. In the first method the film is scartrted for all

the topological-event types of general interest in the experiment. - For.

o
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exampie, this might be. all beam-track interactions, or all/pbeam-track
interactions more eomplicated 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 advaneed that the scanning efficiency is higher if Method II is ﬁsed, '

beca‘uaethe scanner i_sv less confused and can ¢oncentrate on one particular
configuration. Method II has the disadvantage that an interaction can easily |
be identified as two different events in two different scanls, and it is very
difficult to resolve this problem in the bookkeepmg Evtgn worse, a par-
ticularly mterestmg but unclassxﬁed event can be completely overlooked
However, if one of the prime obJectlves_ of an experiment }s an attempt to
find a new particie or a reaction which rﬁakee a ?ery_.distii:;lcﬁve ’tOPOIOgy,. ;'{..
then Method II is adopted, since performing an overall sden and record_ing
all events w0u1d.take too long. |
As a.li'eady mentioned, fno’etv rootine scanning is performed by '

nonSCientisfs whose knowledge of physics is rudimentary. Conseqdently,
scanning is usyally oriented toward a topological eleepg_ification of the. events,
in which the scanner is not expeéted to iderifify the type -of particle -Which r'nade' '
each track. For example, all beam 1nteract10na in which two charged prongs ;
and a V are produced would be cla.ss1f1ed as belonging to.the same event type, -
regardless of whether or not the V can be identified as a K° or A, The
computer progrems-woﬁld then a11ow all poseible,mass aesignments for ee.eh :
track and identify the event'by‘l.cine'matic analysis (see Se_cti_o'n'III.C). |
| | 3. Soecial Scans | |

| These scans involve reexammatlon of events found during the

routine scan or rescan. Thm scannmg is done by phy81c1ets, graduate

students, and the most .experlenced sca.nners_, because 1t often requ1res an  °
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advanced application of scanning technique, a knowledge og-f?;t_"rack‘charac-

x
L1

teristies‘,‘.a-n_d considerable knowledge of particle ph‘ys‘icvs.;; In a routiﬁe scan
the ;seanners are not expected to iden_tvify eaeh particle reaietion occurring in
_the bubble chamber. Rather, they need only recognize and record Special
characteristics of an event whjch can be determined with the minimum o‘f
equipment--for example, circular tvemplat'ea for momentum measurements,
curves of track density versus rhomentum_ or ener.gy, and templates of

4

| stopping tracks for the correct magnetlc field, or curvea of range momen-

o
2

tum or range energy relatmns. In spec1a1 scans, howe er, in addltzon to

W
the above capab1l1t1es, 1t is often neceasary to use hnergiﬁtxcs plots and be
familiar w‘1th all the react1_envs that can pesmbly occur fo%\:‘i_the particular-
incident particle and incident momentum, Most abecial %'cans are deter-
| ir'i.ined bf the nature ovf t'h'e experiment; 'however,_ some réaeon‘s fo'.r' spec_ial

. i
, . : g
scans are common {0 many experiments,

Many rescans are the result of pbor seanhiné instructions in the
o_‘r'ig‘inal- :;-outi‘ne scan, 'I"his; uﬁfor’tur__late‘ state} of affairs can best be a\}oided“
by very carefully 'pre‘pared. 'scan‘ningb_instnuc»ti'ons for Jgpe routine scans’,‘_‘al-
though it is usually impossible to cover”all event\.J.alities,‘ particularly -v)hen
these scans are topblbgical. |

. Three other reasons for rescanning occur very often..‘ The first
.. is to reduce the number of evente that;require measurement. This is
) necessafy if the-a‘e is a shortage of measur{ng capability and involves ee-'
vlectmg a sample of events w1th 8pec1a1 characterxstms from a part1cu1ar
topology. For example, if we have a large number of events in wh1ch K°' s
~and A'._s are produced and we. are v_ery.anxiOus to mea's’uxfe only the events
- with K9 s, then the events can be reexam'in_ed on the scaﬁning fable and those

events where the V is a possible K% can be selected for measurement,:

-t

-
)

ca
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many cases genuine 7 decays cannot be distinguished from decays that
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Events may also be reexamined if they have failed measu;’e’}nent. This
often reveals misidenfified eveﬁts or even unusual events lét;xch 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 reéolve the '"conflicts' between the two scans, and is
used to determine the scanning efficiency (see Section IIIAS).

In addition to the above special scah‘s,- it is very important to

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

stood by the original scanner, or events for which thereiwas no‘assigned
5 ,

event type. Most 6f the ZOONS usually turn out to be dﬁintereeting; however,

¥
%

they must be reexa.minled in case some unpredicted intei%ac.tiop has occurred.
In addition, events with rare bﬁt predicted topologieg axj;a-uslually reexainihgd
beca\;sé they are often misidentifiéd. - |

| Another special scan is often ngce’gsary fo determiné the incident
path length accurately for cross-sectiqn'rﬁeaéurerhents. For pion beams the
number of background p_a.rticles'tha.t/;roduce interactions is very sr-naH, 8o .
that the numbgf of interaétions;';"ﬂappropriately corrected for smail—anglg

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

is usually obtained fro:‘m"counters. For K and p beams the pion contamination

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

Ve

from a particula’"f interaction, which is easy to .diStinguish, for example,

T+ p'_’ K{q.- lf-lA or from the number of large §-rays (see Appendiﬁc). The
number’_d’fl interactions due to K's can then be found, and the partial cro‘ss | |
sections normalized to the published value of the total K-p. cross section. i

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

the incident beam. Care must be taken when using this method, because in
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préduce'a Dalitz pair and one cha:rged particle. It is impqlii:ant to count all
events with three outgoing prongs and then correct for the{‘Délitz-pai-r con-
tamination., | |

4. Recording of Scanning,lnform;ation.

" One important aspect of scanning is the nﬁanner in which 'the data
are recorded, since this in_forfnation forms a master list of the 'experifnent.
For this pufpoae a record of each event must be kept. This in_éludes its -
indicative data (roll and frame n_um'ber), its loqation, 1 i‘tq‘,f??évent-type assigﬁ—
ment, and 6ften any additional physics information that z'?\ay be reéluifed.
The identity and whereabouts of an event is _also,requirég.. during the meas-

uring phase so that the event can be relocated.

For small experiments of a few hundred e’veﬁts, it is possible
to keep the lists on hand-written sheets and to make skegches of the events
requiring measurement. However, for large experirherﬂ;s this is impracti- .

(Vzg .

cal, and the scanning _infofmat_ion is coded so that a con})puter can e’a‘sily do
the béokkeeping, As an example of a larng'e operation, v/;e will descr.ibe the-
method usled b){ the Alvarez Group at Berkeley. ' |
The location of the event is partially defined by the roll and

frame number‘s. To distinguish event.s on a frame, each event is aqsigﬁed

a unique beam-track gumvber so that no.two eveht's in an experiment can haye
the same identification number. To obtain the location "of the event within

the ,frarfxe, a grid is p.rojected onto the scanning table and the-apprbpriate
zone number assigned to each vertex of the event. This informa_tidﬁ is very

helpful for relocating the event during the measurement or in subsequent

special scans, although it is obviéusly not ne'cessary for identification.

An event-type number is assigned‘to each topology. For .cxample,v

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

(




R
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and a neutral, which subsequently decayed to form a V, ai"éﬁ_‘called primary
event type 32, This number, together with the experimen‘f:'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 numbers.
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

records the relevant data on a printed form similar to afl';}tomputer-program

coding form. An example is shown in Fig. 3. The heaﬁings of the columns

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

.the primary event are entered in x,ly; Fy and F, are decimal-flag digits

which give the configuration of any secondary interactions not included in
the primary event tyﬁen The Binary-—code switches and decimal codes are
preassigned to have special meanings in each vexperiment. ‘The hand-
written data are keypunched onto holorith cards and ymer‘ged with the master
list of the experiment (Section IIIC6) to form a scanning-information library.

Another method of recording the data is ta@_}?e;recording the
scanner's de.scription of the ev.ent. - The tape can then be played bai;k by a
keypunch operator and the data punched onfo cards. This method has
proven ver;} efficient for recording simple eve‘ntvs that occur frequently
(Anderson and Laney, 196.4). |

5. Scanning Efficieﬂcy

To measufe scanning efficiency, all or 'parf_of the film is re-
scanned. Scans one and two are then éomparedvand frames which h_avé a
conflict between the two scans are reexamined on the -scahning vtablve. - After

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

decisions. Then, for a total number of events N, the number of events
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found by scanner 1 correctly is N1 = EiN’ those found by dcanner 2 correct-

ly is N, = EZN’ and the number common to scans 1 and 2is N,, = E, E_N;

12 12
where the scanning efficiency of scan 1is Ei = Ni/N = NiZ/NZ and that of

scan 2 is E, = NZ/N = Ni.Z/Ni' Then the total number of events (N) is

ey
N

N NZ/N 2> and the total events found is N, + N, - N, ,. The efficiency of

scan 1 + scan 2 is (N + NZ 12)N12/N1N2 = Ei + E - EiEZ In practice
the ef f1c1ency for most topologies is greater than 90%, 80 that the eff1c1ency
of a double scan is about 99%. In some experiments all-_'!;he film is scanned

tw1ce to p1ck up the extra events. However, as expenmenta become larger,
. “a

this bccomes rather uneconomical, and a correction can be applied, It

should be,pomted out that the above estimation of the scapmng efficiency is
meaningless if either or both scans are biased m some v:vay.' For example.
if the scanning efficiency of bb_th‘scanners is low for a pa‘.rt'icuvlar_: topology
or configuration of the tracks, the value of the scanning efﬁciency.obfained
by the above method will be optimistically high, | |

| There are many causeé of inefficiency. . The most ‘fre'quréht are . |

‘(a)'missing the whole event completely, (b)_rﬁisidenti'fying it, or (c) mis~

recording it. The first is usually completely random and prob#bly causéd
P o : |

by tiredn‘ess or some other distra’c,ti/c’m of the scanner. The latter two, _ | ‘

however, can be biased. They are oftén caused by poor scanning instructibna

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

scanniﬁgbpersonnel. This is particularly true of physics information re-"

corde'd‘by means of binary switches, In some cases the efficiency fq-r .

recording this inférniation properly may be as low as 50%, simply because , .

the scanners did not understand the 1mportance of this. physlcs mformatmn

to the phys icist.

@
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B. 'Measuring - ' <
1.. The Measuring Operation B

‘The basic purpose of measuring is to reduce the qu‘antitative data
contained in a photograph 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 on the scan table.
Secondly; the physical qﬁantities pertainir;g to this event which Will be re-
quired in the interpretation of the experiment are calculated from the meas-
urements. In most laboratories there is a shortage of mcasurmg capab111ty, ,
and .onlf the more 1ﬁterestmg events ar_e measured. ;

Eventé can be measuréd in a variety of ways. If theré is no
magneuc f1e1d in the chamber, the tracks are stralght, and a s1mp1e meas-
urement of a point on the .track and the track's direction w111 suffice. How-
ever, when there is a magnetic field the tracks are curvéd, and pointsv 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. If only two views are lrnekasured, they should be chosen to ob-
tain the best stereo reconstruction. Measurements, sometimes in r, 9.
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 measureménts
made essentially in the film plane, -although in man}? instances the m'ea;e-
uring machine is a projection microscope and the operator looks at a
projected image. 'For the second method the film is projected and the rﬁe_as—»
urements 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 simplerfi_‘and cheaper than
those for metﬁod one. Method two is often used for measgf"ements of events
in heafy liquids where great accuracy in the measure'ment.s is not necessary
because of the large uncertainties introdu;ed by multiple sca’f{téringu ‘.T.h.i's
method is also particularly useful if there is no magnetic field in the cham-
ber because a simple‘drafting -machine arrangezﬁent can be used to o__bf.ain
~adequate 1, 0:coordinates.

At many laboratories the jonization is moasu.a'od on s‘c_)‘me Or‘a‘ll
tra;cksa This may be a special precision ﬁeasurement olf the gap ]_éngt}-m~
along the tracks (aeve"Appendix) using a r;xic rosco.;.)e.' Thé trac.k- density can
also ‘be, found from any pulsz"e—height information 6btained during foutine
'm.eas_urement.. Pu].sa-«hei‘ght.ana.lysisi is used fréquentiy mth the more ad-
vanced types of'rﬁeasuriné equipment (see Chapter IX).

2.‘ MeaS\/lring Tecvhr.liqu'e_s |

Of coursé, the measuring techniques used vary appreciably"
depe’nding upon the tYP_e of measuring machine. 'Measurin'g is a routine taslk
performéd by épecially trained technicians. In airhost all con;rehtio_rial

‘
measuring machines a reticle is moved along the track (or vice versa) and
‘positioned as accurately and quickly as is rea‘.s'vona.ble, commensurate with
the accuﬁ:acy of the machi‘ne.. _Th;e operator is expected to choose ciear points
along thé track for meaSureméxlt, to choose the views to be measured, to
perform the measurements of the fiducials and.trac_ks in the corréct_order,
and to insert all necessary i‘ndicative data for the event. When measure-
_me'nt is not ;e‘quirved to great accuracy, rglatively crude techniéues ahd

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

required, precise machines and good measuring technique i8 essential,

The conventional precision measuring machines currently in use
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are often very complicated and are designed to assist the operator as much
as possible (see Section IIIE3). Some form of projection "‘?'x.m_éj‘icx.'oscope is
usually used. The operator views the picture on a transrﬁissioﬁ_ screen
which has a statioh_ary reticle projected on .i't'. He moves the measuring
stage carrying the ﬁlm.by‘means of hand wheels and (6r}_a joystick, Since
moving the meésuring stage and centering the track ixﬁage on the reticle
is a tedious process, there is ofteh a servo system to ke;ep thé track centered.
so that coordinate measurements can be made "on the flé " In addition all
dat;i are recorded as automatically as possible and are f;utput directly onto
paper tape, magnetic tipe, or punched cards.

To illustrate the méasuring_technique required to operate such
a machine, the methods used on the automated Franckensteins at Berkeley’b
are described. When a physicist decides that a certain sample of events
should be measured, he makes a measurément réquest. ‘The library pro-
g_ra(m then abstrécts the iocatioris of the required events from the experi- -
ment mastervlist in the form of a listing ;nd measurement control cards.
These contain Gthe‘indicative data, evént type, zone nﬁmbers of .the vertices,
and many other data required in thé measurement. The film is loaded onto
the Franckenstein, ~and the first control card placed in the card readef.,
Any relevant data are displajed‘to the oper_étor 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

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

C 4

and also decides which views of each track he will measure. He then pushes
av button which enters the indicative d,,at);on the control card onto the output
paper or magnetic tape. This allso"causeé the stage to position itself auto-
matically for fiducial mea_surqﬁxents, After the operator }‘1as meagufed the

fiducials, the stage retur_ns to the vicinity of the first verté;c;- The operator
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measures this vertex and all tracks rad1at1ng from 1t; uamsg the servo to
control the motion of the stage. Next he measures the trécks from any
other vertex requiring measurement on the f1rst view andl then repeats the
process on the other two v1ew§. . The machme is capable of sequencmg it-
self correctly and ‘e,nt'er'ing the ‘1d,ent1f1cat1on of ‘each track so that the
ol.)er'ator can.conce.nt‘rate on measuring the points accurately. All vertex
points are meaSured‘. and the neutral tracks are inserted in the» computer

(

. program.. The measurmg rate for. strange particle,. twg-vertex events
using this techruque 15_ eeven to nine events per hour. V\;1th less automated
machines it is about five events per hour or less.
| Errors that occur durmg measurmg fall mto two categorles. In
the f1rst case the error 1s catastrophm; and the event is reJected early in
processm'g Many of the errors o£ thls type are due to operator mxstakes
for- example, ch0051ng the wrong pair of views for good stereo reconstructlon,
: not measurmg two views at- all or measurmg tracks m ‘the wrong order. In
add1t1on,‘ some of the catastr0ph1c errors may be due to machme errors such
as bad sequencmg or ,mcorrect.data tra.nsfer. Th1s type of error, whxch
makes the event fail completely, usually amounts to about 10%. The events
should be unbrased and most of them pass when remeasured

The second type of error is caused by poor measurements.
These occur when the operat‘or'.doee not measure accurately enough and
‘ particularly if he’records a p’olnt when the'ser\to is not centered correctly.
‘.These error,s' are hard to'detect but'are indicated by high values of X'Zb ob-
tained in the kinematic. fitting program. The number.of failures uaries |
consviderahly dependent upon the quality of the track‘imagrea and the com-

plexity of the events,




o

-33. . UCRL-11869

C. Computations =
1. . Data Flow ;

Digité{l computers are used Aextensive'_ly in the énalysis of bubbie-
chamber'pictures. In fact, the'volurhe of data is now so large that it would
be impbssib_le to do bubble-chamber physics without the aid of a 1arge
general-purpose computer. The corhputer analysis of the data divides itself

naturally into six phases: (1) spacial reconstruction of each track in an

event, (2) kinematic analysis at each vertex, (3) interprétation of each

§

-event, (4) calculation of phyvsical quantities for éach‘eveé;zt, (5) analysis of

" the Whole-ex‘perimeht, including the display of experimental data, and (6) a

library program which organizes the data into an orderly system and com-
piles records of the.'prvogr'ess of the experirhent. , R

| Sever#l large‘ana'lysis' systems exist; At Berkeléy there are.the
PANAL, PACKAGE, WRING, EXAMINE, SUMX, LINGO system designed
by members of the Alvaréz Group (see Rosenfeld; 41963) and the FOG,
CLOUDY, FAIR system (designed By White (White, 1960 and 1961, :;nd

White et al., 4960). There a're,alsAo THRESH, GRIND, BAKE, SLICE, and

' SUMX at CERN, and variations and combinations of these programs that are

used a.t"other"la.-bor_a.tories_.'_ . Most of théee pr.ograms' have already been

- described in detail. In this chaptér we- do not attempt to describe any of '

these systems extensively or compare them, bﬁt rathér. give the feader'
SO_mé idea of ther philosophy underl_yin’g the programs. As an example of a
large data;analysis' sy‘s'tem'_, we discuss the Alvarez Group programs uaed
at Berkeley (see Fig. 4). | . ‘. B

2., Spacial Reconstruction of Tracks

“The first computatidn is the spacial reconstruction of the bubble-.

chamber tracks. The information input to this program from the measuring
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machine consists of indicative information for the event, Muc1al measure-
ments, track- coordmate measurements, and an 1dent1f1cat10n word for each |

'btrack. In addxtlon there may be bubble -densﬂ:y 1nformat19n and a flag on
each‘tra.Lc'k in‘dicating.wh‘ether or not it étopp‘ed in the charrmber. The quantities
callculat‘ed include at least the éosirion, momenfum; and orientation of each
end of each t‘raek,v' its length, and the estimated errors on these quar‘ztit"ies.
To do this calculation in greait detail is not rea_uy se’r_xsib}é be’cau‘s'e it requires
‘teo mue’h.compute'r 'time; however, various cdrnpromiseé and approiimations
based on three shghtly different ph1losoph1es are in use.‘!/ | |

In the older programs PANG (Humphrey, 1959), FOG (thte,

'1960), and TRED (Thornd1ke.1958), the method of correapondmg pomts is
used. This method of reconstructmn relies upon the. fact that if a particular

' v'bubbie is measured in two viewe, v"fHe tWo light rays traced backwards fron'r .
the film throug‘h the epticé.l- sysfem ixitersect at the pesition of the bubbl'e.. In
practice, measurements of correspohding' bubbles are not made because this
is too-’time-consumin‘g. Inst“ead,,.,t'_he‘ points Fare .mea‘sured at randorr; alohg
the images in the two Views. Consquehtly,, it is necessary to "gen.e'rate .an
artificial corresponding point in one of the views by interpoletiorr betweerl
two measured points'. ' The calculations would be very simple for a pin-hole
lens and no 'refracting media; . The actual situation is somewhat more cone;'

-plicated due to lens distortion, film shrinkage, tilted mirrcrsv,‘ and refracting
rﬁedia’ bet\ﬁ_een the lens and bubbles. The eprrespending point is aetually |
found by iterating once from the point found by using '"ideal" optics. The o
ca’.lculat'ion is done in‘two pérts. ‘ Firat, view A is chosen as the principal
view,: and pomts on view B corre5pond1ng to the measured pomts in view A -

are found by mterpolatmn. From thxs the coordmates of a strmg of space

points lying along the track can be calculated. The-secon_d part consists of -
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the space curve:
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fitting a curve to these space points by ueing a leaét-squq;{@s fitting "proce-
_ : » 1 ’
dure. The method is then repeated, using B as the principal view and

interpo‘»latihg on A. The parameters of the two fitted curyes are then used

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

- very 'co'mplicated' but is basically either a parabola or a circle in projection.

In addition, the fitted curve must fake into account corfectiona for. variations
in magnetic field and the energy loss of the particle. Since the lattef is
mass depen‘dent,. it is eu.stomal.'.yztok repeat the fitting'p‘récedure for all -

i:os sible particle identifications ‘for the track, thus obtaining masa-de,pendenf
fits. | | .

In PANG two mdependent power series are used to parameterlze

v i

X =X

Y=Y (x: A 089 33)

z = z(x,a 4: 5)0 4
where z is the d1rect1on of the magnetxc field at the center of the chambe r.
The curve foriy mvo_lyea_terms to_ the fourth power,v and for z, terms .to the

thlrd powe ry

‘The PANG method has several d1sadvantages' (a) Information

-from only two views is used, (b) The mterpolatmn of the correspondmg

point is very maccurate if the direction of the track makes only a- small
a_ngle-w;th the stereo axis a,nd_ is impossible if this angle is zero. Conse-
quently,“‘f:h_e two vie.vs)s' used for the reconsti-uction are choeen to -give the
best stereo angle. This‘ choice is made either by the meaeurer'who meas-
ures only two views, or, if 1 more than two views are measured the choice
of the pa1r of views used for the reconstructlon is made by the program. In

addition, if the track turns through a large angle, it is often 1mposa1b1e

b o
|
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or vver’y inaccurate to make the stereo reconstruction usmgl‘on]y two views,
because the direction of the track gets too close to the stel;eo axis for some
part of 1ts length. In this case only the first part of the track can be re-
constructed u31ng the’ approprlate pair of vxews and the end is chopped off
Th1s problem becomes more severe for large chambers with large magnetlc B &

fields. (c) Track extrapolatlon is very dangerous and 'u-sually i8 avoided.’

_(d) One of the worst problems is in the e'sti‘ma.tion of the errors, both of

" the coordinates of the space points and also the fitted paﬂﬁametere of the
corx)e, The main advantage of this method 1s that it is nelatwely sxmple.
The opt1ca1 reconstructmn is done once, and then a comialxca(:ed fitting proce-
dure can be made to the spice pomts for each mass mter?retatmn of the
N track without usmg too much computer t1me., - . i -

| To overcome some of the,difficulties of the cérrespondingfpornt
method of reconstruction, newer progra‘ms, for example THRESH (MOOrhead,
' 1960), employ a method which describes the track in space by ‘e helix, cor-
rect'ed. for magneti‘c—field .va'riati‘ons and momentum loss, This cur\;e is then
fitted to sets of rays traced through the optic:s into t}re. chamber from each |
- measured ‘ﬁlm point in each of the measured views. Thie,.is done by finding
a first anprogimation for the helix by using a few rnea"s)ur-ed points and then
- representing each ray by two intersecti-ng pla:nee. A short segment of the
helix ‘ne_a'r the ray will usually intersect the two planes m two points, or in
one point if 'ch.e' heli;t'a.nd ray'actually /i'nter‘sectv., The angular sep'aration of
the two i.xutersection points on the helix is then uée_d in a minimizing procedure -
to .c'alcul.ate optimum parameters for the fitted.'curve. This method has |
many advantabes over previous methods, but it is still hard to relate the o s

uncertainties in the parameters of the hehx to the settmg error on the

fllrrr.
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An alternat1ve method using a hehx has been dévwed by Solmitz

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

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

method consists of pro_]ectmg a helix in space (corrected as before for

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

i)ro_jected 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 correspondmg points, but all views are ust and weighted
B
appropriately for stereo angle. ThlB method has the adva,ntage that the er-

“\.

rors in the track parameters can be calculated rather eas11y, a11 views are

used in the reconstruction, -and there are no proble_ms oMtrapol_atlon and

interpolation. | i
| The information on eaeh'fnase interpfetation.;}gf each track output
from the space reconstructmn pregram contains the posi;mn, orientation,
and curva.ture of each end of each track. In a.dd1t1on, th§ momentum calcu
lated from the range of the track in the chamber is mcluded and is used in -
the subsequent lprograms if the track stops in the chamber. In practice a
variable proportlpnal to rnomentp.m -1 is preferred over momentum becauae

\

for most tracks this variable i8 more nearly.Gausmanv d15tr1buted than the

momentum itself.
3. Kinematic Fits of Vertices
The variables calculated'by'track-reconstruetion vpr‘ograms 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 t_‘raek

are tried, many of the values of the “var‘ivablves calculated have no _physieal

<
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meantng because momentum anct; er:efgy eonse_r_vetio_n at: the vertex will be
vi_olate_d. .Howe%rer,’ if allltraci;s at a vertex haue been id‘je;xtifi_ed correetly,
then the calculated variables should con's.erv_e energy andvfmomentum,. subject
to the uncertainties in these variables‘. The,kinematic requirements at eac"}i
vertex can thefefy.'ﬂor'e be u_eed to choose the .moet probable.i’nterpretati‘ou of

‘an event and also te reduce the uncertaihties-in' the ki_rx-ematic va'r‘iablee
assigued to each partbic'le. ' The conservation of energy and momentum (in
three mutually perpend1cu1ar d1rect10ns) can 1mpose up t’o four equatmns of
constramt on the track vanables at any vertex. A vert(gx at which all
quant‘_1t1es are measured is subject to four_constrainta and .is Aclaséiﬁed

. colloquially as é "4C f;;t. " If the momentum-'of one track is unmeasured
one conservatlon equatlon must be used to calculate this momentum and

~only three constra1nts (3C) remain. Slm11ar1y 2C and 'IC fxts can be
classified. In each of the atbov'e .ceses a lea_st—squvares fit can vbe perfor_med;
ho‘wevex_'; .if four variables Iare unmeaSured, the p‘r{obl.em is uﬁc_:onstraiined;

.Note that 1f there is one unobserved or unmeeeured track at a vertex'it_vhe
fit is at best '"1C." In the kinematic fitting prbcedu're each track is assigﬁed

‘a mase. identity, and the. fitting progra.m_then attemi:ts to perform a least-

~

stluafes fit to the variables calculated by the*vgeometry program, minimizing

"X subject to the constraints required by energy and momentum conservation.

The Alvarez Group program GUTS (Befge et al., 1961, and
Berge, 1959) uses the method of Lagrangxan mu1t1p11ers (ak) to apply the

kmematm constramts. An attempt is made to.minimize the functmn’

I .
z (x - x )G (x - x ) + 2 z a.k Fk(x),
“ k=1
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where I is the nu.mber of measu;red track variables; ‘L is tl';e number of
constraints, x.i is the jth varia‘tile with a measured value ?:m.
-1s <6xr.1’r‘1 GX? >, and ij, the error'on the jth varial;le, is assumed to
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 (¢),,. tan\ (where \ is the dip angle), and curvature. (Obviously tan\

'is not normally distributed, but it is convement to use)

The fitting procedure would be simple if the .F)\ funct1onsiwere
linear in the. parameters xJ, because then the problem wpuld reduce to the
solutlon of L 31mu1taneous linear equatmns. In practlce thls is unfortunate-~
ly not true, and it is necessary to iterate. The fitting procedure may ob-
tain (a) an acceptably small xz, or (b) a xz that is too lange to be ac'ceptable
by some predetermmed cr1ter1a. Cases (b) are classed as reJects, and |
only a small amount of.data are output. However, if the vertex is acceptable,
the ﬁtted-trach .variabl'es‘a-re outpu.t‘.

GUTS wasori'ginally written for single-vertex events, 'hut the
coding has been extended to make an overa.ll f1t to the more common two-
vertex conﬁguratmns. Mu1t1vertex conf1gurat1ons can be f1tted as a cham

of single —vertex fits by "sw1mm1ng" the values of the vana.bles and errors

of any charged connecting track to the second vertex..‘ The whole kinematic

| program whichm:incorporates GUTS and does the chaining hqt_' 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

o parameters at previously £1tted vert1ces can only be found by re£1ttmg, , |

(2) it is hard to fmd an overall xz for the whole event, (3) there are some

multivertex c:hams in w.h1ch one vertex is undetermmed»although the whole
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event is overdeterminecl
To overcome these problems the CERN kmernancs program
GRIND has been written by R. Bock (1962) In th1s program the event is
first f:{tted as 1nd‘1v1dua1 'vertxce‘s and then automatical'ly as a whole; This |
provides a _well-defined X Z_ for the fitted hypothe"sis of the whole. event and
also gets the \best‘v'alues of all the parameters simultaneously. The actual
fitting program 1ncorporated mto GRIND is called FIT.' This routine uses ‘

&
a method slm1lar to that of GUTS for the m1n1m1z1ng pnocedure. However,

it has the advantage that it attempts to use even poorly meaSured parameters

"-.

(W1th appropr1ate errors), v whereas GUTS treats the .pafameter as unmeas-
ured 1f the error is greater than an ar1b1trar11y ass1gned percentage, ' be—-
cause otherw1se the method may become numencally nn;;table.

In addltlon to klnematlc f1tt1ng at a vertex, }t 18 often‘ desxrable
to perform a '"'missing mass" calculatmn.' '_I_'h1svcan~ _only be done if there
are four constraints at the' vertex." From t'he unbalance in ‘energv and mo;
mentum and by using the measured parameters of the v1s1b1e tracks, a
calculatmn 1s imade of the mvanant mass of any unobserved part1c1e or

' collection of part1c1es.,

The minimizing routines GUTS and f‘IT are incorhporated into

large k1nemat1cs programs wh1ch perform the chammg together of vert1ces
} .and also the a551gn1ng of a mass’ 1dent1ty to each track T}us latter can be
‘done in two ways: .E1ther a physicist can wr1te a subroutme wh1ch performs
the task exp11c1t1y, or the physmally possible assxgnments can be made

. automatlcally by the program using the conservatmn laws for baryons,

' strangeness, etc.' Thls latter method is used m CLOUDY and GRIND It
ivs easier to writ_e"an event-type subroutme/-,umng this method; however,-' ‘it

is li.able to be-_come very complicated -amd‘ wasteful of computer time |
. . P . . .
7




-
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unless it is used with d1scret10n. o o . , : : -

+ The kinematics program KICK (Rosenfeld, 1961 R.osenfeld and
Snyder, 1962; Harvey, 1962; and Dahl, 1963) is basically a collection of

subroutines (including GUTS) which can be called by an event-type subrou-

" tine. Each topology has a different event -type number and the prograin ‘

branches to the correct event - type subroutme by testing the event ~type |

number of each event. . The -event-type subroutme is des1gned by a physicist

',who is fam111ar with the physics of the expenment. Ver!‘tmes can be fitted

in any order prov1ded they are not underdetermined.’ The vertex that is
required with grea.test accuracy is usually fitted last, To avoid extra tape
handling the PANG and KICK programs have been combined together and

are called PACKAGE (Fig. 5). This program contains about 28,000 words .

. o}fv machine language coding (including vstorage). A mixed sample of events

can be processed at the rate of about 10 to 20 events per minute on an

IBM 7094.

| - The output from kiriematic routmes is in the form of a bmary
tape for use ‘as_n. input to 'sub‘sequ'ent‘prog,ram.s., Each vertex f1t that i8 suc-
ceesful (i. e., has an acceptable value of xz) contains information such as
the xz for the mass interpretations uSed; momentum, azimuth, end dip
anglee for each track"at the fitted vertex; aud a metrix of the.errors on the.
fitted quantities.: A shortet record is output if the vertex fit failed. " Using

PACKAGE a comphcated event currently produces about ZOOO words of 36

- ‘bits each

A;i additional tape-editing pass named WRING (Johnson, 1962)

is now rnva.de on the PACKAGE output tape,'ﬂ "This pﬂr.o‘g/ram condenses the

data to about 600 words per event by ignoriug/'redundant elemeuts in the

e
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'errer matrix and packing some of the data. 'In partieuiar, ,it greatly reduces j

the data from a ''failing' vertex. WRING is run as a sepa:zate pass because - ‘;

PACKAGE and WRING together overflow the core of the IBM 7094. The i

WRING output is our library of fitted data.’ |

4; Interpretatiou of an Event ‘ » ' o o R

 To find the most probable interpretation of the ,Whole:.»_event, a )

..comparis.on is made of all the values of xz ot)t_ained in the fitting.p‘rocedurebs.
~Of course, the numencal values of the xz cannot be con}i)ared d1rect1y, |
account must be taken of the number of constramts in the fxt. The interpre -~

2 k!
event, rather than a number of X from chams of smgle vertxces. ThlS is

|
|
tatxon of an event is much 81mp1er if an overall X 2 is ob{amed for the whole o 1
f
t
partlcularly true 1f there are several phys1ca1 1nterpretqt1ons of the ‘event
w1-th similar probab111ty.' If bubble—denmty mformatmn %B ava.xlable, this
can sorﬁetimes resolve the ambiguities. 'I'he cr1ter1on used for 1nterpreta~
tion is defined by the physicist and may take into aecount a scaling of the
x values (see Sect1on,IIID).
In many instances no 1nterpretat1on has an acceptably small
’ 'prebability. Th1s can be caused by bad measurement or bad distortion of
~ the tracks, or be"s;mply b_ecause_ the correct phys:.c_al mterpretatmu of the
event was not tried during- the fitting procedure. This latter ptrob'l'em- must -
valw_ay's ocvc_u’r when more than one unobserved particle is produced at any
vertex, beca_us'e'the..ve‘rtex is then @determined and a fit cannot be made.

In this case, the "_'missing_-ma_ss"' calculated at the vertex can be used, sv_i‘nc'e

if the mi’ssiri_g_ mass is greater than the sum of the masses. of the two lightest ‘_ :

uhqbge'rved 'p',a'rti,c'le_;s -that.,can poss'ible: be predu'ced',_/t'hfef.;event can be accepted = . B
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Once the most acceptable interpretation of the event ‘has been
dete rmin'eg, ;cherphysi;:al variablos interesting to the phys{‘.’ic‘ist can be calcu-
lated. These variables are such quantities as the mo'rnen_ltum and directionv

cosines of each track an'd their errors (in ono or several rest £rames). In
' addition such 'quantiti_es as-invariant masses of groups of particlea and their
errers may be required. |

One Alvarez Group program which selecta the most probable -
mterpretatmn of each event and then calculates any requ1red variables is
called EXAMIN (Johnson, 1961). This program consmtis of a large selectron
of FORTRAN subroutine'o fhat perform Lorentz transfor;natlo_n, cal'culate
mi'ssing. masses, etc. The.physicist writes a FORTR.AN control routine
which calls the subroutines and does any additional .arit}ginetic and logic
' required to process the event. EXAMIN produces an ou,;:put tape called a
‘ "Data'Summary Tape' which is the library of 'experimeri.tal physics ciuantities
and usually c.on'sist's of about 200 worda (36 bits each)' per evént."»

Recently a new sequence of programs has been written which
perform the functions of EXAMIN (Dahl and Kalbﬂé'isch, '196’3). These new
programs use f;h_e.same subroutinea as EXAMIN. The first program AFRﬁ:ET
reads WRING output.and determines fhe most probable ihterpretati_on for the -
event. A seoond-program DST-EXAM‘calculates-phyéical:qoant.itios required
by the physicist. | | e

5. Interpretation : of an E‘xperiment

.Before‘a physicist can interpret the reéults from anexpérimenti
the information from all the events io a required category must be gathered
together and diaplayed. The form of this dispiay depends upon the type of |

experiment, but histograms and scatter plots are usually the most popular.
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These plots can be obtamed from the ”data summary' 1nfor£nat10n. The
program SUMX (Champom1er, 1964) is used at both. Berkeley and CER.N for
this purpose. This program contains a number of FORTRAN eubroutmes
which rnake histograms, ideograms, and scatter plots. The required sub-
fontines 'agre‘,calle"d by data cards placed behind the pfe'gra.m deck.’ _Sce,tter
‘plots are displayed on the CRT connected to the'v7094_ and photographed, and
'his'tograrns are printed. This prograrn is general and can be used for pre-

parmg displays of any type of data.v FAIR is a similar t)épe of. program used

, by the Whlte group. A

In addition to the diSpiays of data, the physie;st reQuires_lists |
and fallies ‘_of’a'.ll ¢the _events m the e‘jcperiment,' These are prepa_red by. the:'-
' library system.(next section). | o | ‘ | - o | o

Other routines are al.so:a‘vai]_.able to the physicist, . These 'in-
ciude routines for least -squares f1tt1ng, phase space, and Monte Carlo
calculatmns (see Section II). Of course, many spec1a.1—purpose-rout1nes
are also written for each expenment‘ : .

6. Data Storage and Retrieval
: ; A library serves two main functie.ns: first, .‘»to -éter'e:all the

. ; . ! , .
relevant measurement and physics data in an orderly way for easy data

g
: s

retrievai; and'second, to keeP,a _ste.tns report'of ‘eachvevent in an event
"c'a:ta’logue.so that fa.llies, lists, etc., can be easily ﬁ‘elupp.lievd to the P_:hstin.if’t »
on request. Now fhat all calculations are do\'ne with‘?computera, the data

are stored on punched cards, or more frequently, magnetlc ta.pe._' Con-
sequently, a system of tape ed1t1ng, condensmg, ordermg, a.nd mergmg
routines is required to keep the dafca’ tidy. The bookkeeping functmn can
quite".easil.y be done with peneil-andfpaper teehniques if there are only e
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few hundred events in the experiment. However, with evex‘**mcreasmg

';,A&

)/olumes of data, it becomes imperative to have more autamatxc hbrary

procedures.

' Tsvo different approaches'to this problem are described here.
In one used by LINGO (Penny, 1962), an event catalogue or tna.ster list is
kept which contains a cu_rrent status report for each event in the experiment.
It can be used to control some of the functions in the event prncessing and
is'also used for producing lists and tallies. It only com.]%'nunicates with the
other programs and data when being up‘dvated‘. A schemgtic diagram of the
Alvarez Group dats-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 ths-—
icist, the ”measurement reqnest prgcessof" generates measurement-;
request cards which initia.te meésurement nn the Franc'k.enstein.u The out-
put from the Fran‘ckensteins then goes to PANAL (Alston et al., 19(;1)
Which checks for gross errors in the data and condenses it.  This data is
then input to PACKAGE Whose 'output is geometrical quantities from PANG |
'together w1th the fitted data for each track at each vertex (from KICK) The a
condensed- results tapes from EXA_MIN or AFREET are then run agamst |
the library list to update the masterj 11st with the mte‘rpreta.tmn of the event
and obtain a "clesn".master sun"vxrvna.ry'ta.pe ‘Whivc.h”contains"no' duplic"ate
measnr'ementsv. In this way the master list always knows the current

status of an event and can be used to 1n1t1ate further processmg. for ex-

ample, to generate a remeasurement request if the/._event-- failed the previous

measurement. Modifications can be made t/o/the master list delibe'retely |

by means of the i‘dutine f'Modify. "o
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In a second approach to iibrary functions used;l;%r FOG, all in-

formation, pertaining to one event is stored in a block on »n;al?gnetbic tape; for
casy data retrieval the events are written in serial-numbé‘r order. A -

-schematic diagram of the FOG, CLOUDY, FAIR system is shown in Fig. 7.

)

In this case thé experimeht data, scan data, and measurement da'ta‘are.all
stored in the same record tqgether with output from the FOG, CLVOUD.Y,
and FAIR programs. Again the 'librai-y contains' the status of each event
and can be used to génerate lists, tallies, and remeasurfment requests.

One advantage of the LINGO system is that for lists etc., on)y
the master hst'--wh1ch.'1s qu1te short and contains only a’bout 20 words per
event-~is read. In addition, d;a.ta—summary information which is fa.irly
short (~ 200 words pe‘r‘e-v_e‘nt) can eésily be fnadé into histogramé etc., by
the SUMX routines. It, however, has the .dise.idvantage that fetrieval of the
\;oluminous data (measUremeht, _PACKAGE output etc. ) is difficult because
it. is nét stored in a cohe'reht way. -FOG has an advéntage in this respect
because all data is stored neatly in ser1a1—number order. |

Thc‘e volume of data handled by the- 11brary is mcreasmg rapld]y,
“and systems usmg magnet1c tape as their’ storage medium will soon become
.saturated.‘ In fact, data storage an;vi'i'/t'atr‘ieval is rapidly becoming the
limiting factor in large-'stale data énaiysiso There are plans at Berkeley
_to solve this problem by the use of a large random-access d1g1ta1 store
whore bmary bits are permanently imaged onto photographm film as black
and white spots. The volume of the store will be about 3><10 1 binary bits _ o
and contain all the data for approximately five million bubblé—chamber
events on lipe 't§ a large general-purpose computer. To obtain vei'y fast
access to‘_,th.e data in the store, an index oi’ the location of each‘eveht within

the store will be kept on the master list. A preliminé.ry run will then be
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5 :

optimum access to the store. This list of_'ad&resses will‘tthen be used to

made to abstract these addresses and'afrange them in an 'o.gder giving

access _t}qe data within the store as rapiél’y as possible, A study of the use
of a mass store for bubble-chambef-data analysis has recehtl’y been made

at Berkeley (Alston and Penny, /-1964). Proposals to build a’device ona

special contract have been received from two commercial companies. ' In

addition to bubble-chamber analysis the masé store. will be used to service: ..
requests from remote én-line iﬁquiry stations.’ 4
7. On-Line Analyais | | | .

In any experimenﬁ there é.re é.lwaﬂys eveintis tha"% cannot be
process.ed(using the general programs. These may be ev;nts found during.
scahning-that- ha\‘/e‘ a strange .to.polog)vr. or fhey may be éve‘nts with a noxv‘malk,
topologyvthat will ‘notvf’it the._'usual-—eve.nt hypothesés; In these cases it is |

very tedious to write special compﬁter programs for the kinematic analysis.

Since these events are rare and often very interesting, it is useful to have

an on-line kinematic program in whiéh a physicist can direct‘th'e mathematical
proc.essing of the event by means of a typewriter connected to the cox;nputer
and can decide what fits to aftempt,_ depending upon the‘-vresultsl already ob-
tained. | | _

At Berkeley the program QUEST (Alstdn et al., 1962 and 1963) -

has been written to fill this need. This is a reorganized version of

PACKAGE in which thé Pang and Kick event types are replaced by control

routines that can be ente.r'ed_by means of a typewrite'r (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 contrqu“:ﬁ:he processing
of the event without writing a program explicitly, but 51mply by typing in the
necessary mass assignments for the tracks, the topology 'of each vertex, |
" and the order in which vertices should be fittéd.
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 “ | 4
1. Scaling of XZ_ | -
One of the most difﬁcult problems in data aLl;Ealysis is the estima-
‘tion of random and systemaﬁc errors in the calculated qulantities-‘;." These
vrnay be caused by couiomb scat’te'r’iing; measurement .err’orﬁ; distortions in
the tracks due to l;i_cjui_d motion and optiéal effects; ‘and various imperfections
in the 'bubblev—c.havmbebr camera and measuring machine which cause distortion
of the track images. In additi’on,v approximaﬁons in the fitting procedure and
p_érarrieters desci‘ib_iné'the geometry and magneticvﬁeld may producé errors
in the fitted data.

‘ Incorféct deterrﬁination of thé,er-rors leads to a xz distri'but‘ion
from fhe kinématic fit whose width differs frorn‘ the expected width by‘a
factor of az. Since.v sonﬁe causes bf errors are likely to be omitted vir}l the
- analysis, a; is usu;ally. .g_reater than unity. In the experience bf the Alvarez
Group, the value of o’ ia usually in the r‘a,;ige 1.4 to 1.8. The distribution
of XZ. sc‘aled,by‘ 'l/u.2 has almost the theoretical.shape, but has an excéss of _
about 10% too many events in the tail of fhe .distribution due to piural' énd ‘

- single sqaftering, .bé‘xd measurements, and wrong intefpretation-s. The _
factof a determined from the xz .distfib;ltion should be applied to the un-

certainties in the fitted quantities.
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2. Distortion of Track Images _ k”‘

Track images may be distorted by poor optica.fl éomponents be -~

| tween the track and the film. The errors introduced by the optical compo-

nents{i. e. , windows, mirrors, and lenses) c¢an in theory be measured and
then corrected for by} the computer programs because they should be conatant
if the optical components remain fixed. Unfortunately, it i.é difficult to
measu're”them_to.the necessary accuracy é.nd, in particular; ‘it may be im-
possible to obtain a simple parameterized expression to describe them
satisfactorily. “The refréctive effect of the -windowé can‘be_ calculated easily
except fof imperfections in the material; plastic is much inferior to glass

in this respect and shoglci be avoide'.d. Mirrors, if sufficiently flat and
mounted proi)'erly, 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 optlcal components are systematic,

so it is desirable to minimize them as much as is pract1ca1

In addition to distortion c;aused by optical components, tl;ere may
be some optical turbulence in the chamber caused by local heating or cooling
effects. This leads fo local variations of refractive index and the tracks
become “kinky. "' This effectvis uncorrectable and merely increases the x
for the particular event.

Nowadays with mylar-based photographic ﬁlrr_x,: problems due to -
fil.m shrinkage have been greatly fedﬁced. Bulk 'vchanges due to .development.
and storage are now of the ‘ord‘er of one to five pa.rts'per. thousand. Since
méasurements are always fnade with reference to at least two fiduéiai_

marks in the chamber, an overall change in the" magmﬁcatmn of the film

caused by agmg, humidity, and temperature changes are not 1mportant.
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However differential shrinkage can be troublesome and should be rﬁinimized
as‘.much as possible by stabilizing the film coﬁditions durmg exposure,
storage, and measurement. ‘In particular, care should bé~ta.ken to ensure
that the‘ film is clamped flat on the film platen in both the camera and meas-
urihg machine, or there will be bad localized distortions of the tlfa_ck images.

Distortion of the tracks can bé'caused by the motion of the -
chamber liquid iﬁ the intve.rva.l. of time between the passage of particlevs
through the cﬁamber and the light flash. This effect is .Bérd to calculate
bc.cauée it is quite unpredictable. It is dependent ﬁpon the expansion system
of the chamber and can vary from pulse to p{xlse 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‘t1’1e magnétic field. In.theory the field can be carefully |
mapped and tl.le correct parameters calculated to deacribé the shape of the
field.. In pfactice, however, extensive measurement of the field can only
be made at room ter_npe'rature, and‘ since the magnetic properties of the
stainless steeliof the chamber, Vacuu.m tank,»*’eic. , change at low tempe'ra-
tures, it is never certain that the calcg_laie;d parameters are correct under
operating conditions. IV

A'nbther effect that 15 hard to estimate is multiple coulomb
- scattering.  One difficulty is that the theory usually used assumes that the
distribﬁt’io'n is gauésiaﬁ. (See, for example, Bethe, 1953). This theory
neglects.sih’gle‘and/pl_ﬁral scattering, and this ‘effecf pfobably.-acc'ounfs for _
some of the ex‘t?éévents in the high-value tail of the )(z distribution. In
additioﬁ, the"formulaa_ must be modified to take account of scattering from

atormic electrons. The approximation used (replacing Zz by Z(Z + 1)) i‘vs
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particularly inaccurate for liquid hydrogen. A cOmprehens}ve study of
coulomb scatte‘rin'g has been made by Gluckstein (1963). *4

v

3. Measurement Errors

Measurement inaccuracies arise from uncertaintiee in the
measuring device and from setting errors. It is usually assumed that the
mcasu:ixmg'm’aclmine and operator combined contribute some erbitrarily
chosen measurement error in the {ilm 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 uné;.ertainty in each
coordinate measufement can be made lafger than a simi';le estimation of
measuring-—machiﬁe aceufacy and 'setting errors would indicate. Thia
""external errox""i is propagated lthrOugh the spaeial—r.econstructioh program’

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 sufficiently close to any fitted curve.

 The multiple coulomb—scattering contributien to tﬁe error is
added to the estimated measurement error after the "mass-independent" |
spac1a1 reconstruction,; because the mass and momentum of the part1c1e
are requ1red to perform the calculations, In PANG, a contrlbutmn is added
to each of the estlmated errors in the track angles to allow for errors in
the optical parameters, distortions, etc. The value of this contribution i_s.
chosen so‘ that the quoted uncertainties -do_y not have unvvrealistica.ll_y small

values.
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E. Hardware : : o
1, . Requirements for Scanning Machines
A scanning machine is a film projector used B‘y a human operator

to examine the stereo pictures of events occurring in a chamber. Although

&

a three-dimensional representation of the picture is sometimeé examined,
most pictures are scanned‘ by examinihg the stereo views of an exposure
projected onto a plane surface, either ‘reﬂevcting or transmitting. | The
ste.l;c'o views -can be projected singly and Can’urrei‘mtly on}fo the same _su'rface
~area, or side by side for easy éomparis,on. Many factoni;s _influen'ce the
design of a _scanning‘ ﬁachine. The more important factc;'rs are the .sizc and
arréngémeﬁt of the stereo images of. the chamber on the film ér films, the
reprojection magnification required, | and the type of screen and viewing
arra‘ngefnent used. In pé.rticular’, the degree to which all desirable features
can be realized is limited By the amount of inveatrrientv thét canv be justifi.ed.,
Moét bubble—chambér gfoup; now use scanning tables ‘with opaqile
screens mounted‘horizontally like a table top. - The stereo images aré pro-
jected onto the table vi# ovérheadv mirrors and the operator sits at the end
or side of the table. Although it'may seem that f.he 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 t§vo people wish.to
scan at the same time, and when templates, protractors, rulers, etc., are
used to make measurerﬁents on thevprojected image. In practi‘ce. it is found
bettér for the operator‘ to sit'in such a position_,that he can scan along the
‘beam tracks rather than orthogvon“al to thexﬁ, because '"along-the -track" v
scaﬁnihg makes it easier to find small-angle scatters and decays. ,In.v-SOmé  ; R
_ scanning machines the viewing screen can be tilted such that the operator E

can 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
the film and the reprojection magnification desired. A m:gnxﬁcatlon of 2/3
to 1-1/2 times the size of the original tracks in the chamber is usually pre-
fer;ed. Since the operator is only capable of rﬁaking a detailed study of a |
picture projected on afx area ovf‘the table within about two feet of his eyes,
large pictures should be _mbunted on a movable film platen such fhat all parts
of the picture can be projected onto the end of the table nearest thé oi)erator. '
Although it is then unnecessary for the table to be lbng e%ough to aécomo?léte
the whole p1cture, operators seem to prefer a table on Whlch they can scan
the whole p1cture superf1c1a11y and then move , the plctuné for detalled examma-
‘tion of the events. ' . k .

The stereo views of each bubble-chamber pici:ure are usually
projected onto the same area of the screen either singly or coﬁcurrently.
This is achieved by having solle'ndid-operated shutters .vin.\the light path of .
cach view. In addition, it is advantageous to mount the projector lenses on’
1ﬁovab‘le stages so that the variouﬁ ‘stereo views can be superin—iposed. at any
- depth in the bupble chamber, th1s fac111ty 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 designed for easy operation
and maintenance. Control kno'b,s and switches should be easily accessible
and simplle to operate. It should also be eaéy to lo'ad and remove film from
the machine and totc}'.xange projection laxﬁps. The scre:en.brightnesa should
be _suffi’cient for éasy viewing in a semidark room, typically 20 foot-éan_dles
are adequate; less'fnakes écanning tiring. The resolving power ofvthe
. opt1ca1 system should be close to six lmes per m1111meter on the viewing .

screen. A "crisp" image is advantageous since detalls—-approxlmately a

o
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bubble diameter in size~-are often aigniﬁca'nt.. The distortions in the pro-

jected image should be small so that it is possible to make crude momentum

measurements by matching calibrated templates to the p'x‘y(')jectedltrack'images. i

Curvature measurements of a few per cent for tracks of about 1 BeV/c in a
field of 15 to ’20. kG should be easily achieved.
2, Descr1pt1on of Some Scanning PI‘OJeCtOI‘B

In the next few paragraphs we describe some of the scanning
prejcct:ors currentiy in ruse at variqﬁa laboratories thro\,:lgh_out the worI&. ,'
Some are designed to handle only one sp'ecific'fiim for;xfat. whereas others
are easily adaptable to handle single and mulﬁple fislme of anf \#idth

Figure 9 shows the type of scanning prOJector designed and
built at Berkeley and used by the Alvarez Group This machme handles
film from the Berkeley 25-inch and 72-inch hydrogen bubble ehambers. In
this format all three stereo views of each picture 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-opereted meehanic-al o
.clamps. : The{‘c‘orrect.sPacin‘g between:'v,iew's is obtained by looping the film
around rollers. Each view is illuminated by a tungsteﬁ lamp and a con-
den‘sing system placed underneath'. it and.i_s projected via a Schneider
i‘Companobn lens e.nd two overhead mirrors onto the opaque white horizontal
- screen. The prdjeetox° magnification is 10X, givihg track images 2/3 their
original size in the chamber. The resolving power is 60 to .1(.)0 lines per
milliﬁxeter on the film. All three film platens are mounted on a common' -
_ shder whxch can be moved parallel to the long axis of the table so that any
portmn of-the plcture can be projected. onto the end of the screen nearest

to the opelator.

»

>
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The three 1mages can be projected onto the table simultaneously
or singly by means of solenoid-operated shutters actuated, by switches. The
projector lenses for Views I and III are mounted on moval,;}lle stages such that

the stereo views can be eé.aily 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 1mage superposition, film advance, and rewind
are S1tuated near the operator 8 left hand as are the amtches 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. . ‘

F.igure 10 shows a modificatibn of the scanning projector
described above. This model is used by the Powell-Birge and Goldhaber-
Trilling Groups at _Berkeiey» and ié designed to handle up to three films 35 °
to 70 mm wide. Three films are shown loaded on the machine, v The. main
modification to,the previous model is a physical rearrangement of the
components to allow easier film loading and projection-lamp changing. In
addition, a n"xbre 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 iﬁdexing marks are on the
films. A combined vacuum and mechanical film clamp is used to'i:rdvide
adéquate ciamping of large pictures. This préjector was also designed and
built by personnel at the Lawrex:lce'Radi?at'ion.Laboratory, Berkeley.. |

. The scanmng tables pictured in Fig. 11 were deslgned and
conbtx ucted at the Brookhaven National Laboratory. Thesé machines also

use opaque screens and overhead projection. . They have a magnification
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of approximately eight and project four 35-mm films s1mu1taneously. The
images are projected side by side rather than supenmpoaed The table
can be tilted and pulled upwards to facilitate easy '"along~the-track
scanning. To accompliah this the mirrors turn through l'\galf the angle of
the table so that the image remaine; at the same place on the scanning sur-
. face.
| Figure 12 pictures a scanning table used by the_ CERN Laboratory
in Ge‘.nieva, _S\vitzerlandf Opaque screén, t'able¥tpp projection is used. This |
' ﬂéchine handles the two-35~mm, 4005ft qupls from thQ:vCERN 80~-cm |
hydrogen bubble chamber. The projected pictures can ‘t;e s,upefimposed by
the opezfator; .uéing, 501itr613 that move the respective .p‘rojection lens.
' in adﬂ,;litio'n to séanning tables deéigned and built by the experi'— !
~mental physics groups é.ﬁd laboratofies, several designs are availéble from
cOmmefcial éourées.
3.0 Requifements for Measu,ring_Machiheé

‘A measuring machine is used to reduce the information>c0ntained
in a photograph to d1g1tai form Measurements may be made in xy, r0, or
in any coordmate system that fits the problem. To do this effectwely and
efficiently, the'measumng ﬁua_chme must comb1ne several basic features
and capabilities which are discussed in the next few paragraphs,

If the measuring'errofs are to be svmvall compared to the other
eﬁ:rors, the maclﬁne must measure to a pre;:ision of at least +3 nﬂicrons in
the film plane for hydrogen-bubble-chamber pictures.  The prec-ision can
be less (=10 mlcrons) for heavy -liquid chambers because of deV1at1ons in
the tracks caused by mu1t1p1e scattenng | |

There should be some way, eithér thr'ough switches or a type-

writer, to enter indiéative data that describe the event to the computer
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programs during analysis. In addition, there should be pravision for enter-

ing auxiliary information which may be useful to the physif:ci:st during sub-

e

sequent analysis.

To aclh‘ieve any reasonable speed in measuring:"', the machine
rmust 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 followe;’;i: (a) The optical
system is held stati.ona.ry.b The film is moved, being fag;te’ned directly'to .a.
précision measuring engine. | (b) The film and projection system are held
stationary except for the lens which is faétened to and moved by a précision.
measuring engine. . (c) The film and'the projection sfstems are held station-
.ary; measurements are made on the pfoj'ected 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 usualiy considered to be the most d_esirab'le approach. The film
is moved @til ‘the‘projec':t"egi bubble image is coincident with a reticle on thé
projection screen. In this way the xy position of the _fill;n irnagé is always:
def.érmined using _the same opticé.l ray through the projection system.
Consequently, lens and mirror distortioﬁa do not affect the measurements.
The reticle ié usué.il_y 6n the optical axis of the projection lens where the
image resolution is a maximum. The precision of the measurements is
lim;ted only by the »preciisio.n of the measu.ring engine and the ability of the
‘operator to set the reticle on the proper po'invt.'« .Whenif ig desix"edAto meas-,

ure to the maximum precision, this method is usually used. A precision of

3
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onc part in ’100,000 over a length of 100 mm can be obtained by careful

.
e

design.. .
Method (B), where the film and projection sya%ems are held

- £
stationary and the lens is moved by a precision measuring;eng'ine', will
produce.measurements that are not \quite as precise as can be obtained by
- using method (a), since the lens is used off-axis and different optical rays
through the sy'stemvvare used. With a good lens the errors are small, but
not negiigible.' The magnitude of ..the opto~mecﬁanical—d<ésign problem is
similar td that in method (a) except that the illumination’%‘? syétem must now
be made to track thé projection-lens aperture and proje;tion angle.

De51gn method (c), where both the film and the projection systcm
arc stationary and measurements are made on the projected 1mage, is used
when the’ rcqmred precmmn is about ‘1/10 the precision of that attamable in
method (a). However, w1th_perservera_nce and attention to detail, it is
possible to approach the preéision of meti‘xod, (a). Most of the inaccuracies '
in method (c¢) are vdue to the ineasurements béing made off-axis of the lens.
The resolving power always falls as one gets further off-axis, and this
adversely affects the abilityv of the operafor to set précisely. A mbre serious
problem is ’ch; lens-field distortion, which can cause ei‘rors greater than
one pbart in 1000. These errors can be corrected iby measuring the dis-‘
tortions of e#éh lens ar_xd correcting the data in the computer. >W;1th care, a

¥

précision of about one.i)art in 10,000 is possible ifvclo'i"iections dre made,

In methods (2) and (l‘)) a precisiog,exiginé is required since meas-
urements are made directly in the film plziﬁe. The operator, however,
usually views a magnified image. Th1s is achieved by viewing a projected

image in a projection microtzcope"or by viewing through the eyepieces of a

conventional microscope. The engine almost always measures in
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Cartesian c»oord{natés (%, y)e The-atag‘e.q_ar‘e us'ua.lly moved by means of
two lead screws, one fof the .x stage and one for the y stggq, with a thread
pitch of about 4 mm to 0.1 in, being typical. In some typA%s 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 measufe the angular position of the screws if precision
lead screws are used, (2) by means of linear encoders fastened to the stages
(éuch as those using moife-fringe gratings, ‘Guild, 1960,) if the stages are
moved hydraulically, or by recifculating ball écrews’. -'

In. method {c) measurefnents are made on the préjected-image\
pia;ne. ' In this case the precision of the megsﬁrément; can be less than in
methods (a) and (b) becaﬁse of' tile ma;g/pifi;at'ion of the projectibn system. '
The r_neésuring device_i's‘usually Boﬁ{; form of digitized drafting machine‘,

~although the SMP useé a very. sopﬁisticated method (see Chapter IX).

In aliv types of machines it is usually considered an é,dvantage :
to be able to view all views simultaneously for comparison of differént,
views of diffiC};lt eye_hts. In é.;ldition, it is.advantageéua tq be able to
superi;;;ga“é\e the t;‘ack images.  This ability helps the operator to find the
end of a trackf‘obscured by other tracks which cross the desired one at very
smalli angleg, or to locate small kinks .in the tracks (decays) wh.ich may be.
virtually" invisible on one or two views. Superposition of the images can be
achieved by mouhi:ing the proje.ction 1enses on movable stages. -

Magnification, resolving power, and irn‘agé brightness are

‘fundamental in their effect on the performance of any measuring machine.

1

The %{gniﬁca‘cion should be high so that accurate measurements 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 satisfaétory is tha£ whic};/allowa the operatof to;‘yivew the tracks
at 2/3 to 2 times life size. | Typ/i'cally, this means viewiﬁgi:;pagniﬁcations
of from 7-1/2 to about 30 times the actual size of the imafge on the film. I
these result in a viewed bu}bble image of approximately 1 :nm diameter, the
setting aécufacy 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 é'fea of the picture can be realized by using a high power projec-
tion syste‘;h and also a projection system with a 1arge.—a'r_,e‘av viewing screen;
or by usxng a zoom-mlcroscope eystem. ' .;

The resolving power of the measurmg-machme system can
normally be made at least 70 li_n_es'/mm. Thisa is adequat’e since the image
quba"lity.is‘v ’thenllimited by that on thévﬁlm, where the .diameter of a bubble
imagev is usually about 30 niicrons. ‘This size‘ is determined by diffra‘ction
to obtain good focusing throughout the depth of the chamber.

The image should be su-fﬁciently b’ﬁght that the 'opejrator} 8 ef-
ficiency and speed are not 1mpa1red The image can be 80 brlght that it
can cause physical discomfort;" although this 11m1t is not normally reached.
Usable bnghtnes'ses for transrrus‘smn screensv va.ry-from about 0.5 to abopt
5 foot-candles. For reﬂeéting: screens the range of usefulneas.i's from
abo_ut: 5to about 25 foét l_ambe‘rts.

The nu,mbelr_s of films, their width, and thé picture formatlvary :
c‘on's'i'dérably' betwee_n ‘bubble chambers. ' A measuring machine that is to be
~used to analjie pictui’es from several differén_t chambers méy have to handlz
~ three 'rollvs of film in sizes up to 70 mm wide and pictures as long as 150 mm.
Only a few pér cent o.£ the_tota.‘l machine t.ime should be used for. moving

film. Loading film into the machine must be a convenient and rapid
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operation, and of course the mach{ne should not scratch, _‘:t,é;;r, distort, or
damage the fiim.

| Since measurements to a few microns are nec;‘:essary. the film
must be clamped securely. This is usually accomplished“{)y using a mechan-
ical clamp to force the film against a glass platen in whicﬁ there are vacuum
grooves placed near the edge of the film. A moderaté vacuum causes large
pressure forces that hold the film securely t_o' the platen. A blast of com-
pressed air.can be used instead of a mechanical filrh cla;hp.

Even with 'clear" film, as much as 50% of t’ixe illumination
energy is absorbed in the film base because of the anti--l'i;alation dye used in
its manufacture. A rise in temperature reduces the moisture content and
causes the film to shrink, produciﬁg 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 fhan ‘10°C if the film is to be meas;
ured to vérithin a few microns. The temperature rise may be controlled by"
cooling the film platen with air or a liquid coolant. ;I‘he thermal enérgy is

normally removed from the illumination system byvheat—absorbihg glass or

- "cold" mirrors. In projection systems, power densities in the visible

spectrum exceeding 0.1 W/in. 2 at the film‘_galte are typical.

The control that the operator has over the si)eed of the film
transport can greatly affect the productivity of t}xe machine. A slow film
motion. (approximately '1/10 in. /sec)' is néc‘ebsaary to be able to easily and
quickl? adjust the‘_position of one film v}ith 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 nec-

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.-‘f'usés;_they may
be discreet épeed's or continuously variable from the slovf;:ét to the fastest
rewind speed.

A film-frame counter is a useful operator aid for locating a. i
particular picture on a roll of film. It saves time and thus helps keep
produ&:t'io_n at a maximum. A frame count?r may be an api)roxirhate' device
that measures film footage via a metering capstan, or can count sprocket
holes or photographic marks next to each picture. An effective technique is
to preseﬁt a visual displéy leaving it up to the operator t‘o do the final ‘lo—
cating of the pro’pef picture. If sprocket holes or accurately placed marks
on the film are used, the counter can locate particularvpicturea exaétly. and
if desired, autom‘atically. An automat’ic film advanc_é can also use coded
bmarks to find a i)articulaf 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 importa;’x\t. The type of controls and
their placement make.the difference bétween a machine: that is unwie;ldy and
ti‘rir{g to operate and one that is so convenient that the Qperator can continue
at maximum speed for hours. }

When a precision stage is used for méasuremenf, position
controls--usually in the form of handwheels connected to the lead screws;—
are proba..bly the fas“{test and most accurate means that an operator can use
to set on a boint.- /’.LI‘he use of a velocity control (joystick) for rapid traverse

j _
and approximate ;;ositioning of the film does save tiime. It relieves the
operator of the teidious and annoying job of turning a lead screw for a
hundred or so rev‘olutions to traverse present-day-bubble~-chamber picturesa

- 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 acd'accuracy of the opefator is less with éhie met'hcd:éthaa with the
position cc‘ntrels. When used for slewing, a_ joyst_itk almos;tv:’always is used
to cont‘.rol a servo system. The Im'otor_'s of this system tu%pthe lead screws.
Typical speeds of rotation of precision-lapped-screws (=4 ;nicron)? is about
5 rev/sec (1 mrﬁ pitch). Recxrculatmg ball screws are in general less
precise (%5 mlcrons), but some models can be rotated in excess of 40 rev/sec.v

Semiautomatic centering and tracking of bubble tracks {(described
- for the MPI a_nd MPII Franckensteins in Section IIIE4) is not essential but
may increase overall data rates appreciably, par_ticular);y on' large pictures -
\;/here the tracks are long. The major advantage is"fhatl the machine auto-
matxcally performs the tedious setting on the track, leavmg the operator
free to concentrate on measurmg at maxlmum speed and efficiency. .The
accuracy obtained durmg "on-the-ﬂy" measurmg depends upon the speed at
which the stage is moving and on t/he performance of the servo system. In
practice, it is pgossible to measure w1th a precision of about #2 microns at-
a speed of 2 mm/sec. |

In additio'r'x'.to. all the characteristics of the machines already
d1scussed, it 18 oft/en worthw}ule to build mto the machine features whxch
aid the‘operﬂator. These may be demgned to reduce the error rate or in-
crease t]’}e’;’neasurmg speed of the machine. These a1d8 can be achieved
by logic that is internal to the measuring ma.chine or by connecting the
machine or several machines tc an. external device: suc.h as a small,
p’rogrammable computer. (Goidschm.idt‘-Cilermont, 11964).

Inte rlc.cking and automatically ‘sequencing the operation of the
machme guarantees that the operator performs each operation m 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 chérigés the view number at the proper tiAme. Inter-
locks do not usually increaqe the 8peed of operation much, but can reduce
operator errors as much as 50% representing an overall data-rate improve-
ment of about 5%., Automatic sequencing assists the operator appreciablﬁr
émd increas'es spéed by a.bbut ”10%, ) In addition, the éutomatic ingertion of
indicative data, automatic frame finding, and automatic vertex‘and fiducial
finding mayv increase the spged by another 30%.

4. Conventional Measufing Machines at Berkeley
" To describe or evén to discuss more th'aﬁ a very few of the

machines that are éreéently being \;sed to measurve»bu‘bble—char»nbcr photo-
gfaphs is. beyond the 4scope. of this article. The authdr will discuss‘ in .dctail
~two F‘ranckenstein fnacﬁines, measuring projectorrs MP-IE and MPQIID.
Thesé macéhines.wéré designed and b'ui.lt at fhe Lawrence Radiation Labora_
tory, Berkeley. |

 The first Franckenstein (MP-IA)'v}as put iﬁto s‘ervice in 1957
by the Alvarez Group, analyzing hydr.oger.l bubble-—chambér pictures on a

o

- production basis. The MP-IA was designed to measure only the 35-mm

film from the Berkeley 4-in., 10—in..-, and 15-in. hydrogen bubble chambers. |

The latest MP-I' s (MP-1IE and F) are designed to handle three rolls of film
of any siz_é 'up to 70-mm wide and 1000-ft long, as well as the Berkeley |
'46-mrr_1 and 70-mm film (all three views on one film). Six MP-I projectors

~with various film-handling capabilities have been built at Berkeley.

" The MP-I's are semi-automatic centering and tracking projec~

tion microscopes using rear projection screens. The system design in-

cbrporates statibnary optics and moving film (method 1 discussed in

,Sectfon III’E'3)f - This machine, Bho.'wn in Fig. 13 is composed of a projector, .

A



 -65- o UCRL-14869

several racks of electronics, an iﬁdiéative data; panel, and a ¢§rd punch,.
The prqje'ctor in fhe center of Fig. 1'4.: contains the precision measuring
b.en’gine',- ﬁl_m,‘.platen, i11uﬁxinatior¥ and ‘pxy'ojection optic:s,v viewing screen,
operator controls, and the eleétromechanical-—o_pt'ica_l-scanning'unit which
is. used when autocentefing. The indicative data panel at the right'is 'use‘d
to enter fixed da_ta'bto identify the event and each track. Data are output |
onto punched cards via the IBM 526 punch at theAlc.eft ofi the machine.

The intAerrial features of the pi‘ojector are shown sch._ematically
in Fig. 15. The p}aten, ' proje’ction_ lens, énd first mirror are supportcd. on
the measurin'g-.eng‘ine baée which in turn rests on the rigid and massive
base frame. A"rigid stfucture mounted on the base framé supports the
other n}i-rrbrs, screen, and ﬁpper cabinet. The detecting head and reticle
projector afc; ind.ependerlxtly mounted on thé base frame; As mentioned
prev:iously, the cémplete illu.niinatiqﬁ and optical systerﬁ is stationary; only
the film is moved. This is clamped in the platen which in turn is pirt of the
'top.stage of the precision engine. - The filﬁ to be measured is held t-)y both
‘mechanical clamps and by vacuum to the glass platen. The projection lamp,
via éuitablle lenses aﬁd mirrors, illumiﬁates the 'ir"nbages on the platen and
focuses the transmitted light into the projection lens. 'This lens forms an
irﬁage at 'approxima’cely thirty times magﬁificatiqn on the screen via the
three mirrors. The beam—splitting'mirrof causes an image identical to
that formed on the projection screeén to be focused on the scanning disk in
the optomechanical scanner or "defecting head.'" An illumin{xted reticle is
projected through the bearh;Splitting mirror onto the screen by the reticlc; :
projector. Manual meaSuremevnts are made by moving the stage, and thus
the film, so that the magnified image on t.he pfojection screen coincides.

with_'the illuminated reticle at 'éhe points to be measured.
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The x and y coordinates of the stage and film ane determined by
measurmg the angular posztmn of the two 1-mm-—p1tch lead acrews. This ,ie-
accomphshed by means of rotary encoders fastened to each lead screw,
' gwmg 1000 counts (1 mlcton)‘ per revolution over the complete 100 mm by
150 mm travel of the engme. Both the x and y encoders are read electncally .
and the data stored instantaneously (w1th1n 10 psec) in a buffer. The data are
output from these buffers in decimallfox"xn onto punched cards.- The buffer
store is absolutely essential in this rnachine hecause coordinate_a are read
out 'in ﬂight. " invaddition, dvur.ing. manual setting the bp.ffets rnake_ it un-.
n_ccessary to hold the handwhe.els stationafy for an apprg'ect_able time during

readout,

The operator 8 console is plctured in Fig. 14 The x and y
handwheels are the two largest wheels. A joystick-type veloc1ty-control is
locatcd at the far r1ght -hand end of the control console and is used to move
qulckly 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 ahgn the nrojected
: t;eticle to the direction of the bnbble track. This alignment is not Onl.y an
aid to manual settmg, but, through mecha.mca.l gearing, adJusts the orienta-
_ t1on of the electromc cross ha:.rs and of the sine and cosine potentmmetcrs
that proportion the error signals to the servomotors that drive the lead
- screws when,autoc.entering.ﬂ | |
| ‘Film is modnted on s‘pindl'e_s at the back of the machine and
o threaded through the film platen. The filrn transpott controls a'.re the four -
push buttons and the knob in the sem1c1rcu1a.r slot at the far left end of the
control. console. Wlth these controls three rolla of f11m can be tra.nsported

"smgly or in unison at any speed from 0.1 1n./sec to 750. ft/mm. The

1
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‘machine is pictured with a roll of Berkeléy 72-in. hydrogen bubble chamber

filmi mounted on it. When ‘three films are .fo be measured, the recel spindles
to the right and léff of tﬁié roll are also activated,

The rerhaining controls én the préjector are either control push |
buttons or limit lights indicating that the engine is at the end of it's travel.

The push buttons for manual control of the track and view numbers, and the

Inobs for controlling the superposition of views, are all mounted on the

small panels to the right and left of the projection screeﬁ. 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 automa.ﬁc éequencing of track and view numbers. " The

éontrol inforrhation recorded by these switches is either determine'd by the
operator upon in8pecfing_the event to be measured,‘ or it mayv be obtainéd '
from sketch cards or libréry lists generated duiirig the scanning op.eration.

A cathode-ray tube is mounted at the cénte.r bOttorﬁ of the projéc—
tion screen. The track and marker signals are di3p1a$r'ed here as an alic.l to
the opérat'or in maintaining speed and precision when s_etting manually. It
also serves as a monitor on thé performance of the machine when it is in
the automatic centering and tracking mode of operation. With this display,
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. An optically opaque scanning disk (Fig. 17), about 5 in. in diameter,

- with 24 radial transparent slits is tui;ned;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 irﬁago. The po'é_'iéions 'ofbthc detecting hc“ad and of the projected
reticle are a'djusfed meéha‘.ﬁi‘ca‘lly’ until the ép'tofrxéchanical center of the
detecting head is on the same poir;t as the center of the reticle on the pro-
jected 'i-r"ha'g'c. : Anbépti{_ial mask in the detecting head céuses t_hé disk to scan
only that'pé{rt of the projec'ted. ixnage that is in the immediate vicinity of the
projected reticle. | Th‘e light that gbés thfoﬁéh t};e:siits is pickéd up by a
photoc—:léctro_n multiﬁlier which‘ geﬁefatés electrical signals proportional to
light flux. As e.ach slit in turn scans across the track picture apcrturc,? it
also scans a ‘light beam frorﬁ the markér Iahip, Th‘é marker light goes
through the scaﬁning-disk at a radius that is émallgr than that .for the track
picture, so thaf fhere is no mixing of the fwo light béams;, A second'phbto-
clectron multiplier converts this scanned marker ligﬁt béam' into electronic.

7 "signa‘ls; in effect t.hé marker signal ié:an- "electronic cross hair.'t To measure.
a track, the center of the rotating disk is posifioned by the reticle alignmc;nt
knob such that the elect_rqnic and projectéd cross hairs are aligned with the
track being measured. - |

In addition to being displayed on the cathode-ray tube, the track

and marker signals are also fed into electronic circuits which generate er-
-ror signals t’ilat in turn control the relative speéds of the servomotors that
are »connected to the x and y le(ad écrews. This circuit is activéted when
the machine .is éutocentering. |

| Figure 18 is a block diagrarh of the electronic circuits.  The x
and y handwheels are‘ conngcted to the lead scfév&é by synchro transmitters
and receivers which‘a-re'vdec_lut‘che'd from the lead screws when the machine
is aufocentering and tracking. - .Synchr'.o". d'ec'lutchi;ﬁg "i'six;'xe‘-‘cessary to eliminate
degrading the servo-é?s_tefn per’foi'manéé; Th@ enera.£es x and y |

signals from two internal potentiometers, the output of each'being proportional

e b e A = bk Bee il e e et
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~to the x a;ndvy displacement of the joystick handle. | |
| For éufocentering the track and marker_sign'a\;’_ia. generated in the
detecting head are directed separateiy.into the pulse shaper and tirﬁe dis -
Vcriminva’co;'. These circuits g’eneréte an error signal proportional to the
difference in time of arrival of the centers of the track and marker bsignals. '
The output of the time discriminator is appiied 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
which supply the power to the servémotors that turn t.he{'.k énd y lead screws.
To close the vservo'loqp, #'coptinﬁous samplin.g (1_440 pvulses/Bec) is made of
the track images ‘projected onto the detecting/”}'lead. Tachometer feedback
from the motor shaft to the servoamp’l,iﬁ.t;rs linearizes the servo closed-loop
characteristics.” The bandpass ofthe servo system is usually greater f:han ‘
30-cp§. The velocity along the "tlra'.ck,' when autocentering, is controlled vBy
the operator via t.:h'e foot pedal and is typically 2 to 3 mm/sec. 'I.‘he.propef
éonqponents of the control signal gene;ated bj.the foot pedal is directed to
the x and y servoamblifiers by a cosine-sine potentiometer.
| T}%_e.f:zfx;xeasuringISPeed of th‘eiMP-Iv.s. for strange particles is
. approxima'gelly five to si;ﬁ events/hour. For two-pron’g‘e the épeed is more
like 10 ex}';nts/hbur; cofnplicated e\:rent's may be as slow as three or four
per hour. |
A larée médel of Ffantkenstein, MP-II, has been built to mea‘s-'
uré the 46-mm .ﬁlm from the Berkeley 72-in. hyd;'dgen bubble chamber.
These machines, of which four have beén built; are similar to the MP.—I" 8
in that they incorporate the same autocentering and tracking circuits and
‘use the same fype of rear projection screen for measuring. . Figure 19 is

a»'photograph of MP-IID. The tracks are viewed on the measuring screen
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at 33X rri_agnification, with less than 4% of the picture area being visible at
one time. The measufing‘sc.:r'een is smalle'r than on the M-P—i' 8, since the
event can be found’ on. a ldw-power front proje'c_ti‘on screen located to the
.right of'thc o-pefatbr. The image is formed on the low-power screen by
long- focal 1ength 1enses pro_;ectmg via three overhead m1rrors, it includes
'100% of the plcture at 7 5% magmﬁcatmn. "The lenses are moved by a
mechanmal lmkage to the engme Buch tha% ‘the image on the prOJe;tlon screen
remains stationary even when the engme is moved. The data sw1tches
méu'nte’,d on thé desk to the ope"ratovr‘ s left are ueedvto enter the operator's
number and th;a date. In addition there are sev'era.} control and delete push
buttons. "A‘pu“nched card containing the indicative vda.ta for the evenf_ and its
approximvate' location oﬁ the picfure is inserted into the card ‘readefﬁshownbf'.'
at t_he near edge pf this desk. |

."I‘he MP-II electrohic 5yatefﬁ first reads the indicative data
from the punched card and records it in binary coded‘ decimal form on the’
paper —‘ta‘vp‘e output (fai' fight). It:then 'autffg?_matically searches the f:‘j‘ro'llv of film
for the 'prop'eri picture by aﬁtovmaticallylr reading the binary marks which are
on the film adjaci’ent to each ‘s,te‘reo‘triplet. The searching occurs at film-
transport speeds in excess of 600 'ft/min‘. ‘The mgasdfing procedure is
very similar. to tha;t foi‘lowed on the MP-I' s, ve)&'c':;afpt‘that sequencing circuits
within the MP-II require that the operator measure nine f1duc1als (three on
cach of three pictures) and all the t.v,rvac’ks, associated with the vertices
specified on thé input qontrol clz_f_.r‘d; Each track is measured on the best ~
s’tereo—view'pair; a "dumm_y'*'éfack is enfered o‘n.the uﬁwanted view. During
the ‘m'eésurin'g précess, logic circuits withi-n the machine autématically
switch views and run the meaaurmg engine to the close prox1m1ty of each

fxcudlal_ and vertex to be measured. The operator does the actual precise
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sctting on fiducials and vertices, and récords coordinate pbints along the
proper tracks using autocentering. When the x and Y cé?r&i.nates of a point
are recorded by'means of the ''record" pus.h button, the i’i?utput of the binary
séale;fs are instantaneously stored in a buffer and then i;fjecorded on paper |
tape. The buffer store is 'a_gain necessary because the énachine reads co-

' he ;’{1 ié 2.54 microns.

~The MP-II' 8 do not use precision-lapped scjews to determine

ordinate points 'in flight. " The least count of the syste

x, y position, but use moire-fringe gratings and two-way binary scalers to
count the fringes.b' yThe measuring 'engvir‘;e,is moved bj lé?circulating ball
screws so that it can be moved at linear speeds up toééﬁbut’ 5 in. /sec.

- With autbtrackjng-, five to ten strange-bafticlzlg events (fypic'ally
two‘ verfices and four to five. tracks total) are measured on t_}xis machine
lpei' houf. Two-prbng ev’enfé can be measured at a rate of about 15 events
pe.r hour. |

- 5. Other Types-of.Conirentional Measuring Machines

Bubble-chamber _picfures are analyzed by many la;boratc;ries
thrpughbu’c the‘WOrld. The .equipment used is either built by the laboratory
personnel or i; purchased ‘frofnxcommercia.i concems.3 The simplest way
- of making a pfecision measuring machine is by using an ordinary binocular
microsc&p_e and measuring engine. Rotary encodex;é are usually attached
to the screws to make automatic the readout of the stage positidn. Some of
these machines have zoom opt>ics so that the event to be measured can be
located more easily. |

Many of the mea_suring' mac_hines. are similar to the Francken-
stein.s_de:_scvribed above, namely: measurements are made on the film by
~digitizing the position of a precision engiﬁe; ‘and the pictures are viewed on

a rear projection screen. The engine may be moved and its position



~72- | . UCRL-11869

digitized in a 'j‘/‘ar.iety of ways. In the United State's bprecisgi‘t;;m lead acfeyve
and rotary encoders seem to Be preferred; in Europe moi;i'e—fi'inge dig_itizer_e
are usually used. Many European machines use screws to moVe the meas-
uring engine; although one English design uses hydraulic rams (Welford
1963). Many of the Franckenstem like machmes use only a joystick té
_ cent'f.el the motion of the atage; this makes accurate setting slqwer than
with handwheels. Some of'the machines have autocentering and track fol-
lowing; others do not. The design of the film tfansport is determined, of
course, by the format of the film' to be'me.avsure‘d On ?'nany of the machines,
vmdicative data are - entered by means of a typewrxter mstead of sw1tche8.
In prte of these d1fferences, the machines work in a way very similar to
'that described for the Franckenstems. Their measurmg apeed varies
-conmderably, but averages four to f;.ve events per hour.

Many bubble-chamber pictures are rmeasured on macliinee less preeise |
_ than those already described Theae machmes measure the pro_]ected |
rnage, usually on a .reﬂectmg screen. The measurmg device may be a
eimple X, ¥ digitizer, or it may depend upon some method of triangulatmn.
'Three basxc methods frequently used (see Fig. 20) are (a) meaaurement
o,f x and vy, u_smg 1ineai‘encode_r-a;_ ‘(b) measurement of two angles 0‘1 and
62, __us_ingfangiil'ar encodexs, wh'e’re’, Ty and T, are rigid members of constant
leng'th; (c) measurement of lengths Ty and r, from origina Qi’.ar}d 0,.

The physical layout of the machines and the methods used to
~ obtain the digitiZation are very varied a_.xi,d depend rﬁa_inly upori the accura'cyv
reqﬁii‘ed. - In method (a) two rigid beams are used. The digitization can
" be done using'eoarse rinoir'e-fringe digitizers on both axes or in other ways.

’M_ethod (b) uses a drafting machine digitized by means of rotary encoders.
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There are many way@of accomplishing method (c). The mc%at common is to
use two u.nstretchable wires wound around rotary encoders attached to two
stationary posts at Ov and O, (Fig. 20). The‘ lengths r, and r, can then be
51mply related to the angles read by the two encoders, Other methoda using
sound waves and light rays to measure the distances have also been tr1ed ;

To make rapid measurements on the images of straight tracka
(i.e., no magnetic field in the chamber)', ‘another rofary encoder can be
fixed to the measuring arm at point P (Fig. 20). A template contammg a
straight line and a _ret:icle is attached to this encoder. The complete meas-
urement of one ltra‘ck 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 ch_osea axis. - | '
| The aetting precision obtained witl’l these simple machines is
about 5 mils on the projected image. The precision on the film vi's dependent
upon the magnification of the projector but is typica_lly,;!:f()‘d. of course,
distortion in the lenses and mirrors ‘may causel'A_/thel ';oeasuring precision of
the machire to be less than this. This meth’o/d of me.asuring is used where
great prec1smn is not required, pr1mar11/y for heavy—hquid bubble - chamber
and spark- chamber pictures. It is partmularly useful for stra1ght track
images, since only one re’ading is requ1red per track.

F. Existing Data Reduc'éion Systems
| 1._ Operational Characteristics

‘Ovexf t:he bast five or six years data-reduction systems have. -
been built up at"fhany laboratories thr_oughout‘the.world‘. - These vary in
- magnitude /{ffom university departments of abodt lO i)eople to large installations

employiné over 200, Table I shows statistice gathered from a representa-

tive sample of bubble~chamber gr'oups and illustrates the enormous effort
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currently béing made to an\va,l’yz_,_‘_e bu'Bblefchamber pictures,

/
,

Compariaonsvbetwe’én the various systems a.rel"‘extr'emely dif-
| fi-cult because of the disPa;ri{y in the size of the groups and also because the
z}ppa_zrept_per_formgncg of a systefh (events ‘sca‘nned and measured, etc.) is
gtfqngly'inﬂuenggd by the type of e;&perimehts being performed. No com-
parisons are atvte‘.m.pted here. The following points a.re.empha.sized, since
they may }}elp m the design of future systems. |

” On the average, one physicist .orv graduate student is ‘aesiated by
one to two specially trained scanﬁing \.t“echﬁicians vwho scan va;nd measure the
film 'andra_lso assist in boo&eeping, gxpeditihg, ian-d éther chores associaﬁed
with the analysis of the data. Th‘e_‘ﬁumber of scanners is presumably limited
prima’fiiy by e'co;iomics. In‘addi-tioh tS ‘s‘ca'r‘ming t}ech,niciana., most l’abora-".
torieé have a stéff of pf§grah1mefs to assist 't‘:.he physicists with writing nev}
progria‘ms and ﬁmaintaihing old ones; there are Alao’ enginéers and maiﬁte;ﬁ .
nan‘c'e‘ .te‘vchnici-a’,ns to look after the equipment. | |

'I‘he‘ nﬁmber and typeé of r'nachiné'a. is again governed primarily

by ‘economic's,{ Howgvér, for 'a.n ef‘ﬁci‘ent‘operatio.n there should be a sur- |
plus of ,e'qu‘i'p'me.nt or schedulinglwill become a proble_rh.;l "It is also important
to have the proper ratio of scanning to fnéasurin__g proje‘ct.ors. ‘Experivenc,e .
in the Alvarez Group at Berkeley has shown that about 35% of the totval'
scanning;fechnician effort is used for measuring;-about 40% for jobs re-
‘ qu‘;red the- use Qf a scé.nnin_g projector, and 25% for chores, fér example,
béokkeeping, _exp‘editing, computer runs, supervisirig, etc. In‘addition,
physicists and graduat_ve ..svt‘vudelnts should have easy access to scanning ' .
projectors if fhey are vt;)‘_:\vork__e't"ficiently. The numbers obtained from the
survey show that fgw groups use their measuring machines more than

.
!
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100 hours/week; the average usage is about 80 houra/week.ﬁé The number of
scanning rnachinea required per measuring machine is Bti',gonglvy influenced
by the type of experiment and the Speed of the measuring lzirojector. 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 generalit appears
that for strange particle eventa of average complexity (e. g., two vertices
and four or five tracks per view) the measurmg rate is five/hour or less.
Automatic track follow_ing is helpful‘ but not essential. On small pictures
the increase in meaauring rate prcduced by autotracking is not appre‘ciable;'.‘
however, for larger pictures where the tracks are long, autotracking nnay |
increase‘ the number of events measured ‘per hour by as much as 20%. 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. This automation can be achieved either by the use of control
circuits within the machine or by attachmg the measuring dev1ce to a comput:ero
The card~cont_rolled Franckensteins at Berkeley (described in Section IIIE) |
. are currently averaging about eight events/_hour. This measuring rate is an
'ave.rage for all typee of events. T_he avérage rates are about half as fast |
for 'complicated even’ts'and_ twice as fast for simple two-pronge (one incoming
and two outgoing tracks). | _

Scanning rates depend upon'the type of experiment. At Berkeley .
the current rate 15 about 75 frames/hour. This is achieved when scanning

film from the 72-in. chamber with about 10 to 15 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 scannlng of the film. The
remaining time is used for routine rescanning and special scans (see Sectxon
IIIA). Because of limited measuring capability, most groups'record only
the more interesting events, and large inumbe'rs of events are deliberately
ignored. The measuring power of a group. strongly inﬂuences the type of
'cxpe.rime'nts that can be done. | The anomalous ﬁgures (Table I) for the
Alvarez Group at vBe_rkeley, where the rate of event measurements is cur-
rently h’_ighervthan the rate at which events are recorded, is caused by re-
rneasurement and me'asurements of events from old experiments.whichv.were
scanned years ago. .. | |

| In addition to the huge effort invblved'in scanning and measuring

the p1ctu1 es, each group uses an apprec1ab1e amount of computer t1rrre This
varies enormously from group to group dependent upon the ava11ab111ty and |
o cost of computer time, the number of events, and the amount of analyt-us

.and bool{lceepixxg performed on each event. The Alvarez Group at Berkelcy

; currently uses about 100 equwalent 7090-hours per week, Thxs amounts to
about one mmute per new measurement processed However. the analysxa N
of ea.ch event through the programs once should take only about 15 seconds,

The add1t1ona1 t1me 13 requ1red for reprocessing, library functions, tape

) mampulatmn, and debugging. Table II shows, a breakdown of computer usaée

in the Alvarez Group. : -Oniy about 40% of the time is used for"direct comqu
_tatxon on the events and 10% for m1sce11aneous calculatmns (e.g., mmmnzmg.'
and f1ttmg routmes, Monte Carlo calculatxons etc ) Flfteen % of the tu‘ne
s used for program development. About 35% of the computer time is un-

' _productwe since it is used for formattfng (PANAL and WRING), tape mam-

pulatmn (MERGE SELECT), and 11brary procedures (LINGO or LYRIC)

-
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Many bubble-chamber expoeﬁres are made over”‘:;eriods of a
year qr so. Such experiments curfently involve riecording.and (if méasuring
capability perm‘its) measurement of 50,000 to 306,000 events. Analysis of
. such an experiment is usually diyided into subexp_eri'ff;énts pertaining to
different physics problems.  These subexpe‘;iﬁ';:ants may contain as few
as 100 eve--nts', or perh’aps 50,000.. Ana//l,y'sf/iﬂs is most active during the ex-
posure and for one to two years thg‘ré/;fter, although slome‘experiments may
still be active five years after thé/ exposure started., In a.?;large bubble -
chamber group several éxpe.riments are analyzed conCurfently. |
2. Cost of Operation |

~ Analysis of bubble -chamber data is very expensive. This is
illustrated in Table III whic_h shows approximate costs for data analysis for
the _'Alv‘arez Group, Berkeley. Since this»groub is one of the largest in the
world, it i'él not a very fepre.sentvati've example; however, it does illustrate
the large expenditure to‘ be expe;tved for the analysis of bubble-chamber
pictures.  Two inte;resting facts emerge from fhis table. First, the —capital
investment in é(quipment is sirﬁilé.r to the cost of operating and maintaining
the eciuipment fof one ye.ar.' Conéequently, dep.'reciétion of this equipment,
even if c#lcdlated on a foﬁr-yea.r basis (eqﬁipment usually lasts longer), is -
_ quite sm.all com‘pared. with all other costé. Second, if the cost of computer -
time was calculated at the cémme‘r.cial rate (> $300/hr) it would bé much
greater than the cost of scanning personnel. However, the low rechar.ge
rate and the acéessibility of the cémputg:rs at Berkeley does encourage us
to use thé computers more extenaiveiy. Costs at Berkéley are hiéher than |
at many othef plaéesv 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 a.re‘\f%ary hard to
interpret.‘_.. In Europe, salaries are very much lower than m the U. S. This
is a»llso reﬁected‘i'n a,lowef cosf of equiprﬁent.- The price of equiiament :
varies considerably. A measuring projector similar to a MP—I-fyrpe |
Ffanekenstein'can be bought for between_.$30.0.00 and $100,000 depending
upo'n the _compiexity of the-machine. Machiaes-that measure the projected -
vxmage are cheaper--usually $10 000 to $30 000. A one—eyed scanning
prOJector can be obtamed for as 11tt1e as- $300, however, ‘a_three-vxew

projector usually costs about -$15,000. o ,.;'

IV oPARK CHAMBER DATA PROCESSING
A Data Analys1s and Expenment Desxgn
| As pointed out elsewhere, one of the advantages of usmg 8park'

o rchambers is the freedom allowed to the physxcmt to adapt the physxcal con-

figuration of his apparatus to the physics of the g1ven exper1ment. This

:advantage is not w1thout cost, however, Smce no two spark-chamber ex-
penments arelthe same, a general approa.ch to data reductlon is very d1f—
ficult, 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 de81gned, in order
to avoid waste of time, effo.rt,’ and morney in\fe‘sted in obtaining the_ data.

The chambers and triggering System must be designed with an eye te simple
and rapid data reduction, as well as the physics that is t.o"be done. In
general, the d_eeign cr‘iteria dictated by the data -analysis will differ _depend-_'

iﬁg' on the analysis equipment available and whether automatic equiprf;xent is

to be used. The latter is treated in Chapter IX. What follows in the rest

of this section are general remarks and various procedures and techniques
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that xﬁay‘ be useful in the design of a Spark-charhber expex;‘i,"ij;nent.
i.. Arrangement of the Chambers t
| Pvroper physical placemént of the spark chambers may eventually
simplify the scanning, while not affecting the physics. For e#ar_nple, in
many experiments coplanarity o'f,sé\'reral‘ 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 viev&s shows an
"edge on”‘projection of the event. Then coplanarity becomes a simple
scanning _criteribn (Cook ét‘ ‘-a.l.., -1963,. Anéther pdaéible exar‘r_xple' is an
experiment where fhe openiﬁg angle bétween two éarticlea is of interest.
The chafnbcrs should then be arranged in .such‘ a way as to allow a film
format such that a scanher may easily check the appropriate ahgle. : Suc'h‘ill\
éonsideratidné are particularly iméortant for exp'er_im_énta where there is- |
a large ba’ckgrbund that can not be rejeétéd by the triggering system and
mﬁst' be done by the scanning. ' ‘
2. Fiducial Marks
Fiducials are placed on the .var.ioﬁa' cbha.mbe_rs in the‘exéeriment
to r_elaf_é the positions of thé ’cﬁambers and correbct for any op’tica-ll'di's'torvtiori |
that may exisf in the system. " This latf;er point is of singular importance.
Becauée of the't‘empoz_'a.ry nature of a -ep‘ark-chamber: setup, the tendency
is to rather haywire the optical system. Thus there may be consideraﬂle f
optical' distortion cauéec_i by 'warped mirrors. This'dis‘tbrtion and indeed
the relative position of the various chambers in the array may c;hénge
: during the coursc of the experiment. 'i‘he 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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clirhinate‘ in a direct way all optical effects since measurements are then
made in real épace. Unfortunately this system is only usegﬂ for experi-
ments involving relatively few events. If the measuring is .cllone with es-
sentially no autbmaéion (for»exé.mple. a projector and xfulers) this method
is straightforward but too slowvfoz_.- large numbers of events because of the
time taken to record"the‘ measpur‘ements. On the oihe_r hand, if a. digitized
mc#suring de\}ice that automatically re;ords 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 measur_érpe_nts made for each
event. To spe_ed uiﬁ event analysis, one measures only_f.% few fiducials on"
.each picture, and the entire set only from selected piétureg tékgﬁ at dif-
ferent times ciuring the experimént. Since; the entire gr.id isk needed .only
occ:as‘io‘rially,' it may be worthwhile arranging two sets of fiducials. One set
is reéorded on each picture,_ which pxjovides only a bae;ic set. The 'se'co._nd
set theﬁ consists of a complete grid to check the optical distortion and
geometry of the chambers occé-sion’élly’ during the experiment. Mox:e con-
cerning optical distortion is contained in the secti’on' on 'v'Opti‘c‘s and Film
Format. . | |
3. Stereo "I“echniquev o
For ’parallel-plate spark chambers little difﬁculty is encountered
in taking sterco pictures., In some cases 90—dég stereo is posaible 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 (.ieptlh of the spark in the chamber is then given by

0

-and the spark as seen by a camera at infinity (this is the case when a

Z = Z, + y sina + d/sin 2a where d is the displacement between the image

spherical field lens is used; see Sectién C). This is equivalent to a small-

angle sterco using a second camera,
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An adaptation of this system can .be uée‘d for cj%indrical spark |
chambers (Beall et al., ‘1963). The mifror should be in thé. form of a helix.
The problems ‘of fabficating a helical mirror are‘ overcome by making an
equivalent mirror from a numi:er of flat mi.’x"_rors in the form of a turbine
blade. ‘(mg. 22). |

Another technic.;u_e‘ hg’e been uae;i for'cylindricél charﬁBers' that
are n‘o.t compiete cylinders. This system is illustrated in Fig. 23 for a
180-deg chamber. Ome view is taken parallel to the axis of the cylinder. If
.the chambé_r plate.s‘ar'e_made from or coated with some highly.‘reﬂect.ing
-material (such ‘as‘.‘polished aluminﬁni) the light from the épark is rnultiply
reflected arouﬁd the cylinder and can be brought to the camera by a subtly
plaéed mir.ror‘. This second view gives a direct measurement of the spark

_ position along the axis of the cylinder. It should be noted however, that in |

* this view a straight track appéars as a section of a hyberbola.

4. Optics and Film Format
The effect of bad optics on data reduction has already beven
.mentioned, - Tllqe main poi'nt.that .sho._uld, b.e kept .i'n mind‘durinvg the design,
setup, and operation of a épark_-chamber experiment is that although almost

any optical distortion is subject to correction, it will have to be done !

Since any complicated computer programs to correct for sloppiness in the
optics will probably 'be uselless for the next experiment, time and money is
better invested in avoiding the co;rect'i;n as much as éoséible. S\ipports

for mirrors should be carefully designed, and everything possible d-oné to -

-

make the mirrors flat and above all avoid time-varying warpage. Remem-

ber that glass in 1arg§ sheets ,i‘sm;;-ﬁ\i

te-flexible.
For nonautomatic film scanning, it i8 convenient to keep the

entire picture on one film. The arrangement of the chambers on the film
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need not be the sarne as that in real space. However, whez;ever possible

t

one should arrange them 86 as to make scanmng as easy as possible. A

‘/

week Spent adjusting and changmg m1rr6rs may save 8ix months of scanmng
and measuring time. -
B. Scanning and ;M_ea.su'rin'g"""

If the scanning of a spark-chamber exper’imeht differs at all from a
bubble—chamber problem it probably tends tvo be simpler. The spark-
chamber pictures a_re-»in gexleral much sirhp‘ler, and the scanner is asked to
look {or a rather restricted topelogtcal pattern wh-ich is qcite. easy to
recogn"ize. Typmal examples of the scanning criteria that m1ght be used
are: Do certain chambers have one or two tracks? If there is a track in
one chamber is there a correSpondmg track in some other chamber? Are E
there tracks in one chambcr that are roughly an extrapolatmn of tracks in
| another chamber? Such criteria are easy to apply and, therefore, usually
one can‘very rapidly scan the film to ;fihd Vpictl‘u‘es that vmust.be measured ’
for turthelr analysis. Once the picture to be measured has been fourrd,"the
problems ‘oif the spark chamber are s_Orr;ewhat different_ from those of the
‘bubble’ chamber. | |

' 1 . Spa.r‘k Chambers without Magnetic Field

For spark -chambera without a magnetic field track measuring
can be considerably simplified. Since many chambers used in ah experiment -
are usﬁally of this type, much benefit lcari be derived by reducing thevnamber

of measurements required. This is accomplished by using some system of

measurement which measures all of the sparks that make up an individual
track simultane‘ous'ly. The usual system is for the scanner to lay a atra1ght
edge or f1duc1a1 line along all of the sparks that constitute a track and then

make the "best fit" by eye to the sparks., If one _pq_int oy('thia line, say x, vy,
3
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is recorded aiohg with the direction of the line, :these threﬁ' numbers serve
to parametrize the t_i'ack. This technique for measuring the tracks is
enormously faster thah recording coordinates of each spafk and later
fitting a straight line to these measuremente..‘ The problem that arises is
with the ""best fit'" to these sj)_arks, Indeed, this problem is the most
plaguihg iu spark-chamber data analysis, What part of a,apafk should be
used to best r'neasu'fe the fositio_n of the particle passage through the
ehamber ?‘ This has been subjebct toa g'reat deal of debate, and some ex- V
pcrimental information‘ extsta.* The answer to the problem is never clear
and may vary frorh time to time within a given chamber as the ope rating |
conditiens ef the chamber change. If the pavrticle passes within about 10
orv 20 deg of the normal to the apatk-chamber plate, little difficulty-is

“encountered. In this case the "best fit" bfeye'probahly gives as gdod a
result as a rhore detailed cumputet fit to c.oo‘rdinates of each spark. On
the other hand, 1if the direction of the track makes an angle w1th respect to
the normal to the plates greater than about 20 deg, a careful measurement
of eachvsparkl and a computer'ﬁt to these sparks is probably unwarranted,
since under these cireumstanees it is never clear what part of the spark
should be used. For experiments where the ultimate in precision is
'requxred and the particles may be traVersmg the gaps at rather large angles,
the only solutmn is to make series of expenmental tests of the chamber
under varlous operatmg cond1t1on8. ‘Then the operat).ng cond1txons of the
chamber (i.e., gas pressure, gas purity, cl,ea.nng fields, opera.tmg

voltage) must be carefully controlled durmg the experiment to insure that

e
/

the charactemstma of the chamber are the same as they were when the
- . .

chamber was cahbrated. s

e

/
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- 2. Spark ‘Char‘ntbe_rs in a Magnetic Field B “, |
For ‘é_ll}ambera immersed in magnefic fields th:e ;roblem of

meaéuring becomes very much more akin to that of the,bubble chamber,
In this. case, the best information comes from a __meééurement of the cé-
ordinates of each s‘par.l‘c‘ and then a fit to ‘thg'sé"’;ﬁeaéurements to determine
the _dinectign and momentum of the pa;/tif‘c"ie. In the case of a chamber op-
erating in a magnetic field, howev_e,r',.’ the‘p,r.oblem Qf what part of the spark
to use is cvén more é_.e.rious than‘in the chamber without a magnetic field. |
Between the time of the passage of the particle through tbe spark chambe‘r ‘
and the time the voitage is applied to the plates the electrpns tend to drift
under the action of the clearing field of the chamber, With the crossed |
clectric and magnetié field, the electrons then move .in a direction parallel
to the Sparlg—'cfxamber plates. Thus when the siaarks are formed they may |
be di‘splac"e.ld. from the original track of the particie. Since in most spark-
chaxﬁbér configurations the clearing field is in an opposite direction in
adjacent spark cﬁe;mber gapé, the drift of the electrons in the magnétic field
is also in opposite directions in adjacent gaps. '_I‘herefore; one gees a )
staggering of the tracks in alterna:t'e gaps.- Under these co.nd’itions, the best
one can probably do is to avefage adjacent pairs of sparks to determine
the best location for the ori_gina.l particle position. Such a system works as
long as the i)article:vis traveling more or less normal to the »pl.ate.‘ As the
par;cicl'e 'trgjectory'turns in the vma’gnetic field and becomes parallel to the
‘plate 'on'e. usually findé .sex.’reral sparks in a gap from a sin'gvle particle |
.paAssage. These multiple sparks make impossible accurate determination
-of the position of the particle passage. - qutuﬁately, careful consideration
of this problem during the design of the séark—chamber expg_ri_ment can |

make an accurate measurement at this point unnecessary.
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3. Hardware for Spark-Chémber Data Analysis ‘

Hardware for measuring and scanning spark-chamber pictures =

" has been produced by a number of groups, and a partial list of references

appears in the bibliography for tlﬁs chapter (see Hardwaré,'Spark-Chamber
Scanning). Thé'_ simﬁleét hardware that one can envision is an ordiﬁary
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 ‘qu'itevsufﬁcient an.d'usually accurate encugh. For experiments in-~
volving tens or hundreds of thousands of pictures one needs a more automated
device than this. The automatic recording of the coordinate information is
particularly important. A number of systems using autorﬁatic digitization
for spark-chamber measuring projectors haLve been constructed by dif-
ferent groui)s, : -Evenv,for. .chambers_in' a magnetié field, these devices are
usually simplér than the t‘rack-following Franckensteinftype measuring
projectors used on bubble-chamber pictures, ‘since the track-following fed-

ture is of no use for the spark-chamber photograph. For chambers without

a magnetic field where one would prefer to record three parameters for an

.entire track rathe'r 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 machiﬁe

aigitized. Another system is to use a Fr'anckenlstein—type measuring projec- |
fo_r without the tr’ack«fdllowirig feature. A rotating fiducial line is added to _
the measuring projector to digitize the direction of the track. The pdsition
of the étage and the angle of the line are moved unfil the line lies ,alongli_:vhe

track, and then the %,y positioh_ of the stage and the direction of the line are '-

automatically recorded.
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C. Spatial Reconstruction ‘ '
Spatial rééonsfruétio‘n for spark-chamber tracks is ;rxuch sim;}ler
than for bubble chamb\em beca‘.uée it is relatively easy to identify corre-
sponding s‘parkvvimageds; Even when more 'thé.n one track traverses the
c_hamber; the corfesponding spark imaggs can usually be iden,tifiéd_by some
characteristic feature. ,Beﬁaﬁ‘se ‘of this, spatial reconstruction for a spark-
-chamber _;:xpe riment is usually a simple problem in geometry. .It should be
. remembered, ho‘weve‘r, fha_f a spatial-rec'onstrucfion pfogram for one
experiment is of litﬁle or fxo use for anofher expverim‘ent‘, ‘Con.sequently _
careful considerati'on should be given‘tcb) t'hev spatial—reaénstruction problem
during the design of the experiment. For'-a "spa'rkv chirglser of any'_reasbn--
able size, the collimation of the light by the spark-chamber plates requircs.
that the qptics of the spark-chamber .ex.perii'xi'e'nt be arranged in such a ‘way
that the light traveiing down the gva‘\p’of the spark char'fxbel; can reach the |
camera léns. Several techniques are cor’nmbnl‘y used to solve this problem. |
A spherical field lens at the chamber with the camera lens at the focal
point of the field lens (see Fig. '24)."forc°es,_1ight from all spark-chamber
gai)s'.té reach the came_'ra; _‘ S}ic}\‘ a lens actually s“implivfie,.s thé data r‘r'e'_di_lc-
tion, because"tﬁe* image on thé film is then a simple 'i;'réjeCCtivoﬁ of the -s'pérk
positions on the plahe of the fi‘eld.lens.- So, coordinates meazgured in the
film spaée are proportional to the coordinates on this surface. A second
.tec'hnique for solving the problem of '"seeing' down the gaps of fhe spark
chavmb'erv is to use a ‘cylindrical field lens. Since for a parallel-plate
chambers deflection of the light- leaving the éparkfchamber gap need be
only in one plaﬁe, a'cylindrical field lens serves the purpose of allowing.
the cande:a to record‘aparka deep in the éha_mb‘er. Spatial reconstruction

now involves a coupling between the two stereo views of the spark chamber,
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For this rcason one should avoid using a k:ylindriéal field I'ébna rather than

4 Y
K

a.‘spherica.l lens. _
A third solution to the pféblem of "seeing' down the gap can

sometimes be used. If the spark chamber can be cona‘truct'c‘d of independent

gaps, each gap can be set at a s_light 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 useful écheme for ver'}; larée chambers

where it is felt that construction of an extremely large spherical lens is

unwarranted. However, atvbe'st this scheme is poor from the standpoint of

data analysis. Firlét, the tilting of tjhe gaps in a practical case can limit

one to a small stereo. angle. Determination of depth in the chamber is

: uz_;'ually.r.ather poor. In addition, both coordinates measured on the film

for this .3ystiem only give directipns from the camera to the spark. Thus,

- the two views are more strongiy coupled than with the cylindrical lens, and

spatial-reconstruction equations are then more complicated.
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VI. APPENDIX: TRACK IDENTIFICATION AND SCANNING-TABLE
MEASUREMENTS IN BUBBLE-CHAMBER ANALYsg‘%
A. Bubble Density | |

The bubble density can be used very’ conveniently to identify tracks
in the chamber. The number of bubbles per centnneter along a track, is
determined by the opera_.tmg conditions of the bubble chamber (i. € tempera-
ture and pressure) and the velocity of the particle. It is found expariméntally
that the relation is approximately -

bubble density = D = Azz/pz,

whera A is dependent upo_n the c_hamber apndi’tions only; g is the velocity
~ of the particle in units of ¢, and z is its charge in units of e. Fa: unit-
charged particles the value of 1/ﬁ2 gives the "felatiye density" (d) of the %!.
particle, i.e., the densit&r relative to the density for the particle when ' |
B =41, Experimentally this relation seems good for 0.5 <P < 0.8 for heavy t
liéuids and up to B ~ 0.97 for hYdi'ogen (Biswas et al., 1963; Fabian et al.;
1963; and Hahn et al., ,1961)‘ For scanning purposes, curves of 1/{52 vs.
momentum are very useful for identifyiﬁg particles with dapsitiea from
- 4.5 to 5.0." 1f ﬁhe paftiéle is more heavily ionizing than thie*,‘. t'he track.
: usually becomes sohd if it is less mmzed it is hard to d1stingu15h by eye

from mlmmum—mmzmg track‘e. Of course, since the number of bubbles

o
-

per centimeter depends upon the aens1t1vity of the chamber, it is essential

| to have a track of known ionization in th; pmture for compariaon. Also .‘
care has to be exercised smce the sens1tiv1ty may vary over the volume of
- . the chamber, causing tracks" w1th the same value of B to have different
trac1£ densitiés in different 'lyaarta} of the chamber..' To use this method

during scanning, the curvature of the track is measured with a circular

templa.te and the dens1ty estimated by eye. Estunation of bubble densxty :

.
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is difficult for .di"p’ping tracks because the tréck imége is fq-i%tshorténed and
the track appeax:v‘s m'or're dense than a flat track vfith the sa;é B.
| ' This method of track identification is very useiul'f:)r distinguishing
a from;ﬁrbtdﬁs in the momentum region 0.1 to 1 BeV/c, thus making
idéntificatio‘n of K_° and A decays c'omparatively'sbim'ple in many cases. ' The |
identification w# from K¥ is harder, but can be fnacie by idniza'tion from -
100 to 600 MeV/c. Diétinguiéhing = from p.i.is’usua‘lly impbasible at any
‘momentum because the masses.-ar‘e"so. similar.‘ An eléctfon is 'eaaily
identified_if its momentum is ieés than abc;ut 160 'Me'V/c, _sinc'é it is the o'nly
particle that produc.es a ‘mi.nimu.m-io‘nizing track at such a low momentum.

Accurate bubblAe-density .ivnformation can be obtained by measuring

‘gap lengths in the track (Barkas, 1961). Then the distribution of distances’.

0

‘is the total number of
gaps on a track, and g is the mean gap lengtlhf”('MGL) and is proportional to

between Bubble cénters is N(x) = Nb e.-x/g' wher__é“N
Bz. “Actually, distances between the edgé/é of bubbles are meaaured._ To
uée this method suc.cessfull‘y, one must éoﬁtrol the bubble—charhber cqndit_ions
carefully, since the limits. of’ﬁ}‘d/r .which'bubbl.e-d'ensit‘y measurements are
- useful depend upon vchambevr,éo.nditionsL : In'additidn, -,thé sensitivity of the
‘chamber must be fairly_ﬁﬁifqrm ,>o'ver‘ its volume. |

| B. Range | |

| Range.mea;urementa can oniy.be used for 'identi_,fying low-mc.mjx’entum

trapks,sincc»faét tracké leave the chamber. The momer'it"'i‘im_h.interval in
which thi,,s"'.r’nethovd is useful depends upon the size of thé chalm’l;e.r and the
chamber iiquid and oper;ﬂting'conditi’ons.-~ To give some feeling for the |
sizes involved, r.a'ng_ve ‘-‘mo'r',n'entu'mb'curveé fq’i' hyd'rolgen‘ are shown in F1g Al

In propane and xerién the ra:igés”ai-e about '0.3RH, and 0. 1RH respectively,
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“where R}-I denotes the range in hydrogen. To utilize this ni%thod efficiently,

when there is a magnetic field in the ,bubblg’z.c‘_ﬁambe'r, it is w)ery handy to

s,

have a set of templates for flat stopping”i}., w, K, and p tracks of both charges.

)

»

A set is reqﬁired for each value of the magnetic field used in the experiment.
Since the magnification varies with depth in the chamber, the templates are
" usually drawn with the right"r;agnification of tracks in the center of the
chamber when projected onto the scanning table. Cf course, these templates
will not fit a dipping track too wéll. However, after some experience, a
scanner éan be‘co’x‘“lne quite proficient at.recognizing the identity of the particle
“which made the stoi)ping track, and therefore will not need templates. |
C. §<Rays
A b-ray electron results from the elastic collision between an in(.:i-" h
dentvparticlé and z; stationary electron in the bubble-chamber medium. The
encrgy and number of these electrons can be used to identify the incident
pax;ticle (Crawford, 1957). | |
Consider an'elecfrén mass m_ struck by a particle of mass m Then
the kinetic enexgy (Ke) of the electron is givénvby
' “w

" where Gé is the labOratofy angle of the electron, and y and ﬁ refer to the

_ -2 =2 "2 -2:2 . 2, -
K, = Zme Yy B cos.e_e(1 + Yy B sin Ge)
center-of-mass system. For m >> mé,. we have yB.~ yB i.e., the observed
values for the ihcident partﬁicle in the laboratdry sjrs.tem.: Now the mass of
the particle is

-m = p/vp ¥ p/¥B: N )

where p is the momentum of the incident particle, which can be determined

aw

from a curvature measurement. Hence if we determine yB from Eq. (1),

\

>

we can calcuiat_:e m from Eq. (2). To find yf we can measure the angle o,
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and obtain the energy of the electron by range or curvature’?measurement,
or by cou_nfing the number ,vofvtxvu'n_s made by the electron a;i){ral. However,
in practice this method is difficult to use. ‘Measurement of Ge is usually
very inaccurqte beca‘uAse' the beginning of the &§-ray is obscured by the
incident track, and beéauae of multxple scattering of the electron.

Nevertheless. b-ray counts are very useful in determining contami-
nation in a beam of particlesiﬁcidentbn the chamber (aeé Section'IIIA35.
This method is based upon a count of the numbers of high-energy §-rays
produced by beam tracks. |

We first utilize the fact that the‘ maximum eﬁerg_y in MéeV of a 6~fay
produced by a particle of momentum p and mass m is |

e =22 o 2.2 _, P2 .
emax - 2TMe¥ P ¥ 2m Y'P 2mg () (3)

Consequently we know that if we have, for exami:le, a aeparatéd K beam of
momentum p composed af a mixture of K, # , and p~, then the K's can-

not make §-rays of energy greater than K

emax

=2m (-—B—)z. Therefore,
e'm '’ :

if we observe §-rays with e'nergy greater than Ke » we know these must

» . max
have been made by =, p~, ore’.
Secondly, the cross section for producing 6-rays greater than

 some energy K is given by

min
| TTI'.Z ' ‘
o (T > Tmin)=_,,_;297-_ z? ! 1.p%a At ,(4)
(v8%) Tmin o Tmin '
where Z is the charge of the_bubble-chamber liquid, T = Ke/Ke max’ and = .
rg=e/m_= 2.8x107" cm, |

Then for yf * yp (i; e., yp less than _'30 for pions, 100 for kaons, and

180 for protons), we have
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Tr 2m . . gzm szz)
oK, >K, ) =(__29‘) L2 e _Er_n_l%_z [“ﬁzzn i |
. P n Zmey B K

emi . e min

(5)
For yB 2> 1.5, a good approximation for the cross section in barns is
L . nrg 2 Zme )
(K >K )= Z o (6)
. e e min 2
B K .
e min
_ 0.25 el
= e Z
K .
e min
where K . is in MeV.
2min , _
For electron contamination in the beam the formula for o (T >‘Tmin) e
should be modified (Nordin, 1958) to
4nr : : -
o{T>T_. )= 0 1 A +%4T. . (7).
min _ min
Y Tmin ( -Tmin) '

From Egs. (3), (6), .zind<(7),.. we see that for a pa_rticula’r mor'nentum,.
heavy particles‘produce a large number of low momentuiﬁ §-rays, whereas
light particles produce a smalier number of v6—ra'ys, ‘but these can héve much
higher momentum. Hence, by observing the number of §-rays with an
energy greéter than that possible from K mesons [i.e., 2 me(p/mk.)z], we
can calculate the contamination of light particles in the K beam.

D. Depth in the Chafnber and Dip Angle

The depth of a point on a track can be found easily provided the film
ialancs are all parallel to each other. We will define the depth (z) as bbeing '
the distance of the p.oin.t. from a fiduc'ial (F) on the inside 6£ the glasa‘ window -

nearest to the camera in a direction parallel to the lens axes. 'If we
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supcrimpose the three images of the point A at depth z in the chamber, the
ir’hagé s of the fiducial mark F will be separated by a distance Af on the

écanning table (as shown in Fig. A2a). Thgn the depth z is

AfKn |
M

z = s

where K, the etereo-rét_io, is ¢qua1 to [L'+ (z/n).]/d, M_f »is the maénifica—
tion of the image on the scanning table at the_ﬁdu(_:ial plane of the bubble
c}iamber with respect to the original’ object size, n is thé fefiactive index
of the bubble-chamber liquid‘.A'I_‘.-‘ is the effective optica.l‘: distance from the
camera lens to the .fidu_cial plane, and d is ﬂ_’xe separation of the camera
lenses. Since K varies 6n1y' s.lowly, 'zioc Af can be used for many purposes.
- Note that if the fiducial 1.)1ane is parallel to the film plane; all fiduciails *.willsn
’t_$e superimposéd at th,g same time. |

To find the dip angle (\) of a track, | consider the two images of the

track segment AB, A'-B , and A' BZ on views 1 and 2, respectively,‘ super".

1
imposed at A (_Fig. Aza). To a gooEl approximatioh (first~order optics)
BiBZ_iS parallel to the ste‘.r_._eo axi;s of ‘Viewa 1 and 2. Then we have .

| | - tan\ = nKA/S,

; ‘wh,ere Ais the disté.hc'e BiBZI, 'and_S is the pl;ne -projected arc length of

~ AB. ‘Note that S is not the averagé of léngths‘A' B, and Al B,; :it is actually
the projected arc length which would be obiéerved_ if the camera lens
happened to be directlf over A, For small dip ~ang1es, using .either Al By
or A'B, is sufficiently accurate. However for largé dip angles, we can

. use the following method for finding S (Lynch, 19"59). When thé two images E .
of track segment AB from views 1 and 2 are superimpoéed at A' (Fig.'AZa)’, |

the points B, and B, are distance A apart, the direction B, B, being parallel

to the stereo axis for lenseé i' and 2, In addition, if there is a third view,
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when this is projected and point A superi'mpoe.ed at A', thg’%)ointa B,B,B,
~will forrh'a mapping of the camera lens axes Cy Cy C3 (f‘ig. A2b). Con- -
sequently, if the track segment AB is in the region of the _f:hamber P with

respect to C,, C,, and C,, then the required arc length is from A to point
17 72 . g po

3
P', where P! .13.1B'2B,3 form a mapping of PCi_CZC:,’. 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 magneiic field is applied to the bubble chamber and the
particle loses no m'omentun}, its trajecltory will be a helix of radius R with .
its .axis parallel to the~mégnetic lines of force. For the momentum Pin
MeV/c we havé | . . | .

. cosa

where H is the magnetic field in l-dlogauss. R .is the radius in centimeters,
and a is the pitch angle of the helix. If the magnetic field is parallel to the
cameré axes, a is equal to the dip angle (A). -

For scz}nning pufposes this relation is .sufﬁcie‘nt«ly accurate to find
‘the momentum, even thc;ugh the ma.gnetic field is not usually uniform. The
scanners‘are e‘quipped with circular templates to measure the radius . p
on the séanning table. Usually p can be found to a2 few per cent; the maip
inaccuracy in P is in the estimation of the dip angle ()\). - Since it i8 im-

possible to reconstruct the correct arc AP' (Fig. A2b), the best procedure

to reduce the effects of conical projection is to measure both..the projected

o

arc length (S ) and the radius of curvature (pn) on view n, where n is the.
lens that has its axis nearest to the track.

“ Then we can write
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L O3R, o Co, 3
el o = - »
cos(tan i-KA/Sn) cos(tan 1 KA/Sn)

-wﬁere C is approximately constant and can be calculated from the magnifica- .
tion of the scanning. projector. |

. F Origins of Neutral Particles that Decay to Produce V's

.. Wh‘e_n an experiment involving V's is scanned, great difficulty is

often expefienéefi in associating the V' s with their appropriate production
vertex. A qu_ick‘niethod for doing this is shown in Fig. A3 which representa.
one viéw of the V projected on the scanning table. The V is formed by the
dcc;y of a neutral at A into t.wo\particles of momentum P1 and PZ at angles
9.1_ émd 02 to the direction of the neutral. Then if we extrapolate (if necessary)
thé tvwo 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 magn;atic field
and perpéndicu‘lar to the surface of the séanning taﬁle; iphomogeneties in tﬁé
magnetic field and any momentum loss of the particles are neglected. -

- The components of the momentum in the surf{acé” of the vscanning table

are

L

Py =Cp,and Py =Cyp,

where p, and p, are the radii of curva;&ure of the two tracks on the scanning

table. Conservation of transVervse' momentum'gives'
- Lo i '
Py 51:161 P2 smGZ

or .

Py _ai,nei = pzsinez.
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This defines the direction of the neutral partxcle on the surface of the
scanning table. | | |
Now, by the const_rucfioﬁ shown in Fig. A3, we have

chord AB = 2 p,8inf, = 2p, 8inf,. |
Consequently, the.neutra.l _.direction is along .BA'. To feduce inaccuracies
due to conical pro_jectlon, the constructxon should be made on the view whose
1cns axis i8 nearest to the V. Of course, since this method depends upon
conscrvation of transverse momentum, .it is pnly applicable for two-body

decays of the neutral.

G; Coplana_.rity.
To find out if three tracks are coplanar m the bubble cl‘xamber, the .

simple construction shown inv Fig. A4 can 1.>le made. - Consider the projected
images of}the two-prong event at A..- "(The images of the arbitrarily chosen ‘
points B and C are 31 a.nd_B'z amd“C1 and CZ' Then C CZ' By, BZ’ and
AiAZ are paraliel to each other and to the stereco axis. The extrapolated
image of track 1 interaecté B C:1 and B,C, at bi and D,, 'respectivély. Then
1f track 1 is coplanar with tracks 2 and 3, the line D1 2 will be parallel to
A 1Ay ete, becauae D is a real pomt in Space in the plane of 1, 2, and 3,
Also we w11/1 have _ ‘ | s
.//V - CyDy - B Cznz |

' W W :

For the special ;:ase wherg track 1 is horizo'ntal 1nvt};e chamber
(i.e., in a pléne perpendicular to the camera-lens area) and AiAZ are -
'super:posed at'A, then D1Dz will be superposed also at D; consequently
AD, ByC,, and B,C, 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 ig usually horizontal, For curved tracks the tangents should be used.
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VII. FOOTNOTES
: 1. This is a plot used by the Navy for navigation and dep*%?s the lines of
longitude and latitude projected onto the polar plane passixisg through
Greenwich. A track is represented by a point piotted at its azimuthal
(latitude) apd dip (longitude) angles., Spatial anglee are obtained By meas-
ufement along the great cicle joining the points. Coplgné!rity is exhibited
by pointé lying on the same great circle. | |
2. International Business Machines, San J‘_os/e:,’ California, and Itek
Corporation, Lexington, Massachusetts:’ |

3. Sources in the United States inclﬁae Itek Corporation, Lexington,
Massachusetts; Nuclear Researc'a Instruments, Berkeléy, California;
Micrometric Corporation, _Bérkeley, California; Recordak Corporation

(Eastman Kodak), New York, N, Y.; and Vanguard Instrument Corporation,

| Rqosevelt\, Long Island, N, Y. In Europe, sources include Beds and Herts,
Drawing Serv_icgstimited, Luton, Beds, England; Ferranti Ltd., E@iﬁburgh,
Scotland; Kc}r‘ﬁatka, Milano, italy; Prevost, Milanq; Italy; Sogenigue, Litd.,
- Newport ngnell, Bucks, Englaﬁd; and Societe d! Optique et Mecanique,A

Paris, France.



Table I. Survey of a Sample of Bubble Chamber Groups

(x10%)
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i 0 50 05 m5 5% 535 54 &3 .54 5 A% 8BS 8
Peopie
Physicists_ 20 54 4 5 2 41 9 45 6 10 4 24 13 7
Grad. studentsZ 0 442 4 7T 6 32 8 4 0o 5 5 24 17 6
' Programmers 6 3 .2 2 12 5 1 4 5. 0 12 20 6 1
. - . . ]
Engineers 2 4 1 42 o o 0 5 1 0 0 4 2 0 3
Scanners (FTE) 21°69 26 16 242 66 10 20 4. 12 4 65 45 20
' Maintenance 12 6 4 2 410 S422 3 4 -- 4 18 6 2
Technicians :
Machines - _
. Scanning projector .~ 14 7 12 4 2 20 45 40 5 4 -- 14 11 4
- Measuring projector 6 12 2 3 1 8 6 6 2 2 3 9< 6 30~ rC;
| = : : %
Performance (rates/year) : t
A | )
Pictures scanned (X106) - 2 - 1 -- 2 - .= a- - -- 1 1 -- =
. , ) A
. Events recorded (x10°) 40 -- 150 25 50 400 30 400 400  -- -- 220 425 100 °
EventsP—measurements 40 52 20 15 = 150 10 20 10 4 4 300—‘5_ . 75-. 50
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Table I. continued

I®

e

o

Part time.

Includes remeasurements. - ‘
Includes four MP-II Franckensteins (described in this chapter) and
five SMP' s (described in Chapter IX).

Includes SMP measurements,

Does not include measurements made by FSD (flying spot digitizer)

described in Chapter IX.
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_Table II. Computer Usage for Alvarez Group, Bé‘farkeley

. Progfam L | - Approximate Time per Time for
utilization(% - ﬁew meas- 1 pass per
or hr/wk) urement ~ meas.
(709()_)a ' ' (7090b secs) (7090 sec)

PANAL (Prepackage formattir;g, 5 - L 3. 3.

PACKAGE (Track re}construvction.

and kinematics) - 20 - L 7
WRING (Post;ﬁackage formatting) i : 5. o 3 _ 1
EXAMIN Interpretation of

- AFREET . \events and physics 15 e 3

DST'-EXAM calculations : E : “ ) | - i )
SUMX (Histograms, plots, etc.) - .. 5 ' R 3 - <1
Merge-Select (Tape manipulation) . 10 ' o 6 o | - "
LINGO Y} S . b _ -
Library . . 5 9 . =-
LYRIC : : ' B ST o
Miscellaneous (Minimizing, 0 6 - --

~ Monte Carlo, phase space, etc.)

Programming (Debug, etc.) 15 9 “ R
Totals . L 100 S 60 sec 15 sec’
hr/wk ’ . per meas.  per meas. "

| a, Total time used pex.' week is 100 houfs of 7090 equivalent time, - Thel
‘computers actually used are two 7094's and a 7044.

b. Assuming 6000 new event measurements are added per week. _

.,
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1010

7.308

Cost of Data Ana'iysis for Alvarez Group, ;ﬁerkeley' ‘
. Item | ‘Approximaté_ Appro;:itjnate Approximate
~cost/yr cost/event cost/useful
($)  measurement  event
($) (4 *
Direct costs
Salaries for Scanning Technicians - 680 |
and key-punch Cﬁerators (68 FTE 4'
at 10 k) |
' Maintenance (including’ salaries for 325
.rnaintenance technicians and
' ,éngineers)a - I
| Computation (100 hr/wk at ss/hrib ‘ 425 *
Cohipuier fovr SMP (rent) 100
Salaries for pr;gra,nm'ne_rBa ,
(20 at 20 k$) | 400
oy * Subtotal 1930 6.45 . 19,65 |
Depreciation of e'quipment. |
_Capital coat‘_: Depre‘ciationd -
k$) -'éér year (k§) E
4 MP-II Franckensteins ‘ ‘ | : L
at 150 k$ each 600 150
14 scanﬁing pfoje-cfora -
~at 15 k$ each 240 50
5 SMP's at 40 k$"each .200 50 | |
Subtotal 1040 . 250 0.85 1.25
Total 2180 10.90

s

e g
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C,

Table III continued o S
Salaries includes overhead at about 100%.' ‘
Recha1ge rate to phyaica groups; commercial rate is about $300 to

$500/hr

Capital cost of equipment does not mclude development.

. Depreciation calculated over a four -year period (i.e., 25% of capital '

cost per year).

The current rate is 300,000 event me_asuremente/year.

The useful number of events is taken to be 200, 000/yr. The difference
between the cost per event measurement and that per useful event

is due to remeaeurements and events that are unacceptable for some
reaSon (e. g., outside fiducial volume).

boes not include salaries for physicists and graduate students because ‘I
much of their time is spend teaching, planning, and setting up experi-

ments, etc. The time spent by phyeicista and graduate students on

data analysis will add 4.00 to 1.50,\:% to the cost of an event measurement.

i
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FIGURE LEGENDS

Fig. 4. Angular distribution in the center of mass of the_;‘i'éaction
K +p- R" + n at 1.22 CeV/c _inc-ident‘K' momentum (1895-MéeV c. m.
energy). The dashed histogram represents the angular distribution of the
“events for which the K] was greater than 5 mm (500 events). The curve is
a fit to the data up to the sixth power of cosf (Ferro-Luzzi et al,, 1962__). .
i Fig. 2. Dalitz plot for the feaction K +p-+K° +'p'.+ w for the events
defined by 1.45 BeV,é-<_PK; < 1.55 BeV/c. “ The e'nvélopes correspond to in-
cbming momenta <‘>fv1‘..45 and 1.55 BeVé‘c"(’Wojcicl‘_(i, 1964). This plot shows
thé' existence of a K* (K- res'onanc'év:)a'vfith # mass of 890 MeV (Mz = 0.79
BeVz). | . |
' F1g 3, A typical p_i’cture from the 72-in. hydf&gcn bubble chamber ‘at
Berk'e'ley and the corresponding entries on a scan sileet. Three events are
| recorded: (1) A type 32 (Z-prong and associatea V), (2) type 22 (2-prong),
(3) type 82 (a Z+ production and decay). | |
Fig. 4. qun*@l 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 diaéram of the PACKAGE program. The PANG part of the
: program performs stereo reéonatructiOn of each track; KICK niakes a
.i;inematic analysis at éach vertex in an é\_rent. The PANG and KICK event
types are rewritten fof each experiment, but the rerﬁéiﬁder of the program
is unchanged. | _
Fig. 6. Flow diagram for the library system, LINGO, and other programs

of the Ai#arez group. The divi‘sio.n between the ‘,‘l_ibra,x_*y functions and the

rest of the system is indicated by the dotted line (Rosenfeld, 1963).
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| Fig. 7. FOG-CLOUDY-FAIR system used for Franckenstein measurements
(White 1960). |

Fig. 8. Overall flow 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
proéessing- (Alston et él. , 1963). | |

Fig. 9 Scannihg Projector 4A designed and built at the Lav&reﬁce Radiation
Laboratory at Berkeley and used by the Alvarez Physics Group for scanning
film from the 72-in. hydrogen bubble chamber.

Fig. 10. ScanningAProjector 5A designed and bﬁilt at the Lawrence Ra.dia-
tion Laboratory #t Berkeley and used by the Trill'ing-Goldhaber, Powell-
Birge, and S_egfé—Chamberlain Physics Groups for scanning bubble«chamber
film from many laboratories. |

Fig. 11, Scanning tables designed and built at the Brookhaven National
Laboratory. | |

Fig. 12. Scanning tablé‘ used at the CERN laboratofy in Géneva. fo.r.scanning
film from the |CERN 80-cm hydrogen bubble chamber.

 Fig. 13. Overall view of the Franckenstein measuring projectér 1E,
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;reél drive of the three-roll film
t.l.-anspo'rt. ) |
Fig. 14. Control console of measuring projector IE, The indicative data _
panel i8 mounted on the desk to the right, Data. are output by the card

punch on the left.

Fig. 15. OI>torhechanica1 schematics of the Franckenstein measuring

~projector IE.
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Fig. 16. Typicél track and marker signals as displayed orf‘:':the cathéde-
ray-tubec monitor ﬁxounted at the lower edge of the projection screen of
Franckenstein measuriﬁg projector IE.
Fig. 17. Schematicv'repreeentation of thé’ scanning diék that generates the
track.and marker signals. This disk is part of the detecting head (sce
Fig. 15). ..
F_ig. 18. Electronic schematic diagram of the operator controls and a}ito-
matic centering and tracking circuits of the Franckenstein measuring
projector IE. | |
Fig. 19. Franckenstein measuring projector IID, ‘desi‘g‘ned and built at the
Lawrcnce Radiation Laboratory at Berkeley. Maélxines of this type are

used by the Alvarez Physics Group for measuring film from the 72-in.

hydrogen bubble chamber.

- Fig. 20. Schematic diagrams of image-plane digitizers. (a) Scheme for

measuring coordinates of a point {P) in x and.y using linear encoders.

(b) Scheme for rﬁeasuring coordinates of a point (P) by measuring tvéo
an‘g;les (91, OZ)r_ The fwo lengths (ri,' rz‘) are ;onstant.' (c) Schgmg for
measuring coordinates of a point (P) By measuring distaﬁces (ri, r,) from
ecach of two‘.origins (017 OZ)' |

Fig. 21. Scheméﬁc representation of the use of a mirror behind a parallel-
plate spark chamber to échieve small-éngle stereo. .
Fig. 22. Ph§t0g1-aph of a cylindrical chamber with a segmen‘ted.mirror for
sterco recording. The mirror is at the left.

L=

Fig. 23. An illustration of the technique of multiple reflections for recording

“the depth of sparks in semicylindrical spark chambers.

Fig. 24. A spherical ficld lens used to optically place the camera at

infinity.



-115- , UCRL-11869

B S .
Fig. Al. Range-momentum curves for liquid hydrogen. Liquid hydrogén

conditions: T = 27.6%0.1 °K; P = 48.5% 5 psia; p = (5.86&:0.6))(10'2 g/cm3.
N , _

(Curves by Glenwc;od Clark and William Diehl, Lawrence Radiation Laboratory

Report UCRL-2426 (rev) Vol. II, 1957.
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', Fy,
Fy» E3 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,, C

1' Z)

and C3 and the point B in the chamber.
Fig. A3. Construction for detefmini’ng the possible origin of V's.

Fig. A4. Construction for finding if three tracks are coplanar.

»
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v 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.

~
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A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
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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
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with the Commission, or his employment with such contractor.








