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ANALYSIS OF BUBBLE CHAMBER DATA*
William E. Humphrey and Arthur H, Rosenfeld

Lawrence Radiation Laboratory and Department of Physics,
University of California, Berkeley, California

June 17, 1963

INTRODUCTION

There are currently in operation several different systems for processing
bubble chamber data, most of which perform very much the same functions, and
most of which have common origina, They have all been described at two 1962
conferences, the Conference on Instrumentation for High Energy Physics held
at CERN (1) and an informal conference that followed it (2). In this article, rather
than comparing different current systems, we have tried to write for the graduate
student or experixfxental physicist who is contemplating his first bubble chamber
experiment. The cholce of which system he uses (one from Berkeley, Brookhaven
or Yale, CERN or Paris, etc.)is ingeneral already determined by history and geog-~
raphy; he will be most interested in using the most readily available one, which-
ever that may be, to get meaningful results. So we have concentrated on the
current system we know best, that of the Alvarez group at Berkeley. At the end
of the article, where we take up various new systems for automatic measqring

and automatic scanning, we do try to compare the competing approaches.
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Returning fo the matter of references, we woﬂd like to emﬁhasize_ that
reference 1 oroyideé an up-to-déte 'IOO-pa.»g.e source of information on high-eﬁergy
phyaicg data analysis, and we cannot éttempt to summarize all the informaflon that
pertains to bubble chamber analysia in this 25-pba'gebart_iclie. | Further, reference 3
(which is contained in reference 1) is referred to frequently in connectionv with the
bubble chamber ar_mly_sis for the Alvarez Group at Berkeley., We have ’refeerd to
this article in pre_ffatencé to adding a list of about ZOI‘reporta .and publicationa to the

bibliography of this paper. Further general diacussion of coata and £uture systems

is found in the survey by Miller and Fulbright (4).

: fplloWlng descriptioxi répr’esents one of the two major bubble chamber analysiva

1. OUTLINE OF A CURRENTLY OPERATING SYSTEM
We chose her§ the 72-inch hydrogen bubble chamber system at Berkeley,
with measurements made on Fr’.amckenét;ems.5 During the 12 months preceding a
Bevatron shutdown in June 1962, the chamber pr'oducéd ﬁ, million "triads' (triple
stereo views) During this same time about 100 people in all (physicists plus
technicians) recorded about 200,000 “interesting" events, and measured and proc~
essed about 100,000 of these, We shall now outline the procedures that were

followed. For more details and a history of this system.' see reference 3. (The

systems in use at Berkeley. In addition to the Alvarez system described below,
there is the well-known FOG-CLOUDY-FAIR analysis scheme developed by
Howard S, White, which is described in reference 6.)

1.1 The scanning and measurixig process, )

The portion of bubble chamber analysis which'actually deals with the photo-

grapha of the- bubble cha.mber has 8o far beenatwo-step proceea. The first step is the

”scanning Operation The purpose of scanningis to provide a catalogue (mastevr list)

of interesting eventa, which can be called upon laiter for lists of roll and frame

‘numbers of any events recorded dﬁring the scan, Scanning takes place on a special
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high-quality projection table which is provided with a film-transport mechanism,
The scanner records events on scanning forn,ns' according to instructions appropriate
to the experiment being scanned, and key-punch girls transcribe the information
from the scanning forms onto punched cards. Finally the scanning cards are
merged onto a magnetic tape which serves as the master list for the entire exper-
iment,

The second step in the film handling operation ies the measurement process.
The experimentalist defines a class of even.ts that he wishes to measure. The
locations of these events in the film are abstracted from the master list in the
form of a measurement listing and measurement control cards., At thia stage,
film ie mounted on one of the Franckensteins, The event {3 positioned for meas-
urement by either manually positioning the film at the frame number on the
measurement listing or (on the more highly automated Franckensteins) by’ slipping
the measurement control card into a card-reading device which is capable of con-
trolling the position of the film. The measurement control card also has on it
information that is used to automatically position the stage at the vertex to be
measured. The film is carried on a very precise heavy-~-duty microascope stage
which {s digitized in two orthogonal directions (x and y coordinates) to a least count
of 2,54 microns, Two different images of the same view are visible to the Francken
stein operator, One is an overall view of the film and the other is a magnified view
of a portion of the film, with aucross hair in the center. The region of the film in |
the vicinity of the cross hair on the magnified view i8 also seen by an electronic
servo circuit. The operator méasures a track by moving the microscope stage
until the cross hair and track coincide. A servo system is then able to control the
motion of the microscope stage in such a way that the track can be moved along its
tangent at the cross hair, while at the same time, the track is kept centered to about

the precision of the least count, The operator causesthe values ofthexandy digitizers

. to be recorded on magnetic or paper tape for every few millimeter of stage motion.
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Special points such as fiducials or vertices may be measured by manually centering
the point. to be measured on the cross hair of the high-power screen, Various aids
to the operator are built into Franckensteins, The measurement control card
contains the approximate position of the Lvertex that is to be measured, The
Franckenstein is able automatically to pdsition the microscope stage near the vertex
at the correct time in thelmeasuring sequence, and similarly the stage is automat-
fcally positionéd for ﬁduciai measurements, View sequencing is also taken care
of automatically, All three views of each track are measured, and the view number
of each set of track measurements is carried along, (Recenf changes in the track-
analysis programs ;llow a track measurement in one view to be skipped if it does
not appear to be required in the analysis, )

| The track measurements may be .put out onto paper tape, magnetic tape, or
punched carde, depending on the particular measuring projector, As a last oper-
ation in the measuring process, the output from all measuring projectors is proc-
essed by the computer program PANAL, which reorganizes the data into a single
magnetic tape format., PANAL carries out some simple tests on the data in order
to cull out events that would fail in the later analysis programs, and compacts all
the data for an entire event into a single record on 1:9,1:{@,..l PANAL is also used to
order and merge measurement tapes, (Ordering is by film roll and frame number, )
About 12,000 "event" measurements can be stored on a 2400-f§ot 800-character-
per-inch tape (in PANAL output format). Figure 1 displays the role of PANAL and
later programs; Table I summarizes their characteristics. |

1.2 Stereo reconstruction,

The actual physics analysis of bubble chamber'fillm starts with the recon-
struction in space of the bubble chamber tracks. The information provided (by the
measuring machine) for these calculations includes identification of the tracks
meaaufed (frame number, view nurﬁber, etc, ), measurements of points along ﬁracka

in several views, and measurementa of fiducial marks on the film (which are used
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to establish the frame of reference for the track measurements)., Track measure-
ments may also include additional information, such as whether or not the track
stopped in the chamber, or bubble density information., The information resulting
from the reconstruction usually includes the position, momentum, and orientation
of each track at the end, and estimates for the uncertainties of these quantities,

The reconstruction process itself can be divided into two sections:
first the geometrical reconstruction of point.s along the track, and second the fitting
of the geoxnetx'ically reconstructed points to an appropriate curve. There are
various approaches to each of these problems. Early approaches are embodied in
the current programs PANG, FOG and TRED (3, 6).

The PANG geometric reconstruction relies on the fact that if the film position
of a given bubble on a track were known in two views, then tracing the light rays
from the two views back through the optics into the bubble chamber would yield an
intersection of rays at the position of the bubble. In actual practice, measurements
are not made at corresponding points in the various views, and it is necessary to
generate an artificial corresponding point in some view by interpolating between two
measured points, The interpoclation is simple in the case of an ideal lens system
involving 6nly distortion-free lenses, but the actual optics are usually far more in-
volved, Some of the effects that must be taken into account are lens distortion, film
shrinkage, tilted mirrors, thick glasa windows, and the index of refraction of the
liquid in the bubble chamber. As a consequence, the corresponding point is found
by iterating = once after a nearly. corresponding point based on ideal optics has
been found. This process is repeated for each measured point of a view to yield the
space coordinates of a string of points that lie along a track., A curve is fitted to
these points by the least-squares curve-fitting procedure. - The PANG program make,
use of two independent power series to form the following parameterization of a
space curve:

y = y(x, Qs 0y, 03)

z = z{x, a4,.u5), X = X,



-6~ UCRL-10812

The shapes of these fitting cusves are constrained to take into account variations
of magnitude and direction of the magnetic field, and changes in cufvature resulting
from energy loss along the track, These constraints take the form of correction
terms which are included in the power series, The first three-parameter curve in-
volving terms to the fourth power (cubic and quartic correction terms) is used to fit
the track in its projection on a plane nearly normal to the magnetic field, The second
two-parameter cubic curve (qﬁadratic and cubic correction terms) is fitted to a pro-
jection on a plane which includes the chord <;£ the track and (essentially) the magnetic
field, The final angles and momenta at each end of the track are based on the param-
eters of these curves, The energy-loss correction requires knowledge of the particle
mass, therefore the calcﬁlated track parameters are mass-dependent, When the
identity of a track is ambiguous, it is customary to i‘epeat the mass-dependent portion
of the calculations for several mass hypotheses. |

Estimates of the uncertainties in the central values of the track variables
pose one of the most difficult problems in the reconstruction program, There are
three main contributions to the total uncertainty for track variables. The first arises
from the measurement uncertainty of the measuring device, the second contribution
is from multiple Coulomb scattering, and the third corresponds to a general degrading
of measurements due to miscellanecus "unpredictable" effects such as small errors
in the optical constants, or plu_ral scattering, or turbulence in the chamber. Both
the Berkeley program PANG and the CERN track analysis program THRESH (8)
follow basically the same procedure for estimating the uncertainty of the track var-
iables, It is assumed that the :;neasuring machines contribute some known measure-
ment error in the film plane, transverse to the track dix'ection. This point-scatter
errxor is assumed to be a property of the measuring device which does not change
from one track to another. This ''known' point-scatter uncertainty (an'external
error') in the film plane is propagated through the spatial reconstruction to form the

first contribution to the 'uncertainty in the track variables., In actual practice, we
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find it convenient to include zome of the "unpredictable'” errors in the point scatter,
consequently the value we use is aboui twice the value that if would otherwise have.
For each individual track it is possible to examine the scatter of points about a smooth
fitted curve on the film and arrive at an estimate for the scatter of points (an "internal
error'') which may be compared with the external error, If there is a bad point
causing an excessive internal error estimate, then either the point is discarded or
the entire track view may be rejected, The internal error estimate is not used in
estirating (for subsequent programs) the measurement uncertainties of the track
variabtles because it is subject to statistical fluctuations from one track to the next,
The multiple Coulomb scattering contribution is combined with the measurement
contrivution after bahtrack reconstruction and fittingare complete, and the mass and
momentum of the particle are available. Finally, we impose a '"floor' on our un-
certainties, that is, we do not allow our quoted uncertainties to -take on values smaller
than appear realistic in view of our knowledge of the bubble chamber optics, etc,

There is a small difference in the track variables put out by the PANG and
THR ESH reconstruction programs. In addition to the usual two angles, I’PANG passes
on the projected curvature of the track (x(cos X)/p) whereas THRESH passes on the
reciprocal of the momentum {«1/p). For most tracks, these variables are nearly
equivalent, | and there seems to be little feason to chose one over the other, Avar-
fable such as curvature is preferred over the momentum because there is reason to
believe that for most tracks (tracks which do not stop the curvature is more nearly
Gaussian distributed than momentum,

Although still in common use, the above PANG track reconstruction scheme
has several disadvantages. JFor one thing, the curve fitted to the track is actually
an expansion about a straight line. Table Il indicates the performance of this simple
. procedure and points out its limitations in the case of tracks that bend through large

angles. Asg chambers become larger and magnetic fields become greater, a more
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suitable first approximation to the particle orbit is a helix (7). Tracks that turn
through large angles also pose problemns for the corresponding-point method of-
stereo reconstruction, Consequently the tfend in more recent reconstruction pro-
grams is toward procedures that cope with both these problems by fitting a helix to
sets of rays traced from each measured film point in each view through the optics
into the chamber, For example in THRESH the reconstruction of tracks proceeds
by the following stages: firét test for poor measurements by fitting a circle through
the measurements on each view, then find all the coefficients defining the equations
of the light-rays intersecting the track and corresponding the measurements, then
find a first approximation for the helix, without fitting, using a few of the recon-
struction rays, and finally, find the best he‘hlix by a least-squares process using
all the méaeurements in all views (up to 4 v.‘i\ews can be measured).

An alternative but very closely related reconstruction method consists of
projecting a helix in space onto the film and minimizing the deviations beﬁveen the
projected helix and the measured track points (9). This type of approach to the
reconstruction problem provides a very straightforward method for translating
measurement uncertainties at the film directly into uncertainties in the track
variables.

1.3 Kinematic fitting,

Most track reconstruction programns are not concerned with the properties
of the event as a whole, but rather with the data of each track separately, As a
consequence, the estimates of momenta and angles of all the tracks at a vertex are
generally not consistent with conservation of energy and momentum, for a given
assumption as to the interaction taking place at that vertex, These conservation
laws caﬁ impose up to four equations of constraint on the track variables at a vertex,
(V hen:all four constraints are used we speak of a "4 C fit," if one momentum is
unmqaaured (as ina V) ﬁe speak of "3 C," ete,, down to "zero C," which is just a

calculation and not a fit, For some ecxamples, sce Iig. 2.
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A fitting program accomplishes two Jdifferent results, L It spends most of
its time laboriously trying to {it wrong hypoti.eses which eventually it rejects, 2
Given a correct hypothesis it usually finds a rainimum x‘)' in a few iterations and
writes out the new fitted variables for future use, The Alvarez program that does
this fitting is called IKICK, It adjusts track variables subject to two conditions.
First, the energy and mornentumn balance must be preserved for the interaction
assumed at a vertex, and second, track variables should be modified as little as

possible. The second rather vaguely stated condition is expressed more precisely

in terms of a least squares-test of the following sort:

N m,2
2 < (xi-xi )

o=/ e

i=1 i
where N = number of measured track parameters for vertex,
x, = adjusted value of ith track variatle,

x = original measured value of ith track variable,
(14 = uncertainty of ith track parameter, estimated on the basis of
‘external errors,

The actual program involves a more generalized matrix expression that allows
for correlations between track variables, but in the following discussion we simply
ignore this, It should be pointed out that for simplicity and economy of computations,
the measured variables are assumed to have Gaussian distributions about their true
central values. Plural scattering, for example, results in a deviation from the
assumed Gaussian form and contributes to unexpectedly large numbers of high xz,
which are discussed in Section II, paragraph 2.2.

There are several ways in which one can minimize the \(Z test function
while preserving the conservation lawe at the vwertex. KICK employs the method of

Lagrange multipliers, The conservation laws can be expressed as implicit constraint

functiona between the track varialles:

FJ(XI’”'XN)zo , for J=1-.-« C,
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where C is the nunler of constraints onvthe variables at the vertex. Then one
can minimize the expression

| N
xz(xl,“ "Ry Getttal) = e b 2 aij T N
| i=1 9% j=1

This is a very sim-ple task if the Fj’ functions are assumed linear in the parameters
X, for it involves solving only C sirmxltaneoﬁs linear equations to evaluate the a
parameters, Each x variaﬁle is obtained Ly éubatituting the a parameters into a
‘simiple linear expression containing only terims involving a. In practice, the F
functions are not linear and it is necessary to iterate this procedure in order to
obtain the correct coecfficients for a linear expansion of each F in terms of the x
parameters at the solution,

In addition, the coding has been extended to provide an overall fit to the
more common two=-vertex ccmfigura.tions' such as the production-decay sequence of
-}3+ hyperons (both Ed: and also £'), The less comimon multivertex fits can frequentl;r
be handled through a series of single-vertex fits in which each new fit successively
uses the adjusted information from tracks connected to previously fitted vertices,
This procedure has two disadvantage: 1. Only the last-fitted vertex incorporates
all the experimental input; the earlier fitted vertices would have to be refitted in
order to calculate best values and an-overall xz; thisiis clulmsy; 2. There are some
multivertex events in which a single vertex taken alone is underdetermined, but the
event as a whole is overdetermined. In such cases, a string of single -vertéx fits
may not be possible because an‘ early vertex in the string is underdetermined, The
CERN kinematics program, GRIND, written by R. Bock (10), is a more recent and |
general fitting code which overcomee this difficulty by fitting the event first at indi-
vidual vertices and second (automatically) as a whole, This appfoach to the multi-

vertex problem provides a well-defined \(?‘ for the fitting hypothesis, as well as

i
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the simultaneous best fit at every vertex of the event,

Even after a set of parameters that minimizes s(z has been established,
there remains the question of the uniquencss of the minimb.m. For fits which are
overdetermined by two ox more.cons{traints (i.e., = 2C) we know of no problems
with double minima; however for 1C f{its there is an ever-present danger
which can best be understood by considering a zero-constraint calcﬁlation, which
is merely the solution to a quadratic equatic;n with two roots, In the case of a
1C fit either of these 0C roots may form the basis for a mimimum, and if one
of the variables éntering in the 1C fit is poorly measured, the two minima may
be poorly separated, This particular problem has been considered by Horace
Taft, who >haa proposed that both minima be sought by starting the KICK search

at each of the possible 0C solutions,

In structure, the kinematics program KICK is basically a collection
of subroutines which are called upon by a group of short control programs
( 'event type' codes) to carry out the operations required to fit various kinds .
of events, The most important of these subroutines is GUTS, which carries
out the actual fitting described in the previous paragraphs. Some of the other

"swimming,'i.e. the _

functions include input and output,/transformation of variables ( including error
matrices)from one end of a track to the other, and prepa.ration‘ of tracks for the
fitting process, Of course, the nature of the interactions assuméd for each
vertex and the actual sequence of fits attempted depénds entirely on the exper-
iment being analyzed and the track topology of the particular event. Each new
experiment usually requires a new set of event type codes. Therefore a great

deal of effort has gone into making the event type coding simple and short by

including as much of the coding into the KICK subroutines as possible.

o
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To eliminate writing and rereading an intermediate tape, PANG and
KICK have been combined into one package (called PACKAGE) which contains
19,000 words of coding {excluding the event type coding). PACKAGE output
currently runs about 2000 words/ event, but we are juet incorporating another
computer paﬁa with a new program called WRING which manages to reduce the
output to 600 words/ event Ly selecting only thie ''non-failing' hypotheses
(i. e; » the results of both successful overdetarmined fits and of underdetqrmimd
hypotheses, such as the computation of a missing mass), WRING passes along
the error matrices on f(itted Qariables. and will be our primary source of fitted

data.

1.4 Data Summary,

The next program, called EXAMIN, reads the PACKAGE/ WRING
output and calculates for each event all the physically interesting variables that
the physicist may want written onto a data-summary tape. These variables are
such quantities as direction cosines and their errors, and invariant magses of
groups of particles and their errors., Typically this adds up to 300 words/event.
The CERN versions of WRING and EXAMIN are now running under the names
of BAKE and SLICE,

'fhe final major program is SUMX; in use both at CERN and Berkeley,
It examines the data summary tapes (DST) and produces many sorts of displays.

This particular program is entirely
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independent of conventions as to the DST, and is available to anyone who would
care to use it to summarize any sort of data, SUMX has a subroutine that permits
one to easily specify sequences of logical tests for selecting events, It uses an
oscilloscope to make scatter diagrams; its other outputs are printer tapes and
occasionally, condensed data-surmmary tapes,

The scatter diagrams are used most often to make Dalitz plots, The most
popular printer outputs are display histograms, ideograms, ''resolution functions,'
two-dimensional histograms, and "ordered .Hsts. " In Section II we discuss some

of the 'physics considerations involved in using each of these outputs,

1.5 lLibrary programs.

Pencil-and-paper -type bookkeeping becomes impractical when the number
of events processed exceeds a few hundred. Beyond this volume of events, a
prog'ram designed to maintain anevent catalogue vbecomes an important part of the
data analysis scheme. The LINGO (11) program represents one approach to this
library problem. LINGO operates in parallel with the data-analysis system, col-
lecting information on any change in the state of analysis of the events, The basic
tool of LINGO is the event catalog or master list containing the current status of
every event in the experiment. Physically, the évent catalogue i8 a magnetic tape
containing information on as many as 100,000 events, Whenever necessary, the
Master List is updated with new scanning information, measurement requests,
modifications, or results, The master list is also available for producing listings,
tallies, and other types of reports concerning the current status of the experiment,

1.6 The Quest System.

One unique analysis tool currently employed at Berkeley is the CUEST
system. QUEST is a combination of hardware and programming designed to
facilitate the analysis of small numbers of troublesome or unusual events that may

not have been provided for in PACKAGE. The basic hardware consists of a
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typewriter connected directlf to an IBM 709 computer. A special modification
of the PACKAGE progra:h Las been written which allows the QUEST operator to
communicate the fitting procedure for a particular event to the computer through
the QUEST typewriter. 2 Results from the fit are typed back to the CUEST operator
within a few gseconds after a fit to a vertex hypothesis has been specified, The
operator may proceed with the analysis of the event, or dn the basis of the infor-
mation returned to him on the typewriter attempt to fit a different hypothesis.

The QUEST. system may also be use:i in a semiautomatic mode. The
sequence of operations carried out in the analysis of an ihdlvidual event is saved
in core. Then any further events requiring the same analysis pattern can be
processed by having the QUEST program operate from the stored fitting sequence,
1f this "event type" i8 required for subsequent processing the stored fitting sequence
can be punched out on cards and saved, A further feature is that the measurements
used in the OUEST fits may be modified at the option of the QUEST operator. A
track measurement beyond a specified point‘rna.y be ""chopped off" i{ the track is sua«
pected of having a amall-gngle scatter or a collinear decay that is affécting the kin-
ematic fit. An on-line Franckenstein has been added to the basic QUEST system,
making it possible to remeasure one or more tracks that appear to be sources of
trouble on the basis of attempts at fitting carried out at the typewriter., However,
at Berkeley this mode of oper;tion has been far leés popular tixan the straight type-
writer console mode which uses as input a magnetic tape containing ﬁreviou_sly
measured events, Simple chores may be performed at the computer while‘ QUEST
is using the computer, Currently, the computer is used as a tape printer during
QUEST operation. More ambitious computing tasks may be carried out during
CUEST operation by interrupting OUEST with a standby program while the operator
is pc')ndaring over his output, Figure ! is an example of the dialogue between a o

QUEST operator and the computer,
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Z, ANALYSIS OF EXPERIMENTS

z.1 Dalitz Plots,

Many properties of three-body final states can be displayed by making a
gcatter plot of either

2 2
Ti va Tj or mij A mjk'

where Ti is the kinetic energy of particle i in the three-body center of mass and

mizj ia the invariant mass of the ij "diparticle, " i.e.,
I T 2
my = (B + E)° - (B + B))°,
It can be shown that unit area on such a plot (dTide' clmf'j dmjzk. etc, )

is proportional to Lorentz-invariant phase space (12). Of the two variables, m?
seems to be the most universally useful, because resonances or anomalies will
show up at the same place in different experiments or in a singlé experiment with
a large spread in beamn momentum; such a situation is displayed in Fig. 3,

Occasionally, instead of being interested in the properties of two out of the
three final-state particles (for which we have just said that mjZ is the best coor-
dinate) one wishes to study the overall final state (for example when displaying
decays of 8 or n mesons). In this case it is wise to "normalize' the coordinates
80 as to make the envelopes for each event coincide as nearly as posaible (13).
Normalized Dalitz plots then exhibit clearly the behavior of matrix elements near
the envelope, which represents collinear decays.

Note that a Dalitz plot contains no information about the beam direction,
unless the data have been selected to correspond to a subset of production angles.

In concluding our discussion of three-body states we should warn that the
normal population for f decay is not proportional to an element in Lorentz-invariant

3pld3p2/ElE2E3), but instead follows old-fashioned '"three-~

3

phage space (dnL'l o d

momentum space'’ (dn ocd3plc1 P, 8ee Ref, 14). Thus on a Dalitz plot B decay(14)

p

appears to have a matrix element proportional to El E, E5.
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Four-body final étates-—Triangle plots, --There is no way to represent

four-body final states that is quite as satisfactory as a Dalitz plot, but one useful
grouping is shown in Fig. 4. Figure 5 shows a '"triangle plot" for such a

pairing (15). The name comes from the fact that the boundary is a right triangle,
as can be seen virtually Ly inspection. The density of lgo:;entz ~invariant phase
space inside the triangle is unfortunately no 15nger flat (12, 16), buti;s giveninterms of
the variables shown in Fig, l3 by

3
4
dn = -gp= Pyy Pyy dmy, dmyg, .

; 1 1
Here Py, = E'BI ~ P, !;p?:fl: 1Py - &gl' and p is expressed in the overall center
of mass, where p = IP;I + Pa I = lE.3 + 24!, and M is the invariant total mass.

2,2 Resolution Functions,

Before we can discuss resolution functions, we must define what we mean by
a "histogram' and an '"ideogram' and the difference between the two, Consider a
set of numbers, m,, each of which has an uncertainty E;*mi . To plot a histogram
one selects reasonable sized cells, Am, and simply plots the population for each
cell, To plot a Gaussian ideogram, one assigns to each event a probability described
by a normalized Gaussian with central value m, and standard deviation omy, and
then one adds up all thase probabiliti'es. A useful rule of thumb is that the full-width
' at half maximum of an ideogram tends to be'about 4/3 the average ém.

In 3 we discuss why ideograms are much overused to display _«_1_;&_.3:3._,' but here
we point out that they are useful. for calculating "resolution functions,"

To illustrate the use of a resolution function, suppose that one sees a
resonance with an apparent full width of 10 MeV, For each of the events in the
peak suppose that the kinematics program has calculated the mass uncertainty
Gmi. which may vary from a few MeV to tens of MeV. One then asks the question:

if the true width of the resonance were zero, how wide would a histogram of the
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resonance be merely because of these experimental errors? To answer this
question one merely makes an ideogram of all the events, with the central value

of each point set to the same arbitrary mass, but treating each point with its correct

Gmi. That is a resolution function, If the resolution function is narrower than the
observed width of the resonance, then the difference is probably due to a real
physical width,

Note that the observed width of a resonance is most directly found from

histograms, not idecgrams. The equivalent ideogram is wider by a factor of

about «/2; because of this decreased resolution, ideograms are not even very useful
for hunting for resonances.

It is known that the \(2 distribution for the experiment under discussion {s
a little too broad by a factor GZ (as it usually is-- see the discussion in 4), then
in the absence of more detailed knowledge of the broadening, all calculatederrors
should be increased by a factor a beforethe resolution function is constructed.

2.3 Histograms and Ideogramas.

We have described the difference between these two displays in 2.2 Here we

want to discuss whether it is ever appropriate to use ideograms,

We feel that it is thoughtless and unwise ‘ever to present data in form of an

fdeogram alone, But it i8 often interesting to present in one figure both a histogram

and an ideogram of the same data,
Some objections to ideograms are:
1.. They convey very little [eeling for atétisfical fluctuations,
2. They do not permit the reader to combine the results of different
experiments,
3. They are an insensitive way to display a resonance, since the peak
‘will have a width greater than i{ts true-plus-experimental width as

displayed Ly a histogram (see 2.2).
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The most useful application of an ideogram is to test statiatical validity
of a histogram peak that may or may not be a real resonance, If the quastionable
'spike’'is real, then the ideogram should be only slightly wider than the spike; if
the ideogram is too broad, this suggesté that the spike is a fluctuation, 4

2.4 Chi-squared scale factors,

Mosat bubble chamber groups find that their‘xz distributions for kinematically
fitted events are téo wide by. a factor xz of not more thantwo. This factor does not
seem to depend in any simple way on '"consetraint class'" (as defined inparagraph 1.3),
Itse meaning is that some or all of the uncertainties in track variables are under-
estimated by the stereo-reconstruction program._' Part of this is to be expected,
since real Coulomb ascattering distributions have tails (due to plural scattering)
which we fail to take into account, But most of this underestimate seems to arise
from a host of poorly studied effects: turbulence, optical distortions, inexact
optical constants in the reconatrucrztion program, etc, All these small effects be-
come 1n¢reas$ngly important at highex; momenté., where sagittae become relatively r
small, |

We have tried to associate the large uz with some single track variable«--
curvature, dip, or azimuthe~« but have failed to establish a correlation, This test
is easily made by looking at the distribution of the "norxﬁalized adjustments' or

“stretches" written out by KICK [see Berge, Solmitz, and Taft, Rev. Sci, Instr, 32,

3

538, (1961), Sect, V]. 1If all variables are right” on the input, then after a fit

their stretch distributions should be Gaussian with zero central value and unit
width, Howéver. if one single variable {s underestimated (and the'othera are
still right) one expects the stretch distributions for this variable to be wider than
for the properly estimated ones, (This expectation does not apply for 1C ﬁts',
where all stretches are equal; see ref, (17). We find experimentally that usually
all of the; stretch quantities are too wide by about the same factor of a (the same

a by whose square the xz distritution is scaled). There are exceptions which
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provide us with clues as to weaknesses in our data reduction techniques. For
instance the stretch distributions for beam tracks, short tracks with few measured
points, and tracks that stop are more irregular than most,

It seems to be general bubble chamber experience that if one scales \(Z
by the factor q,“), tien the \(Z distributions have almost their theoretical shapes,
with not more than Fito 20% too many events in a tail, 4 We also must admit that
we have found it necessary to introduce lower bounds on the uncertainties calculated
for angles (long tracks are assigned uncertainties which are too small to be con-
sistent with our present knowledge of the optics). These "floors" are 1/4* in
declination and 1/16° in azimuth,

Some typical values of a‘z for reactions produced in the 72-inch chamber by
1.5-BeV/c K~ are: 02(1 constraint) = 1,76, cZ(ZC) = 1,58, aZ(BC) = 1,71 for a sample
of 5000 A decays or a2(3C) = 2,0 for a samplé of 1500 decays, a2(4C) = 1,66 for a
sample involving 1800 A decays or az(éc) = 1.76 for a sample involving 1500 Kl
decays.,

What should one do about az‘? Ideally one takee the time to understand which
errorg are underestimated, and then corrects the equations that calculate these
errors. Most groups have not done this, but are not quite willing to conceal the
problem by increasing error estimates withcut good reason, Instead we merely
scale \(?' by az before making statements about the confidence level of a fitted
event, If we make resolution functions {see 2 ) we assume that all input errors are
equally too small by a and guess further that all output errors are equally too
small by ~, 80 we multiply them all by o .

2.5 Distributions in masz vs distributions in mass squared,

In our discussion of Dalitz plote in 2 ], we have already pointed out that it is
better to plot mass squared, mizj , rather than mass mij because unit area is then

ti PR .
proportional to/element of Lorentz-invariant phase space. In this paragraph we
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we want td point out that a low-imass peak in a mass spectrum (e, g., the spike in
missing niass corresponding toa 7 or a y) shows up as a Gvaussian-distributed
peak if plotted in mZ, 5% is distorted if plotted in m(and of course if mz' is
neg‘ative tlie missing 1.ass becomnes imaginary). This sifua.tion is illuastrated in
Fig, 5, for wl1i¢h it is asswned that the distribution in m2 is Gaussian, Then,
since dm2 is 2m dm, the distribution in m must be skewed by a factor 1/m, The

»
magnitude of the skewing can Le suggested by ti.e shift of the peak m1 inthe m

: #
distribution from its correct value. For a small shift, the peak m would be given

by
rn" = m+ GZ/ 4rn3
where m = true value of particle mass (peak of mz distribution),
and ¢ = width of mz distribution [02 has dimensions of (energy)4].
One is empirical: experimental histograms do resemble Fig. 6. But tiie real reason
is illustrated in Fig. 7. Assume that the only appreciable measurement erxors are
those in momentum o (i =0, 1, 2), and that each is Gaussian-distributed with a
small fractional spread. Call the unbalance in energy (i.e., the missing energy)
E, and the missing rmomentum P; then the missing mass is written
mé= g% . p?

= (Bq- E, - Ep)* -(pg - py - po)*
1f mi(pi) were a linear function of the P; then it too would be Gausgsian distributed,
Clearly it is not linear, iut we can expand m%ina Taylor'series about the true

values of Py calling F;i: Py - ptirue' we have

T S B S B B PP
moE Merve 3 py S Z§pi H) pj i) !
i i, j

' 2
The reader can easily convince himagelf that the terms of order 6§ 8squared and
bigher tend to be amall, go ti-at m “is to a pood approximation linear in the P

and hence approximately Gaussian, which ie what we wished to show,
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There is of course no point in discussing events with a small missing mass
until one is sure that the event is not an "elastic' one from which no neutral particles
escaped at all, To test this one could of course fit the event by using all elastic
hypotheses, but this takes computer time. We have found it faster, at Berkeley, to
have KICK calculate a quantity called \(Z(Un3)--the *(2 test that there is no unbalance
in vector momentum (3-momentum)(18). This v_z does not depend strongly on mass
hypotheses, which may be wrong or ambiguous, and a single calculation may obviate
more than one fruitless fit,

2.6 Monte Carlo Techniques,

At some stage in the development of a bubble chamber data-reduction system,
it is necessary to seek out possible biases in the computations of the programs, and
in general develop an understanding of the limitations and properties of the analysis
system., Frequently, particular experiments have very special sources of bias,
which must be examined., As an aid to such studies, it is useful to be able to generate
large samples of event measurements that differ from one another in a manner con-
sistent with Coulomb scattering and measurement uncertainty, but for which the
correct mean values of the track parameters are known. The routine analysis of
such a collection of events will reveal the behavior of the analysis system on a sample
with known properties. A few projects suitable for study by a Monte. Carlo approach
are listed below,

Simulation of track measurements:

1. Checking of newly coded programs.
2. Adjustment of uncertainty parameters.
3. Estimate of biases in program computations and approximations,
4. Establishment o i‘he(:alm of usefulneas of a program,
5. 'Study of correlations between variables.
6. Study of the shape of track-variable distributions:
Simulation of event measurements:

7. Estimate of biases from kinematic fits to background events,
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Simulation of experiments:
8. Analysis of the probability of erroneous conclusions due to
statistical fluétuationp.

2.7 Mionte Carlo generation of track measurements, SIMULATE.,

For Monte Carlo studies based on calculations at the early stages of t.he
analysis system, it is sornetimes necessary to generate samples of events which
vsimulate actual track-point measurements as realistically as possible, Thev
SIMULATE programs have been written to generate such samples of events, By
feeding these artificial measurements. into the analysis system, one can examine
the distributions of parameter estimates at any stage of the analysis with a knowledge
of what the coxlrect estimates and distributions should be.

The first step in the simulation of a track measur.ement is the generation
of a particle orbit in the bubble chamber, SIMULATE starts from a specified point
in the chamber with a Spécified orien.tvation, momentuﬁi and mass and proceeds to
generate(in the direction of either increasing or decreasing momentum) a track of
specified length (unless the track comes to rest first, of course). The track is
generated by adding a short segment to the existing track, re-establishing the m.o-
mentum and magnetic field and modifying the direction to account for Coulomb
acattering, then adding another segment; and so on until the track is complete,
Points along the track are traced through the optics to their image points on the
film in each of several views, Measurement uncertainties of the type present in
thé Franckensteins is épplied to the film points to generate measured film points.
Similarly, fiducial measurements are perturbed by an amount consistent with
uncertainties in fiducial measurefnents. The whole event is put out in the standard
format required by PACFKAGE.

‘The Coulomb scattering or measurement uncertainty may be suppressed by

zeroing appropriate parameters., Table Il {(in Sect. 1.2) includes exafnples of events
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processed by PANG with both Coulomb scattering and measurement uncertainty
suppressed,

2.8 Monte Carlo generation of events, FAKE,

The detailed simulation of events provided by SIMULATE is not usually
required for estimating kinematical biases in the separation of competing fit
~ hypotheses., For these cases, it is far simpler and faster to treat the problem
by generating artificial input at a later stage in the analysis, for example KICK
input, FAKE (3) is a Fortran Monte Carlo program that generates events in a
bubble chamber according to prescription, and simulates the output of the PANG
track-reconstruction program. To do this, FAKE generates events of a specified
type according to a phase-space distribution, or to some other distribution that
can be written down. In some cases, it i8 more convenient to use an actual
sample of events to establish a correct distribution of events in the chamber
(for studying the probability of fits to background events, for example). It places
fhese events in a bubble chamber, takes into account secondary interactions, and
calculates the errors that the stereo reconstruction program would have assigned
to the measured quantities for these events, Then it modifies the measurable
quantities in accordance with the errors. Finally, FAKE writes out this information
in such a form that it can be used by the hypotheses-testing program KICK or
PACKAGE, |

The development of FAKE was principally motivated by the desire to study
problems of misidentified events, the better to understand and identify the ambiguous
events that occur in bubble chamber analysis. It can shed light on such problems
as how often the reaction p + p—~ 7'+ 17+ n? simulates p + p— 7'+ 7", how often
as £°% "FAKES" a A, or how often a leptonic A decay fits a two-body decay.
Thus the FAKE program merits its name for two reasons: (a) it simulates PANG

output, and (b) it is designed to study those cases in which one type of event is
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faked by another.

Because FAKE operates on an event-by-event basis, it is able to produce
data with the experirmental resolution folded in much more realistically than can
be done \Qith other methods. Therefore it can be used to see what a given distri-
bution in the center-of-mass system should look like in the laboratory system.
FAKE also writes output tapes in the format of a data summary tape (one event
per 'recérd). Although this output cannot be used to test hypdthetical fits, it is
very ugeful in the Monte Carlo generation of experiments for the purpose of
d'eéigning the e:’cper'imen't 1téélf, for calculating scanning efficiencies, or for other
reasons,

One subroutine used in FAKE, namely GENPCM, has been isolated f'rov'm
the program and is available to generate events of n particles (3£n<10)
distribﬁted according to phase space. By using GENPCM, one can calculate with
little programming the phase-space distribution of any quantity., Furthermore,
one can modify the calculation to include a factor for any matrix element that can
be written down,

2.9 Monte Carlo generation of experimental distributions, GAME.

There is another small Monte Carlo program (GAME) that has proven
useful in evaluating experimental distributions (3). It generates many independent
experiméntal distributions, according to any prescribed equation for a particular
number of events, and plots these in histogram form, This can be used to help
us to understand what statistical significance should be given to a particular

deviation from the assumed distribution.
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2.10 Minimizing Procedures,

There is always a variety of specialized problems requiring optimization
of parameters, These optimizing problems range from measurement-analysis
problems (such as fitting magnetic fields with empirical functions) to experiment-
analysis problems [such as establishing phase shifts or scattering lengths, or
fitting angular distributions, see, e.g., References (19) and (20)]. Two commonly
used procedures for establishing optimum values are the maximum-likelihood
method and the least-squares procedure Both these methods take the best param-
eter set as being the one which occurs at an extremum of a function, Therefore
the problem can be reduced to one of finding a minimum of a general function of
some number of parameters, {(Maximum likelihood requires a maximum, but by
changing the sign of the likelihood function, the problem can be converted to a
minimization problem. ) |

There is a \}ariety of procedures for finding the parameters at a minimum
(21). These usually fall into two classes: those that repeatedly attempt to reach
a minimum directiy in one step (iteration procedure) and those which gradulally
approach a minimum through a series of stepvs, usually of decreasing size (stepping
procedure). Both methods have their applications. The iteration schemes are
particularly suitable for fairly straightforward problems in which it is easy to
evaluate the first derivative (and perhaps the second derivative) with respect to all
the parameters of the problem, For example, if both first and second derivatives
are available, one can use Newton's method to solve the problem. In this case the

function to be minimized can be approximated by

i R P TR
f(xi)-const rf,- --:,;--(xi xi)(xj xj ),

where (x;) represents the parameters at the minimum,
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Then it is easy to show that the miniroum of { iu at

X' = - Eeml,

where ¥ fis the gradient vector of f evaluated at ¥, and f" is the second
" derivative matrix evaluated at X (with components fij) . This solution is exact
if £ is no more than quadratic in the parameters, but rnost problems require
that the procedure be repeated, replacing gz” by X '. Matrix inversion is a commonly
available subroutine, and this procedure can be coded in a few FORTRAN commands,
Although iterative schemes are very suitable for most problems, there are
those few cases where the iterative approach to a solution will lead. maercly to
nufneroua frustrating and unsuccessful encounters with the computer. If the prob-
lem involves the parametoers in some vefy complicated way and the nature of the
function to be minimized is expected to be complex (multiple minima, unallowed
regions for the parameters, etc.), then it may be rnore practical to use a stepping
p1;ocedure to reach the minimum, For one thing, a complicated function may requilre
numerical evaluation of the gradient, In an iterative procedure, the step depends on
a knowledge of the ﬁre_st and second derivatives of the space and the value of the
gradient, and a very large erronecus step can be introduced by a poor differencing
calculation. With a stepping procedure, the daranage is at worst one poor step,
The stepping pro_ceciure also provides a mapping of the intermediate points bet_v)een
the starting position and final position. It is sometimes useful to know that no other
minima lie along the line of descent between a particular starting position (possibly
bas'ad on an old experiment) and the final value, Tixe FORTRAN program }l\r“.-’INFUN
has recently Leen coded to seek a minimmum according to the ra.vi'ne stepping pro-
cedure (22). The MINFUN approach has proven helpful in several problems so far,
but only further 'experiencé will determine the realm of usefulness of the program.
The actual strategy uséd by MINFUN is best illustrated with a hypothetical function

of two variables, f{x, y)._
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Pigure 8 shows ''contour lines" for the function [i.e., all (x,y) on a
line have the same value for the function]. The hunting procedure involves in
sequence two different sorts ol steps, an "overstep'" to a point O and a ''sidestep"
to 3, followed by calculation of a new minimum along the line OS; then the cycle |
repeats with a new overstep to point O' {rom the last minimum and through the
new minimum. In more detail, the search starts at point M, where the starting
direction.is taken as being along tlie gradient. A step of fixed size is taken along
this direction to a "reconnaisance' point O, where the function and its gradient
are determined. A step is taken transverse to the line MO from the point O to
point 3. At point S the function is evaluated, From the information availalle at
points O and 3, a minimumn is predicted at point M' along line OS by assuming
tle function varies quadratically along the line O5. The function is calculated
at point M' to verify the ruinimum at that point. (In case Mi' is not a minimum
relative to O or S, a smaller sidestep is taken, ) To complete the cycle, a step
is now taken to a point O' along the line MM', and the operation repeats as
described at point O. Ag described, this procedure does not stop at the minimum,
Lut continues right on along the '""ravine" in the function, This is a useful mode
of operation, for it allows a mapping of those sets of parameters which give rise
to values of f near the minimum, This procedure tracks a ravine until about the
spot where the minimum radius of the "contour lines' exceeds the step size, after
which the search usually doubles back on itself, The actual position of the minimum
is defermined by altering the above procedure to the extent of reducing the step

size and reversing direction each tirne steps lead to increased values of f.
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3. ECONOMICS

3.1 Manpower and Machines.

An operation such as the one discussed 80 far invo_lQes large groups of
people; no dfscuéaion of conventional data analysis is. complete without some
comments on numbers of rﬁen and machines. The Alvarez group (including
visitors) numbers about 20 in each of the categories~Ph, D, graduate students,
and computing staff. This does not include personnel primarily concerned with
building and operating bubble chambe;s and advanced dé.ta-analyais apparatus,

To process 72-inch chamber data there are in addition about 60 full-time equiv-
alenf scanning and measuring technicians, and 20 maintenance technicians. We
have four Franckensteins to measure 72 -inch film, and 12 scanﬁing projectors.
During the first}hal'f of 1963 the four Franckensteins measured about 6 events/hour,
and each operated 120 hours per‘week, giving an annual production of 140,000
events/year. To process these 140,000 events we use 70 hours/week of 7090
time, of which 50 hours are taken up by the data-processing programs listed at

the top of Table I]’.IV.5 and 20 hours are devoted to physics and Monte Carlo programs
and program development. QUEST and SMP (see 4.2) share a 709 contributed
almost free by IBM to help us develop on-line systems, |

3.2 Costs.

Our principal costs are itemized in Table III. They include salaries,
overhead, maintenance, and depreciation over ten years (23). Scanning, measuring,
and event processing (items 3 through 5) deserve special comments. In actual
practice, we find that, for one reason or another, film is usually scanned at
least twice. Similarly, only about half of the event measurements find their way
into the final publiaﬁed physics. (The unused half is made up of event measure-
ments that failed and had to be remeasured, or events discarded for lying outside

of a standard acceptance region in the bubble chamber or are discarded simply

N

|

(‘ (
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be.cause they fit no interesting hypothesis.) As a result, the cost estimates for
these items can realistically be multiplied by a factor of at least two for our
present mode of operation, The computer costs in Table III do not include special
calculations concerned with the experiment as a whole, A more detailed break-
down of the computations is available in Table IV,

In Table IV we compare the actual use of cornputer time with the theoretical
minimum times taken from Table I, which would apply if each event were processed
only once and if there were almost no activity (LINGO, 3UMX, etc.) on an exper-
iment until all events were processed, This would, of course, be unreasonable,
For example, we write the PACKAGE event types as simply as possible, ignoring
the possibility of rare decay modes, and later reprocess all those events that fail
to fit simple hypotheses, or give other clues of being interestiﬁg. The reprocessed
events go through a much more complex version of PACKAGE, EXAMIN, etc.

Our logging of 7090 time is unreliable (a run through the whole sequence of
programs may well get charged to the first program) but we have tried to reconstruct
typical 7090 times for one experiment (K7.) which was being processed in the first
half of 1963. As we mention in footnote a. of Table 1V, it is really nonsense to
calculate ''7090 sec/event,' but we did it nevertheless to get some way to make
a comparison. with Table I. Pather than being linear in the number of events
processed per month, many entries depend more closely on the number per exper-
iment, and increase sharply with the number of physicists involved in the experiment,

particularly if some of them have impatient personalities.
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4. AUTOMATIC MEASURING AND SCANNING
A. Automatic Measuring - "am"
4.1 Definitions
Digital computers have been used for many years in the analysis of

bubble chamber pictures, but only in the last fow years has their performance-to-
price ratio improved so muckh that it became economical to try to use them to
assist in the measuring and even in the scanning of these pictures. In this section

we discuss three automatic measuring (am) systems, which have come into oper-

ation during 1963, then we discuss two automatic scanning and measuring (asm) ‘

syeterﬁs. which will be operating on an experimental basis in 1964,

First, however, we have better explain what we mean by tha~ terms am and
asm. ' Then we shall describe the systems, and finally with Table V we shall
compare them and make some general comments,

The words '"automatic scanning' are fairly deacriptive; however, '"'automatic
measuring'' (am) is really only a name for the process of computer-assisted meas -
urement, which we shall illustrate with an example. The real examples of am
described below are the SMPBthespiral reader,and the FSD{operated in its am mode);
for simplicity, though, we shall illuatrate‘ am with a device that does not exist,
an am Franckenstein. Such a Franckenstein would have no track-following servo,
but.would instead have means of digitizing all bubbles on the projected iimage,
within an "aperture' extending a few mm on either gide of the conventional cross
hairs. To measure, the operator would move the crose hairs along the general
vicinity of the track image, moviﬁg as fast as he could while still being able to
keep the track within the aperture. The area zlong the track, one aperture wide,
is called a ''road, " and the first half of aﬁtomatic measuring is to collect all the
data inside a road and store it in the memory of a computer. The second half of

am is accomplished by a 'filter' program, which selects groups of 10 to 20 bubbles
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and makes histograms of their positions across the road. By so doing it can
filter track elements {rom background or from one another; it then links track
elements into tracks. Next it calculates the coordinates of "averaged points'
on each track and writes them out on magnetic tape in a format similar to Francken-
stein output, suitable for conventional analysis programs,

It turns out that to filter one view of a typical track takes 1/10 to 1/4 sec
on a 7094, and that it is now more economical to dispense with track-following
.servos and rely on filter programs. A measurer can make a road several times
as fast as he can accurately fellow a track with a servoed stage. In addition one
gets hubble density measurements as a free by-product,

As mentioned above, there are already three examples of am devices,
These systems have been described in Referénces 1 and 2, so we now give only a

brief survey of each,

B. Three Automatic Measuring Systems

4.2 The Scanning and Measuring Projector--SMP.

This device (24) is cheap enough ($32,000 thatu(;.egifaxélgel;ll()ilreatéry can
 purchase sever‘al and use them for simultaneous scanning and measuring, this
eliminates annoying '""handover' problems. All the SMP 8 are serviced simul-
taneously by a single computer, The computer may be carrying on functions not
related to the SMP systems, (for example, general purpose computing or offline
printing) depending on the capacity of the computer and the number of measuring
tables to be serviced., Each SMP table is similar to a Franckenstein to the extent
that a human being guides the device during measurements, The SMP measuring
table consiats of a straightforward optical and film-handling éystem which projects

an image down onto a horizontal white screen, The machine resembles a conventional

overhead-illuminated scanning table with two exceptions. First, located near each
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SMP table, there is a typewriter that provides two-way communications between
the 5MP operator and the computer program, Second, the viewing screen is
actually made up of movatle white Mylar sheets which allow a 0,6-cm measuring
aperture in the screen to be positioned anywhere on the projected bubble chamber
image. Operationally, the SMJ? operator scans the {ilm in a conventional manner,
recording any required scanning information via the typewriter onto mégnetic
tape, When an event is found that is to be measured, the small movable aperture
in the viewing screcn is moved alongtracks or fiducial lines that are to be encoded,
and the measurements are sent directly into the computer. The computer guides
the operator through the measuring procedure by fneana of brief comments on the
typewriter, and automatically performs some mechanical operations, such as
switching views. The computer ia able to detect some typing and measuring errors,
and respond with corrective instructions to the operator. Immediate correction
of errors results in a substantial time saving by eliminating the film handling for
remeasurement later, |

Mechanically and electronically an SMP table is simpler than a Franckenstein
_beca.use the SMP does not rely on digitized microscope stages or a high-precision
servo system to achieve its accuracy. The measurement precision of the SMP is
attained by making measurements relative to an array of precisely placed bench
marks which are contact-printed onto a glass photographic platé the size of the
me-aauring table, The plate is opaque except for 20-mil clear spots (''bench marks')
located each centimeter in X and ‘Y. Coordinates along a track are measﬁred with
respect to néarby bench marks by displacing a track segment a known distance
through a rotating periscope (rotating at 1200 rpm) that can be moved about in the
image plane of the SMP table (see Fig. 9). As the displaced track segment sweeps
over any bench mark, the peri:au::opeori/i3 ntaitgoz{lead off a magnetic recording on the

rotating drum in which the periscope is mounted. This information is sent directly
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to the co:ﬁputer along with information to identify the bench mark involved, The
computer can reconstruct the track point by sulbtracting the periscope displacement
of the track from the precisely known position of the bench mark, The SMP's
presently in use at Berkeley digitize approximately eight point? per centimeter on
the projected image. | Each point is digitized to a precision of 80 microns on the
SMP measuring table, which is equivalent to about 5 on the film. Because so
mémy points are generated along a track, the points are averaged in sets of ten
to bring the number down to about that produced on a Franckenstein (with an
uncertainty for the averaged points of less than 2 microns). Digitizations may
occur for any part of the image that passes through the 0.6-cm periscope aperture,
therefore one of the tasks of the computer is to filter out background butbles or
scratches that may be recorded along with the desired tracks. The digitization of
a track point occurs only when a bubble of the track is swept across a bench mark
by the moving periscope, If the bubble is absent (a gap in the track) the missing
digitization provides information about the bubble density of the track, The high
"density of digitizations along a track makes such estimates of bubble density
statistically meaningful.

43 The Spiral Reader,

One way of reducing the event-measurement time is to attempt to digitize
all tracks radiating from a vertex in one operation. At Berkeley, the spiral reader
has been developed for just this purpose (2, 25). Track points are recorded in a
polar coordinate system, where‘the vertex of the event being measured is located
at the p.ole. The image of the event is projected onto a radial slit which rotates
about the pole, sampling all tracks radiating from the vertex. The radial position
of the slit can be varied out to a distance of about 5 inches (equivalent to 1 in. on
film or 15 in. in the 7Z-inch chamber). As the slit spirals out from the pole, the

radius and azimuth of the slit are recorded at those positions where a track segment
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passes over the slit, producing a VdrOp in the light incident on a photomultiplier.
‘A group of these polar coordinats is accumulated into a buffer memory and then
transcribed to magnetic tape. In addition to the track points, some nontrack back-
ground is recorded. Here again, computers are well suited to rejecting the back-
ground. The Spiralheader output tape is processed by the FILTER program,
which filters out the background and produces a tape suitable for processing by
the standard analysis programs (PACKAGE, etc.).

4.4 The Flying-Spot Digitizer-FSD,

The flying-spot digitizer is known throughout most of the world as the
Hough-Powell Device (HPD) after its developers (1, 26). However,.at Lawrence
Radiation Laboratory the overall system has been christened FSD, which name we
shall use, with apologies, because of its descriptive value,

There are two ways that FSD can be used--Phase I, -am, which has just
begun production measﬁrement, is the automatic measuring mode in which a human
decides where the FSD should measure. Phase II, -asm --described in 4.6 --is
fully automatic.

‘The operation of F'SD (_;a__r}_q_) has been extensively described (1) elsewhere.
.It is a two-step process. The first step is the usual scanning operation, except
that a few ''road-making" points are digitized along tracka that are to be precisely
measured later. The digitizing at the scanning table is done with rather simple
low.precision digitizers with a least count of 1201 on the projected image. After
road-making points have been acgumulated for a large number of events on a roll
of film, the film is loaded on the FSD and each event that has been prescanned is
automatically digitized with 1 1 precision by a flying optical spot capable of
systematically scanning the film in a pattern resembling an ordinary TV raster,
The Cartesian coordinates of any bubble intercepted by the scan spot (as detected
by a photomultiplier) are transmitted to the computer to be processed while the scan

proceeds, The scan spot is generated by passing light through a rapidly rotating
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disk with nearly radial slits, then through a stationary slit and optics which
image the spot on the film (see Fig. 10). This gives a rapid line scan with a 20-p
spot size (smaller than a bubble on the tilm), A portion of the light for the line
scan is imaged on a grating so that the position of the spot can be determined by
counting grating lines as the scan proceeds across the line. The raster is produced
by uniformly moving the microscope stage (which carries the film) perpendicular to
the line scan. Scan lines are separated by about 2 bubble diameters.

There are provisions for a special scan raster at 90 degrees to the normal
raster, This flexibility assures good sharp track pulses for tracks at any orienta«
tion on the film. The F3D scan raster is {ine enough to give an estimate of bubble
density on the basis of the numter oflgaps in the tracks, Attempts to use FSD as

an automatic scanning and measuring system are described in 4.6,

C. Automatic Scanning - "asm"

4.5 Automatic Scanning and Measuring.

There are now three major projects izivolving pattern-recognition programs
for gene‘ral-purpose computers coupled to special-purpose hardware, the whole
systemn aimed at autornatically scanning bubble chamber film. Since 'pattern
recognition' is such a general and difficult field, we shall use the more precise
and less presumptuiaua name ''automatic scanning.'" This problem is considerably
harder than that of automatic measuring, which has just been realized in 1963;
nevertheless, several complete schemes have now been outlined, and we guess that
in a few years millions of tria.dé will be scanned and measured automatically each
year. | |

Actually, for two different reasons, all the present efforts described below
are aimed at doing automatic scanning plus measuring (asm).

71. Present-day computers compete rather badly with humans doing pattern recog-

nition, but they compete much better doing tallies and measurements. Therefore
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a system that ¢an scan and make coarse roads should certainly take advantage of

the solved technology of autoinatic measurement,

2., Automatic scanning involves someiannoying problems of matching vertices and
tracks in three stereco views, The more preciée the digitization, the easier is the

logical problem of disentangling close and confusing vertices and tracks,

The three major assaults on asm are based on the hardware of F'3D, PEPR,
and Illiac III. The firast two will be running on an experirnental basis during 1964,
and are summarized below, Illiac Ul is a leas immediate. more genexal project
which has been adequately describad by MeCormick (27), and is not taken up

further herae,

446 F3D (apm mode),

It Qas 6f course originally conceived that FED would séme day run as an
asm system., This requires no hardwa.re change; instéad it envisions replacing
the eiglit digitized scan tables and their personnel \‘with 6ne or two additional
nshifta" ™™ of 7094 time.

In 1961 Pasta, Marr, and Rabinowitz (PMR) began to work on a 7090 program
(28) designed to sort data from the FSD input buffer as fast as it comes in (about
!O,’OOO to 20,000 coordinates per sec), The program (which we czall PMDR) defines
track banks and predicts where the next bubtle should be found. When a new digit-
ization comes in it is promptly compared with this prediction, If it checks, it is -
stored in an existing bank; if not, a new track segment is initiated.

Howard S, White (29) at La. wrence Fadiation Laboratory is also working on
a PMPR program which he calls "DAPR" (Digital Avtomatic Pattern Recognition).
He estimates that DAPR running on a 7094 can process 18,000 digitimtions/sec,
which is just the apced of the FSD at LI"L., Fe finds that a typical scan of a single

view of the Alvarez 72-inch hydrogen chamber ylelds about 72,000 digitizations;
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30 this scan takes 4 sc¢

(3]

of DAPL tire., We must then add about 509, in time
for the "ort):ogonai gscan'', .so that a view tales about 6 sec,, and a triad takes
18 sec.

The output of Philt/DAPR will be a '"single-view data tape'' containing a
few hundred computer words per view, mainly about 10 average points per track
view, except for those tracks which pass through the chamber without interacting,
The single-view tapes from DAPR and PEPR will be similar, and subsequent
processing will be almost identical {30). This subsequent processing by programs
7 called TRIAD and SCAN is discussed under PEPP, below.

4.7 "Precislon Encoding and Pattern-Recognizing Oscilloscope' - PEPR,

This approach combines both digital and analog techhiques into a system
designed to automatically scan and measure bubble chamber film (31). The idea
was conceived by Pless at MIT and all the hardware is being built there; Yale
and Lawrence Radiation Laboratory have contributed most of the computer program-
ming., In the PEPR system, a random access '"spot' on a cathode ray tube is
imaged onto the film under the direction of a small special-purpose computer.

The '"spot' itself has a variable shape ranging from a spot (25 p diam) to a line
with an aspect ratio of 80 (25 p by 2 mm) which can have any orientation, Very
briefly, PEPR consistas of three units: about $100,000 vworth of nondigital hardware
associated with the precision cathode ray tube, optics and track-element detector,
a grating system, and a film transport. This hardwaré is controlled by $100,000
worth of speéial-purpose digital hardware called the "controller.' The controller
is on line to a small general-purpose computer called PDP-1, which costs about
$200,000, A considerable part of this apparatus is now working.

The orientable line is particularly suitable for recognizing track patterns.
The flexibility of this scheme allows a three-phase attack on the scanning-measuring

prohblem,
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ll. An overall area scan of the entire filra can be carried out by using scans with a
é-mm "slit" (electron heam) of‘diffc_arent orientations, The film ie divided up -into
many 2-mm-square cells a;xdktl'xe pooition and orientation of any track elements de-
tected in thesc cells are fead into the computer memoxy, The v"slit" direction is good
to about 1 degrée, and the pogition.to 1 part in 4000 of the face ofithe scope, Thie

procedure establishes a bank of data in core for each track,

2, The next phase is the track-following technique, The track (or track segment) in

each track Lank is followed in both directions until it ends or connects to other tracka,
which can also be followed. | | |

3. 'I"inally, once interesting tracks are identified, the point spot is use:d to.‘ count
bubbles and precision-ehcoﬁe cooxrdinates,

It should be pointed out that this three-phase atl;ategy is almost identical with
that now being programmed for Illiac III (27), except that the scan of the 2 mm square
window uses a digital rather than an analog processor. | |

The size and orientation of the PEPR '"slit"«-{, e., line segment genel;ated on
the face of the cathode ray tube--are controlled by adjustment of currents 1n a
""diquarupole' focusing magnet, wh_ich produces an effect on the electron beamAin the
cathode ray tube which is analogous to the action on lighiz of an orientable cylindrical
lens, 6 Precision encoding is done using a point spot with beam splitters arranged
so that a portion of the scanning-spot light is focused on a pair of '"picket fence"
gratings, These gratings consist of 25-p dark ""slats" éeparated .by 25~ open gapls.
The two gratings are at right angles to each other; let us call one of thenﬁ the x
giating, the other the y. To di-gitize a bubble, the spot ie servoed along one of the
slats, y, and moved in the x direction. The x position is then counted with the
same scaler and interpolation counter circuits used in the FSD device. As the spot
crosses a bubble its x and y coordinates are stored in a register in thé controller.
~ As in all of these systems, bubble density information is available,

One PEPP should scan about a million triads a year, wkich is the same as
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the estimate for one FSD, The main difference between the two is that whereas
the hardware costs for FSD (asm) (i.e,, without digitized scan tables) are probably
less than costs for PEPR, FSDv(g_g_n__m) r‘equires 2 to 3 shifte of 7094 time before it
can produce a single-view data tape; PEPFE requires none,

The single-view data tapes from FSD or PEPR will be read by a 7094
program called TRIAD, which will match vertices and tracks in all three views,
_and write a primary data tape. It is pl#nned that this primary data tape will then
be read many different times by another 7094 program called SCAN. SCAN will
have processing routines easily called by a control euﬁpmgram or "event-type
~program.' The eventtype will set forth scanning criteria, so that SCAN will |
scan the primary data in much the same way as a human now scans a film for an
event of interest, SCAN's output 'wil_l look like ordinary Franckenstein output, ready

to be read by conventional analysis programs,

D. Comparison of Automatic Systems

4.8 Discussiqn of Table V,

To conclude this section, we summarize some of the important parameters
of current systems in Table V. To construct this table we have taken a hypothetical
large bubble chamber output éf a million triads per year, and we have assumed that
in this million triads there are a million interesting events. This ratio of meas-
urements per tri;d is several times as high as that currently found for Franckenstein
systems, but of course with automatic measuring, and particularly with automatic
scanning and measuring, the difﬁculty of measuring is much decreased, and one
will tend to measure more of the common types of events, It has been assumed that
all the scanning and measuring tables are operated three shifts (120 hours/week);
thus the number of salaries involved for Franckensteins is 99, for SMP 36, and

for FSD (am) 24 (plus one operator per FSD shift). To process a million triads
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PEPR has to work around the clock (one operatoi for each of the four shifts--which
include weekvends), and ¥SD (either mode) gets through in three shifts (again with
one operator per shift), |
| Table V is divided horizontally into Franckenstein eystems (for cc;mpariaon
with what lies below), systems that do automatic measuring only (am), and systems
that do both automatic scanning and measuring (asm). The first point shown by
Table V is that although individual Franckensteins are still produétively measuring
30 to 40 thousand events per year, a troop of 30 Franckensteins is no longer the
most economical way to measure a million events, |

Next we come to the automatic measuring systems, all three 6f which have
been doing experimental physics for only a matter of weeks, Given this fluid

situation our estimates are surely not good to better than + 50%, and accordingly

it is hard to find any decisive difference in the cost of their operations. Note,
however, that the spiral reader is most competitive for single-vertex events; its
measuring rate decreases about 15% for each‘additional vertex, independent of the
number of tracks ai each vertex, In organization, ‘there is. a significant
difference between SMP and FSD (@); It takes about the same amount of time and
money to ;oaz-se-digitiée_an event for FSD as to measure it on SMP, but the SMP
event is then ready to go into conventional analysis programs; moreover, so many
checks have been performed that it is most unlikely that the SMP event will fail in
the sub'sequant-‘stereo reconétruction or kinematics programs. The price one pay#
| for this is the need for an on-_lipe'compufer. It would appear that five SMP's on
line to a PDP-1 compute:7 is more satisfactory than five FSD scan tables and an
FSD, A minimum configuration for an SMP system might consist of three SMP's
attached to about a $230K computer, The computer could be used for SMP meas-
urements during some shifts, and for physics analysis during others., Conditions

vary from laLboratory to laboratory; for example there are laboratories which do
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not use their commputers full tirne and a group of SMP 8 could make measurements
during the times the computer would otherwise be idle. For a very small laboratory
it secems morve satisfactorytohave on FSD scan table communicating via the mails to
a distant FSD. In the absence of much operating experience so far it is hard to
say where to draw the line between these examples. A vigorous defense of FSD
vs SMP has been presented by P, V. C. Hough (32).

Next we come to some even more difficult comparisons between automatic
scanning and measuring equipment that is not yet even working. PEPR (at $400K
and no salaries except for maintenance and one operator per shift) will, if it
performs as advertised, be the cheapest system in the whole of Table V. FSD (asm)
involves slightly less initial hardware cost, but requires two to three shifts of 7094
time. The cost of this much computer time varies greatly from one installation to
another, but probably averages $500,000 per year on today's computers. Since the
days of the IBM 704 or 709, however, the cost of a computation has been decreasing
about 50% each year, and this trend will probably continue. Hence in a few years this
$500,000 computer bill may have dropped to $100,000 or $200,000, which is hardly
a decisive expense, being comparable to the annual cost of purchasing and processing
the film for our hypothetical million triads. On the other hand, half of the cost of
PEPR is a smaller computer, and these also will get chesaper. We conclude that
cost of operation cannot easily force a decision between FSD and PEPR. Morever

"as experience is acquired with both systems, they will each doubtless be quickly
modified; the asm system of 1966 will probably contain the more sétiala.ctory V
elements of both--a larger on-line computer than PEPR has, and better film

random access than FSD has.
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- 4.9 Photographic Memories.

The major obstacle to large-scale analysis of bubble chamber film has
until recently been the measurement operation. Buth with automatic measur‘ing‘,
data rates will rise and it may be appropriate to look ahead to the immediate com-
pl.icationa that will ensue as a consequence of a greater film-measuring capacity.
An already formidable problerri is the storage and retrieval of the data (both by
humans looking for lost tape'and by machines trying to read the tapes). For
example, consider the amount of information that must be saved at the end of
the analysis of each event. Our PACKAGE output can be condensed to 600 words
per event, but for a million-event-pernyear'a.'nalysis systemn, this represents
more than 1/3 million feet of standard 800-bit-per-inch magnetic tape (157 reels
of tape). Just to read this much tape requires about 10 hours. The direct output
of the PEPR or FSD alone would require at least twice ihié much storage. In
addition to the PACKAGE input and output Qtorage, there are the library master
lists, and data summaries which are updated and summarized frequently.

Magnetic tape systems will undoubtedly be improved in the future, however,
an alternative‘to the data-storage problem is the photographic memory (33). By
exposing spdts én a photographic plate or film, it is possible to store much more
data in a form which is more quickly accessed By the computer. For example,
using a cathode ray tube and 35-mm film strip in an ar rangemén_t similar to that
described in PEPPR, it should be possible to achieve a reduction in length to about
1/600 of an equivalent standard rhagnetic tape, andv a reduction of read time by

a factor of 10,
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Table 1.

Alvarez Group programs.

(Further data on running times are given in Table IV.)

Approximate

Program Function Type of Approximate Average
coding running time number of Words/event
in 7090"" commands and Evénts/ta.pe
(sec) storage
PANAL Check and format, sort, ‘)APc 3.0/evenl:g 15,000 250
merge, select 17,000 14, 000
PANG Track reconstruction 9AP 0.2/track 8,000
- 2,000
see PACKAGE
KICK Kinematic fit 9AP 1.0/vertex 11,000
5,000
PACKAGE Combined PANG 9AP See above 19,000 2, 000
and KICK (typically 6.0) 7,000° 1, 200
EPC Prints PACKAGE output FORTRAN 3.0/event 11,000 Printer tape
16,000
EXAMINE Analysis system for FORTRAN 2/event 5,000° 30 - 1000
N KICK output 19,000 3K to 10K
SUMX Experiment summarizing FORTRAN see footnote f 14,600 Printer tape
routines 11,000 '
LINGO Library system 9AP 31/event gg.ggg 100, 068
Subtotal {(PANAL through LINGO) ~12 sec/event
QUEST Processor for unusual 9AP- See PACKAGE = 21,000 -
events 9,000
SIMULATE  Monte Carlo measure- FORTRAN 1/track 10,000 -
ment generator : 8,000
FAKE Monte Carlo event FORTFAN ~ 3/event 16,000 see PACKAGE
generator 3,000 or EXAMIN
MINFUN Stepping minimizer 29 9,000° ——-

FORTRAN

5,000

—zp‘

21801-THDN
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Footnotes {or Table I.

3For further details on running times for an actual experiment, see Table IV,

bWe have taken 2000 ft of tape written at 800 characters per inch. This is

3,2 million 36-bit words,

‘Lc9APis a machine-language assembler similar to FAP, Most of our gap
programs are being converted to FAP,

dTh’e time depends strongly on the particular job being done.

®This program makes use of FORTRAN programming contributed by the

program user, The space estimate does not include the user's program.

fNorrna.].ly many displays are generated during one pass through a DST tape,
because SUMX is input-limited. A time estimate can be arrived at for a

fairly typical run on 2500 events in which 125 displays (one-and two-dimen-
sional histograms and a few CRT scatter plots) were generated with six tape

passges in 7.6 minutes.

EThis program is also used to merge and order measurement tapes., This

accounts for the relatively long time estimate for PANAL,
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Table II. Systematic errors in PANG fits, The input is in the form of track
points, generated by the program SIMULATE, for pions in the 72-inch
hydrogen bubble chamber with a uniform 17,9-kG magnetic field., Energy
loss was taken into account, but not Coulomb nor measurement uncer-
tainties, -

Momentum at Length Azimuth at Azimuth at Declination

beginning beginning end

(MeV/c) (cm) (deg) (de’g») (deg)
Input 200.0 25,00 00,00 39,32 0.00
PANG Fit 200.1 24.98 00,03 39,30 0.00
Input 200.0 50,00 00,00 80.59 0.00
PANG Fit 201.3 49.59 00,78 79.57 0.00
Input 500.0 83.00 .~ 00.00 52.13 30,00
PANG Fit 500, 2 82.84 00.09 51,99 30.09
Input . 500.0 41,00 00,00 25,47 60.00

PANG Fit 500.0 40,99 00,00 25.47 . 60,00




~45- UCRL-~10812

Table III. Itemized costs of bubble chamber experiments,
s

e e L T ey

Operation Unit - Approximate Unit cost
‘ time (%)

1. Accelerator operation No estimate
2. Bubble chamber oper- 1 exposure 1.20

ation through process- ('"triad')

ing of film
3. Scanning of film 1 triad 1 min 0.10
4, Measuring of film 1 event 10 min 2,00
5. Computer analysis of 1 event 12 to 60 sec ~1.00

film measurement (IBM 7090)
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Table IV, 7090 iunning Times used by PANAL-through-LINGO for a typical
experiinent involving 50,000 events being measuied at a rate of
60,000 events/year, :

s TR TR oo BX oo BT T TR RTINS, TR T Jm

7634 seconds pexr event measured

Houcs via bours

Propram par per ' from Table I

- month _month™ : _
PANAL ; 8 6 . 3.
sprect

J
PACKAGE i 19 6
EPC 2P 1.4 | 3
aa\.‘u k;.\ IN ] 5

n..»Un 'S } 17 1c _2_'
LINGO 35 25 3
Miscellaneous .8 - -

Total  ~100 60 12

a During the typical month In 1963 for whicl: this table applies, 5000 new evenﬁs
were meaéured; However the events proceased were only partly new events, For
example, the times taken by SUMX and LINGO were mainlf spent reading through
the 50,000 earlier measurements, Nev;art}';elaﬁs, to have aVC‘:Omparison \}witix Table
1 we have calculated "seconds/event measuced’ merely by dividing "hours/month"
by 5000 events/month, and of course multiplyiué by 3600 sec/hour,

v PACKAGE output of iaost events is not 'printed.
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Table V. Systems to scan a million triads, and measure a million events, each year. The assumptions
behind this table are set forth in References .25 and 23

B—

System Nlmb;-; of Number of - System Computing Shifts (7094) Digitizations Slit or Typical
measuring scan purchase — - - per c spot size least count
machines machines cost Measurement Analysis on film on film on film

(3K) , (1)
FRANCKENSTEIN 30($100K ea)® 3™($15K ea)' 3045 0 1 - 3¢ 10 5%30C 1 -2.5u
SMP (am) 12($32K ea) 380 1/6 of 3P 100 35 (spot) ~suEk
SPIRAL READER(am) 6° 3™($15K ea) 550 1.39 15-30 10X70¢  ~5g
FSD (am) I{ 25(31()1 8™ 401()1 570 1/3 of 3 ' 170 23(spot) m/ﬁik
FSD (asm) Tandem ( $375K)} oP 375 2-32 170 23(spot) -~1uf/B"
PEPR (asm) 1($400K) o® 400 1/2) 100 25x{25u  ~SpAlES

up to 2 mm)

a $100K 1is an average American price, and inciudes track:following; however, SOM (Paris) sells.for $50K a measuring
machine without track fcllowing but with electronics and a CRT display of the signal from the slit,

b This system does not require scanning machine; however, it is certain that humans would occasionally want to look
at the film., Therefore a few corventional scanning tables would be needed.

¢ Assuming one-vertex events.
d This estimate is for a program that is not yet optimized.

€ One shift would be a bare minimum, Extrapolation of our present procedures would predict six shifts; perhaps three
is a reasonable compromise.

£ i.e., digitizations per cm of a densely ionizing track, projected (if necessary) back to film.

€ p.G. Davey, Lawrence Radiation Laboratory, UCID-1891, 1963 (unpublished).

-L?-
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(Footnotes for Table V. (Continﬁed)

P The notation " 1/6 of 3" signified that 1/6 of the computing capacity of a 7094 is required for three shifts.
For example, SMP's are assumed to operate three shifts (120 hour/wk) of real time so one must either choose
a computer appropriately slower than a 7094 or share time. Time sharing implies either using a moderate
computer like a 7044 for simple time shared jobs like printing or implies true multiprogramming on a large
computer with a disc file. The SMP computing load is calculated on the basis of 2 sec 7094 time (30 sec 709)
for the executive program plus filtering, and does not include PANG or '""Economy KICK."

! The scanning projector manufactured by SOM, Paris, sells for $9000,

J Computer programs call TRIAD and SCAN will combine data from three views, make data libraries, and scan
them for events of interest.

k Whereas Franckenstein and the Spiral Reader digitize the position of a slit which averages over several bubbles,
the other automatic measuring devices digitizezindividua.l bubbles. Groups of about 10 of fhese bubbles are then
averaged. For an infinite number of bubble of = 1/12 o}; for 10 bubbles, o, ~1/10 o

1 Lawrence Radiation Laboratory production costs as estimated by Jack V, Franck and Howard S. %hite; B.  -Powell
quotes the CERN FSD cost as 3 90X, and the cost.of the ecdnomy model CERN . ¥SD {am) - = . [ "
scan tables as $I13K,

_8bw

™ In actual practise additional conventional scanning tables are required. As an example, the preseni ratio of
scanning tables/ measuring tables in the Alvarez group is 3/1. There are two reasons for these extra tables.
1. In the last year we measured only one event/10 frames scanned, as contrasted with one event per frame as
assumed in this Table. 2. We tend to rescan each experiment about one extra time,

R

B Howard S. White, (Lawrence Radiation Laboratory), private communication.

ZI801-TdDN
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FOOTNOTES

‘Written under the auspices of the U, S. Atomic Energy Commission,

Our terminology is as follows. A vertex stands for the point in space where
an incoming particle either reacts or decays, producing one or more outgoing

particles. An eventis a chain of one or more vertices (photographed 2 or more

‘views) which occurred in sequence. This could be, for example,

K p=»Arty™, A~n p or
=2 K'pr™ , Kl-v ot

l'TT_, z"'AY. A"’ ". pl

>
all of which exhibit two outgoing prongs at the production vertex, and a nearby
V. We shall use this V-2 prong topology when giving program running times

and output length,

The subroutined structure of PACKAGE has proven very adaptable to the needs
of CUEST. Berkeley experience is that the amount of special coding for CUEST
(about 2000 words) i8 comparable with the length of PACKAGE event-type
programs for most experiments, Hence any laboratory which has a program

equivalent to PACKAGE (stereo-reconstruction and kinematics {n core together)

should be able to replace the event type control program with the QUEST Program,

We agssume that the variable are Gaussian distributed, unbiased, and have

properly estimated uncertainties,

The easiest way to determine az is to plot the experiment values of xz on
"probability paper' for \(?‘ distributions, {for 4C, 3C, 2C, and IC, these are
available as Alvarez Memo 240 by J. Rutton-Shafer and A. H. Rosenfeld,
Lawrence Radiation Laboratory, 1960 (m'xpuhlished)] . The scale on this paper
is easily laid out so that proper v_?" distribution fall on a straight line of unit
slope. Real data ténd to fall on a different straight line, with slope 0-2. Tables

of the theoretical \(2 distributions for C constraints can be found in any text on



; -50- | UCRL-10812

statistics or in the Handbook of Chemistry and Physics, where C is'called

"Degrees of Freedom,"

I\fote that this corresponds to about one minute/event, whereas Table III

shows a sub-total of 12 sec/event! See Table IV for further discussion,

A single quadrupole é.cts' like a cylindrical lens, and so may be used to distort
a spot into a line about some axis, say horizontal, By reversing the currents
'one can make the line vertical, but one cannot achieve 45°. But the addition

of £our more poles perrhits a‘rbitrary‘ control of the axis vdirection.

..«&(|'

SMP programs (12,000 words) are presently written ina combina.tion'of Fortran
and 709 machine language, so for a PDP-l,F recoding would bé'neodod
Nevertheless for our example we chose a PDP-I since it canj ie\:lex"n:.\ua.lly be
used to run PEPR control hardware-. ' For discussion of small computere

' appropriate to SMP and PEPR ‘see J H Munson, ’Alvarez Memo 453"
(unpubliahed 1963) S '

""{‘A # Ayt 3

‘
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- TIGURE LEGENDS

1. Normal flow of data throu.g}: the Alvarez data-analysis system is shown
on this diagrain, Vor simplicity, the lilirary program LINGO is not shown
on this chart. Lingo wou»lld use information from the track, event, and
experimen't bstages. of the analysis to maintain an up-to-date record of the
status of the experiment,
i, Example of the use of TUEST, taken frora Alston, et al., T'ev, Scl, Instr,
34, 64 (1963). The photographs and corresponding sketch show an unusual
event fro:n an experiment, The following reactions take place (track number
in parenthesis); |

Vertex 1. K (1) + p="" (8) + K’ (15)

Vertex 2. T (8) + p= 1 (2) %+ p (3) + T (4)

Vertex 3. 7 (4)—=w (5) + A (9)

Vertex 4. A (9) = m~ {6) + p (7).

Tracks 1 through 7 are measured; neutral tracks 8 through 11 are inserted
by the program from vertex rneasurements, The on-line typewriter output
from the event i3 shown in (b) The underlined letters and numbers are those

inserted by the operatou; the rest of the printout is written by the computer,

 The basis operation in the CUEST analysis is the vertex fit. When the

operator types in "VERTEX", the program prepares for a normal vertex,
The operator can also type VEP TXX to cause the incident track to te extended
Ly a mean gap length 1>efor"e the fit, or VEI' TMM to initiate a missing-mass
calculation, Next, the operator identifies the tracks that take part in the fit,
Finally the computer returns a heading line followed Ly a line of information
pertinent to the fit. In the heading line, "1L.C" is an abbreviation for the

constraint class of the vertex,
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Tig. 3, SUMX cathode-ray tule display of a Dalitz plot in mass-squared units tor
an experiment with + 3. spread in 'ean: :momentum, The envelopes correspond
to Leam imomenta of 1,51 GeV/c plus‘ 37, and 1,51 GeV/c minus 3%, Inside the
area where ti.e envelopes overlap, the population would i;e uniform if it followed
Lorentz-invariant pihase space. Instead we see t§vo resonant Lands, The
envelones arée plotted automatically Ly the '"skin'" gsubroutine of 3UM

.-

fig. 4. Variables used for a triangle plot of four~-tody final states.

i

]

5. Scatter diagram of :‘”"pw - versus th.*"- plotted for the reaction
K :p=K +n+p+m (15). The triangular border represents the kinernatical
limits. Smooth curves have Leen drawn on the projections to represent the

%®
distribution expected in the absence ol dynamic effects. N33 production is

. - ) - . L]
apparent in the Mp"w projection; the K 7 projection indicates strong K

production,

~

Fig. 6. (a) The distribution in m2 for a 7' is assumed to be a Gaussian centered
at mi (0,02 GeV/cZ) with an experimental half width also equal to 0.0 GeV/c?‘.
(b) The corresponding distribution plotted in m rather than mz. It is dis~
torted with its peak shifted to the right Ly 33 MeV. Imaginary values of m
(corresponding torm‘i < 0) are plotted to the left of the origin.

Fig. 7. Variables entering into discussion of missing-mass calculation,

Fig. 8, Diagrammatic illustration of the MINFUN stepping procedure for a function
of two variables., The starting point is M ; the new minima at M', NM'', ...
are repreaénted by dots on the ''railroad track' along the bottom of the ravine.
Tie value of the function ié calculated not only at the minirna, but also at the
"overétepa" 0, 0 ..., and the "gidesteps" S5, S .... Derivatives are cal-
culated at the overstep points only. S5ee text for notation and stepping logic.

Fig., 9. Cross section of 5L P track-encoder mechanism, Umportant features are:

(a) light ray incident {rorn filra projector, (L) motor rotor, (c) moto: stator,

(d) white viewing curtain, (e) periscope mirrors, (f) rot’ating drumn with
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magnetic recording, (g) rhotomultiplier tube, (b) light-collector assembly
(follows 1‘noti0n7‘;eriscop'¢a assembly), (i) plass bench-mark plate (bench
x“nﬁrkﬁ photographed onto emulsion), (j) magnetic 1'ecox'ding pickup heada to
detect drum azimutk, and (k) ball Learinga,
Fig, 10, 5cheimatic of optics for the flying spot digitizer. Iinportant features are
(a) light source, (b) motor, (¢} 8 curved slits on a rotating disk, (d) fixed
alit, (e) orthogonal-scan optical pati, (f) sweep photoraultiplier, () novimal-
sweep optical path, (h) picket-fence optical path, (i) picket fence, and (j)picket-

fence photornultiplier.
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(b)

;gELEDLLOMNG 1S THE PACKAGE SUMMARY FOR THE TAPE LABELED INTERNALLY AS
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ' '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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