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INTRODUCTION

During the few years that have elapsed since the first identi-
fication of strange particleé})a great deal of effort has gone intc the
further elucidation of their types and properties. They are considered to
be "elementary" particles in the sense that there has been no really suc-
cessful attempt to treat them as composites of the more faamiliar elementary
particles. Mcst of the obvious physical characteristics of these particles
such as mass, charge and lifetime have been determined. In addition it has
proved useful, in classifying these particles and the various reactions which
they can undergo, to assign to them certain other intrinsic properties,
which can be represented by quantum numbers. The observables corresponding
to these quantum numbers are found to be conserved or not conserved in a
given interaction depending on the strength of the interaction. For example,
although parity is still thought to be conserved in the strong interactions,
there are certain types of weak interactions in which it is not conserved.

In particular, the concept of the strangeness quantum number in-b
troduced by Gell-ManAz)and by Nishijimé3)has been remarkably fruitful in
classifying and predicting the allowed reactions for strange particle pro-
duction and decay. Superficially, the interactions between all elementary
particles can be divided into three general classes: strdng, electromagnetic,
and weak; corresponding to time scales of approximately 10'23sec, lO'Elsec
and lO'9sec respectively. According to the Gell-Mann - Nishijima schewne,
the particles which participate in these interactions are assigned various
values of strangeness, S =0, + 1, or + 2, and a particle is called strange

if it has a non-zero value of S. The total strangeness must be conserved in



the strong and electromagnetic interactions in which the strange particles

are produced; whereas its value can change in the weak interactions, through
which they decay. This explains the apparently anomalous fact that although
the production and decay of the new particles involve only strongly inter-
acting particles, the decay reactions are slower than the production reactions
by a factor of lOlu. There also have been many other striking confirmations
and predictions of this scheme. Although the theory is primarily of a de-
scriptive nature at present, it is hoped that it will lead to a more re-
fined understanding of elementary particles.

In addition to its strangeness, an elementary particle can be
assigned various other quantum numbers within the framework of the strange-
ness scheme. Among these are its electronic charge Q, baryon or heavy
particle number M, total isotopic spin T and third component of isotopic
spin T,. These particular quantities are not independent; but are related
through the 'identity Q = T, + g + g for each particle. Thus, assuming that
charge and the number of heavy particles are always conserved, the conser-
vation or non-conservation of S is equivalent to the conservation or non-
conservation of T,. The whole concept of isotopic spin plays an important
role in our present ideas about elementary particles. The hypothesis of
charge independence, or conservation of total isotopic spin Ei in the strong
interactions has been very successful in so far as reactions involving only
pions and nucleons are concerned. Whether or not this useful concept is
valid for the strange particle reactions is still a matter for experimental
verification.

To put it another way: The assumption that the strong interactions

are invariant with respect to rotations about the z axis in isotopic spin space,



i.e., conservation of T,, has been very successful in describing some of the
properties of strange particles such as their long lifetimes and the types of
reactions in which they can participate. The more general assumption as to
invariance with respect to arbitrary isotopic spin space rotations, i.e.,
conservation of Ei has yet to be verified. If it turns out to be true, it
will be a very useful tool, just as it has been in the case of pions and
nucleons. It was hoped that the present experiment would throw some light
on this guestion.
We shall be déaling with two main classes of strange particles: the

Zf, 2° and thyperons and the K" and K° mesons. The three 2's have nearly
equal masses (~1190 Mev) and are assumed to form an isotopic triplet with
T=1and S =-1. The K" and K° also have nearly the same mass (-~ 494 Mev)
and are assumed to form an isotopic doublet with T = 1/2 and S = +1. The
reactions

o+ p oLl + K (1)
and

T +p—->ZO+KO (2)
are well established and one would expect, on the basis of strangeness
conservatlon alone, that the reaction

B (3)
would also occur. This is not a necessary consequence of charge independence,
however, since reactions (1) and (2) can take place in a mixed T = 3/2 and
T = 1/2 state, whereas reaction (3) is pure T = 3/2. Thus, it 1s conceivable
that the above L~ and 2° productions would occur (through T = 1/2) while the
Dy production would not, because of a possible inhifition of the T = 3/2 pro-

duction mode. (These effects will be discussed quantitatively in section V).



It was, therefore, of interest first of all to determine whether
the reaction (3) could take place, and if so, to what extent could its cross
section be reconciled with those of reactions (1) and (2) as regards charge
independence. Concerning the first question, there have been several isolated
cases of V' decays, observed in cloud chambers and emulsions exposed to
cosmic rays, which were interpreted as being due to Dy hyperons. In many
of these cases the reaction (3) (on nuclear protons) was probably responsible
for the production, but in no case was the production process defined so that
its identity could be established.

In order to study the proposed reaction, it is desirable to have
a well-defined beam of high energy, momentum-analyzed 7t mesons similar to
the beams obtained for n~ mesons at the Cosmotron or Bevatron. In the =~
case they can easily be separated magnetically from the protons which pro-
duce them, but a nt beam will, in general, have a high prdton contamination.
Using the external proton beam from the Cosmotron, it became possible to
reduce this contamination to a value which would allow a reasonable data-
taking efficiency for the University of Michigan twelve-inch propane bubble
chamber. The =" beam was set up aﬁd 22,000 pictures were taken which in-
cluded 210,000 feet of 1.1 Bev nt track.

It was found that the reaction (3) does take place with a total
cross section approximately equal to those of reactions (1) and (2). More-
over, this comparison of the total cross sections is certainly consistent
with the hypothesis of charge independence. In examining the differential
production cross sectlons for the three reactions, however, the data indi-

cate a disagreement with this hypothesis.



I. EXPERIMENTAL ARRANGEMENT

The n' Beam

Barly indications of the feasibility of obtaining a relatively
pure 7" beam from the Cosmotron came from some pion-proton-total cross section
work done by Cool, et al.(u’S). This led to a further experimental study by
Cool, Cronin and De Benedetti to determine the various proton/pion ratios
possible, as a function of pion momentum, production angle and target
material. This work was carried out with the present bubble chamber experi-
ment in mind and the reader is referred to their paper<6) for a detailed
description of the results. The essential features are as follows: The p/x
ratio was found to decrease with decreasing atomic number of the target
material and with decreasing pion momentum. This particular work was carried
out at just one production angle (7°) but earlier results had indicated that
the ratio would also decrease with decreésing production angle. For a de-
sired pion momentum, therefore, one would like to use the lowest Z target
and the smallest production angle which are practical. In the course of one
of these tests, our bubble chamber was placed in the beam in order to determine
what the room background wouid be like when the Cosmotron intensity was such
that an optimum number of pafticles per pulse passed through the chamber.
It was found that the background was negligible, and it was concluded that a
bubble chamber experiment to study the reaction n+ +p —+Z+ + K+ was entirely
possible.

The Beam Set-up

We were led by this study to the experimental beam set-up which is

described below. A pion laboratory kinetic energy of 1.1 Bev was chosen in
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order to afford a direct comparison of our results with those of a n~ ex-
periment that had already been done at this energy in the same chamber.
Figure 1 shows a floor drawing of the arrangement. The 3 Bev external proton
beam strikes a 1x1x6-inch polyethylene target at T and produces a spectrum of
pipns in all directions. The high momentum mesons are produced most abund-
antly in the forward direction, so the strong focusing magnets H and J were
set up to accept a solid angle centering around an angle of 7° with respect
tc the primary external beam direction. The acceptance angle was limited by
the 3x3-inch collimator at (a), and that part of the primary beam which did
not interact in the target was dissipated in the lead walls of this colli-
mator and in the iron of the H magnet. The currents in the strong focusing
lens were set so as to bring the image of the target to a focus at fhe one-
inch collimator (c). The magnet B deflected the beam through an angle of 23°
and provided momentum analysis.

The expected momentum resolution for this set-up can be calculated

from the relationship €§ = -8 , where © is the angle of deflection and A9

e
is the differential angle of acceptance. In our case, A8 is proportional
to the sum of the widths of the collimator (c) and that of the target image.
From the known properties of the quadrupole.lens(7), the target image was
calculated to be 0.92 inches wide. This gives an expected resolution of
+ 0.75%. It is desirable to‘have good resolution because the events are
identified mainly on the basis of kinematics. As seen in the diagram, a

plastic bag filled with hellumn was inserted between the .agnet B and colli-

mator (c¢). This was to reduce the broadening of the target image due to
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(8)

multiple air scattering, which would be appreciable at these distances¥* .
The magnet E did not provide any further momentum analysis, but served
mainly to sweep out any low momentum particles which had lost energy in the
collimation system. The beam then passed through the bubble chamber (B.C.)
which was shielded from the general room background by a concrete block-
house. After completing the initial set-up, it was necessary to perform a
wire measurement on the system to insure proper alignment. A wire was sus-
pended between the target and the chamber, and the current and tension ad-
Justed so as to correspond to the desired momentum 1.232 Bev/c. Fine adjust-
ments were then made so that the wire passed through the center of the
collimators.

An important factor in the success of the experiment was the use
of the rapid beam eJjector developed at Brookhaven by D. C. Rahm(9). This
device reduces the duration of the beam pulses to a few microsecondé, as
opposed to a minimum of about two milliseconds without it. Due to the rapid
bubble growth in propane, a two millisecond pulse will produce tracks which
differ greatly in bubble size, whereas with the rapid beam ejector in opera-
tion they can be made uniformly small. This not only reduces measurement
error but, in our case, allowed us to have almost twice as many tracks per
picture without affecting their ability to be scanned easily.

Counter Measurements

Beam Width

The sensitive volume of the bubble chamber is 5x5x12-inches with

the beam entering through the 5x5-inch cross section. Thus, it was desirable

* The r.m.s. deviation of a particle of our momentun passing through 30 feet
of air would be about 1 cm. Helium reduces this by a factor of 30.



to have a beam which was somewhat narrower than five inches upon entering
the chamber. This reduces the chances of losing sight of an interaction
which occurs near the front or back window of the chamber and also reduces
the background of stray particles which come from interactions in the glass
or aluminum walls. The width of the beam at the chamber is determined by
its angular divergence after passing through the focus at (¢) and the addi-
tional spreading of the momentum components due to the sweeping magnet E.
The collimation system was arranged so that an extreme-ray calculation gave
a beam width of four inches for a beam with a momentum spread of + 0.75%.
Its height was also restricted to three inches by the three-inch-high
collimators.

In order to check the beam width, a counter was moved laterally
across the entrance side of the chamber and a plot made of intensity vs. posi-
tion. The curve showed a maximum at about l/2—inch from the'center of the
chamber, and 95% of the beam fell within an interval of two inches on either
side of this maximum. This agrees well with the 100% width of four inches
that was calculated from the geometrical set-up and expected momentum spread,
and confirms the fact that the momentum resolution was + 0.75%. However,
variations which were observed in the analyzing magnet field must be inde-
pendently added to this to give a final beam ﬁomentum of P =1.232 Bev/c
+ 1.5%. The expected width and height of the beam were also confirmed later
by observation of the actual distribution of tracks in the pictures.

Proton to Pion Ratio

In order to calculate the cross sections for any observed processes,
it 1s necessary to know the ratio of protons to pions which pass through the

chamber. Actually the beam contains not only p and n+, but also a small



-10-~

contamination of u+ which must be taken into account. The pions and muons
have practically the same velocity (5 = 0.99), whereas the protons are sig-
nificantly slower (B = 0.79) and can be sepafated electronically from the
higher velocity component of the beam. A time-of-flight' technique was used,
similar to that of Cool, Piccioni and Clarkglo>.

A counter telescope was placed in the beam with one pair of counters
Just outside the Cosmotron shielding and the other pair immediately in front
of the bubble chamber. The distance between the counters was 20 feet, which
corresponds to a difference of 5.2x10‘9 seconds between the flight tiies of
the protons and mesons. The amount of delay necessary to bring the two pairs
of counters into coincidence measures the flight time of the particles.
Curves were plotted of intensity vs. delay time for both positive and negative
beams of momentum 1.232 Bev/c. The intensity was normalized with a monitor
counter and is plotted against the delay in feet of RG-63, as shown in Figure 2.
The zero point of the abscissa waé arbltrarily chosen to be at the center of
the negative beam curve. ©Since the negative beam consists of pions and muons
only, it gives the delay curve for a pure beam of B = 0.99 particles. Curve II
is the one obtained for the positive beam and clearly shows the two velocity
components. Since the width of the curves is due only té the pulse widths
from the counters, it is the same for all velocity components, and the leading
edge of curve II can be assumed to be due solely to the high velocity component
of the positive beam. Thus, the negative beam, Curve I, is normalized to follow
this leading edge, and the difference between II and I gives the proton delay
Curve IITI. This has the same shape as Curve I, and is shifted by an amount
corresponding to the predicted difference in flight time. The relative heights

of Curves III and I, then, give the ratio of protons to pions and muons. This
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ratio 1s 1.75 + 0.09. The errors quoted are due partly to statistics and
partly to an uncertainty in normalizing Curve I to the leading edge of
Curve II.

By previous measurements in similar beams<lo), it was estimated

that the muons represent a contamination of (8 + 3)% of the pions.



IT. THE BUBBLE CHAMBER

Figure 3 is a line drawing of the bubble chamber and associated
equipment. The chamber itself is made of aluminum, and has a sensitive volume
of 12x5x5-inches. It was operated at 51.9°C with a pre-expansion pressure of
375-400 psi. The vapor pressure of the propane at this temperature is 250 psi.
The temperature was controlled by means of thermistor circuits. Expansion
and recompression were carried out by air pressure applied to a rubber dia-
phragm in contact with the propane. The diaphragm was made of a piece of
1/8" butyl rubber sandwiched between two pieces of 1/32" teflon. A 3/k-inch,
three-way Barksdale valve actuated a larger poppet valve to provide expansion.

A line source of light was provided for the bright-field photo-
graphic scheme by means of two xenon-filled flash tubes. The flash duration
was about 40 microseconds, and intense enough to allow the camera lenses to
be stopped down to fi5. This provided a depth of field sufficient to have
all parts of the chamber in good focus. Separate strips of 70mm film were
used for the two stereo photographs. The film was held flat by means of

pressure plates and vacuum backs in the camera.

-13-
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ITI. REDUCTION OF DATA

Scanning
Some of the properties of the 2t are well known from the reaction

- + -
K +p—-)z +

which has been studied by various emulsion workers and in the University of
California hydrogen bubble chamber. It was found that the ot could decay
via two modes with about equal probability:

2 oa 4+ n
or

Z+-—>1(°+p
In our case, the reaction

g +p oot st
will appear as a Y-shaped event, the proton being at rest in the propane
(C3H8). In order to be recognized by the scanners at least one of the arms
of the Y must show a kink (i.e., possible decay) somewhere along its path.
At our energy, the relativistic kinematics of the reaction restrict the 2t
to a maximum angle of about 25°, and the Kt to a maximum angle of about 65°
with respect to the line of flight of the incident %, The sum of the two
angles must always be less than 70°. Since the incident pion tracks are
parallel to the film plane and the events must be coplanar, these real angles,
when projected on the film, can appear smaller but not larger. Thus, the
scanners were instructed to area-scan for kinked Y's with the following
properties:

1. At least one of the arms of the Y must come off at an angle

less than 25°,

-15-
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2. The other arm must be less than 65°.
3. The included angle must be less than 70°.
L. The extension of the n' line of flight (trunk of the Y)
must lie between the two arms of the Y.
5. There can be no extraneous prongs coming off either at the
origin (which would indicate a carbon event) or at the kink
(which would indicate a scattering instead of a decay).
Events which passed this rough scanning were found at the rate of
about one every thirty pictures. These were then fine-scénned and about
two-thirds of them reJjected on the basis of sharper.angular restrictions,
bubble densities, and particles which were identified by stopping in the
chamber. Events which passed the fine scanning were then measured.

Measurement and Computation

Co-ordinates of points on the film were measured directly on the
two stereo negatives by means of a traveling microscope arrangement, which
reads to the nearest l/lOOO of an inch. The typical bubble diameter was
about .004 inches (on the film), and all points to be measured were formed
either by the intersection of two tracks, or could be chosen arbitrarily
along a track. Thus, there was, in general, no difficulty in setting the
microscope with the above precision. The film co-ordinates were then punched
on cards and the co-ordinates of points and the angles in the bubble chanber
were calculated with the aid of the University's I.B.M. 650 computer. The
constants in the conversion formulae were evaluated by means of é series of
fiducial marks of one centimeter spacing on the front and back windows of

the chamber.
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Accuracy

A direct indication of the accuracy with which the computed angles
approximate their true values can be obtained by measuring a number of events
for which the true angles are known. For this purpose, we have considered
the results of such measurements on forty elastic p - p écatterings. The
kinematics of the reaction p + p »p + p define a unique relationship be-
tween the angles @l and € of the outgoing protons, which is represented by
a curve on 9, vs. 6, plot. The curve and the distribution gf the forty
scatterings along it, are shown in Figure 5. The background is low so that
at most probably two or three of these events are not true p - p scatterings.
The deviations (A6) of the measured angles from this curve are plotted in
the first histogram in Figure 4 which shows that the angular inaccuracy for
events of this type would be represented by a circle of about one degree
radius.

Since the scattering events are two-body processes with one of the
protons initially at rest, they rnust also satisfy the requirement that the
incoming and two outgoing tracks be coplanar. The second graph gives the
measured angles of non-coplanarity @, for these forty scatterings. From
these two graphs one would tend to reject any event which showed a deviation
of more than one degree from a given kineuwatic curve or had a non-coplanarity
angle of greater tlan one degree. Howevef, for events in which the length
of the shortest track is less than one centimeter, or which are obscured in
the chamber for some reason, we cannot expect to obtain this accuracy. The
inherent inaccuracy for any particular event of this type can always be de-

termined by several re-measurings.
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IV. IDENTIFICATION OF EVENTS

The kinematic restrictions on any reaction of the type a + b —-c + d
(where b is at rest) can be represented by a curve on a s Vs. 63 plot. 6, and
65 are the laboratory angles of the outgoing particles with respect to the in-
cident direction of particle a. These curves are based on the requirement of
the conservation of relativistic energy and momentum, and thelr form is de-
termined by the masses of the four particles and the kinetic energy of particle
a. In Figure 5, is shown the curve for the reactions o+ P RS K%, and a
portion of the curve for p + p —»p + p. The struck proton represents one of
the hydrogen atoms in the propane, and therefore, can be considered to be at
rest. The double oo K* curve indicates the incident momentum spread of +
1.5%. The numbers on the lines connecting the two curves denote the production
angle of the Zf in the center of mass of the n - p system. In the p - p case,
this momentum spread turns out to be much smaller than the measurement in-
accuracy and, therefore, is not shown. The n - p elastic scattering curve
lies above the p -p curve and is not plotted.

If there were nothing but free protons in the chamber, the ldenti-
fication of L' - K" events would be extremely simple. The presence of the
carbon atoms, however, complicates the situation considerably. The points on
the graph represent all of the kinked Y's which passed the scanning criteria
and whose measured angles of non-coplanarity were less than 1.5°. Most of
the non-identified events are double scatteripgs in carbon in which the second
scattering produced no visible prongs and, therefore, looked like a possible
decay to the scanners. This large background indicates that coplanarity is
by no means a sufficient test to insure that a given event is a two-body

hydrogen process. The identification of ot okt productions must be based

-19-
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mainly on the angular restrictions. In addition to this, however, these
I K+ events will often show particular characteristics which aid in their
identification. A K which stops and decays in the chamber can easily be
recognized, and the additional information obtained by measuring its range
provides a further check on the reaction. Another signature comes from
observing a change in bubble density between the parent and daughter tracks
at fhe decay of the 2t. The bubble density of a particle varies inversely

as the square of its velocity(ll)

, and from the production and decay kinematics
of the 2F the velocities of the particles involved can be calculated. Assuming
that the Zf’decays isotropically in its center-of-mass frame, we can estimate
that its decay should show a decrease in bubble density about 90% of the time
for the " decay mode, and about 50% of the time for the proton decay mode.

In some of the cases, this decrease can be recognized easily by inspection;

in others it can be detected by actual bubble counting. In some cases, how-
ever, 1n which the predicted velocity of the daughter particle is not signifi-
cantly greater than that of the parent, the effect is too slight to be con-
firmed. When it can be confirmed, it indicates that the observed kink was a
true decay and not simply a prongless carbon scattering. The events which
showed these characteristics of stopping K's or xt decays into a lighter track
are designated on the curve in Figure 5.

Using these events, for which the identification as being L+ - K"
hydrogen productions was quite certain, it was possible to calibrate the kine-
matic curve with respect to the expected bubble densities of the 2V and k'
particles themsglves in a hydrogen production. The criterion of bubble density
was used in a qualitative way only; classifying tracks as heavy, medium heavy,

medium, medium light,or light; with respect to the incident (minimum ionizing)
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pion track. It was essential always to determine bubble density relative to
the minimum tracks on each picture as the bubble density for a particle of
given velocity can vary from picture to picture. The calibration of the
curve with respect to bubble density showed the following features: Proceeding
around the curve in the counterclockwise direction, the Kt bubble density
varies from heavy (just before stopping) to medium light near the 100° line;
on the other hand, the »F bubble density varies from light to medium heavy
over this same range. The fact that the bubble density of the particles

was such a sensitive function of their position on' the curve was very useful
in rejecting spurious events which happened to fall between the kinematic
curves. Thus, in order to be classified as I production, the event had
to satisfy the following requirements:

1. The laboratory production angles of the 2* and the K¥ must be
consistent with the kinematics (including coplanarity) of the
reaction o+ p(at rest) -2t + KT within the allowed beam
momentum spread.

2. The ranges and bubble densities df the > and KV must agree
with their calculated momenta.

3. The decay process of the 2* must also satisfy these requirements
of kinematics, range and bubble density.

The nineteen events which satisfied these criteria are shown 1in

Figure 5. Whenever an event fell near the curve and had the correct bubble
density, it was remeasured until its production angles became well-defined.
For each individual case, a correction was made for the average energy loss
of the incident pion before the production occurred. This was of the order

of one or two percent of the incident momentum,depending on how much propane



-23-

and aluminum tne pion traversed. In all nineteen cases the xF decayed in
the chamber and in one case the K decayed in flight. There were five in-
stances in which the KV came to rest and decayed in the chamber; one of which
is shown in Figure 6. The additional information obtained in this way from
the KT range, allowed a check on the beam momentum. The percentage vari-
ations from the expected mean momentum of 1.232 Bev/c for these five cases

are shown in Table TI.

TABLE I. BEAM MOMENTUM FROM STOPPING K'

—- —

Event Calculated
No. £Py . (%)
68696 -0.6 + 0.3
69905 -1.0 + 0.2
74866 -0.5 + 0.5
81602 -o.éi 0.6
86759 +0.3 + 0.2

These all fall within the momentum spread of + 1.5% and their mean
value is -.h%, indicating a true mean momentum of 1.227 Bev/c. The fact that
the mean is not 1.232 Bev/c is not surprising because of the inaccuracies
involved in making the wire measurement during the bea