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‘II'O MODES OF HEAVY-MESON AND HYPERON DECAY
John E. Osher

Radiation Laboratory
University of California
Berkeley, California

June 22, 1956
ABSTRACT

Tl'O modes of heavy-meson and hyperon decay have been
investigated at the Berkeley Bevatron. The Bevatron proton beam was
allowed to produce heavy mesons and hyperons in a thin copper target;
a:well-collimated counter telescope was used to observe high-energy
gamma rays, originating in defined regions of space near the target,
that result from 1r0 modes of decay of the heavy mesons and hyperons.
The projected spacewise gamma-counting rate was determined by mov-
ing the counter telescope and collimation {(maintained at 90° lab) on a
track parallel to the beam direction: The resulting data were then
compared to those predicted by applying the kinematics involved for
various assumed models consistent with associated production.

-'The counting rate found upstream and downstream from the
target is consistent with the identification of 90» TI'O +1r0, -which requires
the (:)Q. to have even spin and parity.. The analysis of the data gave a

mean lifetime of l.9f'§ X 10—10 sec, an angular-distribution-best fit for

cos14 6 , and an energy dependence approximately proportional to

: c
{-—-—2 :2 -1 }“c. m. The above matrix-element dependences yield a cross
section of 0.22 + .07 mb per nucleon in copper averaged for 5.7- to
6.2-Bev protons, and this implies a decay branching ratio of order unity.
The experirheﬁtal'data also indicate a contribution for some mixture of

O+»ﬂ++w0, Z+—>p +1TO, andz\?anJr'vO.
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“_O MODES OF HEAVY-MESON AND HYPERON DECAY

John E. Osher
Radiation Laboratory
University of California

Berkeley, California

June 22, 1956

I. INTRODUCTION

A. Statement of the Problem

In recent years the investigation of the mechanics of production,
interaction, and decay of heavy mesons and hyperons has become an
active field of research. This research (summarized below in section
I-B) has in general allowed one class of decay for neutral heavy mesons
and hyperons to gb undetermined; that is, for some of these new parti-
cles there is the possibility of neutral decay modes, competing with the
charged modes ordinarily observed, which had gone unobserved owing
to e>£tremely poor detection efficiency in normal cloud-chamber and
emulsion experiments. It is the purpose of this counter experimént to
identify those particles having such alternate decay modes, which in-
clude at least one 1r0 meson and hence yield high-energy gamma rays.
Such an identification allows an analysis of the data for the decay branch-
ing ratios, the lifetime, and production mechanism for the particle

identified.

B. Background

The investigation of the properties of heavy mesons and hy-
perons started in 1947 when the first clear evidence for new ''curious"
particles was found by Rochester and Butler. ! In the early cosmic-ray
experiments the interesting events fell into two classes: the "V events"
(the appearance of a V-shaped track) denoting decays in flight, and the
"S events' denoting the stopping of charged particles with subsequent

decay. Each of these types of events was later found to be a mixture of



)

two distinct groups of particles: a group labeied heavy mesons {general
notation K, with individual varieties given small Creek letters) and &
group labeled hyperons {general notation ¥, with individual varieties
given capital Greek letters). Dy definition a heavy rneson kas a mass
between that of 2 meson and a nucleon, and a hyperon has a mass
heavier than a nucleon, Within these groups a combination of emuision,
cloud-chamber, and recent courter workz’ 3 has established the common
decay characteristics--such as lifetime, decay products, and energy
release "Q'"--for a number of specific varieties of the new particles.

A summary of this work up to May 1956 is given in the table below.

it should be noted that severai of the new particles were also presumed
to have neutral decay modes ‘e.g., 90~~+ “0 ':TrD andAO~+ n +1r0}, but
they are not included in the tabie because they had not been experimen-

tally verified at the time it was compiled.

Particle Symbuol Mass Mean Lifetime Mode of Decay Q

{Mie} {Sec.} = {Mev!
Heavy 7 ¥ 96€.3%.5 137 %x:078 +ErTn Ve TR 2
' P ++ 0, 0
Mesons 7 961+:0 ~1.3x10 a AR e R A
g? 9655 Lt i 10 6%t in 21443
+ % . -.4 -8 4 4 0 .
K_ (6 966x1.5 1.24.1x3:0 Kn‘ e R 21944
. I.Z . 2 R
K 96352 954, 4x10" 8 K. -0
TTZ Tl'a"l"ﬂ' T
K 96542 1.2:!:‘8X10_8 K ~—~i.L++v' 390+3.5
- [
K 966 +6 ~10°8 K —ptiree
M3 . 3
K 96110 ~:07° K —etsp47
e e
3 3
Hyperons ‘=i 238546 ""E_O'lo :.‘__"-jx-[‘p*ﬁ..- 66.5+3
=f azevar 0 347 %10710 stanTipen®) 1i6es
i 233816 1.4¥%x10710 HECEE 118+3
ZO(?) 2340460 <10~ 11 ZQAO-'W 80+30
0 2182+.4 3.746x10" 10 A% pin” 372

2 See Section V-C
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In addition to the common decay properties, other character-
istics such as production and interaction were available from the data.
The production threshold experiments indicated clearly that production
started only at energies considerably greater than that necessary for a
single K meson or Y hyperon. In fact, the threshold appeared to occur
at such an energy that a K + Y could be simultaneously produced, and
the specific production events that have been seen support this '"asso-
ciated' production (there is also evidence for some K+ Y + n produc-
tion4). The cross section for "associated' production appears to be
near 1 mb at high energies, which requires a coupling of the same
order of magnitude as ™ mesons for these new particles. The strong
coupling has also been borne out by K-meson scattering in emulsions
(K™ approximately geometric cross section and K+ approximately 1/3
geometric cross section) > and by extensive hyperfragment data for
A" hyperons bound to var,ious nuclei with binding energies comparable
to an equivalent bound neutron.

It should be noted that the experimental data present several
profbund theoretical problems. . First of all, simple theoretical cal-
culations for ordinary gamma or pion decay modes of heavy mesons

or hyperons yield lifetimes of from 10-18 to 10'21 second instead of

8 to 10-12 second. Secondly, apparent need for asso-

the observed 10~
ciated production presents a problem compounded by the absence of
associated Y + Y production (or K + K). Finally, the apparent number
of heavy mesons and hyperons adds a complication (which may be some-
what simplified, however, when the mysterious degeneracy that exists
among the heavy-meson masses and some of their lifetimes is resolved).
The degeneracy in lifetime (e.g., in K1r s T and‘KM } certainly suggests
that a single fundamental particle is res%)onsible for éeveral decay
schemes. v A

This then summarizes the information to be reduced by some
fundamental theory. To this end Gell-Mann's theory of "strangeness"6
gives a simple fit to experimental results, though several other

7,8,9

theories on this subject do exist and lead in general through
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different justifications to identical conclusions. Gell-Mann's theory
of "strangenéss" starts with a framework of three basic forms of
interaction:

1. The '"strong'" interactions, which are responsible for
nuclear forces or production of # mesons and K mesons in high-energy
collisions. This form of interaction is confined to baryons (nucleouns
and all known hyperons), antibaryons, m mesons, and heavy mesons.
This type of interaction involves charge independence, conserving
total isbtqpic spin I, and the Z component of isotopic spin IZ'

2. The electromagnetic interactions linking photons to charges
and currents. This type of interaction is responsible for photopion
production and in general conserves IZ but not I.

3. The weak interactions responsible for § decay, the slow
decay of heavy mesons and hyperons, and the meson decay.

In addition Gell-Mann generalizes the concept of charge inde-
pendence to the extent that values of isotopic spin are assigned to the
various heavy mesons and hy}perons; however, the charge multiplets
have -displaced charge centers. That 1s, the new relation tzetween the
charge and isotopic spin for a particle or system of particles is
Qfe = IZ + N/2 + S/2, where N is the number of baryons minus the
number of antibaryons and S is a new quantum number called 'strange-
ness' (the value of S is of course directly responsible for charge dis-
placement of charge multiplets). Under this formalism strong inter-

actions conserve I, 1 N, and S; electro-magnetic interactions con-

Z)

serve [ N, and S; and weak interactions allow violation of conserva-

tion of g,_ giving a rule of AS = + ] for weak interactions. The assign-
ment of values of S to the various elementary particles follows on the
next page. Note that the ordinary particles have S = 0, while the new
or ''strange' particles have values of S #0, hence the name strange-

ness.



Particle Mass S I

Multiplet (M)

k' kY 3.54 - 41 1/2
n,o 6.7 0 1/2
) 1 0 , 1

K‘,RO 3.54 -1 1/2
Al 8.0 o1 0

z*9 8.55 -1 1

= 9.5 -2 1/2

With these assignments of strangeness and the rule for conser-
vation of S except in weak interactions, the theoretical postulate may
be summarized by the following laws.

1. The law of stability requires that a strange particle cannot
decay into ordinary (S = 0) particles except through the slow weak inter-
action. |

2. The law of associated production states that two or more
strange particles may be produced in a collision of ordinary particles,
and that the net sum of S must equal zero in the reaction for rapid
production; hence, single production of strange particles is forbidden.

In addition, the theory postulates the existence of :—."Z',O, EO
hyperons to complete multiplet systems, though these predicted hyperons
have fast allowed electromagnetic transitions that make experimental
verification difficult. Also a degeneracy in K mesons arises from the
apparent best fit of a ¥ meson to zero spin and odd parity, while the g
family has even spin and even parity (probably zero spin and even parity).
As a result the doublet systems of K" and KO and of K~ and f(o are pre-
sumably paralleled by 'r+ and TO and by v and ?O.

The position of the heavy mesons and hyperons in modern nuclear
physics becomes important for the high-energy reactions. This results
simply from the large energy needed for real states of these particles,

and this large energy makes the position of the virtual states
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insignificant, compared with pion states, for low-energy interactions.
For high-energy interactions, on the other hand, the K's and Y's
should be responsible for strong short-range forces contributing to
nuclear interactions. These contributions depend on the variety,
characteristic internal structure, and interactions of these particles.
These aré indeed the properties under current early experimental
iﬁ\}estigation; To date the'major role of these new ''strange'' particles
has been to develop a broadening of theoretical views in attempts to
understand the unusual properties of these particles.

The background material of direct application to this experiment
stems from both previoﬁs experiment and theory. Experimental data
furnish rather explicit expected decay models for the known strange
particles. That is, masses and Q value are rather accurately known,
lifetimes are roughly known, and Tro decay modes analogous to ob-
served charged decay modes could be inferred. Also, for an analysis
of the spatial decay rate as experimentally determined, it was neces-
sary that the essential features of the kinematics involved be known.
One requirement of this was knowledge of the production processes,
and the assumption used here was based on ''associated production"
(inferred from essentially all machine experiments) as given by
Gell-Mann's theory of strangeness. This theory allows the following
classes of "associated'" production in nucleon-nucleon collisions,
where care must be taken in the choice of allowed particles such that
the strangeness of the total reaction is zero. (It should be noted that
the classes listed each contain two or more strange particles, hence
the name *'associated".) Here the letter K is used to indicate a heavy
meson, /\, Z, and/Zto indicate hyperons (general inclusive notation,

Y), and n to denote a nucleon.

Class ' Threshold tor Threshold for
Free Nucleon Fermi Momentum Distrib,
(Bev) with-24 Mev Limit
- (Bev)
prun—-n+A+K 1.55 I.15
ptn—-n+3v+K 1.85 1.3
p+tn—-n+n+K+K 2.8 2.1
pt+nen+=+K+K 3.65 2.9




-10-

On the basis of lower threshold and lower multiplicity {greater phase-
space volume), the general form of associated production assumed to
predominate wasn +n = N + Y + K. Indirect production through =
mesons was taken to be unimportant except near threshold, owing to

the two cross sections involved and to the multiplicity of pionproduc-
tion, which generally keeps the mesoﬁ energies below or near threshold
for the indirect processes, The crude shape'of the excitation function
near threshold and the “"disappearance'' of the K-meson upstream decay
contribution near 3 Bev, as observed in this experiment, appear con-

sistent with this assumption,

- C. Experimental Method

The technique used in this counter experiment depends upon the
production of hl'ea'.vy' mesbns and hyperons in a localized region (thin
target) and on the fact that their lifetimes are such that (with available
laboratory kinetic energies and time dilation) these particles com--
monly decay some centimeters from the target. The counter was colli-
mated to observé decay products resulting from well-localized regions
of space. The ;decay products of particular interest here were «
mesons, which.decay essentially instantaneously {approximately
2 x 10'-15 second) into two high-energy gamma rays; hence, the counter
used was a gamma-ray counter telescope. This counter and collima-
tion assembly then were moved along the beam direction upstream and
downstream from the target to determine the spatial variation in decay
events as projected along the beam direction. These population
measurements yield the lifetimes and production characteristics of the
particles involved when compared with the predicted variation found
on the basis of the expected kinematics and known counter efficiency.
In the analysis, the angular distribution for production of the heavy
mesons was picked for a best fit to the experimental upstream and
downstream contributions.

Considerations for the calculation of the kinematics are out-

lined in IV-A and given in greater detail in the Appendix.
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II. EXPERIMENTAL ARRANGEMENT

A. Physical Layout at Bevatron

The experiment was performed at the Bevatron, with a well-
collimated vertical counter array to observe regions near a target
bombarded by the internal proton beam. The counter and collimation
assembly as a rigid unit (Fig. 1) were mounted on tracks located over
a\"well" at the west tangent tank of the Bevatron. This location
allowed the first collimation aperture to be located within 10 inches of
the target, yet the well was of sufficient size to aliow movement of the
counter and collimation assembly along the tracks parallei to the beam
‘direction over 15 cm either upstream or downstream from the target
location. A plan view showing the over-ail Bevatron layout and a

typical collimotor view is given in Fig. 2.

1. Bevatron Beam and Target

In this experiment, as for most counter ‘experiments, the
internal spilled proton beam at the Bevatron was used to decrease the
instantaneous counting rates to a point commensurate with the 10—8—
to 10-9—sec resolution times of the counter electronics. The beam

_pulse was spilled d\}er 90 msec instead of the usual 2 msec {or less}

by injecting noise into the rf system at the proper time near the end

of the acceleration cycle. This time dispersion led to a known energy
spread for this experiment of 5.7 to 6.2 Bev, but allowed use of beams
of near 1010 protons per Bevatron pulse. The proton energy was deter-
mined from the magnetic field strength which was monitored by a
system of 'I" pip markers. ‘

The target and clipper system used at the Bevatron are of the
plunging type, since full Bevatron aperture is required up to several
hundred Mev and yet the final accelerated beam has shrunk to a cross
section of approximately 1 by 4 in. located in"a good-field region con-
siderably smaller than fuil aperture. The soiution has been to piunge
a target, after the oscillation of the large early beam has died down,

to a position near the constricted beam and then shrink or steer the
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Fig. 1. Counter and collimation assembly.



@MIMAGNET MONITORING TELESCOPE

‘ TARGET
PLUNGING —
PROBE L
(WITHDRAWN
\ POSITION)
Szl

B COUNTER 8 COLLIMATION ASSEMBLY

il RAILS
_/Z/SAMPLE COLLIMATOR VIEW
“BEVATRON |BEAM

/_BEVATRON WELL

SUPPORTING WHEELS ,
" =

—

WEST TANGENT TANK

Fig. 2. Experimental layout at Bevatron.
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beam into the target. In addition to this complication, a thick copper
clipper was similarly plunged 180° from the target {around the machine)
to remove the portion of the beam that had been moved radially inward
more than a few inches from the target tip. This was important, as
the monitoring telescope could see somewhat more of the target than
just the final 1/2 in. of the target tip that was in proper geometry for
the counter telescope. For example, a target i/8 in. along beam
direction was plunged at the west inside plunging probe position to
599-3/8 in. and the clipper to 597-7/8 in. radius for this experiment,
allowing an average of 2.8 proton traversals through the 1/8-in. target
before clipping. The beam distribution on this target (under the above
conditions) was checked by counting a thin aluminum foil attached to
the target (III-C). This indicated that more than 87% of the average

2.8 beam traversals occurred in the first /2 in. of the target tip.

B. Counter Telescope

A counter telescope was used as the detector for the high-energy
gammas resulting from decay products of heavy mesons and hyperons.
The telescope consisted of an array of counters as shown in Fig. 3:
respectively, a front plastic scintillator (Anti}, a lead converter, a
defining plastic scintillator (Sc. 1), a Cerenkov Counter, and a rear
plastic scintillator (Sc. 2). The sequence of events for a detected
gamma was no pulse from the oversize front counter, conversion of
the gamma to ah electron and positron pair in the lead converter, and
the passage of at least one resulting charged particle through the defin-
ing counter, through the Cerenkov counter and into the rear counter.

A charged particle with a 3 > 0.67 would of course give a pulse 1n each
of the counters, but slower charged particies {e.g., knock-on protons
from neutron background) would not trip the Cerenkov counter. This
telescope arrangement was the result of previous cooperative work at
the cyclotron on another TI’O experiment. 10 The counter telescope
components, the associated photomultiplier tubes and magnetic shield-
_1ng were rigidly mounted as a subunit on an aluminum frame, with the

collimation assembly in the location shown in Fig. 1. The converter
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Fig. 3. Gamma-counter telescope.
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used in the counter telescope could be moved to standard '"in'' and '"out"
positions by a small electric motor and gear arrangement. This
allowed a simple correction for neutron events and for gamma conver-

gions other than in the lead converter.

1. Specific Components of the Telescope

a. Scintillation Counter. H The plastic scintillator used

consisted of a solid solution of terphenyl and tetraphenyl-butadiene
frequency shifter in a polystyrene medium. ‘The output is about 40%
that of anthracene, with a decay time of 4 millimicroseconds. The
defining 2-by-2-by-1-in. counter Sc. 1 and rear 3-by-3-by-1-in.
counter Sc. 2 were each viewed by a single 1P21 photomultiplier; the
front or '"anti' 4-by-4 by 1-in. counter was viewed by two 1P2]
photomultipliers. Each of the plastic scintillators had loose aluminum
wraps to aid in light collection through a short air gap to the phototube.

Connections to the electronics were through 100-foot 125-Q cables.

b. Cerenkov Counter. 12 The 2-by-2-in. -aperture

Cerenkov counter used was designed for consistent pulse output for a
reasonably sort path length, chosen here as 10 crm. The geometry was
designed so that the Cerenkov cone for a = 1 normally 1ncident par-
ticle was at nearly normal incidence on the flat photocathodes of the
2-in. photomultiplier tubes used as indicated in Fig. 3. The lucite
block was viewed by two RCA 6342 photomultipliers, and in this case
mineral oil was injected (through the short rubber sleeve couplings)
between the 2-in photomultiplier faces and the 2-in-diameter extensions
to the lucite counter block to serve as optical coupling for the light

formed in the lucite block. A summary of the theory and use of

Cerenkov counters is given in Progress of Nuclear Physics, Volume 3,
edited by Frisch; the factors useful here are that a p = 1 charged parti-
cle passing through lucite produces approximately 240 photons/cm

(in the photomultiplier frequency range) in a cone at 48° to the particle
direction. Connections to the electronics were through 100-ft lengths

of 197-Q cable.



-17-

c. Magnetic Shielding. The counter location was subject
to 450 gauss peak magnetic fields at full Bevatron magnet current.
This necessitated extensive magnetic shielding for each of the photo-
multiplier tubes, particularly the 2-in. tubes used on the Cerenkov
counter. The inner magnetic shielding for the 1P21 photomultiplier
tubes consisted of two 1/16-in. concentric soft iron cylindrical shells
around the phototube, with openings only slightly larger than the photo-
cathode. The inner shielding for the RCA 6342 photomultiplier tubes
 was first 1/16-in. u metal, then three concentric cylindrical iron shells
ranging.in thickness from 1/8 in. to 1/4 in. and extending beyond the
photocathode some 4 in. The latter set of shells was machined to fit
over the lucite light pipes on the Cerenkov counter and over part of the
main lucite block. The lucite block was wrapped with aluminum foil,
then covered with 1/16-in. pmetal sheet except for 2-by-2-in. particle
entrance and exit; the cylindrical light pipes to the photomultiplier tube
were similarly wrapped with permalloy tape. The Cerenkov lucite block
was'in turn surrounded by a soft iron box {3/4-in-thick vwaH.s) with open-
ings only for particle entrance and exit and for fhe previous shielding
around photomultiplier light pipes. Finally, as insurance, a large
outer iron box 3/8-in. -thick walls) was installed around the entire
counter telescope -except for particle entrance and cable entrances. -
The assembly was tested under actual field conditions by monitoring
the counting rate (during the magnetic cycle) for each of the counters
exposed to a radioactive source but to no beam. A smail sheet of
plasti¢ scintillation was used on the Cerenkov lucite block face for this

test.

2. Collimation and Mounting

Since the counter tele‘scopé was to observe gammas, originating
in limited regions of space, that are perhaps 10-4 times as intense as
at the target, the collimation was extensive, as shown in Fig. 1.
Specifically, the collimation was designed either to view a vertical
shaft-1 by 1.75 in. with onlyAslight 1° geometrical fringing, or to view
a shaft 0.5~‘by 1 in. with slightly larger fringing, the latter being
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accomplished by slipping an insert into the second collimator from
the target (this insert removed the edges of the first collimation
aperture from the field of view). The collimation consisted primarily
of four 2-in. -thick lead shields with apertures of 1 by 1.75 in.,

1.5by 2 in., 1.5 by 2 in. (or 0.5by 1 in.), and 1 by 1.75 in. respec-
tively from top (near counter) to bottom. ( The thin dimensions were
along the beam direction for better space resolution. ) The relative
locations for these apertures are shown in Fig. 1, the whole assembly
is mounted as-a rigid unit on an aluminum frame with the first and
last collimation 52 in. apart and the lower two collimators on the alu-
minum frame projecting approximately 45 in. 'down 1into the north well
of the west Bevatron tangent section.

A 3-in. lead block was pivoted by remote control in and out of
the collimation aperture to act as a gamma shutter. The shutter was
located on the top surface of the lowermost collimator, and allowed a
correction to be made for pion charge-exchange scattérmg on the col-
limator surfaces and for wide-angled background from the machine
(discussed in ITI-A).. -

The counter telescope and associated inner magnetic shield-
ing were mounted as a rigid subunit on an aluminum frame; the outer
magnetic shielding fitted over the telescope and the upper part of the
frame. The collimation subunit was also attached to this frame below
the level of the four wheels supporting the entire assembly on a track
over the north well of the west tangent section. Two of the four wheels
were geared to a long aluminum rod extension that could be operated
from a safe location during machine operation for movement of the
entire assembly along the beam direction. A pointer attached to the
aluminum frame was read (against a scale fastened to the anchored
rails) by use of an optical telescope viewed from the same location as

the control rod termination.
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C. Electronics

The electronics for this experiment had to meet the difficult
requirement of making a logical analysis of events occurring within
2 x 10_8 second. The main component was a Garwin- Wiegand coinci-
dence <;ircuit13 capable of performing a versatile set of decisions on
2- to 15-volt 5-millimicrosecond pulses. The possible decisions in
this particular case were a sixfold voincidence, fourfold coincidence,
and an answer stating thaf the fourfold (''Yes') but not the sixfold
("No'") had occurred.. This last function constitutes the. "anti' feature
of the circuit. Ablock diagram of the electronics is given in Fig. 4,
showing the source of the sixfold and fourfold coincidences. The
sixfold co1nc1dence occurred for pulses of a charged partlcle in the
front 'fantl" counter, de_fmmg counter, both arms of a Cerenkov
counter, and rear counter. - This of course provided both a "Yes' and
a '"No'" output pulse. the that the front counter pulses é.re first added
together for h1gh partlcle detectlon eff1c1ency for the electronic anti
feature, and that the output of the amp11f1ed adder output is then used
to feed two mputs on.the sixfold coincidence to ease anticoincidence
circuit requirements (i.e., a real gamma count thus gave a pulse in
four out of six inputs instead of four out of five, virtually eliminating
the difficulties of an "anti" circuit discriminating against the fourfold
feed-throughs common to the later tyi)e of coincidence). Detected
gammas passing tﬁrough the front counter and converting to a pair in
the converter gave pulses in the defining counter, in both arms of the
Cerenkov counter, and in the back counter. This yielded output pulses
in the '"yes' and the 'anti' categories.

The coincidence circuits and counter components were checked
and plateaued on cosmic rays before runs on the Bevatron. The thresh-
old for each of the coincidence circuits was checked daily through use

of a 5-channel millimicrosecond pulser,
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1. Specific Components of the Electronics

a. Adder. The adder used to sum the two 1P2} photomul-

tiplier.tube outputs from the front anti counter is shown in Fig. 5. The
pulses taken from this counter were the positive signals from the iast
dynode staiige, and the adder acted also as an inverter for the negative
pulse requirements of the coincidence circuits.

b.. Fast Amplifiers. Commercial 460A Hewiett- Paczkard

amplifiers were used to amplify the 5 mpusec photomultiplier output
pulses to a level near saturation for large puises {over 4 voits for the
average pulse) and hence acted as a limiter for the co:ncidence circuit
inputs. '

¢. Multicoincidence and anticoincidence Circult., The

coincidence circuit used in this experiment was the Carwin- Wiegand
type employing 404 A tubes along a ''distributed’ Rossi coincidence cir-
cuit with a Garwin plate clamp. ' Certain other refinements, such as
the ability to c‘hat‘"xge the number of coinciden:es from i to 6 by simple
switch choices in eazh cha'nhel, Lave been added to make it an ex--
tremely versatiie circuit. The thresholds for the muitipie cewncidence
units were generaily set at 1.5 to 2.0 voits. The anti feature wasg seti
to operate at a threshoid near 2.2 volts for S-mpusec puises. Tne zir-
cuit also contained a twofold circuit used for the pi':)r;-mon;t'or-;ng
telescope. Each of the coincidence circuits gave three output puises,
namely, a fast 2-volit positive pulse, a 2-voit negative'puise, ard a
slower shaped 50-voit scaler puise. The fast negative outputs were
used here, each operating into a Hewlett- Packard 4€60-3 ampiiiier.
then to a Hewlett- Packard prescaler {which had been modified toc allew

gating), and finally into'a UCRL 1024 scaler.

D. Monitor

The relative monitor used 1n this experiment consisted of two
. plastic scintillation counters, 1 in. in diameter and 0.5 in. tkick,
separated by a distance of 23 in., the {ront counter being 8 ft. 8 in.

from the target and at 82° to the beam direction, as shown in Fig. 2.
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This form ‘c')f monitor was ,’c.h'osen because it gives a reasonably
éccurate instantaneous record of the proton flux through the target, as
it looks at charged-pion production occurring in the target. The induc-
tion electrode signal was used as a rough early relative calibration of
the circulating beam, but for final analysis the pion telescope was
cahbrated by plunglng a thln alumlnum sandw1ch with the target
Smce the Cross sec‘tlon for aluminum spallation to Na24 was felt to be
reasonably wen known, 14 an absolute calibration was made by cor-
relatmg the monitor counts agamst the Na24 activity in a 2-hour run
with an Aalummurn sandwich (I-mil Al guard foii, 3-mil Al, i-mil! Al
g.u-a.r-d foil} covering the target face. This then corrected for multiple
travefsa‘lé_and for beam missing the target, which are the sources of
é1_7‘_1_j'o'r iﬁ_the circulating beam measurements. This method, on the
pf}‘ler‘ hand, introduces an appreciable absolute error (+20%) in the
as,_sdciated production cross sections given in V-B pending a better
value of the cross section for aluminum spaliation to Na24 {taken here
as 9.3 mb for 6.0-Bev protons} and a better correction for evaporated
ne.u’t'ron's producing Na24 {taken as a 15% correction for the i/2-in. Cu

N

targef, 6% for the 1/8-in. Cu target).
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III. COLLECTION AND TREATMENT OF DATA

A. Considerations for an Experimental Curve

For a given counter location the number of counts per monitor
count represented, first of all, an integral over a space bit (deter-
mined by the collimation) along beam direction. This required the use
of a "thin'" target and narrow collimation for good space resolution.
Moreover, to correct the raw gamma count obtained for background it
was found necessary to make four runs for each position. ,These runs
and their interpretation are as follows (the changes were done by re-

mote control):

Mn‘ Interpretation
Converter in,
shutter open} ‘—'> NR\((C) + NR\{(PU + NBY(C) + NBY(P” + A

0

Converter out, 0
shutter open } — NRY(PI) tNg, (P1) + A

Converter 1n,d} ———, NIS?)Y(C) + Nséy(Pl) + AS

slriutter_,close

Converter out, s0 S
shutter close ’ ; NBY(PU tA

Here NR = number of ''real' gammas detected (from strange-particle
Y decay),
NB = number of 'background' gammas detected (e. g., from pion
Y charge-exchange scattering and w roduction from neutrons}),
g g g p
and
A = accidental counts (e.g. accidental pile-up of random back-

ground and the charged-particle counts because the "anti'"
counter is not a perfect detector; hence, to a good approx-
imation not converter-sensitive).

The guantity of interest here is
o . 0 s
(1-2)-(3-4) = NRY(C) + {NR\((PU - NR Y(Pl)>+ {NBY(C) - NB\((C)}

+{NBY(P1)=- N%Y(P1)> - {N%Y(pl) - Nify(plﬁ

Here the first term, NRY(C), represents the number of real
counts of interest (converted in the lead converter; hence, appropriate

to the counter calibration). The second term represents the number of
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gammas (''real®) converted in plastic scintillator {(primarily Sc. i)
with the converter in, minus the number converting 1n the plastic with
the converter out. Estimates of this difference between these small
"correction''terms yield a correction of less than 5%. The third term
represents the number of 'background’ gammas counted with the con-
verter in minus a similar measurement with the 3-in. lead shutter
closed. Since the principal source for these counts was the coilima-
tion surfaces,‘ the estimated difference was negligiblie (the top of the
shutter tended to compensate for the one obscured aperture surface).
The last two,terms were essentially zero, being very small differences

of small correction terms {i. e., the quantities involved were very

small and not very converter-sensitive}). Hence, to a good approxi-

mation, (1-2)-(3-4) = NRy(C)° where we use the general notation
N c}=N
Ry Y
Fortunately, the relatively small quantity (3-4) was essentially
independent of position, which allowed an over-all averaging that
reduced the statistical error contributed by (3-4) to the measurement

of N .
Y

B. Slit Scattering and Target 0 Contribution

Since the experimental curves were taken over positions up-
stream, on target, and downstream, there remained one majorA
correction to the‘analys1s of heavy-nﬁeson and hyperon decay. This
was the gammas from the direct target production of ’rTO mesons and
the gammas scattered by the collimation apertures from this much

. 0 .
more intense (target m ) source of gammas. The solution here was to

"make a run from 0.8 to 1.0 Bev (below associated production threshold)

to determine the effective slit resolution. The resolution was fournd to
drop off sharply {(as shown in Fig. €)1 au approximately symmetrical
way, supportin& previous threshold measurements to the limit of the
sensitivity of our equipment. This experimental scattering measure-
ment was applied at other energies simply by normahzing to the same
on-target intensity, as the behavior of Lhigh-energy gammas was not

expected to change in any very essential way, even though siight
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changes were expected in the gamma spectrum at 90° with charges in
Bevatron energy. (Dashed curves showing the extrapolated slit
scattering are shown in Figs. 9 and 10.) It should be noted that though
the.statistical error of the resolution curve was large, the shape was
felt .to be reasonably weli determined by additional checks. These
were a repeat of a resolution curve for a similar slit, and agreement
with the extrapolated upstream values, where checked on runs below
3.2 Bev. (the K contribution disappeared below 3 Bev, as it kinemat-

ically should).
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IV. CONSIDERATIONS FOR A PREDICTED CURVE

A. Assumptions

The completé prediction for the expected spatial decay curves
was based on the mechanics of n + n - n + Y + K (see I-B) and the sub-
sequent possible decay modes of the Y and K particles. The mechanics
(see Fig. lla) first of all depends on the momentum and energies of
the incident proton and of the struck nucleon. Then (in the center-of-
momentum system) specific assu‘mptior;s of the energy and angular
dependence of the matrix elements invoived must be made, and the
three-body phase-space volume computed to give the probability dis-
‘tribution of energy division between the particles. Finally we must
make a transformation to the laboratory system of the ''cascade"
two-body decay of the heavy meson or hyperon to T\’O mesons, and then
“to gammas. This is followed by foiding in the calibrated counter
efficiency (see VII-B) for the spectrum seen at 90° {(lab) to determine
the predicted decay curve as recorded by the counters.

The specific assumptiods made were: {(a) that the reaction was
of formn+n-—-n+Y + K, (b)that the incident-proton energy distribu-
tion was nearly linear from 5.7 to 6.2 Bev (as determined by viewing
beam spill on an oscilloscope), {c) that the internal momentum distri-
bution was a Fermiv distribution with 24- Mev cutoff, (d) that for first
trials the matrix element was to be constant and isotropic, (e) that an
ordinary Fermi-model calculation of the phase space was made, and
finally (f) that subsequent decays to "0 mesons and to ~rr0 gammas were
isotropic, on the basis of past experiments (the 1r0 decay is of course
isotropic, as the 1r0 has sPin.zero)}. The tacit assumption is made
throughout that pion modes of decay {and hence here via wo) will pre-
.dominate over direct electromagnetic modes unless largely forbidden
for the particular unstable particle in question. Hence, essentially
all gamma radiation seen was considered as coming from m modes
(except a possible contribution from 29 decay very near the target),
as the lifetimes accessible to this experiment were appropriate to the

""'stronger' form of coupling (slowed of course by A S = £ 1).
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Caléulations (discussed in VII} based on these assumptions were
carried out with the aid of an IBM 6350 digital computer.

On the basis of first trials, revisions were made in production
angular dependence for a best fit of the upstream and downstream
heavy-meson data, and in the energy dependence for a crude fit to a

short sigment of the excitation curve.

B. Gamma-{Counter Telescope Efficiernicy
p Y

The counter telescope was caiibrated by a combination of
experimental and theoretical rne‘:,)'riod&]1 The procedure was to exper-
imentally determine the electron-counting efficiency of the couater
telescope (without its front anti counter or regular iead converter) as
a function of lead foil thickness (0 to 1/4 in. ) in front of the counter,
as a function of electron energy {30 to 300 Mev), aud for various geo-
metrical positions parallel to the teieszope ax:z. This is in eifect the
simulation of a gamma conversijon at a known position and depth in the
converter into a known-energy electron. This eleciron-counting

P

efficiency was folded in with the theoreticai™” probabiiities of pair
formation in the various elements of distance through the foil and with
the theoretical energy-partition probabiiities for the electren and pes-
itron pair.

The experimental setup (Fig. 7)involved the use of the Jerkeley
syachrotron bremsstrahiung beam to create a spectrum of elecirons in
a thin converter placed at the entrance of an analyzing magnet.b A
particular energy channel was seiected by the fieid (and brief colli-
mation) to pass through a beam-defining electron-monitoring telescope
placed in front of the lead foils and counter telescope. The electron
monitor consisted of two plastic scintiilators 2/3 by 2/3 in. and 3/8 in.
thick. This monitoring telescope defined the geometrical position of
the electron beam of interest; it both activated a twofoid coincidence
for the electrons incident and also two inputs of a sixfold coincidence,
where the other four inputs came irom the counter telescope. This
gave the electron-counting efficiency for the teleszope, foilowing lead

of thickness x as:
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~y _ number sixfold
F(E,x) = number twolold = 100%

The geometrical effect was then averaged in, though it proved
to be minor because the collimation used was small compared with the
counter face.

Finally, to determine the gamma-ray cou'nting efficiency for a
gamma of particular energy, a numerical integrati-on was performed
using the calculated production of electron-positron pairs for different
depfhs in the 0.196-in. converter for a gamma of this energy. Then
the probability that an electron be produced with an energy E from this
gamma at a distance x in the converter was muitiplied by the exper-
imental counting efficiency for recording a count from an electron of
energyw E incident on (0.196-x) inchs of lead before the telescope. The
result(plus a similar contribution from the positron minus the proba-
bility that both the electron and positron gave a count) is given in Fig.
8. The accumulated errors in this determination give about a +10%
absolute error, though the relative error in the shape is believed
small even in the extrapolated region of the curve given. The latter
part of the curve was based on an extrapolation of éxperimenta.l
electron-counting efficiency in a very flat part of the curve; the main
errors would therefore stem from an uncertainty in pair-production

cross sections at these higher energies.
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V. RESULTS AND DISCUSSION

A. Typical Corrected Curves

Experimental data corrected for background (discussed in
section III-A, B) are given in Figs. 9 and 10. Figure 9 shows the data
obtained at 5.7 to 6.0 Bev with a 1/8~inn Cu target and 0.5-by-1-in.
collimation system. Figure 10 shows the data obtained from 5.7 to 6.2
Bev with using a 0.5-in. Cu target and 0.5-by-1-in. collimation. It
should be noted that the fixed transverse collimation materially affects
the apparent spatial slope of gamma intensity with distance (loss of
diverging particles), but of course in a calculable way.

The dashed curves given in Figs. 9 and 10 represent the re-
spective expected target TTO contributions and slit-scattering contribu-

tions, as discussed in III-B.

B. Comparison with Calculated Curves

E
element dependence of /H/® « MG_? -1 Cosl4'9 and two-pion heavy-

The results of calculatu;nszbase; on assumptions of matrix-
meson decay (at least one TTO) as seen through the collimation and de-
tected by the counter telescope at 90° are given as dashed lines in
Figs. 9a and 10a. The upstream data and first section downstream
yield agreement with a K mesovn decaying through two pions (at least
one ) with a mean lifetime of 1. 9+ g 10_10 sec. The second down-
stream section can be roughly fitted by adding (to the 0 contribution)
either a hyperon decaymg into T\'O and nucleon with a mean lifetime of
near 4 x 10-10 sec (i.e. Aoo'n +1r0), or a contribution from
0 +—>1r0 +n' or both. The data near 6.0 Bev appear to be insufficient to
separate these two possibilities, and the fit further implies other forms
of production where the resulting strange particles have little energy
in the c.m. system. The latter type of production would give the low
loss by particle divergence in the laboratory system necessary to fit
the nearly flat curve of experimental data from far downstream, and
could include associated production involving additional pions as ob-

served by Fowler. 4



-34-

Io,__ T T T T T T T T T T T T
C 3
- /\ ]
| = =
C I 2
Ol —
@ . I ]
I} 3 { ]
: ._ -
z + K _
o |
= + 4
~ \ OBSERVED GAMMA
~ .
z ol \ / INTENSITY |
E \ 3
C | | ]
i | \ f .
- ’ \ .
- , \ ]
T
001~ / \\ {\ L]
K / 0 \4.3
o \ TARGET 1T 3
L \e—"" CONTRIBUTION -
L \ 14
B 1
i BEAM v 7
c
.0001 i L L l:_ U. 1 I 4 { 1 1 J
-4 0 8 12 16

4
, - DISTANCE FROM TARGET CENTER Cm

< MU-It125

Fig. 9. Ex
decay;

“with th

perimental data for 1r0 modes of heavy-meson and hyperon
5.7- to 6.0‘-v-'Bev protons incident on a 1/8-inch Cu target, viewed
e 0.5-by-1-inch collimation aperture.



-35.

T
1

T
|

CALCULATED FOR

§°———— Tgo= 19xI0"
Ao Ty =38x10"°

0

o
T Il]]lq

1 lllllll

¥
!lllll[ 1

T IIIHI[

|

N, /MONITOR
i
1

Ol = ' \ —

- {/ \ 3

" Y < N _

L \\ i

- / } ‘ i

N \ B

00l = / ~_ o~ e

o // S P T~ -

o \\ S

-/ ~J{

- / —

i BEAM ]

doolle Lo 1 a1 o e b b e b b b

-4 (0} 4 8 12 16

DISTANCE FROM TARGET CENTER (cm)

M- 1§54

Fig. 9a. Calculated curves for 00 decay andA0 decay compared with
the experimental data of Fig. 9. The 69 and AV curves were calculated
for equal cross ssctiqns and matrix element energy and angular de-
pendences of |[H] a‘.{EZ/M2 -1} cos!4.6in the c. m. system, where
E,M, 6 refer to the particular particle in question.



NY/ MONITOR

Rel|

.00t

.000!

Fig. 10.
decay; 5.7-

-36-

T T

TTTTTTTT T T T T TTTTTTY T

T

T

T

- / \ _L Py - :
/ \ \\r\ }

/ \ I E\l\l

1/ \ \;\’
/ !

\ TARGET T° ~
/ \=— CONTRIBUTION E
/ \ 1
LUCITE UP :

BEAM
=

l

|

|

| »
| Y\ j
\ % OBSERVED GAMMA

" INTENSITY

(. !
/ \ \i\; j

L1

‘l'Lll

L L 1 1 1 1.

12 16

8
DISTANCE FROM TARGET CENTER Cm

. 0
Experimental data forw
to 6.2-Bev protons incident on a 0.5-inch

modes of heavy-meson and hyperon
Cu target,

with the G.5-by-1-inch collimation aperture.



_37-

1

CALCULATED FOR

§°-——— Tgo=19x1G"°
10k g*-——- Tgt = 1.4x16" —
- SUM OF 6°ano 8° .
10

T I]lllll

Ny/i0° PROTONS
T

T T IITTlI

T

OO0l — NS =
- s S -
u S~
- 3
- | BEAM-— l-%lwcm Lip .
000114 I B Y PR VTS NN U T UNS NN SRS NN SN JUUNG SN OO W B
4 0 4 8 12 16

DISTANCE FROM TARGET CENTER (Ccm)

MU~ 11235

Fig. 10a. Calculated curves for 9 decay and ot decay compared with the
experimental data of Fig. 10. The 6 and 6% curves were calculated for
equal cros szectlons and matr1x element energy and angular dependences
of {H{ 2 @ m<“-1} cosl4 6 in the c. system, where E,m, 0 reier to
the particu'lar particle in question.



-38-

'The matrix-element dependence on energy and production
angular distribution was determined by a best fit to the experimental
data. First of all the production angular distribution of the heavy
meson was varied for a best fit for the relative amount of the heavy-
meson upstream and downstream contributions. This proved to be
very sensitive to the éngular distribution and only slightly dependent
on the /H/2 energy dependence and on lifetime. The lifetime, however,
was not an entirely free parameter; it was largely determained by the
spatial slopes, but the slopes, in turn, are slightly influenced by the
angular distribution. A best fit for the data for 5.7 to 6.2 Bev was
given by cosl49. The energy dependence was explored by comparing
calculated and experimental curves at both 4.8 to 5.3 Bev and 5.7 to
6.2 Bev, on the assumption of a similar angular distribution with a

slightly better (not very sensitive) fit for EQZ/MGZ- 1} .

C. Discussion and Conclusions

The fit to known particles follows directly for the K meson,

since we can interpret the data as 90—>Tr0+1r0, with 790 = 1.9f'§ x 10°

3
sec mean lifetime. Since this decay mode is into two identical spinless
bosons, the 60 must have even spin and positive parity. This interpre-
tation appears quite unambiguous, as no other known KO or K+ has a
lifetime near this range; however, there is a current disagreement as
to the mean lifetime of the ‘60. Namely, a number of experiments
10

s

(including this work) gave a mean lifetime near 1.7 x 10~ ec, while

several recent cloud-chamber experiments gave a mean lifetime of

-10 sec, 16 I believe that the difference is due

approximately 0.60 x 10 ec
to some systernatic error, though the possibility of another shortlived
K cannot be completely discounted.

The cross section per nucleon (for protons at 5.7 to 6.2 Bew)
for associated production as seen through 90_)“0 +TTO was 0.22 £ .07 mb
under the assumptions of V-B., This cross section, when compared
with the rough cross section for associated production (no good data

available for nucleon-nucleon collisions at the energies used) seen
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through 60‘->w++1r- in cloud-chamber work, yields a branching
60 —>1r0 +1r0
ratio for —y——-—— on the order of 1. Unfortunately a more

accurate value for this is needed for extracting full theoretical sig-
nificance. 17, 18, 19

The very marked angular distribution found for heavy-meson
production requires strong contributions for angular momenta
L =71 in the usual partial-wave picture. This finding seems some-
what surprising, but possibly not at variance with current models of
multiple meson production. A simplification would result if the spins
of some of the strange particles were higher than currently expected,
since it is I + § that is conserved in the reaction. An alternate line
of thought requiring a peaked angular distribution would be that for a
"compound nucleon' picture, wherein associated production might be
thought of as a stripping reaction of a nucleon into a K + Y, the K
going on forward. (Either the incident or struck nucleon could strip,
making the reaction symmetric in the ¢. m. system.} On the other
hand, certain aspects of the data, such as the apparent appreciably
upstream K-meson energy in the laboratory system and disappearance
of the upstream K contribution near 3 Bev, do not easily fit into the
stripping picture unless there are additional contributions from a
localized strong interaction. The same problem of strong forward
peaking appearé to occur also in w +p->_[\9 +00, and K+ "scattering. !

The presence of other particles is also implied by the data,

but not in an unambiguous way; namely, the data near 15 cm down-
stream would be consistent with contributions from either or both
/\0—>n+'rr0 and 6+—>1r++1r0. The occurrence of 8+~+w++1r0 is also
implied more specifically (but with poor statistics) by upstream data
taken for protons of 4.8 to 5.3 Bev. In this case the Go's decay very
rapidly, owing to low laboratory energies {and little time dilation),
while the 9+ has a 1/e distance, which becomes more appropriate to
the counter geometry. In addition, the break to a steeper slope ob-

served from the data very near the target downstream is possibly

appropriate to a contribution from Z+——> TTO +p. Specifically designed
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experiments are planned for a iater date to resolve these three possible
contributions and to determine the branching ratio of the 90 by observ-
ing the charged decay products.

The lifetimme determination and angular distributions require a
statement of qualification, though the correction 1s felt to be re.‘iétively
small.

(a) A Fermi internal-momentum distribution for the struck nucleon
was chosen for simplicity over a perhaps more realistic gaussian dis-
tribution. The effect was estimated (and approximately checked) to
be very slight.

(b) A matrix-element energy dependence stronger than the
(EGZ/MGZ - 1) c.m. used would allow slightly weaker angu.ar depend-
ence and shorter lifetimes; however, the excitation function appears
too flat to allow a stronger energy dependence than the preliminary
fit given. The possibility of a higher power of the term <I§392/I\/{9Z - 1)
will be carefuily checked when the work on the excitation function 1s
completed.

(c) The three-body phase-space factor used conserved only total
energy and momentum, and since high anguiar momenta are apparently
involved, the conservation of i is not triviai. The correction due to
this factor would again tend toward less pronounced angular dependen:e
and shorter mean lifetime, and is felt to be the most significant
correction. Owing to the difficult caiculations involved no estimated
correction has yet been applied.

(d) The decay process of the 80 may not be isotropic though cloud-
chamber data indicate that it is very nearly isotropic and unpolarized;
hence, the effect is probably very slight.

(e) Other reaction mechanisms, such as discussed in Section I-B
(also including prominently n+ n—>n+Y +K+m, undoubt‘edly make some
contribution to the data. However, the large upstream contribution
and relatively large counting rate near the target indicate rather
clearly that the dominent kinematics are appropriate only to a three-

body final state such as the form n+n-»n+ Y +K used here. No
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correction to this basic form has been applied; the evidence that this
is small seems good, but no specific‘ limit can be set from these data.
, A similar experimentzo has been performed at the Cosmotron
by Collins and Ridgeway. Their experiment was done near threshold,
yielding data with a spatial decay rate consistent with that reported

here; the analysis is incomplete.
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APPENDIX

A. General Definitions for Symbols used in Appendix

_total energy (Mev.)

pc '"'momentum' (i.e., p units Energy)

kinetic energy ¢

mcZ (.M“refers to nucleon 'mass't unless specified)
total energy in center-of-momentum (c. m.) system

velocity/speed of light (c)

Jipt
kinetic energy of incident proton
"momentum' of incident proton
kinetic energsf of struck nucleon
-"morﬂentum" of struck nucleon

projected B of struck nucleon (along x axis)
proj.ected momentum of struck nucleon (along x axis)
angle between ﬁO and I?F
total energy of system; PT = total ''momentum of system"
polar angle of emission for K meson

azimuthal angle of emission for K meson

total energy of K meson

‘total energy of Y hyperon

total energy of final-state nucleon
» "niomentum " Qf K

’f;‘nome.ntum” of Y

"momentum'' of final-state nucleon

angle between K meson and subsequent y (in lab system).
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m .
<
)

0 - M"O_/Z; EY = y energy

x
!

L = (+).coordina.te along beam direction from target (lab system).

. Note: In use in the text a second subscript is added, which

indicates reference frame. These are L for lab, C for c. m.,

and K for K frame (e.g., P = incident-proton:'"'momentum "

OL

.in lab system).

B. Useful Relativistic Relations

lab ~ Yo.m. -(Ec.m. + Bc.rn. Pc.m. cos 6(:. m, )
Plabcos 6Iab " Ye.m. (Pc. m. ©°% Gc. m. +Bc. m. Ec. m. )
P‘L sin BL = Pc.m. sin ec.m
| c.m. %10 O
tan. elab - (P cos 6 +B E P 9ab T Pl m.
- . Te.m. m. c. m. c.m. c.m.)
EZ,-PZ«-—- invariant for a particle or system of particles.
p’ =T (T +2M) and EZ—P2=M2 for a particle.
B = g- for a particle or system of particles.
E

<
[

_‘/=2_—_=.m.=2.— for a particle or system of particles.
Ec - P<

C. Kinematics

The method of presentation for the calculation of the kinematics

follows: first, a brief step-by-step outline of the line of analysis used;

secondly, a statement of notation (above) and general relations assumed;

and finally, a detailed,p.resentation/ of each step.

1.

The kinematics logically starts with a consideration of the

incident-proton and struck-nucleon momenta. From these the velocity

.of the center-of-momentum system (c.m. ) and the total energy avail-

able in the c. m. system can be calculated.
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2. Then a model of the reaction in the c. m. .system must be assumed
(é.g., p+tn—>n+Y+K).

3; In the reaction energy and angular dependence for a matrix
element (/H/Z) must be assumed for trial calculations and be fit, if
possible, to experimental data. Also, in the reaction, the phase-space
factor (in this case three-body relativistic) must be calculated to get
the enefgy spectrum of any one of the particles.

4. This then allows a calculation of the probability that one of the
‘particles (say, for the purpose of discussion, the K meson) is emitted
¢' with energy E (E to E+AE) in the c. m. system.

Since the velocity of the ¢c. m. system is known, there is a specific

transformation for (6, ¢, E) to (6, ¢, E), .. Knowledge of the c. m.
. c.m. lab g

in a particular (AQ)G

quatity specifies the probability of finding a K meson i1n a specific
element of "volume!' (6, ¢,vE.) in the c. m. system; knowledge of the lab
quanltities is required to determine, first of all, if this particular group
is in the field of view of the counter telescope (f(8, ¢, x)lab)’ and ’
secondly, the probability of decay for members of this group within the
field of view (g(8, E, x, 7)1ab) of the telescope.

5. For the K meson that does decay, a specific choice of decay mode
must be considered (e.g., 60—» “O +1r0). Fortunately the assumption of
isotropic decay for both 90 and 1r0 permitted a marked simplification
in the transformation of the gamma spectrum in the laboratory system.

6. This speétrum then was folded with the counter-telescope detection
efficiency to yield the probability of a count.

7. Finally, the integrand made up of the probability of the K meson's
being emitted in an appropriate (&, E)c. m. times the probability of
its decaying from x to x +A x, times the probability of detection of a
resultant gamma ray, must be summed over available values of
(6, ¢, E)c. m.’ subject to limits enforced by the collimation. This
quantity must in turn be corrected for the variation in incident-proton
energies, the spectrum of struck-nucleon momenta, and the target

thickness, and finally be integrated over x for the space bite viewed by

the counter telescope.

W
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The detailed expansion of each step follows with algebraic
manipulations merely outlined. Sketches of the reaction kinematics
are shown in Fig. 11.

1. The incident-proton kinetic energy T was determined by refer-

ence to Bevatron magnet-current markerosLtriggered for specific mag-
netic fields and hence related proton energies: The induction-electrode
signal (which monitors circulating beam} was simultaneously displayed
on an oscilloscope to show the relative amount of beam striking the
target per energy interval during the beam spill-out. The normal
spill-out was essentially linear, though variations did occur.

The internal momentum distribution for the nucleons in the

copper nuclei (Cu target) was taken, for simplicity, as the Ferm

model. Namely,

2 , max
N(PFL)dPFL o P FLdPFL for pFL < pFL )

_ max
and = O for pFL >PFL

Making the substitution P = Py, cos QFL

available, one obtains the form

and integrating over the

range of QFL

N(P }dP = A(1-BP %) .
X x X

Changing notation to conform with the work of Block, Harth, and
Sternheimer, 21 one gets
N(u) = 3.4 - 67.9#2,
where p = BX (v = £ 0.22 at cutoff},

P

< Mp, and N{p) = density of nucleons with projected velocity uc.

n

>

With a particular choice of POL

guatities of interest, such as the velocity of the ¢c. m. system and the

P e th
and pFL one can calculate the

total energy available in the c. m. system (denoted by N). Since

E2 - P2 is an invariant, 22 we have
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e Xe
(PFC)x - (M/‘L)C.M.

MU~ 11915

Fig. 11. Typical production schematic for ptn>n+Y+K (following K).
Above: laboratory system. Below: center-of-momentum system.
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_[2 2
N =z /E TL P TL

= ) (T Vi)
where we note from below that ETL (TOL + M)+ ¢ L + M)
2
FI

andP2 =PZ . TP
L

TL o J+ZP P cos O

OL "FL FL-

Therefore

_ A 2 L2 z ]
N -/{TOL+TFL+ZM> - PY - P g - 2P PRy eSO o,

. - R 2 . - .
but, since TFL<<10LT“M’ P FL <<P oL and ipy < vi,

/ 2 2 -
N= (T +em - P 2P P cos 6. .

gl

2 . T ; K
Also P OL“TOL ‘OL+ 2MYand P

therefore we can write

Cos QF = M@,

ad

Fi

-2 /T, (Ta, t2M) D
or t2M)2M -2 /1OL\ op f2M) Mu.

This functional form of N reduces the dependence on tie interna!

Nzx/(T

momentum of the target /to a good approximaticn) to inveive onl, the
influence of the projected "momentum' Lip.

Similarly,

iy IAAN L l 4 2 fm T 30y )
5 _Ppp :/TOL(AOL+ 2M)+ P F+L/10L<_OL+_¢_\/)MH
c.m. - E:TL - T, T T 7 iM

. 2 2 v y
and since P FL<<P oL and TFL<< ZM, we can write



- ;/TOL(TOL+2M) _ Tor s
c.m. ToL ' 2™ ToL T 2M

Similarly, we have

Ty +2M
Y

=

3
R
i

where, to a good approximation, the quantities § and y used here are
independent of the internal momentum distributions.

2. The question of reaction model was covered under I-C, with
P+n—-n+Y +Ktaken as the basic reaction (n = nucleon). For this form,
strangeness conservation requires that the K be limited to K or KO;
the Y limited to Y or = 0. |

ceive of the reaction shown in Fig. 11, where the K and Y in turn decay

In the laboratory system one might con-

into products possibly including the 170 mesons of interest here, and the
“_O of course decay rapidly to two gammas (99% of TTO decays),

3. The basic characteristics of the reaction in the ¢c. m. system
consists of the /H/2 energy and angular dependence and the phase-

space factor. The method used for /H/2 was to perform the calculations
with a simple picture of no energy dependence and an isotropic angular

distribution, and then essentially repeat, éllowing variations of the form
EZ /M2 -1 k and cos‘j 0 until a reasonable fit to the data was
KC K KC

obtained. A preliminary fit to the energy dependence was made on the
basis of a short segment of the excitation function, while the angular
dependence was simultaneously varied to give a reasonably sensitive
fit to the upstream and downstream K-meson data.

The three-body relativistic phase-space factor is needed to give
the shape of the energy spectrum of any of the three particles involved.
In the following derivation of the spectrum shape, particular attention
is given to the K meson; howevér, by an appropriate permutation of
subscripts the derivation could be applied to any of the particles. The
model used here was the simple Fermi mode123 conserving N and P;
the conservation of L. was neglected owing to the difficult calculations

required and the feeling that many angular momentum states could be
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involved at such high energies that this would tend to cancel out any
effect. Tt would appear that some correction should be applied to this
approximation, as subsequent analysis indicates large values of L are
dominant. The Lepore—'Neuman24 phase-space model was considered
more realistic (it decreased high-energy components siightly); how-
ever, it was not used because of its more difficult form and the
approximation of not accounting for i conservation in either case.
The method used was as foilows for the assumed reaction
pto—+n+Y+K. In "momentum' space using ¢.m. -system quantities

we have Yy

nC r

By energy conservation, we have

_ [as2 2 4/ 2 2 / 2 o2
N—,/M KC+P KC+ M“;’C+P'}_”C+ M nC«.‘PnC;
and by P conservation,’
PuctPyc+P o = 0.
Further, the following substitutions were made to automatically

r

account for P conservation:

2 A
PKC—~Za1,
T = {x- +
ISYC {x-a)ity
A
P .=-(x+a)i-y
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For ease of evaluation the substitutions x = r cos GP and x2 +y2= r?'P

P

were made. Here o has the geometrical value shown in the above

figure, and the physical interpretation that r _ represents the radius in

phase space of the shell traced out by the veft)ex of Pve and PNC as
they vary--(subject to the above limitations conserving N and P; they

of course can also rotate about the x axis}). The volume contained
within the shell in phase space divided by (21rﬁ)3 represents the number
of states available. The volume in momentum space was then evaluated,

with PKC held fixed:

3

P (N-Eye) % }3/2
V= 2mr sinepdrdep'='n’/6 > A X
(N-E__)°- P ]
0 { KC KC.

where

}E (MZY ) Mzn)z > (MZY M zn)BN i EKC)Z i szC]

2
’{(N‘ Ege)’ - PZKC]

Now the phase-space factor consists of the density of final

states for a particular N available; hence, we need to evaluate 8 V/8 N:

. 5 1/2
2 2 2 2
v 2%y + M%) N, - M
FN="/6(1- vy A
(N-Epd-Pgc [WN-Ege)-Pge
2
B3NGB )
2 2 2 2 2 2 2
R \ " 1.2(1\/1Y+M IR VRS ¥ ol
- 2 2 B KC |~ 22 R z 2
(N-Ege)-P KC/ (N-Epc) - Pge |WN-Bgc)-Pg
aN 4np?
R KC 8V
9Py (2mh)® oN
ON._, 4P E.
or OOK Igc KC oV “F N E ),
K
8P, (2mh)° dN
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Where NK refers to the number of K-Meson States. This factor

F(N, Ep.

K meson (or Y hyperon, or n nucleon with appropriate index changes;}

) then gives the probability distribution of energies for the

in the center-of-momentum system, subject to the approximation that
L is not explicitly conserved.

4. With the aboye factor F and a specific assumed energy and angular
dependence of /H/z, the probability of a K meson's being emitted 1
dQ, dE in the c.m. system for a particular assoc:ated production event
is determined. The probability of being emitted in dQ)6 can be

written as KC

j
cos” O My
j
JJeos bxc ¥ikc

on assumption of axial symmetry (case j = 0, isotropic}). The probabilty

of being emaitted in dE)EKC can be written as

2 k
E KC
F(N, E ) —z - 1)d Epq
ZK )3 {case k = 0, no energy dependence’.
E ke
F(N, E ) —7 -1% d Epc
K

The product of these two factors for a particular choice of j and k then

yvields the probability of the K meson's being emiited into the "volume’

ke’ YFkc
chosen a set of values of GKC’ ¢KC’ EKC:% we have specific relativistic

element (d2 ) having coordinates QKC’ ¢KC’ EKC' Having
transformatiop to a \corresponding set '{GKL, bpey EKL). It is knng~
ledge of the latter set of quantities and of the x coordinate, that allows
a statement of whether the K meson can pass through the field of view,
and also the probability that it decays while in the field of view of the
counter. (The question of the limits on the K meson such that it can
pass within the field of view is discussed in Section 7.) The projected
laboratory-system spatial decay rate at x of a K meson with a mean

lifetime 7 a velocity BKLC’ and at an angle QKL is given by

K’
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X
exp |- - - )
Pri YkL Tk ©°S Ok,
cos QK

PxL YkL °Tk L

This results from the usual spatial decay rate, since we have

. t

. KL D X
t (time) =—— , t feeer— , and D = —————
KK YKL, KL [3KLC cos QKL

For the evaluatiorn used here the summation over available volume
elements was done in the c.m. system, hemnce this decay probabitity
factor was written ir terms of ¢c.m. quantities {except x}. The relevant

substitutions for the decay rate were

Pk

ﬁ vy T e
KL °*KL MK,

and pKL cos GKL =y (PKC cos Oy~ * B EKC)

to yield the final expression of the probability of decay of K meson in

"dx at x as

exp e dx
M Y (Prgeosbycth Exe)
C’TK
’ 0y 3 3
M Y (Pre €25 Oge 7 B Exc!

5. For the particles that do decay in the field of view of the teiescope
there is the question of identification. Here the major counting rate

occurred from a particle giving both an upstream and downstream
-10

contribution with a mean lifetime rear 1.5 x 10 sec fearly crude

. . - , 0
estimated. Under the presumption that this represented a 6§ meson

we then had the process 60 -->1TO + ‘"O + 220 Mew. A ceriain simplicity

(@]

exists in the two cascade decays (no - o+ TYO and m - y + vy}, leading
finally to photons, owing to their isotropic decay patterns. The «

decay is of course isot'ropm in the rrO system, and in this experiment
the 90 was taken as isotropic owing to an assumed absence of polar:-

. 0 . s
zation in the 0 frame even if the 90 spin were different from zero.

“
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Asimilar assumption of isotropic decay was used in the trial calcuia-
tion for other unstable particles. These assumptions then give an -
isotropic monoenergetic (EYO) gamma distribution in the 110 frame, or
an isotropic '"'rectangular?’ speCtrum of gammas in the K-meson frame,

extending from an energy vy EY (i-f ) to vy EY (1+F IR
w0 aUK Lk 0 wUK

or a width 2p 0. Yo YO . The y 0 and g 0. are computed from
K m'K T K T K

the Q value of the particular assumed decay mode and E‘YO = 67 Mev.
This spectrum must in turn be transformed into the laboratory system
to evaluate the over-ail detection efficiency for garmmmas. For this we
recognize that for a given decay modethere are a specific number

(N_) of resultant gammas per decay event, irrespective of the frame

of Z)bservation. Hence, a simple change of variabies and limits of
integration is all that is necessary, providing we retain any dependence

on the K meson in terms of c. m. quantities:

//// N dQYKdEQK
am (2B

g E? )
¢
/ T K *rOK 0
\/K EyK
dQ , dE ,
vL i
~ . 4 - Y )
Ki By CO8 @) &7 (20 ¢ E' )Y,
1_, Ki. nOK TTOK 0
where the Jacobian J = 7 I,J 5576
YRL VY TPKL 9%
and the new energy limits are
Y 17140 \
‘ Y 0 E c" l:tH 0 )
’ E max *i. ™ K m K
vyL. | max - YKL“"PKLCOD ®)
- In Section 7 it is shown that we have

cos @ = sin GKLCOSq’KL



for detection at 900 (lab}; hence,

Yk, (1-Bg g, cos @)

= KIIK Y (Exc +8 Py cos fp-)

- PKC sin GKC cos ¢KC
6. The number of gammas recorded in the laboratory system require
that the counter solid angle and counter detection efficiency ¢ (EYL) be
taken into account in evaluating the integral given in Section 5. In
particular the solid angle has the nature of a small increment, so that
the integration over solid angle reduces to the product of the integrand

and an essentially constant AQ L Therefore we have
Ty
: (E N _dE AQ
N ) ~ € yL) Y yL yL .
Y observed 4wyKL(l-ﬁKLcos®)ZB 0. Y o EoY
™K 7K

7. Now we are in a position to collect the individual terms that enter
into the problem. The resulting grand expression for the observed
gamma-counting probability for a single K produced then accounts for
the probability that the K is emitted into a particular range of

GKC’ bc EKC; the probability fhaving the set GKC’ dpc EKC) that
this K meson decays within the field of view of the counter telescope;
and, finally, the probability that one of the subsequent gammas reaches
the counter and is detected. This expression then must be surnmed

over all the range of 6 available, with of course no

ke *kc Fre
contribution from values such that the K cannot pass through the

counter field of view (the limits of integration accounted for this}). For

a particular choice of T and of u 'hence NJ), the expression follows:

oL
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[ E®
KC
FIN, Eg | —3—
dN M
Y = K
dx observed
at x b E F(N, E KC
K
d E k 6 dQ
KC “°% Ykc Pkc
k
[M cos eKC QKCJ
KC J
exp - X
'K J (P, . cos@, .+ E, )
MK KC KC KC
cT
K 3 (P cos O +B E, )
M Yk KC KC
¢ (E ) NYdEYL a9,
™ K 7 K
where L{Length upper
AR . =sin®A®A$ A@ = Ccollimator) .,
yL D
(width of upper
= W collimation) . and N = 4 for 6O LU “_O-
D Y
Also, since cos @ = sin BKL cos ¢KL’ we have
2 . 2 .2 -2 ' = 2
_ ) P KC Sin GKcsm ¢KC + v (PKC cos GKC+ B EKC)
sin @ = > i 7 - 2 ’
P KC Sin ] ke T (PKC cos ‘GKC +B EKC)
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and similarly,

‘ 1 [- ~ ,
YKL(I_BKL cos@)=KlI {y (EKC +BPKC cos QKC)- PKC sin GKC cos ¢KC} :
K
Here the small relative variation in D (the distance from K-decay area
near the beam axis to the determining collimation near the counter)
with K-meson decay position GKC’ ¢KC’ x was neglected. The
dimensions were L = 1lin., W = 1.751in., and D = 70 in. The value
of ® was fixed by the value of BKL’ ¢y, @s shownin Fig. 12, since
the laboratory direction of the gamma was required to be nearly
parallel to the y axis (the counter located at 900 +2.5° (lab), and the
transformation involved was from the K-meson frame (traveling along
GKL ¢KL) to the lab frame. This regmred
cos ® = sin QKL cos ¢KL'

The choice of order of integration was dictated by functional
forms of the limits, and to a certain extent by the fact that a digital
computer was used to make the numerical integration. The method
used was to evaluate the integrand for each of the mesh of available

volume "elements' (6 EKC) and to sum over the mesh @etaﬂ

KC' PKC’
required usually 500 to 1000 elements in a mesh). The integration
over the gamma spectrum was done for each volume element

A ) because of the simple 'rectangular' character for

Oxc *kc Fke
an infinitesimal fit. This allowed the machine to look upon the integral

/pmax
%? |
‘ . 1 (GKC’ (bKC’ Em)e (EyL)dEyL
E
vL
max
/ .EyL
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P
v
l\EY :qb
AN KL
| w ™
| \\l
% ,5 > X
e
| ~
|/
MU=-11916

Fig. 12. Decay schematic for strange particle (e. g. 60—>1r +Tr0;1r -vy+y),

where Yp =Y in eligible direction (if coanter at XO), and requires

cos ® = sin GKL COS drry -
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2

Further, the value of g™t fortunately was always below the point

yL
e (E . ) =0 (below 40 Mev). Hence, the IBM 650 used the upper limit
Y
Y E,"(1+p )
max _ TrOK 0 TTOK
vL Y (I-Bg . cos )}

vL

max

E
P YL
as an address for storage of the integral / € (Ey)d EY presented

0

in table form, and this reduced the first integration to a simple multi-
plication for each volume element. |

The ¢ integration follows next, with limits dependent on
(GKC’ EKC’ x, S); namely, the K mes,ons at GKC’ EKC form a cone
in both the c. m. system and the lab system. The rigid collimation,
both along the beam and transverse to the'beam, allows the telescope
to view only pa_rtiéles of this cone decaying within part of the arc,

unless the diameter of the cone under consideration is smaller than the

transverse collimation determined by the lower defining slit. The ¢

- sin'l S (2.54)
¢max . 2x tan KL, ’

or w, depending on the 'cone' diameter, are shown schematically in

limits involve

Fig. 13 (where S = lower defining slit }')vidth plus fringe, and
PKC sin BKC ' \
y (PKC sinf+B EKC)

tan 6

KL~

Numerically this can be looked upon as

max

2 I0ke ¢kc Eke!) 9 ®ke

* L0k ¢kcr Pxe) d¢kc
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Pmax

W”‘f’mox

MU= 11917

Fig. 13. Limits on ¢ integration, where
S = lower defining collimation width
plus fringe correction,

R = XL tan 6KL

and
1 S

®max = 5 IR Tan O
max L tan KL
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The GKC integration proceeds next, with limits dependent only

on E and x. For positive values of x the limits are from 0 to 6 )
KC max

with emax =T or cos"l (-B/ﬁKC), depending on whether we have

6KC <B or 5KC > B. For negative values of x the limits include only
those K particles (impossible for hyperons) coming out in the backward
hemisphere in the laboratory system; namely, from cos—1 (—B/BKC)

to w (no contribution, of course with Brc< g).

Finally the limits on E are determined by the total energy

KC
N available in the c. m. system and the specific reaction in question.

In the ¢c. m. system these limits are very simple, and may be

written for the reaction P+n—-n+ Y+K as MK to

2+M 2

2
N~ (M +My) K

max
E -

'KC

2N

The 'integrations' over T and N (or p) were accomplished

OL
by numerical methods, with values interpolated on the basis of smooth

calculated curves for specific choices N and T This was simplified

0L-
somewhat through the use of a composite N distribution that took into

account both the distribution in T and the Ferm: internal-momentun

OL
distribution, when it was found that the effect of a small variation in

ToL
addition, a numerical integration over x. was done to account for both

with N constant was only a rather small correction factor. In

the target thickness and the collimation bite,

The calculation outlined above allows one to predict the expected
counting rate of the counter telescope for a specific position. This
gives the detection efficiency per produced 90 decaying by the mode
90—>1r0+1-r0. Similar analysis holds for other competing strange
particles. This information, the known target thickness, and the in-
cident proton beam fix the cross section directly. A more elegant

way of putting the cross section is as follows (averaged over a range

| of TOI}
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max
Fmax rI‘OL
2o o [H]?
TR V (relative velocity)
dEKCdQKC .

min

Fmin 0L

f(u)g (T )FIN, Ep) dpd T, .

This allows one to observe the TOL and p (or N) averaging
processes done by numerical integration in the analysis above. The
approach here was of course not through a known /H/Z but by com-

parison to experimental data with various trial expressions used for

/H/%.
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