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ABSTRACT

A cloud chamber photograph of the decay in flight of a heavy
nuclear fragment is described. The event is most reasonablfr inter-
pfeted as the decay ofa A° f)article bound to a He3 nucleus, and is
similar to eXamples prgviously observed in nuclear emulsions, Under
this interpretation, the lifetime of the excited fragment in this single

example is 5,4+, 6x10”10 sec and the binding energy of the A° to He

3
is probably less than 2 Mev,

In a-.nother cloud chamber event, a negative cascadé particle
and two neutral heavy mesons appear to be produced in'a single nu~
clear interaction above a cloud chamber. It is suggested that this
event may be an example of the associated production of a = par-
ticle with two 0° particles according to the scheme of Gell-Mann,

All of the 48~inch magnet cloud chémber events where two or
more Ve-particles appear to come from a single origin and.decay in
a single chamber are described. These V-events are analyzed for
'origin.coplanarity and associated production., In the case of vo.v©°
production, a search for angular relationships ‘between decay planes
and the plane containing the lines of flight of the two v° detects no
strong correlations, Origin coplanarity tests do not indicate three
body decay except in two cases of anomalous 8°. The data is consis-
tent with the assumption of associated productioﬁ of A° with 0°,

V™ with 6°, and V' with A°. The role of the anomalous 8° in multi-

ple production events is discussed,
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1

FOREWARD

Onevofthe achievements of modern cosmic ray phyéics has
beeﬁ the identifi.ca‘,tion‘l‘-of many of the short lived particles produced
in high energy nuclear interactions. Though this represents a
.con‘siderable accomplishment, the problem of understanding fheir
behavior remains. It is in the latter area that this thésis- will,
hopefully, make a contribution.

Within the last three years the theoretical propﬁsé..ls of
Gell-Mann and others have br‘ought a deeper understé,nding of the
productiozi and decay of unstable particles. These proposals provide

the basis for the interpretation of the data of this thesis.
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EXPERIMENTAL APPARATUS

vSince January 1953, the cosmic ray group at the California
Institute of Technology has operated a set of cloud chambers mounted
in the gap of a large electromagnet at Pasadena (220 m elevation).
Much useful information obtained from this apparatus has been re=~
ported in the literature.(l)

Since this cloud chamber array has been described else-

(2, 3) only a brief description will be included here. Fig, 1

where,
shows a side view of the apparatus as it operated until July, 1953,
At this time, the two top chambers were replaced by a large single
chamber. All chambers were mounted in the gap of an 80 kilowatt
electromagnet which produced a field of approximately 8000 gauss
over the chambers, |

The sensitive regions were filled with a mixture of argon gas
and a vapor in equilibrium with a small puddle of liquid composed of
two parts ethyl alcohol and one part water. This atz;ndsphere was
maintained at temperatures near 27°C and at pressures near 100
cm Hg.

The expansion apparatus was triggered by a conventional
penetrating shower detector which consisted of three trays of eight
geiger counters each mounted as shown in Fig. 1. About 50 gm/ cm'2
of lead absorber was placed between the chambers, and 200 gm/ cm2
of lead was used between the top cloud chamber and the first element

of the penetrating shower detector. For a period of five months, the

lead between the chambers was replaced by copper.
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Parallel channels using two coincidence requirements, usually
2=2-1 (two or more counts from top tray, two or more from middle
tray, and one or more from bottom tray) or O0~2«2, triggered the cloud
chambers,

The methods of track measurement have been described by
Van Lint. (3) Errors were assigned on the assumption that 4 Bev/c
was the maximum detectable momentum for tracks of 20 cm length
except where there were visible distortions in the tracks, in which

case a lower limit was assigned,
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Caption to Figure 1

Side view of the cloud chambers, geiger counters, and absorbers.
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PART 1

A AC-FRAGMENT DECAY IN A CLOUD CHAMBER

1 A, INTRODUCTION

| The first discovery that a nuclear fragment could remain in
an excited state long enough for a nuclear emulsion to bring it to rest
was made by Danysz and Pniewski(4) at Warsaw, They observed a
.21 + 18 p star (one with a charged primary, producing 21 heavily ioniz-
ing tracks and 18 lightly ionizing tracks) which ejected a 60 Me.v frage

ment of charge about 5e., After the necessary 3 x 10-12

sec, the frag~-
ment stopped and subsequently decayed into another star with energy
release of more than 120 Mev, No charged m-meson was emitted.

Danysz and Pniewski suggested that this event might be due to
a nuclear fragment containing a w-meson in a bound orbit of long life-
time, or to the presence of an unstable hyperon which decayed after
the fragment came to rest, In either situation, the fragmént was supw-
posed to have absorbed a w-meson and erupted with fhé emission of an
energy nearly equal to that of the wv-mass,

Tidman, et al. (5), discovered a similar event shortly after~
ward, A 6 Bev primary created a 17 + Op star from which was ejected
an excited fragment of charge 2 or 3e, After stopping, the fragment
decayed with the release of more than 50 Mev, Again no charged w-
meson was emitted, and the same interpretations were offered as for
the first event. The discovery of this second event tended to remove
the possibility that the first event could have been due to some freak
or chance juxtaposition of tracks, |

The possibility that a w~meson in a bound orbit cquid be respon-

sible for all delayed decays of nuclear fragments was excluded by a
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later event discovered by Crussard and Morellet, (6) Their event had
a 30 + 30 p star with an excited fragment of charge 2 or 3e which pro=-
duced a small secondary star of about 28 + 4 Mev, In this case a
w-meson was actually emitted, The energy of decay was not large
enough to be due to the absorption of a m~, but the excitation of the
fragment must have been large enough to produce one, Crussard and
Morellet went so far as to calculate the Q-value of the ;/\o decay on
the assumption that the binding energy of a Ao-particlle is the same
as for a neutron. The assumption is now known to be false, but

they obtained

%
Q = 48 + 4 Mev for He4—>He3+p+1r-

and

ks

Q= 35__-_!-_4 Mev for Li7—> L16 +p+mw

Since it appears from recent results that the A° is bound much less
strongly in He4 ‘ than is a neutron in ordinary He4, the incorrect
value obtained for Q in the first reaction does not indicate that the
secondary star was a L:'L7 star. Rather, using the correct value of
37 + 5 Mev for the Q value of A° decay, (7) we obtain a  A° binding
energy of 9 + 5 Mev in fair agreement with later observations, For
Li7 we get about the same A° binding energy. Either case is pose
sibly the one Crussard and Morellet observed,

Following the discovery of other confirmatory examples, (8, 9)
Hill(lo) and associates at Brookhaven observed an event which is sube

ject to more precise analysis than any event previously reported,

The mass of the ejected fragment was measured and found consistent
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with He3. Their interpretation is

*
Het = me’ + p+w + 34 Mev,

Thus the first good measure of the binding energy of the A® in an
identified nucleus was obtained,

Both delayed mesonic and non-mesonic decay were then well

(11)

-_established, Moreover, a new interesting event of Bonetti, et al.,

showed non-protonic decayl The interpretation of their event is

#*

3

How— (H% + %) —He,? + 7" + 41.7 + 1 Mev.

2

Consideratiox; of the masses of H3 and H2 + A° gives a A° binding
energy in H3 of ,7 + 2 Mev,

The cases of Hill and Bonetti give the best measures of bind-
ing energy of the A° available,

Many other examples of delayed fragment decays interpreted
as Aoc-fragment events have been rcaported.(l'2 - 17).

A Kemeson becomes involved in the subject of delayed frag=
ments in thé case of Naugle, et al, (18) In this case a stopping K=meson
of measured mass 1010 + _200 m, makes a 50 + 8 Mev star, One of

the ejected prongs is believed to be an excited a~particle which prob-

ably undergoes the decay seen at Brookhaven,

*

He4

He3+p+1r-+34.3i.9Mev .

The binding energy of the A° becomes 2.8 + 1.4 Mev., The charge
of the fragment is not certain,
From the above examples, the nuclear emulsion experimenters

have firmly established the existence of A®-fragments of short range



.and’ilifetime > 10-12 sec,

Some anomalous cases of long lived fragments have been ob=
served that cannot be explained by the assumption of a bound A%,

but these events are very rare indeed, (19, ZO)v

1B, DESCRIPTION OF THE EVENT

In the 48~inch magnet cloud chambers, the event,shqwn in Fig.
2 has been observed., This photograph contains what appeérs to be
the decay of an ordinary‘ A° into a pro’cor} (track B) and a 7 rﬁeson
(track C). The momenta, estimated ionizatiéné, and d’eri'ved masses
of the labelled tracks are shown in Table I. The ionization and mo=~
mentum of track B determine that it is probably due to a proton
(mass = 1850 + 350 me), while track C could not be due to a particle
as heavy as known K mesons. It is, however, consistent with either
a w~meson, Memeson; or electron,

If we assume that C is the track of a v meson, B énd C to=-
gether have the usual characteristics of A° decay, "'I"he mé‘asured
Q value is 36,6 + 2,9 Mev, in good agreement with the known value
of 37,0 + . 5 Mev,

However, there are several unusual characteristics of this
event which raise doubt that it is in fact an ordinary A° dyecay’.

1. The only penetrating shower origin associated iwith this
event is 5 mm above the top inside wall of the cloud chamber. Even
though all tracks of more than 300 Mev/c momentum pass through
this origin, it does not lie in the A decéy, plane, The angle of non-

coplanarity is 4.1 + 2, 0°,
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2. The line of flight of the A° determined from the momen=
tum of the decay products misses this origin by 7 + 2 mm,

3, The vertex of the assumed A° lies on the path of a heavy
fragment (track A) ejected from the penetrating shower origin, Wifhin
an experimentaliérror‘ of ,1 mm laterally and 4 mm in deptﬁ.

4, Thereis a 3.0 + 1,2° kink in the fragment track where it
meets the vertex of the assumed Ao, whereas none of fhe é.hower
tracks in the photograph shows detectable distortion,

5, The direction and magnitude of this kink are such that
transverse moméntum balance is possible if we assume that the frag~
ment A undergoes a decay into B, C, and D. Table II gives the rec=
tangular components of unit vectors oriented along the tangents to
the tracks A, B, C, and D at their intersection, with reSpeét to axes
X's Y', Z' such that track A is travelling in the riegativ.e Y' direction,
Figures 3, 4, and 5 show an isometric view of the four trai'cks;‘ ‘the
intersection points of the tangents to tracks B, C, and D with a plane
perpendicular to track A; and a transverse momentum diagram, re-
spectively, 'i’ransver se momentum balance is excellent fér a doubly
charged fragment, but it is barely within experimental_erx_'oi' for a
singly charged one.

The above characteristics strongly suggest that this event is
an example of the decay of a A° particle bound to a nuclear fragment,
‘and therefore a detailed analysis based upon this assumption has been
carried out,

By comparison with the ionization of protons of known momenta,

the ionization of the fragment below the kink is estimated to be within
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fhe range 15 to 30 tiines minimum, In Table III, the measured mo-
menta, with errors including those due to multiple scattering, and
required ionizations are listed opposite the various possible secondary

fragment identities. We see that the secondary fragment is probably

either H> or He>, but there is a small possibility that it is H> or He™.

1 C., CONCLUSIONS

If this event is an example of a Aoafragment decay, the pose
sible identities of the secondafy fragment require that it be one of
the following types: |

%
(a) HY = ( A° + HY) —— H? tpta+Q

*

4

(b) Hie—= (A°+u? —u

+p+1'r-+Qb

*

4

(c) He "= {( A%+ He3) —»He?’

+pt+w +Qc

®
5

(d) He == ( A° + He'4) — He?

" The Q values that correspond to these possibilities are:

Q, =42.8 .7 Mev
Qb—53.4f g:g Mev
Q, =389 37 Mev
Qd=44.0ji:z Mev

If the proton and m-meson are regarded as the decay products of a_
A° particle residing in the fragment, we may derive the binding

energy of the A® within the fragment by subtracting the above Q values



from the 37,0 Mev Q value of A° decay., We thus obtain the A

binding energies (q), for the four possibilities:

q, = =5.9 J: Z:g Mev
qy, = ~16.4f2:2 Mev .
q. = =L9 t g:?; Mev
4q = =740 tg:.? Mev

Only in case (c) could the A° have a positive binding energy
within the stated errors of measurement,

If we should as surné that neutrons are among the secondaries,.
the binding energy would, of course, be even smaller, Since momene
tum balance is possible without assuming neutral secondaries, we cone-
clude that the decay is probably of type (c), and the binding energy of
the A to He3 is probably less than 2 Mev,

This event is unique in two respects, In the first place, it
has a high fragment momentum, which is 1600 + 300 Mev/c when ex=
trapolated back to the origin of the penetrating shower, In nuclear
emulsion events, the excited fragments observed have had ranges
that correspond to much smaller momenta, It is conceivable that
this may be due to a strong bias in the method of detecting the events,
In nuclear emulsions, the Ao-fragments are detected by scanning
for two stars close together and connected by a heavily ionizing track,
An event similar to the one presented here would not have been ob=
served at all in most emulsion stacks because the excited fragmenf
would have emerged before decay., In some of the largest emulsion

blocks used, a 1600 Mev/c He** nucleus might stop, but the search
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for such an eveﬁt would be very laborious due to the large separation
between connected stars,

Secondly, this is the only case where the time of flight before
decay can be measured, Previously it has been possible to set only
a lower limit to the lifetime because all fragments stopped in emul-
sion'befo.re decéy. If “our interpretation is corréct, the lifetime of

the excited He? was 5. 4+ .6x 10-10

\

sec for this single example,
.This figure is of the order of the free A ° lifetime, 3; 7T+ '10-10 sec,
Therefore, the induced decay of a A° due to ‘t_he pre‘s‘enc‘e of nuclear
‘matter is not a strong effect, This result is consistent with the Gell~
Mann scheme of unstablérparticles, for there is no ligl‘;tef system of
the same strangeness into ‘which the bound A° might decay thr‘ough
a rapid exothermic reaction (see Fig., 9, Part 3);

Fry has obéerved only about one such delayed fragment decay
per 1000 emulsion stars.(’ % If we assume that this is a reasonable
.flgure for the frequency of occurrence of A° -fragments in penetrat-
ing' showers, we would expect that only 10 such fragments were pro-
duced by the 10,000 penetrating showers recorded by the 48~inch
apparatus. For one such fragment to be obsefved, the shower would
have to a) occur within approximately the last 10 gm/ c‘mz- of absorber
above a chamber, b) occur well away from the cloud chamber walls,
c) take place when cloud chamber distortions are a minimum, d) sure-
round the fragment with a few but not too many comparison tracks,

e) and project a fragment into the cloud chamber with velocity such
that the fragment decay would occur in the visible part of the chamber,
Cloud chamber examples of delayed fragment decays will probably

remain rare,
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Fig. 2.

Fig. 3.

Fig, 4.
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Captions to Figures of Part 1

A cloud chamber photograph of a delayed fragment decay.
A heavy fragment (A) is ejected from a well defined shower
origin 5 mm above the sensitive region of the chamber,
The fragment subsequently decays into a proton (B), a light
parficle consistent with a v~ meson (C), and another secon-
dary fragment (D). The event is consistent with the in
flight decay of an excited He4 nucleus containing a A° par=
ticle, An unrelated m— p + v decay appears Slightly to

the left of track (D).

An isometric view of the event shown in Fig. 1, The pene-~
trating shower has a neutral primary for there is no track
visible in the chamber above the one shown. The lines of
this figure are all tangents to the pertinent tracks at the de-~
cay point (A) of the excited fragment. Thus O'A, the tangent
to the primary fragment, does not pass exactly through O,
the origin of the penetrating shower. AA'is a straight line
extension of O'A. Orthogonal projections of the event are

drawn on the back piston and a side wall,

The intersections of the lines of flight of the tracks of Fig,
2 with a plane transverse to the line of flight of the primary
fragment. This figure shows that the sum of the transverse
momenta of the proton and v meson is opposite in direction
to the transverse momentum of the secondary fragment,
within experimental error, The ellipse around the origin

of the diagram represents the error in measurement of the



Fig, 5.
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tangent to the primary fragment at the point of decay. The

- errors in measurement of the directions of the secondary

fragment, proton, and m-meson are negligible compared to

that of the primary fragment. The large circle on the dia~
gram i_'ep'resexgts the locus of intersections made by lines
which pass through Point A, Fig. 2, and make an angle of

10° to the Y' axis.

Transverse momenta of the secondaries of the Ao-frag-
ment decay. One region of error is drawn for the vector
sum of the transverse momenta of the proton and w-meson.

Two other regions of error are drawn for the secondary

fragment, one for a doubly charged fragment and another

for a singly charged fragment, Momentum balance is ex-

cellent for the case of a doubly charged fragment, -
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PART 2

EXAMPLE OF THE ASSOCIATED PRODUCTIONOF A =

AND TWO 6° PARTICLES

2 A. INTRODUCTION

In an’other"extr"aordinary photograph (Fig. 6) obtained from
. the 48-inch magnet cloﬁd chambers, four V-events appear in the same
penetrating shower. Since this‘ shower originated just above the sen=
sitive region of the -chamber, and it is unaccompanied by any other
nearby nuclear interactions, the location of the'origin can be pre=-
cisely determined., Because of this fortunate circumstance, the
analysis of the four V-events can be carried out in some detail with

a very interesting result,

2 B, DESCRIPTION OF THE EVENT

An isolated primary particle of >4 Bev/c momeﬁtu_m and un=
known sign of charge enters from above ﬁnd behind chamber 2, ‘Fig. 1.
Orily 6 mm above the top inside wall of chamber 3, the primary makes
a high energy nuclear interaction which produces the penetrating
shower containing the four V-particles, all of which decayvin ché.rnber
3. There are no other tracks besides‘the primary in charﬁbers,l and
2, and all of the tracks in chambers 3 and 4 appear to result from the
single interaction at the top of chamber 3,

In Fig. 8, the various decays are shown in an isometric pro=
jection of the tangents to the pertinent tracks at their decay points,
All decay secondaries pass through the front of the apparatus except
for FH and IK which travel down through chamber 4, |

There are three V° deéays, FGH, CDE, and IJK, The planes
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of both FGH andv 1JK pass through the origin Owithin experimental
error, the angies of noencoplanarity for Owith respect to FGH and
1JK being 2.8 + 4° and .5 + 1,4° respectively, Moreover, the lines
of flight of the corresponding Vp particles computed from measured
momenta and assuming two body decay also pass through 0 within
expefimental erfoi‘.

However, plane CDE does not contain Q the anglé of none
coplanarity being 7.8 + 1. 5°, Instead, the plane of CDE contains
the decay point A of a V_ event, OAB, the measured angle of ﬁons
coplanarity being . 2 + 1, 30

Information concerning the tracks pertinent to the interpre~
tation of this event are given in Tables IV and V. Momenta for FH
and IK in chamber 3 were determined from curvature measurements
in chamber 4 with correction for the lead absorber and 'bvrass chame
ber walls in between, »

‘Both FGH and I1JK must have light poéitive secondaries to be
cdnsistent with their estimated ionizations and measured momenta.

Independentlyrof any ionization estimates, the o and P__siné values

T
exclude the possibility that FGH and IJK might be A © decays, Under

the assumption of the decay

0° > 1r+ + 7+ Qw,m)

FGH gives
Q(m, ) = 240 + 60 Mev
from the measured momenta of the secondaries, The momentum of

the positive secondary of IJK cannot be determined directly, but by

assuming two body decay and momentum balance we obtain from the
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momentum of the negative secondary
Q(my, w) = 270 + 70 Mev .

Therefore, FGH and 1JK are quite consistent with normal ° decay
where Q(m, w) = 214 Mev.

v The i:hird v° dé,cay, CDE, cannot be identified directly from
~ the characteristics of its secondary tracks., However, the established
éoplanarity ofv this decay plane with the decay point of the V" parti-
cle suggests strongly that it is the secondary of_ the Weil known & -

decay,
E —= A%+ "+ Q ( Ao,'rr)

and is thus a A° particle. The Q( A°, ) for the assumed = = decay
can be computed from the roughly measured momentum of the negas-

tive secondary, AB, and the geometry of the event, The result is

Qf Ao, w) = 95 ilgg Mev

which is consistent with previously measured va_,lues(zn of ~ 66 Mev.
The momentum of the assumed A° can be obtained'from trans~

verse momentum balance with AB, but a more precise Qalﬁe can be

obtained from the geometry of the & ~ decay if we assume the decay

scheme

W o—= A%+ 7T+ 66 Mev .

From the derived momentum of the A° (792 + 50 Mev) and its decay

geometry, we obtain for



A°—>-P + 7+ Qlp, m)

a Q(p, ) vé,lue of 32 + 10 Mev in agreement with the known value of
37 Mev, Conversely, if we assume that CDE is indeed a 37 Mev YAO
decay, we may calculate the momentum of the A° from .georﬁetrical
factoifs only, From thi's new A  momentum and the geometr’y of

the ® ° event, we obtain
Q( Ay = 76 + 15 Mev

in good agreement with the known value, Therefore, the decay dy-
namics are completely consistent with the interpretation that CDE

is the secondary Al ofa T event OAB,

2 C. CONCLUSIONS

Since there is evidence of only one nuclear interaction which

L |

could produce these unstable particles, it appears that the = "~ was
very probably produced in association with two 0° particles, Such
a process is in direct agreement with the ideas presented by Gell-

Mann, (22)
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Caption for TABLE V

TABLE V. Numerical results for the decays of Fig, 3.
The values for o, are computed for the four Veparticle décays,
ABC, CDE, FGH, and IJK from angles only, The values for o,
are computed from momentum measurements alone, The angle
Of is the total included‘angle between decay secondaries, | The
values of P_sin -GT listed in the fourth column must be 1es§ than
118 Mev/c for A° decay, which is not the case for FGH and IJK.
ABC and CDE appear to be members of a cascade event and are
therefore interpreted as =~ and A° decays respectively, The
noncoplanarity angles, 6 , with assumed origins are all zero
within experimental error’.‘ The Q value for FGH was obtained
from QT and the momenta of the secondaries. The Q values in
column 7 for both ABC and IJK were obtained from OT’ the mo-~
mentum of one measurable secondary in each case, and the trans-
verse momentum about their lines of flight. The Q values in

column 8 were obtained from the cascade relationship betWeen

ABC and CDE as described in the text,
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Fig. 6.

Fig, 7.

- Fig. 8.
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Captions to Figures of Part 2
Cloud chamber photograph' of a penetrating shower which

includes two 0° decays (FG~FH and 1J-IK), and one =

decay (OAB) with its secondary A° (CD-CE).
Enlargement of chamber 3, Fig. 6,

An isometric view of the event in Fig. 7. All lines except
PO are tangents to the tracks at the decay'points.l_ There
is no detectable‘curvature in PO or OA. The primary.PO
makes a nuclear interaction at O, the 6rigin of the pene-
trating shower which produces four V events.v ‘Decays
FGH and IJK are identified as 0° decays fro:.;n data in
Tables IV and V. Point O is coplanar with both 6° decay
planes within experimental error, However‘, plane CDE
passes through A but not O, within errors of measurement,
Thus OAB-CDE is interpreted as a cascade event.. Other
data summarized in the text and Tables IV a;ﬁd V are con-
sistent with the interpretation that CDE is the seé,ondary

Ao ofa =" event OAB. Tracks FH and IK penetrate
fhrough another cloud chamber (No. 4, Kg. 1) below the

one shown in the figure,
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FIGURE 8
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PART 3

A STUDY OF MULTIPLE V-EVENTS

3 A. INTRODUCTION
Within three years after the discovery of V—particlesrby ‘
Rochester and Butler(23) in 1947, there was evidence that
| a) the V-particles are produced copiously with a rate of
greater than .01 per penetrating shower; and |

b) their lifetimes are of the order of 10"'10 sec,

These results have been confirmed by a mass of recent data. (24)
Since the production of these particles takes place in a time

-13 cm) divided by

roughly equal to the range of nuclear forces (10
the speed of light (3 x 1010 cm/ sec), or about 10"23 sec, we would
expect from detailed balance that the lifetimes for decay would be
similarly short, The observed lifetimes of about 10"'10 sec are
many orders of magnitude longer,

There have been two proposals for the resolution of this
apparent contradiction. One assumes that the production crosse
sections are strongly dependent on energy, being very small at low
energies and large at high energies, The copious production then
would be due to the high energy available in a penetrating shower,
and the long lifetime would be due to the small Q value of the decay,

A physical model for this condition has been proposed by
Fermi and Feynman(zs). They postulate that a high centrifugal
barrier inhibits the decay, but at production energies, the barrier

is easily overcome. Under this model, the spin required'is of the

order of J = -}-2%- for the Ao.
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Some of the consequences of this theory are:

l. The X~ particle must have an even larger spin than its
secondary A°. If it had nearly the same, its usual decay to a A°
and w would be fast, If it had a smaller spin, its decay to a neutron
and -n-'; would be fast,

2; At energies near threshold, the associated production of
particles with opposite and nearly equal spin might be favored, In
this event, there would be strong angular correlations among the de-
‘cay products of the produced particles,

3. At energies well above threshold, single production would
have large cross~section,

The other proposal which makes compatible copious production
with slow decay assumes that different processes are involved in the
two phenomena. In the strong production interaction two or more new
particles would be created in "associated production." The decays
would take place individually through an entirely different and siow‘
process, |

This solution is due originally to Nambu(26), et al,, iﬁ 1951,
However, experiments in cosmic radiation shortly thereafter did not
seem to indicate that associated production is the general rule. This
situation obtained until the work of Shutt and collaborators at Brook-

(27) Using a hydrogen diffusion chamber in the 1,37 Bev m_

haven,
beam, these researchers found that neutral or charged hyperons can
be produced with neutral or charged K-mesons,

Recent data has shown that associated production occurs to

some extent in cloud chambers triggered on penetrating shower s(28)
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and in nuclear emulsions exposed to cosmic rays, (29) Here again
_ the evidence is that hyperons are produced associated with heavy
mesons,

Gell-Mann(ZZ) and Nishijima(35) have proposed a very econ=
omical model based on associated production which fits the data at
BrookhaVen,very well. The particles contained in their scheme are
shown as "mass levels'" in Fig, 9. The particle multiplets are
listed in columns according to assigned '"'strangeness' numbers (S).

According to the rules of this scheme, AS =0 in pfoduction
events and AS = + 1 in slow decay.

Researchers at Brookhaven have obtained exampleé of pro-
duction compatible with these rules, They have seen:

® +p —= A +0° (2 examples)
o o 6 events
—=3 + 0 (4 examples)

— = 4 ot (3 examples)

where the bosons (B) observed are 6° and 0+. Their observations
did not determine by themselves whether the apparent associated
production occurs because of special selection rules or because of
high spin of the hyperons and K-mesons, since the energiés were ,
not much above threshold,

At the time of Brookhaven's experiments there had been
little evidence for associated production in cosmic ray experiments,
However, the event described in Part 2 and the examples to be de=~
scribed later suggest that there is more associated production in

cosmic rays than heretofore realized,
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It is proposed by the high angular momentum theory that
certain angular correlations may exist in associated production of
v due to a large spin of the produced particles., Researchers at

(30)

Princeton report that angular correlations exist between the dee
cay planes of the two V° particles and the plane containing their
lines of flight before décay. Since the normal to the planes containing
the lines of flight of the v° particles is independent of the ofientation
of either decay plane for a decay isotropic in the center of mass sys=
tem, the existence of some correlation between planes would indi-
cate that at least one type of v® has a spin greater than zero(31),

and that associated production does occur. A uniform distribution

of angles between decay planes and production planes does not rule
out high spins, for they may be randomly oriented with respect to
the plane containing the lines of flight of the V-partiéleé. Treirrian,
et al., found that in 10 events the angles between decay planes and
production planes showed the following relationship: when one angie
was small, the other was large. Because of their small sample, a

similar geometrical analysis of the CalTech data has been carried

out,

3 B. GEOMETRICAL DATA ON DOUBLE V° DECAYS

In approximately 40, 000 photographs taken of the 48~inch mag=~
net cloud chambers, 20 events have been found where two or more
neutral V-particles appear in a single chamber. No special program
has been devised for the efficient selections of double»Vo events, but
the routine scanning of all photographs for interesting single events

has produced these 20 cases,



e

I,
I Ial -
M -

MASS IN

14006

1200

1000

&

800

600

400

N

200 =~ —L_K

AN

A
=]

SNOSHW 1+ SNOAFYY

-2 -1 0 +1
STRANGENESS NUMBER

Fig. 9. Mass levels of the Gell-Mann scheme, The mass of
each particle is plotted vs, its strangness number. In slow de-

cay, baryons and charge are conserved, while the total strange-

ness number changes by + 1. Some observed delay channels
are shown, -



«39-
In 16 of these cases, geometrical measurements indicate that
the planes of decay apparently contain a common origin, within errors
of measurement, Then the possibility remains that four~fifths of the
observed double V° events may have been examples of associated
productiop. ,
| Due to large volume and high magnetic field, the 48«inch rhag-
net cloud chambers are better instruments for the detecﬁon‘ of double
évents than earlier smaller devices, In the C, I. T. 18=-inch bchamber,
the number of double events seemed to be no greater than ;that‘ which
could be accounted for through single production alone(32). In about
4, 000 penetrating showers, a total of 134 v° particles were observed,
or about 1 V° in 33 pictures. Only 3 cases showed 2 V° decays and
1 case showed 3 V° decays, However, in the 18-inch apparétus the
probability of a produced v° decaying within the chamber is so small
that it would be difficult to observe associated production \#lhether it
is thé general rule or not, |
| Another great advantage of the larger chambers and the higher
magnetic field is the increased probability of identification of the
particle types. In one<half of the 48~inch doubie v° cases, identifi=-
cations are possible for both events, | |
Geometrical data and identifications for the .16 double V° cases
are given in Table I. The identifications are based on the assumption
that all observed V° events must be either Ao or 0° events, Under
this limitation, it is easier to identify a 0° than a  A° for two rea-

sons:



-40-
() P_sin O |
(b) ¢ = 0 if the A® momentum is greater than 300 Mev/c. *

< 118 Mev/c for all A° decay, and
If either one of these conditions does not hold, the event is identified
as a 8°. If both of these conditions do hold, other means musj: be
used to identify the event. |

I fhé mass of t];Le positive track can be estimated from ioniza-
tion and momentum, the identification is immediate. For masses
above 600 m_, the case is identified as a A®. For masses be'l'ow
600 m_, it is identified as a 6°,

Prbceeding in this way, it is possible that some of the events
listed as 8° are actually 1% or anomalous 6°. With thié reservation,
the 16 double V° events are identified in Table VI.

If associated production of A® - 0° pairs does not occur in
the lead absorbers around the 48-inch chambers, one would expect to
find that some of the double-V° decays consist of A° -AO pairs,

o

0° - 9° pairs, or A °©_9° pairs due to either multiple or plural pro-

duction. The data admits this possibility, for 8 cases could be

e° - @° pairs, and 2 cases cqﬂbe A® - A° pairs. However,

every case fou;ld to date, where both v° pa.rticles caﬁ be identified,
has been the A® - @° type. There is ﬁo obvious bias’in' thé’ identifi-
cation procedures which would favor the identification of both particles
only in the case of A° - @° pairs. It is likely, therefore, that asso-
ciated production of the A° - g° pairs occurs in cosmic ray penetrat-

ing showers in lead.

e e e m A M S e S e e e S e W G W me e e R e e M M e A e s S A T M G e e e e e G e e e e e e e

*If the Ao has a momentum less than 300 Mev/c, it can be identified
from the ionization and momentum of its positive secondary.
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Since the origin of a éenetrating shower in a cloud chamber
ordinarily doés not occur in the cloud chamber gas itself, but rather
in some nearby dense absorber, a large number of secondary inter=
actions may take place near the origin, Therefore, in order to de~
termine which interact;ion produced the V-events, it Would be‘desirable
for the errors in measurement of the coplanarity of the origin with
the decay planes to be as small as possible. However, if no high mo~-
mentum shower secondaries are available, or if the showér is very
dense, the probable error in location of the origin will be high. In
Table VI, assigned errors in measurement of the noncoplanarity
angles which the assumed origin makes with the decay planes are given
with the measured angles (6) fdr each case. The measured angles
are zero within the stated probable experimental errors exc.ept in
two border line cases out of 27 measurements. There 1s no reéson
to suspect that nearby origins producing v° particles singi:y are re~
sponsible for the apparent associated production of - A% - 0° pairs,

- The angles between the decay planes and production planes
are plotted in> Fig, 10 in the following way. The smaller ‘éng‘le (n)
is plotted vs. the larger angle for each double v° event, Al‘l cases
are constrained to lie to the right of the heavy line at 45° to the ab-
scissa, and for an isotropic decay, the underlying distribution would
be uniform. Strong anisotropy is not indicated by the data.

Even if a polarization of v° spins should exist near the point
of associated V° production, interactions of the V° particles before
decay could destroy the evidence of this polé.riza.tion-. “Since these

double V° events are produced in a nucleus of a high atomic number,
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there is opportunity for v° interactions within 10"'12 cm of their
origin, In order to eliminate this difficulty, it would be desirable
to use a producing layer of hydrogen,

Some particularly interesting photographs of double V? events
have been obtained from the 48~inch apparatus. In one event, (Fig.
11) a Ao and 0° appear by themselves, apparently produced by a
single particle, However, the production dynamics is not-consis-
tent with the production of only these two secondaries., Other neu-
tral particles produced at the origin of the A° and 6° could have
passed out the front of the chamber without traversing any part of
the sensitive region,

In another example, Fig. 12, a star in the gas is the origin

ofa A°-0° pair,
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Table VI, Geometrical Data for Double v° Decays.

T 2 3 7 5 6
Event 5 ¢ € n Ident.
5802 A® . 143° 13.3°  69.4° 41,745° A2

B . 171 28,056 0

27552 A 6. 6+5 8P 34 S
| B  .3%4 R . 0
16460 A .0+10 40,1 85.3 34, 6+10 AY
7604 A . 241 8.5 68. 2 79. 245 A°
B . 3%2 17.8%5 0°
20232 A o 5+1 19.3 59.8  12,0+3 A°
B . 472 70. 5%3 0°
29431 A 2, T+4 48,5 62, 4 41, 2+6 AS
B 3,133 83,0712 0°
40228 A . 0+0° 14.3 32,3 24, 3+20 CAY
B 3. 5%3 55, 4+20 0
16003 A 1, 542 52,2 54,3 80, 0+4 Ag
B . 5%5 83.3%4 0
40222 A ---d 22.8 86. 5 65. 6+7 -
B -——- 29, 9%7 0
24746 A 3. 443 5.2 7.1 38,3+15 -
B . 373 | 36,6715 0°
16393 A 3,043 4.3 85. 4 59, 4+9 -
B . 013 27. 179 0°
3880 A 2. 243 21,2 48,2 29.5+12 . -
B 2. 6%3 © 75.6%9 0°
34007 A 1. 2+2 18,4 9.0 11.4+4 -
B . 475 6. 0T4- 0°
33509 A -anud 6.6 57,2 15, 2+5 -
B - 72,475 0°
27009 A . 5+4 5.6 88. 8 69, T+7 -
B 2. 373 23,2%12 -
9813 A 2,245 5.4 16, 6 84.3+9 -

B 1. 15 68, 979 -




Symbols:

Notes:

Q.

b.

Ce
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Angle of noncoplanarity with assumed origin,

Angle between lines of flight of both V° particles.

"Angle between v° decay planes,

Angle Bb,tween decay plane and plane containing
lines of flight of both V© particles,

Another event which appears to be an anomalous 0°
appears in the same shower with 5802 A and B, The
shower origin is not coplanar with the tracks of the
anomalous 6°,

Since ¢ is zero within experimental error, it is im-
possible to determine the 7 angles,

The origin for this case is taken to be the point of
intersection of the assumed primary and the line of
flight of the /° calculated from the momenta of
the A decay secondaries,

In these cases, the lines of flight of both v° particles
determined from the momenta of the decay secondaries
intersect within experimental errer, but there is no
other evidence of the origins, Therefore, the inter-
section of lines of flight are assumed to be the points

- of production, and no noncoplanarity angles exist,
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Captions to Figures of Part 3B

Example of associated production of A° and 0° from an
interaction in lead, A primary of =4 Bev/c momentum

passes through chamber 3 and interacts in the lead absorber

‘between cha@bers 3 and 4, Two V° particles produced in

this interaction decay in chamber 4. One of them decays
into a light negative particle (B) and a heavy positive par=
ticle consistent with a proton (C). The other decays into

a very fast particle (D) and a slow light particle‘ consistent
witha ' (E). The unstable neutral particles are therefore
identified as A° and 0° respectively, Since the interaction
took place near the front glass of the chambers, other
charged particles produced in this interaction may not have
passed through the sensitive region of chamber 4, In fact,
the momenta of the A" and 0° do not satisfy the dynamics
of any two body collision by a meson or vnucl'leon OB a nu-

cleon at rest. Other particles must have been involved,

Example of associated production of a N and fgo from a
star in the cloud chamber gas, The intersection of the
two lines marked (0) gives the position of the star origin.
A heavy track consistent with a proton (A) and a light track
consistent with a meson (B) appear to be fhe secondaries
ofa A0 decay. Tracks (C) and (D) apparently come from
a0° decay, for the o and P_sin ;ralues are not consistent

T
with a A°. The lines of flight of both the A° and 6° pass



through the star origin within experimental error.
There are apparently no other satisfactory origins

above the chamber,
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3D. TYPES OF ASSOCIATIONS OBSERVED

Table VII lists all of the double V cases found in the 48=-inch
data through the routine survey for single V events, ‘In addition to
the 16 double V° events already discussed, there are five vt - Ve
cases, three V™ -v° cases, and two cases where a V® occurs with
a cha'rgedb V of uhdeter‘i’nined sign, | Examples of the above are
shown in Fig, 13 and 14. Not one example of two charged V events
in a single chamber has been observed. |

A consistent classification of the pro,duced‘part‘icleks cén be
made in a very simple way through the Gell=-Mann scheme, The en-
tire sample of V° - V° events are consistent with assoc,iated A®-0°

production., Therefore, as suggested before(zz)

s the éo may bevthe
same as the neutral boson of + 1 strangeness in Gell=Mann's scheme.

In the three V~ - V° cases, all of the V® events are identi-
fied as 0° particles, Therefore, a fit is obtained with the Gell-Mann
scheme if we assume simply that the V--parf:icles observed Wefe
hjrperons.

The five V' particles were observed with one A° and four
unidentified V° events, all of which have positix}e a-values. There=
fore one suspects that the majority of>V+ may have beeﬁ pfvodu‘ced
“with - A%, Under Gell-Mann's scheme, the V+ could be identical -
with the positive boson, which we will call ot. 1ts strangeness would
indeed be opposite to that of the A° and 37,

Nothing can be said about the two remaining charged V - v°
cases for no identifications are possible. Of course, the & ~+0°+0°
case described in Paril. Il is compatible with the general scheme,

for the = is assigned a strangeness of -2, and the e° particles
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have strangeness of +1 each.
We have not found any cases which need concern & °, ©°,
2+, or 8  (B') in the double V cases, though such events will possi-
bly be found soon in the 48-inch apparatus. The identity of the anti-
bosbn is also undetermined.
- The 6° cannot have the same strangeness as the anti-6° under
~ the Gell-Mann scheme because strangeness changes sign.uﬁder
charge conjugation. This result is compatible with rather ‘_direct ex-

perimiental evidence as shown by Gell-Mann and Pais. (33) From the

fast production process
T +p —A® +0°
and the strong Yukawa interaction
T +pe=N
we may infer that the virtual process
N<=A® +6°
is ‘f.ast., Denoting anti-particles by a bar, the above requires that

90<—>N + AO

8° «<> N + A°

be fast virtual interactions. If 6° and 8° were identical, then
N+N<>A% 4+ A°

would be a fast process. Since this production process has not

been observed, we conclude that

eO :t';‘o-
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Gell-Mann and Pais have shown that this fact leads to other
peculiar relationships. Sirice the 6° and_e_F are distinct, they must
be associated with a complex field ¢ o which transforms under the

charge conjugation operator C according to
-1 +
G ¢ C = and

c ¢ tcl oy

(s O

where ¢o+ differs from its Hermetian conjugate, ¥ o The 8° is

associated with 14’0, and 0° with ¢o+' If we define

+
(b +9_ ) :
_ o o
¢1 - (a')
2
and
0, = o Yo (b)
2 VZ i |
so that ‘Pl and ¢2 are Hermetian field operators, then
-1
c - _
cb 1 = Ibl
-1
C _
C.q, 2 - q’ 2

which indicate that ¥ | is even and L , is odd uncier charge conjugation.
Furthermore, from (a) and (b), the creation of a e° corresponds to
the creation with equal probability of either a 91, or‘ e 2 the quanta
associated with the ¥ 1 and ¢ 2 fields respectively.

Since these two quanta, 91 and 92, have the same spin and
parity as the 0°, they must decay through different modes, for the
6, must be in a state that is even under charge conjugé;tion and the

1

92 must be in a state that is odd under charge cdnjuga.tion; ~For
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instance, if

9‘1 —_— T+ x (ordinary e° decay)

then

92 —'L-> T+ 'n'+ o

The conclusion of Gell-Mann and Pais is that after produc-

tion through a process such as
" tp—>A% 4 0° ' (c)
the 8° has two or more decays

91—-—->1'r-+1r+

of which only one has been identified, However, sinée the above
decay’ mode for ‘01 is more frequently observed than any other which
might cqrreSpond to 02 (or @1), such as Gz —~—> L_ + L+ + ?, where
L refers to any light meson, the 62 lifetime should be an;order of
magnitude longer than that of 91.

In the 48«inch data there are two clear examples of very
anomalous 0° (Table VIII) which might be examples of 6, decays.
For one of them, 31855, Q(m, w) is only 10 + 1 Mev, This excel=
lent example occurs with a V+ decay, but since the V+ cannot be _
identified as either a meson or hyperon nothing can be said con-

cerning the possible strangeness of these decays.



The other event, 19143, has been previously reported, (34)
This anomalous 68° has Q(m, m) = 41 + 5 Mev, and the presumed line
of flight based on two body decay would pass through the origin of
no apparent nuclear interaction, It is accompanied by a normal

0° in the same penetrating shower,



55

o8t A c>++.> 0<,++>
oh LA ot TA ol T A oA+ oA N EDYN o8 oV
0 ot 91 1
H>+uﬂ> ot +..ﬂ> o o0t 0t =
(6661 °T yoxey) smizredde
YoUI=gF Sy} JO I9QUIBYD PROIO S[3UIS B UT PBAIISUO SJUSAD-A ordnimIN  °TIA °192L




-56-

ovez > z-1 9 +98 -

1+0T of "L2 00% > z-1 S + 951 + G581
00€ - 091 € =61 S°% + L8 -
G +1¥ iid 09 > Z -1 0z + 092 + €H161
AN S§91IEepuUODIas *w WNWTUTW S9WI) /AN Axepuodsg U AT
(1°1)D ueamiaq 218uy ssSew uotrjezrIuo]

WNJIUS WON

.mmoﬂ.m\wnwm@o,oo snoTewoue AI9A °ITIA 2i9el



Fig. 13.,

Fig, 14,

Caption to Figures of Part 3D

An example of a vi . v° event, The decay of the V+

takes place at the intersection of tracks (A) and'(B).

The V° event (C-D) is consistent with either a A°

or 0, §

An unusual example of the associated produétioh of

a V™ with a 6% from a star in the chamber gas, The

0° is immediately identified from the high momentum

of the negative secondary and the large angle of the

decay. The ionization and momentum of the pbsitive

secondary are also characteristic of a light meson,
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