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ABSTRACT

- This experiment was designed to demonstrate the recently predicted
particle-mixture property of the neutral K meson. Thé prediction asserts that

_the neutral K meson contains a short-lived component, 6‘:. and a longer-lived

component, 092. The Gg should have the property that it regenerates the short-
lived component and also produces hyperons upon traversing matter. Under proper
ébg&{gim'the obpervation of such mesons or hyperons demonestrates the predicted
mixture property. The neutral K measons in this experiment were produced by

1.25 Bev/c v~ meaons striking & 4~ X 4- X 12-inch aluminum target. Neutral
particles emitted from the aluminum at an angle of 5 deg with respect to the o
beam traveled 93 ft to 2 propane bubble chamber operated in a 12-k gauss magnetic
field. A oweeping magnet removed charged particles {rom this beam. o"z mesons

could lntqgacz in the wallg of the chamber or in the liquid propane, yielding 62 meson

-' and g A hyperon decaye in the sensitive region of the chamber. Twenty
" thousand pictures, corresponding to about 3 X l@a pions incident on the alurninum,

were scanned for v0 évents. About 14 Ao decaye and about 12 6(; decays were
cbserved, Spurious sources of these decays have been estimated to be negligible.
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THE NEUTRAL K MESON A A PARTICLE MIXTURE
Williaw B. Fowler, Richard L. Lander, and Wilsen M. Powell
Radiation Laboratory |

University of California
Berkeley, Californis

March 19, 1958

1. INTRODUCTION
Under the assumption that the weak decay interactions of Ko mesons
are invariant with respect to the operation of charge conjugation, M, Gell-Mann

~and A, Pals predicted the existence of a long-lived neutral K meson. ! Following

Pats and Piccioni, © we have used the notation 63, for thie meon. The existence
of a short-lived neutral K meson, the 6% weson, which could decay inte two pions

~ with 2 mean life of about 10'“ seconds had already been establisked. 3 Gell-Mann

and Pais suggested that the s°l meson represented one half of a two-component ™ ***
Ko meson, called 69. The other half, the 862 mesocn, they predicted would appear

‘88 2 longer «lived noutral K meson for which the two-meson decay mode would be

forbidden. Although rocent experimeata‘ suggest that the theoretical grounds for
the original prediction are not tenable, alternative formulations with essentially
equivalent predictions have been propased, 5 '

In order to demonstrate the particle-mixture character of the 9% meson
it te necessary to observe its interaction properties.  Pals and Piccioni paiut out

‘that the interactione of the 903 with matter can result in the regeneration of the
" short-lived component, 8%. and the appearance of hyperons and mesons of negative

strangences. 2 The present experiment was designed to carry out the complete

. procese of production of 90. ceparation of 0%. and regeneration of e“i and hyperons.
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. EXPERIMENTAL METHOD

it should be pointed out that the observation of hyperons arising from
interactions of long-lived neutral K mesons is explicit evidence for a particle
mixture only if it can also be shown that no K mesons of negative strangeness were
produced at the source of the long—livéd Ko's. The particle-mixture theory states
that a 80 meson is produced with positive strangeness, but may exhibit negative
strangeness some time later after the 6? component has decayed. The production
of negative-strangeness K mesons would allow one to postulate the presence of
long-lived ﬁo mesons in the neutral beam. A Ko meson is produced with negative
strangeness and thus need have no mixture property in order to form a hyperon
when absorbed by a nucleon. Hence the observation of hyperons might be explained
without resort to the mixture theory uﬂless, one were assured that no KO were
produced. The present experiment was designed to obtain this assurance. (The
observation of regenerated 62 mesons does not suffer from this requirement.)

According to presently accepted classification systems for strange particles, 6
in which the various particles are assigned a2 strangeness quantum number, S, as
shown in Table I, the strange particles are produced in association with one another
in such a way that the sum of their strangeness quantum numbers is zero.

We note that there are no known positive strangeness hyperons. This
situation requires that, for each strangeness - 1 meson (K™ or Ko) produced, a
strangeness + 1| meson be produced in the same interaction. On the other hand, K
mesonse of strangeness + 1 can be produced in association with hyperons without
the simultaneous production of strangeness'- 1 mesons. A glance at the mass values
involved shows that it is possible to produq‘g K mesons of positive strangeness at
such an energy that K mesons of negative s%rangeness cannot be produced. The
strangeness + 1 quantum number is carried by the K meson, and the -1 quantum
number is carried by the hyperon. All of these hyperbne are known to have mean
livee of the order of 10° 0 sec, so that at a distance of severzal feet from the point
of production there should be no -1 component. The lifetime of the 2-pion decay

10 gec. Ka magnetic field is used to sweep K

mode is also of the order of 10
mesons and other charged particles from the beam, the only astrange particles
remaining would be long-lived Ko mesons, in particular, the Bg. The reappearance
of hyperons in such a beam would then be explicit evidence for the re-creation

of negative strangeness particles as predicted by the particle -mixture theory.
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"'Strange particle"
K+ meson

0 meson

K
K"~ meson
&% meson

Ao hyperon
=¥ hypéron

Eo hyperon

Z° hyperon

S
+1
+1

-1

Approximate mass (Meir)
494
494
494
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1Il. EXPERIMENTAL ARRANGEMENT AND REDUCTION
OF OBSERVATIONS

A, Experimental Procedure

The experimental arrangement is shown in Fig. 1. The 6.2-Bev kinetic-
energy internal-circulating proton beam of the Berkeley Bevatron was allowed to
strike a 6-in. -long beryllium target located 5° from the end of the quadrant.
Particles emitted forward from this target entered a momentum -analyzer system
designed to accept negative particles of 1.25 Bev/c* 5%. The analyzer consisted
of the Bevatron field, two quadrupole-~focusing magnets, Ql and QZ’ and a bending
magnet, A-l, Fig., 1. This beam, consisting primarily of negative pions, was
focused on a 4- by 4- by 12-in. block of aluminum, B. Neutral particles produced
in this aluminum at an angle of 5° with respect to the incident-pion beam traveled
9.3 ft to a propane bubble chamber 3.25 in. deep by 6 in. wide by 12 in. long operated
in a 12-ikgauss magnetic field. Charged particles were swept aside by a second
'bending magnet, A-2. The momentum channel was patterned after that of Cork et al. 7
A beam-momentum check was performed with counters at the beginning of this
experiment, but the momentum spread quoted i{s taken from Reﬁerence (7). The
composition of the beam was determined by Cork et al. to be primarily pions, with
a contamination of about one antiproton per 70,000 pions and about one K~ per 150
pions at the producing target. Electron and muon contaminations are expected . to
be samall and cannot produce a spurious effect in this experiment. . -

| The pion flux was not directly monitored and can only be estimated roughly.
The effective aperture of the quadrupole lens was determined by magnetic analysis
to be about 40% of that used by Cork et al. A knowledge of their pion flux at the
‘second quadrupole per 1010 circulating protons in the Bevatron gave an estimate of
15,000 pions per pulse at an average beam level of 5 X 109 protoné circulating,
This resulted in an estimated total of 3 X 108 pions on the Al target for the 20,000
. pictures analyzed.

The bubble chamber (Fig. 2) used to observe the events was of the propane

type and has been described elsewhere. 8 It was operated at a repetition rate of
10 cpm in a magnetic field of 12-kgauss, Fig. 3. Pictures of track formation in the
liquid propane were taken by a power-operated stereo camera mounted 30 in,
directly above the center of the propane. This camera also recorded the picture
number and magnet current for each picture. Two 90-mm Leitz Elmar lenses were
used. The film used was Kodak Linagraph Pan 1.8 in. wide in 400 ft rolls. The
stereo angle was 10° included angle between the normals to the film planes.

The time duration during which the chamber was sensitive to ionizing
radiation at each expansion was about five msec, so that any timing variation that
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allowed the pion beamn to atrike the aluminum before or after this sensitive period
made that particular pulse ineffective. Also, the pion beam duration itself had to
be kept less than 5 maec for efficient operation. Some variation of the beam both
in timing and duration occurred during the run. The effective pion flux was probably

not decreased by more than 15% in this way.

B. Scanning_of Film

The developed film was scanned on a modified stereo projector mounted
overhead 80 as to project an image on a white table top. Either stereo view could
be projected alone or both simultaneously. The filmm was scanned essentially for
neutral V-particle decays only, as these were the most readily identified events.
There were many thousand charged-particle scatters which had recoil nuclei too
short to be observed. Because these scatters could not be distinguished from
charged-particle decays without complete measurement and analysis, scanning for
charged decays was not practicable., The events recorded in the first scan were
reexamined on a table-model three-dimensional viewer. Those events that passed
this second examination were then measured. This procedure was repeated again
after all the film had been scanned once. In this second scan a considerable number
of new events wae found, indicating a low scanning efficiency, perhaps 50%. All
the film wae scanned in this manner twice, detecting perhaps 75% of the actual
events., Of 371 V’0 type events, 115 were suitable for measurement, the remainder
having one or more prongs too short for accurate curvature measurement. Several
events with short prongs that stopped within the propane were used, because the
momentum could be determined from the range and the particle identification.

C. Measurement of Events

Measurement was effected by means of a stereoscopic projector, ? Fig. 4,
which permitted reconstructing in space the events photographed in the chamber.
A schematic drawing of the gpace table §8 shown in Fig. 5. The projector reproduced
the optical conditions of the original photography except for the foreshortening -
effect of the propane. Corrections for this effect were calculated and applied at
a later stage of the analysis.

The following data were recorded on Keysort filing cards:

(1) picture number

(2) x, y, and z coordinates of the apex of the event

{(3) magnet current

(4) dip angle, @, of each track

(5) azimuthal angle, 8, of each track

(6) the radius of curvature, p, of each track
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(7) radial distance, r_, from the magnet axis, and vertical
coordinate, Zon? of the center of each track (used for
determining effective magnetic field)

(8) visible track length

(9) estimated upper and lower limits of ionization of each track

(10) estimated upper and lower limits of a, f§, and p
The dip angle, a, is the angle between the track and a line perpendicular to the
horizontal plane of the chamber. The azimuthal angle, B, is the angle between the
projection of the track on the horizontal plane and the incoming-beam direction.
The radius of curvature, p, is measured in the plane containing the track by means
of scribed plastic templates. In addition, when curvature and ionization values
made particle identity obvious, the identification was noted on the filing card.

Discussions of the errors associated with such measurements can be found
in published literature. 10 We mention oxily the following points peculiar to this
experiment. Multiple scattering in the propane can contribute to the error in
curvature measurements. For propane at a density of about 0.42 g/cc, this un-
certainty has been estimated to be 10%. Tracks may suffer detectable small-
angle scatters. Such tracke have shorter lengths suitable for curvature measure-
ments, resulting in larger limits of error. Turbulent motion of the liquid propane
has been investigated, using photographs of tracks taken without a magnetic field.
Turbuience has been found to be negligible except very near to the expansion ports.
Measurements in general were not made near these ports. When secondaries of
neutral V events stopped within the chamber, their energies could be determined
from range measurements. Range -energy curves for polyethylene (CHZ) were used
for this purpose as an approximation to propane (C HS) In those cases where
curvature and range measutements were both available, the values agreed within

the errors.

D. Data Reduction
Once an event had been measured, the data so obtained were processed

on an IBM 650 computer programmed to yield the following:
(1) The Q value or energy release between the two prongs, assuming
a ¥~ and either a ' or proton.
(2) The error L.
(3) The calculated ionization of each prong corresponding to the

measured curvature and assumed particle.
(4) The directionand momentum of the V particle before decay.
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The ca!culated ionizatione were then compared wifh the visual eaumates to
determine particle identification. When necessary, and provided the bubble
density and picture quality allowed, microecope bubble counting was used to
detesimine a better estimate of tonization. Of the 115 measured events, 7 were
rejected because the estimated ionisation wal not cenoiltent with that of either a
. picm or a proton.

Iv, RESBLTS AND DISCUSSION
‘ A._Results

A total of 103 eventa (sce Fig. 6 for an example) conteining only a positive
’and mgative particle were meaaurea. Shzty-ﬁve were iaentmed. by ionization and ‘
'_mamantum. as consietent with a pretcn and a negaﬂve pion. Thirtymeven were
' .;identiﬁeé a8 cmciatmt wm; 8 pcsmva and a negative pion, mm. or alemraa. but
not eoncutent with a protoa ond a mgattve pion. 8ix were conoistent with eiehar 5
'Vchnmcaﬁon. The Q(p.w ) valmn of the 68 Ae types plua the six whiah cmﬂd be
 either Ao or 6 tgpes vmre piotteﬁ in. welghted hinmgeam form (Fig. ). Because

the Q valua ior ~ptw is knm to be 37 Mev. a peak should appear at this
valuc m the curve of Flg. 7 if the data tnclude. an appreciable number of A decayn. ,
_ “The strlkiug pca& near the kncwn A@ Q-value (37 Mevi suggesto that we are indeed

: obmrving A° éecays. - To ascertain that sueh a dutﬁb\t!on could not come from
two-prang neutron stars, we ocanned £or nentren atara with three or more prongs -
and calculated the Q(p. ") va.meo between the o and each of the positive prongs. N
. The 39 Q values obtained from a sample of m:ch stan are pxm in Fig. 8 and
' “clearly .how no peak near 37 Meév. This distrtbutlon doea have the same shape as
‘the Ao type &istribnt!m exeept for the peak ueat 37 Mev. indteat!ng that a backe
grouad of z-prong aeutroﬁ stars, probably of the type atn ondpe ", is present.
) 74 thia backgronnd curve (norma!ined to the estimnated mzmhar of none Ae - type
| events in the Ao ~type distribution) is subtracted from the Ao-type distribution, the
distribuﬁon shown in Fig. 9 is obtained, &uplaying nomewhat more clearly the '
peak near 37 Mev, :

Of the 71 A% <type avents, 24 had Q(p, ¥ ) valuas cmuiatcnt with 37 Mev.

If the backgrmmd diatribution is eomidera&. it is estimated that at least 14 of the
24 must be sennine Ao évents. A plot of the A -typs Q velues differing from
- 37 Mev by loge than three times their errors is shown in Fig. 10.

Those events which were 6° types, plus the siz which fell into beth
categorice are plotted in weighted histogram form in Fig. 11, The lack of a well-
defined peak near 214 Mev indicates that not many of the 43 events are 00 decays, |
Twelve of these events, however, had Q(¢,¥) values consistent with 214 Mev.
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Also, of these twelve events, four were associated with stare in the propane. Nom
of the remaining 31 events was asgociated with & star. If these four stars wore
chance coincidences, the probability that all four would be found ameng the twelve

events conaistent with 214 Mev is about 7 X 10"3. These four events are thea
prob&bly not coincidences, but indicate that 9‘; mescns originated in the propane.

A eeatype background would require double meson production, which is

known to be rare from an examination of the neutron stars of greater than 2 prongs
in the propane. Only one of the 39 cases appeared inconsistent with p ¢ v but
consistent with w’ + %", Most of the Gg-type events mre ehcn prabably 90 direct
deca,ys of the type observed by Lande et al.u naroely e g ¢ v, « ¢ e: + v, and
w* ¢+ :o. Electrons have been identified in three of these cages, and the negative
partit.les in four others are heﬁevad to be electrons. ' '

B. Pmnibke Bources ef tbn mragge Particles

The presence of aay one of the following partictca in snifieieuz aumbers
could produce Ao'a or 0 ": in the chamber:

(a) Righ-energy charged particles.

(b) High-energy neutrons, B

(c) Bigh-enorgy gamrma rays, ‘

(d) Leng-lived neytral mesons produced with negative strangeness

in the aluminum,

(¢) The predicted ﬂg mesons, -
Caaes (a), (b), and (¢) represent local sources; that is, pmadmtian by bac:kgmuné
particles near or within the cha.mber, Case (d) represents the possibility that
there might be a long-lved noutral £° meson, independent of the mixture theory.
The estimated contribution in each case is given below. The deotails of the estimates
are reported elsewhere, 13

(a) Few charged particles were expected in th@ noutral beam bacauce of
the strong sweeping magnet interposed between the aluminum producetr and the
chamber. Double or triple scatters might allow charged particles to enter the
chamber, but they should be few in number and predominantly w , because 2 ¥~
beam was used. Very few negative particles other than low.energy electrons were
obsarved to enter the chamber, ‘indicating that the sweeping magnet was performing
as expected. The charged particles observed weve probably produced by neutron
interactione in the walls of the chamber, and should thus be unable to produce
hyperons. A direct check on the charged particles as a source of hyperons is
available from the observed momenta of the charged particles entering the propane.




" A “threshold,

-11- UCRL-3930 Rev

The observed momentum distribution indicates that enly on the assumption that a
large {raction of the positive tracks are w mesoneg could the observed AQ particles
be accounted for by the charged«particle flur, This assumption suffers from 2 lack
of a similar %~ component, as no exclusive gsource of #¥ mesons is available. It is
highly probable that all of these were recoll protons arising from the neutron flux.
(®) The threshold for the process
n ¢ nucleon - AQ + K + nucleon

is 2.33 Bev/c momentum in the laboratory. The maximum momentum possible for

the recoil aucleon from v~ + p elastic scattering is 1.6 Bev/c for 1.25 Bev/c v~ mesons

incident on stationary nucleons. The nucleons in the aluminuwm target, however, are
not stationdry, nor are those in the steel walle of the chamber or the carbon of the
propane. The momenta of the aluminum nucleons could yvield recoil neutrons above
1.6 Bev/c. The possible momenta of the recoil neutrons would depend upon the
momentum distribution within the aluminum nucleus, the high momentum tail of

which i3 not well known. In addition, the moments of the iron or carbon nucleons

could reduce the effective threshold for the above reaction. I view of the large
difference betwaen the free-nucleon recoil momentum, 1.6 Bev/c, and the free-
mm&eenthreshbld. 2.33.Erav/c, for the above reaction, it seems likely that {nternal
momentum would have to be utilized twice--<once in the aluminum and again in the
iron or carbon. The probability of such a two-step process yielding a significant

number of Aa's is expected to be small, Estimates indicate less than 0.1 A" should

be observed from this source. This expectation is gsupported by the observation of
only one case of double meson preduction in a 10% sample of the film. Because
deubie megon production by neutrons is known to be prominent at energies above the
13 the low frequency in this experiment impliee no large flux of >
neutrons above this threghold. The chamber wa¢ shielded against high-energy

neutrons coming directly from the Bevatron target by about & fi of concrete, 4 ft

' ;_of iron, a2nd 1 & of lead,

(¢) The available evidence for the photoproduction of ¥ mesons indicates

‘ é. rather small cross section. 14 It is estimated that less than 1/36 AO decaye should

‘ be observed from photoproduction during the entire experiment. The estimate is
haaed on the failure to chserve any electron-positron pairs ahove 0.670 Bev in a

sample of one hundred pictures. A

(@) The pion beam is known to have a contamination of about one K~ per
150 #~ at the internal Bevatron target. These K~ mesc&ns could auffer charge-
exchange scattering in the aluminum and become K mesons, X tl‘mz-e existed long«
lived K mesgsong, they might then arrive at the bubble chamber and interact to
produce the observed ﬁﬂ hyperona. The pion beam also has 2bout one antiproton
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per 70,000 ;éibnt(« These ontiprotons would strike the aluminuvm and pessibly
produce lotig-lived Ko mesons. The possibility of preducing & K ° meson by the
reaction

. ‘w’+pa~R°+K°+n
has also been considered, taking into account the internal-momentum distribution
of the aluminum nucleons. The uncertainty in the K -meson crosé sections and
angulas diatﬂbgationi at this energy, similar uncertainties for this supposed long-
tived R°,. plus the difficulty of estimating the effects of secondary scattering

- processes in the thicke- 4« X 4= X 12-4nch+-+ target combdine to reduce the reliability
~ of estimates of the number of Ao'i that might appear in the bubble chamber from

T K" mesons, However, the total contribution from ell three of these sources is

entﬁi:atﬁﬂ to account for less than one of the uhserved -Ao's reported here.

{e) According to Gell-Mann and Paic the state vector rapresenting a
60 mason at the tim¢ of production consists of two orthogonal components, 601 and

‘Og. each of wliip‘h’ represants a distinct particle with a definite lifetime againet

decay. The resultant decay and intoraction within the 12«in. «long aluminum
p’roducqé-‘lénép a complicated etructure to the Ko beam within this producer. 15 The
number of Bg mesons traversing the bubble chamber may be crudely estimated,
however, by assuming that one<half of the K° mesons are produced as Og. that these
Og interact with a cross section equal to one~half that of the K, and that the loss
due to the finite lifetime of the Gg can be noglected. It is estimated that about

250 A® decays occurred during the experiment. In addition, charged hyperons

and K mesons were produced in the chamber, but, as mentioned in section II1 B,
these decays were not scanned for. Neutzal decay modes (one third of the tata.l)“’
anhd scanning efficiency (about 0.75) would reduce the number of obaerved Ae's to
about 125. Because only about one«third cf the observed possible Vo evente had
sufficiently long tracks to be anatyzable, about 40 Ae decays ghould have been
obasrved. At least 14 but probably less than 24 Ao decays were cbserved. In
view of the crudeness of the satimate, 40 is probably not inconsistent with the
obeserved number.
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V. CONCLUSBIONS
The G value distribution for the Ao-type events leaves little doubt that

AO hyperons are present in the chamber. It is extromely unlikely that they arise ‘
from local production by ordinary particles. The possibility that the Aa’s were
not prodnced by the negative-strangenesa component of a particle mixture, but by

a long-lived £° meson would be interesting in its own right, but seems unlikely
inasmuch as the possible sources of such Re‘e appear insuﬁficiem to account for
. the number of AG'I cbaerved, Further, a long-lived R would not explain the
regeneration of the ghort-lived 9?. The only remaining explanation for the presence
of 0y's and Ac’s in the chamber is the particle-mixture pre&iceiou. The obsorvations
- appear consistent with this prediction. R is difficult to avold the conclusion that 2
.'aentr?ai K meson having cesentially the properties predicted by Gell-Mann and

Pais does ixi;iecd exist. \
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) Figure Captions

Fig. 1. Experimental arrangemwent. —
Fig. 2. Chamber assembly.
Fig. 3. Chamber in magnat.
Fig. 4. Space table. _

Fig. 5. Space-tadble schematic, -
. Fig. 6. Full view of chamber. The beam outers at the top. The arrow points
' to the apexof a ‘Aottypo event. This event has a Q{p, v) value of

34 & 8 Mev. The longer (left) track is négfttiva. the shorter (right)
track is positive. The light and dark stripes in the backgrmmd result
_ from dirty water next to the venetiansblind Mght commatot. This

" condition did not normally exist. :

Fig. 7. Qp, ) dietribution of 71 Ao-typo events,

Fig 8. Q(p, %) distribution for protons and 8" from neutron stars in the propane.

. Fig. 9. Qlp, ) disteibution of Ad-type events minus s Q(7, %) dioteidution from

' '~ neutron stars,

L Fgg 10. Q(p, ) end AQ(p, v) tor va-»type events with Q-34Q £ 37 Mev < Q+34Q,

. Fig. 11, Qlw, v) distribution for 43 6" -type events,
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