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Edwin Laurence Iloff

Radiation Laboratory
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November 27, 1956

ABSTRACT

The lifetimes of K' (not including 'r+) and K~ mesons from the

Bevatron have been measured by use of a nuclear emulsion technique.

The values found are Ty + = 1.01 fg g? x 1078 sec and
T.- = 0.95 +0.36 x 10-8 sec. The equivalence of these lifetimes. (within

K -0.25
the statistical errors) supports the hypothesis that the K' and K™ mesons

are charge conjugates of each other.

A study of interactions in flight of K~ mesons has yielded a
mean free path in nuclear emulsion of XK- =23 tg cm, which is con-
sistent with a geometric cross section. The products of the 21 inter-
actions in flight observed include charged w mesons, charged T hyperons,
and an excited fragment. No inelastically scattered K~ mesons were
found. All the interactions were consistent with the conservation of
"strangeness'. -Elastic scattering of K~ mesons is discussed.

The interactions of K~ mesons at rest in nuclear emulsion are
discussed in the light of the data thus far published. From the m-meson
and the E-Hyperon energy spectra it is concluded that nearly all the
interactions may be accounted for by single-nucleon capture of K~
mesons by the processes allowed by the conservation of strangeness,
and that most of these primary reactions yield ¥ hyperons rather than
AO hyperons. A small percentage of the interactions may be due to
capi:ure by two nucleons. It is shown that if charge independence is
assumed, the frequencies of charged m mesons and charged T hyperons
are accounted for, and that in the cases in which ¥ hyperons are pro-

duced the T = 1 isotopic spin state contributes appreciably though it is

not necessarily dominant.
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INTERACTIONS AND LIFETIMES OF K MESONS

I. INTRODUCTION

The discovery of V particles in 1947 in cloud chamber cosmic
ray studies1 and the discovery of the T meson in 1949 in nuclear emul-
sion plates exposed to high-altitude cosmic raysZ have opened a new
era in fundamental particle research. Sin’Fe then so many new particles
have been found that it has been necessary to classgify them phenomenol-
ogically. 3 A particle of mass between that of a ™ meson and a nucleon
is called a K meson, while one with a mass between that of a nucleon
and a deuteron is called a hyperon. The K mesons are further classi-
fied according to their decay products. The following types of decay of

4
K mesons have been observed:

rt K ot st s n”

rt K+—>Tr++1r0+1ro

K:Z K+—’1r+'+1r0

K:Z K" -ty

K, K o-ps 4+ (v)

K, K =e'+(7)+(?)

60 0-’Tl'++‘ﬂ’-
(KO-.Tr0+1r0)

T K -7 +1 +af
(KT =7 +1 +7)

;2 K_->1r_+1r0

w2 (K=t

K}-1.3 (K-—bp._+1r0+v)

K~ K —=-e +(?2)+(?)



_5-

(The decay modes in parentheses have not actually been identified but
are expected by charge symmetry.)

The question immediately arises whether this great array of
decay types is due to several modes of decay of a single variety of par-
ticles or to the decay of two or more different types of particles. Anal-
yses of the angle and energy correlation of the decay products of '1'+ and
'r'+ mesons by the method of Dalitz5 have suggested that there are at
least two types of K+ mesons, differing from each other by either spin
or parity or both. These analyses suggest that the 'r+ meson has a spin

of 0 or 2 and odd parity, whereas if the Kﬂ_ meson has an even spin it

must have even parity. If this were true oie would expect that some of
the other properties of the particles would also differ. Recent accurate
mass measurements of K+ particles have shown that their masses are
the same within about two electron masses for the more abundant modes
of decay and that the masses agree within experimental error in all
cases, 6 Measurements of the K~ meson mass are in agreement with
that found for K+ mesons within the experimental error of a few electron
masses. 7 Lifetime measurements and observations of the interactions
of K mesons may lead to further information on this point.

Hyperons of three different mass groups have been found. The

approximate masses (in electron mass units) and the decay modes are as

follows:8
Mass in Me Particle
0 -
2181 NA>p+w
- n + TI'O
2327 =t s pt s ad
n+t+w
0 0
2298 to 2332 (Z" = AN+ y)
2341 Se>n+w
2582 = NS

To explain why these new ‘‘strange'' particles, i.e., K mesons

10

and hyperons, have a long lifetime (~ 10 "~ sec) and yet are produced

in great abundance in high-energy interactions between nucleons and
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between pions and nucleons, it has been proposed that they are produced

9

only in association with one another.” That is, more than one of these
particles must be produced at the same time. This idea has become
generally accepted because no direct evidence against it has been found
and two strange particles are frequently seen to be produced in the same
nuclear reaction. From the correlation of particle types produced at
the interactions of high-energy protons and pions with matter, a scheme
has been suggested in which a new quantum number is introduced. 10
Any particle that may take part in a fast reaction is assigned a small

integral number S, as follows

K', K S = +1
x, & A, =, 20 =, S = -1
=, =" S = -2
p, n; wt, a0, w S= 0

(It is to be noticed that two types of neutral K mesons and a neutral:—'_0
hyperon have been introduced.) Then it is proposed that in fast reactions
{~ 10-2'3 sec), such as production of strange particles or their interac-
tions with nuclei, the total S must be conserved. For slow reactions
(~10" 10

All cases of associated production of these particles that have been ob-

sec) such as the decay of particles, the selection rule is AS = % 1.

served follow these proposed rules. Investigation of interactions of
these particles with nuclei will provide a further test.

This paper is a report on measurements of the lifetimes of K+
and K~ mesons and interactions in flight of K~ mesons produced by the
Bevatron and detected by the nuclear emulsion ''stack' technique. There
is also included a more general discussion of the interactions of K~

mesons with nuclei.



II. MEAN LIFETIMES OF K MESONS

A. General Experimental Methods

Relatively intense beams of artificially produced charged K
mesons have recently become available. 11 They have made possible
the study of K' and K~ mesons under controlled conditions. In this ex-
periment a copper target in the west tangent tank of the Bevatron was
bombarded with 6.2-Bev protons. Particles produced at 90° to the in-
cident proton beam direction were focused by a magnetic quadrupole
system consisting of three quadrupoles with an aperture of 2 inches.

The particles then passed through an analyzing magnet (with appropriate
shielding) which selected particles of a given momentum and cut down
extraneous background tracks. Stacks of Ilford G. 5 nuclear emulsion
were placed at the focus of the particle beam. The total distance of
travel from the target to the detector was on the order of 3 meters in
all exposures. Each of the stacks contained from 50 to 130 pellicles of
emulsion 4 by 7 or 2 by 4 inches and 600 p thick. They were oriented
so that the particle tracks were parallel to the emulsion layers and were
in the direction of the long dimension of the stack. The only major dif-
ference between the K+ and K~ meson exposures was that the currents
were reversed in the focusing and analyzing magnets. (A small com-
pensation was applied in the analyzer magnet current to make up for

the difference between the two cases due to the stray magnetic field from
the Bevatron.) A diagram of the experimental arrangement is shown in
Fig. 1.

After processing by a modified '"Bristol' development, the plates
were inspected with high-resolution microscopes by an "along the track"
scanning technique. (As there are some differences in the arrangements
and techniques used in different parts of the experiment, these are dis-

cussed under the particular sections in which they apply.)

B. K+—Meson Mean Lifetime

A measurement of the mean lifetime of K+ mesons has been
carried out by making use of their decay in flight in nuclear emulsion. 12

. . + . .
Emulsion stacks were exposed in the K meson beam as described in
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Fig. 1. Experimental arrangement,
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Section II-A. Exposures were made with two different momentum-
acceptance bands, positive particles of 390 to 450 Mev/c and of 335 to
360 Mev/c. The particles traveled a distance of 2. 7 m from the target
to the detector. In such an exposure the protons, K+ mesons, and 1r+
mesons (all of the same momentum) have different ranges in the emul-
sion stack, increasing in that order. The protons stop within a few
millimeters of where they enter the edge of the plate. The length of
the plates is such that the K+ mesons travel geveral centimeters from
the edge of entrance and stop a few centimeters beforé reaching the far
edge of the plate. The range of the ™ mesons is so great that they leave
the far end of the stack, and there is no appreciable change in the grain
density of their tracks. The m mesons are close to minimum grain
density and are therefore very useful for calibration purposes.

The scanning technique used is as follows. In the region of
the plate just beyond where the protons stop, tracks are chosen on the
basis of grain density. K-particle tracks have about twice the minimum
grain density. Tracks between 1.8 and 3 times minimum grain density
are picked and followed through the stack. (They are followed with the
aid of a grid system contact-printed on the bottom side of each emulsion
layer. 13) Nearly all tracks selected in this way turn out to be K particles
or T mesons, except for a contamination of about 15% caused by stray
protons, ™ mesons scattered into the stack, and prongs of stars formed
in the emulsion.

A K+ meson, after entering the stack, may do any of three
things. It may decay in flight, interact in flight with a nucleus of the
emulsion, or come to the end of its range and decay at rest. For iden-
tification, the masses of the particles that decayed or interacted in
flight have been measured by the multiple-scattering and grain-count
technique. Particles coming to. rest have been identified by the presence
or absence of decay products and by their ranges. Of the events due to
K+ particles in_ flight, 19 héve been found in which there is a single out-
going track, of grain density less than that of the incoming K' meson.

If any of these events were due to interactions with emulsion nuclei in
flight, one would expect to find some stars with a lightly ionizing track

coming out together with one or more black evaporation prongs. No
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such stars were observed. Also, none df the interactions in flight so
far seen give off a visible L. meson. It'therefore seems reasonable to
identify all events of this type as the décay of K" mesons in flight.

The mean lifetime is obtained from N, the number of decays
in flight observed, and T = Z t., the totallproper slowing-down time of
all the K+ mesons followed (where t, is the slowing-down time of each
meson followed from where it is picked up to where it decays or inter-
acts in flight, or comes to rest in the ernu.'l'siop)'. The mean lifetime is
TR = %— Excluding the track length due to' 7+ mesons, a total of 31.6
meters of K meson track length has been followed. The corresponding
total proper slowing-down time was calculated by use of the tables of
Barkas and Young, 14 and was found to be 19.2 x 10-8 sec. The mass
of the K+ meson was taken as equal to that of the -r+ meson for this cal-
culation. Since decays in flight near the end of a track may not be read-
ily identified, the proper time spent in the last 2 mm before stopping
has not been included. . From the 19 decays in flight observed we find

. . +
a mean lifetime for K mesons of
|

-8

T.,+ = 1.01 +0.33 10 sec .

K -0.21 %

The error given is the statistical standard deviation combined with a
10% uncertainty in the length of track scanned.

In the course of the experiment 2. 0 meters of 'r+ meson track
was followed, which corresponds to a total proper slowing-down time

of 1.2 x 10”8 sec. One decay in flight of a 7+

meson has been observed.
‘This suggests an upper limit of 6.7 x 1078 sec and a lower limit of
0.36 x ,,10"8 sec for the -r+—meson mean lifetime. These limits are
confidence limits for 68% probability (see Appendix I).

This was the first measurement of the K+ mean lifetime in
which artificially produced K mesons were used. Since it was completed
more accurate measurements have been performed, making use of
counting techniques. The result of this experiment is in agreement with

these more recent measurements. (Results are discussed more fully

in Section II-D.)
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C. K -Meson Mean Lifetime

A mean lifetime for K~ mesons has been determined by the
method used for the K| meson lifetime which was discussed in the pre-
ceding section. 15 Stacks of emulsion were exposed to the K -meson
beam. Particles having momenta of from 285 to 415 Mev/c were in-
cident on the emulsion stacks in the various exposures used for this
experiment.. The distance traveled by the particles from the target to
the emulsion was about 3 meters in all cases. In these exposures the
ranges of the K mesons are such that they stop in the stack while the
m mesons of the same momentum pass on through the stack.

The plates were scanned for K~ interactions in flight and at
rest, and for decays in flight. Tracks of grain density appropriate to
K™ particles of the selected momentum were found near the edge of the
plate where they entered and were followed until they decayed in flight,
interacted in flight, or came to rest in the emulsion. All tracks that
did not come to rest were identified by a mass measurement using the
multiple-scattering and grain-count techniqué. An event was interpreted
as a decay in flight if there was only one outgoing prong and if the prong
had a grain density less than that of the incoming K~ particle. (No
event with an associated "blob' was found that otherwise would have been
called a decay in flight.) An event so interpreted could also possibly be
an interaction in flight of a K~ meson and a nucleus with a lightly ionizing
® meson emerging. In K~ interactions at rest in emulsion less than
3% of all the stars were found to be of this nature (8 out of 325). As
the nucleus would be expected to be in a more highly excited state after
interactions in flight than after interactions at rest, the proportion of
stars with a single pion and with no other associated tracks or '"blobs"
would be even smaller. It is estimated that certainly less than 15% of
the events we have taken to be decays in flight may have been interactions
in flight. (This corresponds to 3% of the observed interactions in flight.)
No decay in flight of a T~ meson was seen.

K- = %—, where N is the number
of decays in flight observed, and T = ? t, is the surmn of the proper slow-

As before, the mean lifetime is 7

ing-down times for each K~ track from where it is first picked up to
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where it decays or interacts in flight, or (if the particle comes to rest)
to 2 mm from the end of its track. The last 2 mm of a stopping track is
not included because a decay in flight would be difficult to identify in
this region. In the 19.2 meters of track followed, 13 decays in flight
were found. The corresponding total proper slowing-down time is

12.4 x 10°8 sec. This yields a K -meson mean lifetime

+0. 36

0 25 X 10’8 sea .

TK- = 0.95

The error quoted is from the confidence limits for 68% probability on

13 events (see Appendix I); other errors are negligible in comparison.

The tables from Barkas and Young14 were used to calculate T.

D. Discussion of K-Meson Lifetime Measurements

In the introduction it is mentioned that there may be two or
more types of K' mesons. In particular it has been suggested that the
'r+ meson and the 81 meson are not the same kind of particle. If this
is so it is to be expected that their mean lives may be markedly different.:
Mean lives in radioactive decay are well known to be extremely steep
functions of the energy involved in the decay and of the particular mode
of decay. In this experiment, if particles corresponding to two or more
different mean lives are involved, the lifetimes that have been measured

are averages of the type

a -1
_ i
TK" (?:F;) ]

where a. is the fraction of the particles entering the stack associated
with a mean 1ifetimr_e of Ty If there were particles with a lifetime of
0.3x 10'8 sec or less they would be strongly discriminated against in
these measurements because of the possibility of their decay in the-tir'ne
of flight between the target and the emulsion stack. In the measurement
of Tt less than 3% of such particles leaving the target would arrive at
the detector, while in the measurement of TK- less than 1% of such par-

ticles would arrive.
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It is of interest to compare these results with lifetimes for k'
mesons determined by other methods. Techniques using counters, cloud
chambers, and nuclear emulsions have been used to measure mean lives
of K+ mesons originating in cosmic rays, in the Bevatron, and in the

12,16-22 (Evidence from experiments indicating the existence

Cosmotron.
of a much shorter lifetime is discussed in the next paragraph.) The
methods and results are summarized in Table I. For purposes of
comparison Fig. 2 shows the results graphically. The data from all
measurements of the K' mean lifetime using artificially produced mesons
are in agreement, except that the value from Harris, Orear, and Taylor
for a mixture of K' mesons appears to be slightly low. Recent accurate
measurements of the lifetime of artificially produced "r+ mesons are in
agreement, within the experimental errors, with the lifetimes found

6

for various other ''‘pure' decay modes shown here. 23 Crussard et al. =
have found that K' mesons with a probable time of flight of ~5 x 10-10
sec have essentially the same proportions of the various K+ modes of
decay as do K+ mesons from the Bevatron meson beam, 6,24 which

have a time of flight of ~ 10-8 sec prior to detection. Also Widgoff et

a1.25

and Biswas et al. 26 have shown that these decay mode ratios are
not changed significantly by'nuclear scattering of the K" mesons. Thus
there is no evidence from the lifetime measurements that the vt and

9" mesons have different mean lives. The cosmic-ray measurements
by the Princeton group (Mezzetti and Keuffel, and Robinson) are con-
sistently lower than the more accurate of the measurements made on

16,19 The significance of this is not

artificially produced K+ mesons.
apparent.
The K~ meson lifetime found in this experiment agrees with
all the K+ lifetime measurements within the quoted error. The equality
of the lifetimes together with the equality of the masses of the K+ and
K™ mesons (within experimental error) lends strong support to the cur-
rent assumption that these particles are charge conjugates of each other.
All the measurements considered thus far except those by
Crussard et al. have delay times between creation and detection that
are much larger than 10'9 sec. 6 Therefore K particles of shorter life-
time would not be detected in these experiments. Cloud-chamber cosmic-

ray measurements at Princeton have yielded a lifetime for both K’ and
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Tabie |

o + - . :
Mean lifetinies of K' and K™ n:esons reported by various experimenters

Authors and Source of Method of Type of Lifetimre Approx. proper
reference number K n.wsuns detection K meson {sec.) time delay prior
to detection
(wec.)
(A) L. Meszetti and J. Keuffel'® Cosmic rays Counters K' (except ') 0.87 £0.10 x1078 1. 2x1078
(B) Barker, Bynie, Hyame, Rout, and  Cosmic rays Countera and K (except 7%) 1,08 *2-38 41078 0.sx10°8
Sheppard cloud chamber !
(C) Loff, Chupp, Goldhaber, Goldhaber,  Bevatron Emulsions K* (except 7') 1,01 5 3% xa0°8 1 x107®
Lannutti, Pevener, and Ritsonle -9
{and this work}
(D} L. Alvare: and S, Goldhaber'® Bevatron Emuleions o Lo 57 xot 0.2x1078
(E) K. Robinson’? Cosmic rays Counters K* (except 79 0.80520. 066x10"8 1. 2x1078
(F) Harris, Orear, and Taylor?? Bevatron Emulsions . 0.8 *0:% xo® 11078
K (except+h) 0.7 Y018 078
(G) Alvares, Crawford, Geod, and Bevatron Counters X', L4 w02 x10°8 1Lexio™®
Stevenson? "
K}, 1.3 w0.2 x10°®
X' 1.3 a0.1 x10°8
(H) V. Fitch and R, Motloy?? Cosmotron Counters £, 117 1908 ypp-8 2 xi0®
!, 121 510 w08
(1} llofs, Goldhaber, Goldhabsr, Bevatron Emulsions K 0.95 *2:2¢ x10°® 1.sx10°?
Lannuttl, Gilbert, Violet, White, V.
l‘ournat( Pevener, Ritson, and
Widgoff!® (and this work)
(I} R. Motley and V. Fitch?? Cosmotron Counters I L +0.08 _1o-8 2 xl(l'8
.0.07
(K) Hoang, Kaplon, and Yekutieli*4 Cosm.otron Emulsions PSR S 1.30 «0,33 x107® 2.2x107?
K, 0.88 20,23 x10°8
K! 1,44 40,46 x107%

MU- 12535
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Fig. 2. Mean lifetimes of K' and K~ mesons reported by various
experimenters. (The time is plotted on a logarithmic scale.)
References are given in Table 1.
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- . . 27
K mesons that is much shorter than thase we have just considered.
They obtain 7o4 = 5.2 73 2 x 10710 sec and 7, = 4.2 73-8 4 10710 gec.

y Kt~ 72 “_.1.5 K-~ %°-1.2

The errors are confidence limits for 50% probability. In similar meas-
urements Trilling and Leighton have found evidence for short-lived
negative V particles (which may or may not be K particles) but not for
positive V particles. 28 Their result is TV' =1,3+£0.6x 10-10 sec.
Fretter, Friesen, and Lagarrique also ob(serve no ‘short-lived compo-

29

nent for positive K mesons. They find a mean life

Tt = 6.7 tgo5 x 1077 sec.

There is a possibility that the 7 and 6 mesons have quite dif-
ferent lifetimes but that the lifetimes measured are not identified with
the correct particle. Orear and Lee have suggested that one of these
two types of mesons is heavier than the other and that in addition to its
normal decay mode (or modes) it has a sizable branching ratio for de-
cay into a y-ray and the other of the two types. 30 If this then again
immediately decays with a much shorter lifetime we see events that
have the decay products of the second type, but the apparent lifetime
of these events is that of the first type. A search for the y ray (or vy

rays) from the process

=6t 4y (+y)

has been carried out by Alvarez et al. 31 They report that such y rays

of energy greater than 0.5 Mev are absent. As was mentioned before,

it has been suggested on the basis of angle- and energy-correlation
measurements of the decay products that the spin and parity assignment

of the 'r+ meson is 0 (-). An experiment by Osher and Moyer at the
Bevatron (in which y ‘rays arising from points displaced from the target are
detected) supports the proposal that 90 mesons decay by the process

80 = 70 + 10 as well as by 6° -~ «* + n". This decay into two identical
bosons requires that the 6 meson must have even spin and thus even
parity. Both the 0 (-) to 0 (+) and the 0 {-) to 2 {+) traﬁsitions require
mass differences of 2 to 3 Mev to proceed rapidly. The conclusion is,
then, that the process 7 =08 + y(+y) does not occur fast enough (if at
all) to explain the lifetime dilemma. Also it is to be expected that some

of the particles of short lifetime would be produced directly from.the



-17-

target, so that measurements capable of detecting very short lifetimes
may throw some light on the problem. The cosmic-ray evidence on
charged K particles of very short lifetime, which was considered in the
preceding paragraph, is too inconsistent to offer much help at present.
Another proposal is that of Weinstein, who suggests that the two types
of particles may be converted into each other by interaction with the
atomic electric and magnetic fields in passing through matter. 32 Thus
the same proportion of each of the two types of K mesons would be
present so long as the K particles are passing through or at rest in
matter, and therefore the same average lifetime would always be meas-
ured. To test this idea it would be necessary to carry out lifetime
measurements in a vacuum. If the 'r+ meson has spin and parity 0 (-)
and the 6+ meson has spin and parity 0 (+) or 2 (+), the couplings with
the atomic electric and magnetic fields are too weak to account for the
equivalence of the lifetimes by this mechanism. 33 Lee and Yang have
considered the possibility that parity may not be conserved in weak
interactions such as meson decay.'34 In this case the 'r+ and 6+ mesons
may be just two different decay modes of the same particle, which then
must of course have a single mass value and a single lifetime. Experi-
ments are suggested in which the lack of parity conservation would re-
sult in the observation of certain types of asymmetries in the angular
distributions of the decay products of strange particles. There are as
yet no published experimental results that test this possibility.
Schwinger has considered a dynamical theory of strange particles which
predicts the existence of pairs of particles that are eigenstates of the
parity reflection operator35 (as has been suggested by Lee and Yang36).
Such eigenstates consist of equal mixtures of the two states with definite
parity. If then the dominant decay mode (K —= p + v) preserves parity
reflection symmetry, the particles will exhibit lifetimes that do not
differ greatly even if the minor modes of decay are characterized by
states of definite parity. (Since each of the minor decay modes comes
from a state of definite parity these states represent particles of slightly
different mass.) These minor modes of decay will cause only a rela-
tively small shortening of the lifetime of each of the particles of definite

parity. Formulas are given for decay-modé ratios as functions of time
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and of the lifetime of the two particles of definite parity. This scheme
may be tested by measurement of the décay-mode ratios for K' mesons
that have traveled a large number of mean lifetimes after production,

or by very accurate measurements of the 'r+— and 9+-meson mean life-

times.
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III. INTERACTIONS IN FLIGHT OF K~ MESONS

A. Procedure and Results

An investigation of the interactions of K~ mesons in flight in
nuclear emulsion has been carried out. 37 The experimental details,
including the exposures and the scanning technique, are described in
Sections II-A and II-C of this report. The plates we‘re scanned by an
"along the track" technique, and all interactions in flight were identified
by grain count and multiple-scattering measurements. (Decays in flight
were eliminated by their identification as described in Section II-C.)
The K~ mesons on entering the emulsions have' momenta between 280
and 355 Mev/c. Because their ranges are less than the length of the
emulsion stack, interactions are recorded from these momenta all the
way down to zero momentum. For practical purposes, since it is dif-
ficult to determine whether an event that occurs at a residual range of
2 mm or less is an event in flight or at rest, there is an experimental
lower bound of 16 Mev for the energy of the K mesons causing the
events accepted. (In calculation of the mean free path, of course, the
last 2 mm of the tracks of K particles that come to rest in the emulsion
must be excluded from the total path length followed.) Table Il shows
the amount of track scanned in various energy intervals.

A total of 21 interactions in flight due to K~ mesons have been
found and analyzed. The products of these interactions include » mesons,
hyperons, and an excited fragment, in addition to the usual heé.vy evap-
oration tracks and higher-energy protons. No star was seen in which
a K~ meson emerged along with other products or in which a K~ meson
| was inelastically scattered. Also no elastic scatters at angles greater
than 40° were found. (It is to be noted that in nuclear emulsion it is
often impossible to tell whether a particle has undergone an elastic
scattering or has lost a small amount of energy upon being scattered.
Therefore some inelastic scatterings with small energy loss are nearly
always included among ''elastic' scatters.) In 2.8 m of track inspected
for 20° to 40° scatters six such events were found. Scattering in this
angular region may be accounted for by diffraction and Coulomb effects.

Table 1II contains a more detailed description of each of the interactions.
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Table II

Length of track scanned in energy intervals

Energy interval

(Mev)
16 - 30
30 - 40
40 - 50
50 - 60
60 - 70
70 - 80
80 - 90
90 - 100
100 - 110

Total

Track length

(meters)

. 52
.51
. 62
.73
. 81
.83
. 60
.24
.04

4.90

O ©O O O © O © © ©




Table III

Detailed description of K~ interactions in flight

Energy of K Prong Range Energy Identity Comments
at interaction No. of of
(Mev) Prong Prong
(Mev)
85 %5 1 180 p (p)
2 440 p (p)
3 -—-- 55 ™
Pion rest energy 140
Binding energy 16 o
Total 225 Mev '
87 x5 1 1.8 mm 20 (p)
2 >15.9 mm > 68 (p)
3 370 8 (p)
4 28.8 mm 42 T Ends. Gives l-prong o star.
5 110 p 4 (p)
6 230 p 6 (p)
7 75 1 (p)
Pion rest energy 140
Binding energy 48

Total

>339 Mev



Table III (cont.)

Energy of K

Prong Range Energy Identity Comments
at interaction No. of of
(Mev) Prong Prong
(Mev)
77+ 6 1 62 p 2.6 (p)
2 1.5 mm 18 (p)
Binding energy 16
Total 36 Mev
70 £ 6 1 716 12 (p)
Binding energy 8 '{;’
— 1
Total 20 Mev
43 £ 7 Disappearance in flight. Short electraon track associated.
71+ 6 1 11 p 0.8 (p)
2 110 p 3.7 (p)
3 60 2.7 (p)
4 38 p 1.9 (p)

Binding energy

Total

32

4] Mev



Table III (cont. )

‘Energy of K Prong Range Energy Identity Comments
at interaction No. of of
(Mev) Prong Prong
(Mev)
72+ 6 1 --- <100 (m) Energy by grain count.
2 480 u 9 (p)
Pion rest energy 140
Binding energy 8 Short recoil associated.
Total 257 Mev
69 £ 6 1 22 mm 84 (p)
2 29 mm 96 (p)
Binding energy 16
Total 196 Mev
75+ 6 1 18 mm > 88 P Decays in flight into pion.
2 80 u 1.2 (p)
3 12 0.9 (p)
4 450 p 8.5 (p)
5 1250 p 15.5 (p)
Dif ference between T rest-
energy and proton rest energy 251
Binding energy 40

Total

—EZ-



Table III (cont.)

Energy of K Prong Range

at interaction No.
(Mev)
10, 24+ 10 1 59
2 34
3 55
4 17
Binding energy
Total
11, 45+ 7 1 26 u
2 7.7 mm
3 -———-
Binding energy
Total
12, 41+ 7 1 8
2 1.3 mm
3 88
4 -

Pion rest energy
Difference between I rest
energy and proton reat energy
Binding energy
Total

Energy Identity
of of
Prong Prong
(Mev)

Comments

2 (p)
1.8 (p)
1.9 (p)
1.0 (p)
32
39 Mev
5 Excited
fragment,
45 (p)
102 (p)
24
“T76 Mev
0.7 (p)
16 (p)
3.6 =t
73x11 1
140
251
24
TF08 Mev

Has two dark prongs
(a) 354
(b) 50

-vz—

Energy and identity by multiple
scattering and grain count

Decays by =t - p+ 1r0.

.Emergy by grain count.



Table III (cont.)

Energy of K Prong Range Energy Identity Comments
at interaction No. of of
(Mev) Prong Prong
{Mev)
13. 39 7 Disappearance in flight.
¢
14. 27 £ 10 1 180 p 5 (p)
2 130 p 4 (p)
3 800 p 12 (p)
4 1080 p 14 (p)
Binding energy 32 o
—_— (&)
Total 67 Mev I
15. 63 6 1 27 mm 94 (p)
2 30 1.7 (p)
Binding energy 24 Two short "recoil'' tracks
associated.
Total 120 Mev
16. Disappearance in flight.

7. Disappearance in flight.



Table III (cont. )
Energy of K Prong Range Energy Identity Comments
at interaction No. of of
(Mev) Prong Prong
{Mev)
18. Disappearance in flight.
19. 32 %9 1 -— ~100 ()
Pion rest energy 140 Short electron track associated.
Total ~240
20. 52 % 7 1 1.6 mm 18 {p)
Binding energy 8
Total 26 Mev
21. 50 £ 7 1 6 pn 0.5 (p)
2 12 p 0.9 (p)
Binding energy 16 4-u recoil associated.
Total 17 Mev

_92—
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In order to find the 21 interactions in flight 4.9 meters of K~
meson track were followed. (The last 2 mm of all stopped K tracks is
excluded, as explained previously. Also the first 3 mm of each track
has not been included, because the primary particle causing such an
event could not easily be identified as a K particle. Events occurring
in the first 3 mm of a track, of course, have not been counted.) This
leads to a mean free path for K~ mesons in nuclear emulsion of

_ +6
M- =23 ¢

cm ,

which is to be compared to the geometrical mean free path in nuclear

emulsion of

XG= 3lcm .

(This geometrical mean free path is assigned on the basis of a nuclear

radius R = 1.3 x 10_13 Al/3 cm for all the constituents of the emulsion.)

B. Discussion of K -Meson Interactions in Flight and Comparison with

K' -Meson Interactions in Flight

The most striking difference between the interactions of K~

38-41 5 that = mesons, hyperons,

mesons in flight and those of K+ mesons
and excited fragments frequently appear among the products in the former,
whereas in the latter they do not appear. All the K+—meson interactions
observed may be interpreted as elastic or inelastic scattering, or as
charge-exchange scattering of the incident K meson by a nucleus.

These reactions, if assumed to be due to one nucleon in the nucleus,
correspond to Reactions 1 through 3 of Section IV. In contrast, the

K -meson interactions frequently exhibit so large a yisible energy

release that the absorption of the K~ meson is required to account for

all the energy seen. The occurrence of * mesons and hyperons among

the products of K~ interactions is evidence for the absorption type of
reactions, such as the single-nucleon Reactions 7 through 13 of Section

IV {in which a # meson is produced together with a A or X hyperon),

which appear to be responsible for most of the stars caused by K mesons
interacting at rest. (As is pointed out in the discussion in Section IV of

stars due to K~ mesons captured at rest, reactions--such as those with
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two or more nucleons--are not excluded.) This contrast in the behavior
of K~ and K' mesons is, of course, just what is to be expected if the
conservation of the '"strangeness' number is accepted, since these Re-
actions 1 through 13 are just those (of a K meson with a single nucleon)
which are allowed by this conservation requirement. (These reactions
and the strangeness scheme are discussed in more detail in Section IV.)
Thus the concept of conservation of strangeness, which was derived
from experiments on the production of str;ﬁnge particles, has produced
selection rules for the interactions of K and k+ mesons which are now
confirmed by the experimental data.

It is interesting to note that none of the 21 interactions in flight
of K~ mesons that we have observed could be interpreted as inelastic
K™ meson scattering, or as elastic scattering of a K~ meson through an
angle greater than 40°. (Elastic scattering through angles less than 40°
may be due to Coulomb and diffraction scattering.) From this observa-
tion an upper limit of 9% may be set for the ratio of the number of in-
elastic scatters to the total number of reactions (except elastic scatter-
ing through an angle of 40° or less). This is the confidence limit for
84% probability. (See Appendix I.) These reactions of K mesons, to-
gether with charge-exchange scattering (Reactions (4) through (6) of
Section IV-A), are allowed by the selection rules derived from the con-
servation of strangeness. We may make an estimate of an upper limit
for the frequency of inelastic charge-exchange scattering, if we assume
that the scattering is due to interaction with a sin'gle nucleon, and also
impose charge independence for these Reactions (4) through (6). For
simplicity, the numbers of protons and of neutrons in the nucleus gre
assumed to be equal. Then, with the worst possible case of interference
between the products from the singlet and triplet isotopic spin states
taken into account, the ratio of charge-exchange to non-charge-exchange
scattering must be less than 2 to 1. . From this we find that inelastic |
charge-exchange scattering should occur in less than 18% of K~ inter-
actions with nuclei in nuclear emulsions. The limit given is again the

confidence limit for 85% probability.
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The mean free path for K~ mesons in nuclear emulsion found
in this experiment agrees with those found in similar experiments. 42
These results are shown in Table IV. Combining all the results, we
may find a more accurate mean free path for K~ mesons in nuclear

emulsion:

) +4.4
Ag-=28.07 3 Jem .

It is equal, within the statistical error, to the geometric mean free
path ()\G = 31 cm; see Section IlI-A). . This is to be compared with the

. . 3 C s
mean free path for K+ mesons in nuclear emulsion, 8 which is

)‘K+ =95+ 16 cm .
The difference in the K - and K' -meson mean free paths is not surpris-
ing, for, as we have seen, the reactions involved in the two cases are

not the same.

A mean free path of 47 f?; cm was found for "elastic' scatter-
ing of K mesons in nuclear emulsion through.angles of 20° to 40°. For
"elastic" scattering of K’ mesons38 in the same angular interval the
mean free path is 160 tgg cm. The statistics of these results are very:
poor; however, the K~ mean free path for such scattering appears to be
shorter than that for K+ mesons. This is to be expected if the scatter-
ing in this angular interval is largely due to a diffraction effect, because
the total K -meson mean free path is about 1/3 that for K* mesons.
Simple calculations on diffraction from a black disk show this effect to
be of reasonable size, A more exact calculation should be made with
the aid of an optical model consisting of a '""black'' sphere {of radius
equal to the geometric radius of the nucleus) surrounded by a-Coulomb
potential.

The number of K~ interactions in flight observed is much too
small to reach any conclusions from the frequencies of the various tYpes
of products. (Much of the discussion of Section IV could be applied to
interactions in flight.) Further work on this problem, leading to a much
larger statistical sample, should yield more information concerning the
reactions involved and would, of course, increase greatly the accuracy

of the measured quantities reported herein.
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Table IV

—_

Mean free paths of K* mesons in nuclear emulsion reported by various

authors
Authors K pa{h No. of Mean free
length inter- path
scanned .

m)- actions (cm)

J. Hornbostel and E. Sa.lantér2 1.52 9 17 5
D. M. Fournet and M. Widgoff? 8.68 24 36.217-2

This work 4.9 21 23t
Total 15. 1 54 280033

3.4
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IV. CONSIDERATIONS OF THE INTERACTIONS
OF K MESONS IN NUCLEI

To bring order to the data on the copious associated production
and long lifetimes of the strange particles (K mesons and hyperons),
several schemes have been proposed. 10 These all have certain simple
ideas in common. Interactions involving these particles are divided

into three classes:
1. Fast interactions (~ 10722 sec)
(e.g., direct production);

17

2. Electromagnetic interactions (~107"" gec)

(e.g., those involving y rays);

10

3. Slow interactions (~107"" sec)

(e.g., decay).

All particles that may enter into ''fast' interactions are assigned a

small integral number, positive or negative. Here we follow the notation
of Gell-Mann and call this number S. Each of these particles is also
assigned an isotopic spin. It is then proposed that the number S must

be conserved in fast interactions, whereas it must change by # 1 in

slow interactions. The strangeness number and isotopic spin assign-

ments are as follows:

S T
k', K° 1 1/2
p, n 0 1/2
1'I'+, 170, " 0 1
K, -1 1/2
20 -1 0
st 20, = -1 1

0 -

0 - -2 1/2
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Associated production follows automatically from this scheme, and it
leads to selection rules for production that have been verified experi-
mentally (i. e., thus far no violations have been observed and those re-
actions which are expected have been observed).

These proposals lead directly to rules for the interactions of
these particles with nucleons. Thus the following reactions of a charged

K particle with a single nucleon are allowed:

K'+p-K'+p, (1)
K'+n-+K +n, (2)
K +n-kK+p, (3)
K-+p—>_Ko+n, (4)
K +p—-K +p, (5)
K +n-K +n, (6)
K +p~+1, (7)
K +n=24n, (8)
K +p-=3 +a', 9)
K +p-2+a°, (10)
K +p->=t+n, (11)
K-+.n-’20+1r', (12)
K +tn+>Z +1°. (13)

(Some reactions resulting in two pions are also allowed, but from phase-
space arguments they are expected to contribute very little. Also,. re-
actions involving capture by two or more nucleons are allowed. This

is discussed again later.) Most of the data available on K-meson inter-
actions are from the interactions of K mesons with complex nuclei in
37-49 (though Reactions (1), (5), (9), and (11) have.

all been seen to occur with a hydrogen nucleus in emulsion. Further-

nuclear emulsions

more, evidence has recently become available from the hydrogen bub-

ble chamber experiments by Alvarez et al. 50)
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Let us consider a simple model for the interaction of a K~
meson at rest with a nucleus. Assume that the K° meson interacts
withba single nucleon in the nucleus. Reactions (7) through (13) are
then allowed, producing a m meson together with a [\(.) or T hyperon.
(Reaction (4) is either forbidden by considerations of conservation of
energy or is suppressed owing to the very small energy release involved.)
Then, assuming a maximum Fermi energy for the nucleon of 20 Mev
and allowing 20 Mev for the adiabatic removal of a nucleon from the
nucleus, we may calculate maximum and minimum:energy limits for
the produced particles. In the case in which a ¥ hyperon is produced
this leads to a broad peak in the pion spectrum between the limits of
55 and 100 Mev, and an upper limit for the T energy of 45 Mev. If,
instead, a Ao hyperon is produced, the pion energy is between 110 and
175 Mev and the 20 upper energy limit is 70 Mev. Of course some &
mesons of lower energy are to be expected because of possible inter-
action with other nucleons before they have left the nucleus. This is
especially true for those produced together with a .A(.) hyperon, since
pions of these energies have exceedingly high cross sections for scatter-
ing from nucleons. The lowest '""Bohr orbit" of a K meson around a
heavy nucleus is well inside the nucleus. Blatt and Butler have carried
out calculations that suggest that if K~ mesons are captured in a time
on the order of 10_2'2 sec in nuclear matter then most of the captures
at rest in heavy nuclei take place from the 2p and 2s states, since the

-19

electromagnetic transition from an np state to the ls state (~ 10 sec)

is much less probable than direct nuclear capture from the 2p state

(~ 10_21 sec). >1 Thus since the capture of a K~ meson is fast (in
Section III-A we have shown that K~ mesons in flight have approximately
geometric cross sections with nuclei), it takes place from higher Bohr
orbits (n S2). or, in other words, near the surface of the nucleus. It

is estimated roughly that about one-half of the produced ®* mesons will
be captured in the nucleus before emerging (if we assume that those
going toward the nucleus are captured and those going away escape).
Then we expect that most of the m mesons that come out will not have
interacted and therefore will retain their original energies. The ex-

perimental data from K mesons captured at rest in nuclear emulsion
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42-49 Most of the observed o

appear to fit this picture rather well.
mesons coming from these stars are within the energy range that cor-
responds to the produchtion of Z hyperons, giving a very pronounced
peak in this region of the m-meson spectrum. There are a few charged
pions that appear to have energies which would appear to be associated
with A(_) production; however, the energies of ®m mesons are hard to
measure in nuclear emulsion in this region, so that it is not possible

to establish a definite peak. The energies of the charged Z hyperons
are nearly all below the calculated maximum. The few cases exceeding
this maximum can be attributed to a two-nucleon capture of the K~

meson in such a reaction as

K +n+p—-X +p. (14)

In all cases the various products and combinations of products observed
in the stars formed by K~ mesons at rest seem to be compatible with a
combination of the assumed primary reactions (i.e., Reactions (7)
through (13)) with a small contribution from the reactions of the type
represented by (14). It may be estimated from the pion and hyperon
energy spectra that perhaps less than 10% of all the stars may be due
to reactions involving two nucleons, and about 65% are due to a single-
nucleon capture yielding a # meson and a £ hyperon, while the remain-
ing proportion of about 25% or less is due to a single-nucleon capture
resulting in a #* meson and a Aq hyperon. Recent results on the inter-
actions of K~ mesons with protons in a hydrogen bubble chamber by
Albarez et al, confirm the predominance of the reactions in which Z
hyperons are produced over those in which A(_) hyperons are produeed. 50
1\0 hyperons seen coming from K~ stars in nuclei may be due either to
primary production of a pion and a j{) or to the interaction of an orig-
inally produced T hyperon with a nucleon in the nucleus according to a

reaction such as

Z++n—>j\9+p,

The excited fragments that are frequently observed may also be due to
Ap hyperons from either source. High-energy y rays associated with

K -meson capture may come from the decay of produced 1r0 mesons or
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from the decay of EO hyperons by the suggested scheme ZO - A.o + v.

The latter is an electromagnetic interaction which conserves the number

S and therefore is expected to have a very short lifetime {~ 10-20 sec). 39

-15 sec. Thus

The 1r0 meson is known to have a lifetime of about 5 x 10

these high-energy y rays should all have their points of origin very near

to the star from which they come. Additional y rays may come from

points farther from the star, owing to the decay og 1r0 mesons frogn .A(.)
-)

Now let us consider the effect of the assumption of charge in-

or 7‘_,+ hyperons produced in the star. (Ao -n+m or Z+ -p+ W
dependence on these reactions. For simplicity assume that the numbers
of protons and neutrons in the nuclei involved are equal. (Actually in
nuclear emulsion we have i;— = 2.2.) The relative probabilities of
the various reactions are given ‘{g Table V. These have meaning only
within the group of reactions resulting in the same type of particles but
with different charges, and may be used to calculate charge ratios of
produced particles within that group. The reactions are divided into
groups by horizontal lines. The ratios between groups depend, of course,
on the as yet unknown strengths and types of interactions involved for )
each group. Table V gives the probabilities for pure T=0and T =1
isotopic spin states and for a mixture of the two. The results for a
mixture contain an interference term and therefore depend on a phase
angle as well as on the singlet and triplet interaction amplitudes.

We have seen that Reactions (7) through (13) are responsible
for nearly all the interactions of K mesons at rest. For Reactions
(7) and (8), in which a pion and a 1\0 hyperon are produced, the only
isotopic spin state that can take part is the T = 1 state. Assuming an
equal number of protons and neutrons to take part in the interactions
gives a ratio of m to 11'0 mesons of “_—/“_0 = 2. No 7' mesons are formed
in these reactions. In Reactions (9) through (13), in which a pion and
aZ hyperon result, both the isotopic spin states T = 0 and T = 1 may
contribute. Here we find a ratio of charged pions to neutral pions
11':’:/1T0 = 2. This is independent of the isofopic spin state or mixture of
isotopic spin states through which the reactions go, and is not affected
by their interference. We therefore have an over-all ratio of charged

to neutral pions of 2, which means that 2/3 of the pions initially formed



~36-

Table V

Probabilities of various reactions due to a K meson and a nucleon. (A,

B, C, D are reaction amplitudes.

and T = 1 isotopic spin states.)

Subscripts 0 and 1 refer to the T =0

Reaction Pure Pure Mixture
T=0 T =1
K +p-kt+p --- A% A
+ + 2 2 2 2
K +n +K +n 1/4 A 1/4 A7 1/4A +1/4A]-1/2A5A cosd,
0 2 2 2 2
=K +p 1/4A0 1/4 A7 1/4A0+1/4A1+I/2A0A1cos N
- - 2 2 2 2
K +p=K +p 1/4B, 1/4B] 1/4By+1/4B] -1/2B;B, cos ¢y
=0 2 2 2 2
=K +n 1/4 B, 1/4B] 1/4By+1/4B|+1/2B;B, cos ég
K +n—+K +n - Bf Bf
K 4p-vl+ A0 - 1/2¢% 1/2¢8
K +n-n+ A  --- c? c?
- + - 2 2 2
K +p-=7n +Z 1/6 D, 1/4D 1/6D0+1/4D1-1/4ZD0D1cos¢D
-n’+ 2% 1/6 D - 1/6 D]
v+t 1/6D2  1/4D* 1/6D%+1/4D%+1/N6D,D, cos
0 1 0 1 01 D
K +n-al+s”  --- 1/2D5  1/2D%
N 1/205  1/2D%
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are charged. If, as before, we assume that 90% of the stars are due to
these reactions (including all stars.which have ™ mesons) and that 50%
of the pions are absorbed before leaving the nucleus in which they were
formed, it is apparent that about 2/3 x 0.9 x 0.5 = 0. 30 of all the stars
are expected to emit visible " mesons in nuclear emulsion. This is in
fortuitously good agreement with the experimental result of 30 + 3%, 49
considering the roughness of the correction used for pion absorption.

Returning again to the reactions in which £ hyperons are pro-
duced, let us consider the ratio of 7' to *~ mesons. We find

_171 nz-’ﬁ?acos¢+3/2 (A)

Te = = > )
m a“ +N6bacos¢+9/2
where a is the ratio of the T = 0 reaction amplitude to the T = 1 reaction
amplitude, and ¢ is the phase angle between the outgoing m mesons in
the T = 0 and T = 1 states. It is seen then that if the reaction takes place
purely through the T = 0 state then we have 1r+/1r' = 1, while if it takes
place purely through the T = 1 state we have 1r+/1r' = 1/3. However,
owing to the interference terms, if mixtures are allowed this ratio may
have any value from 1r+/1r' =0 to 1r+/w' = 3. If we now combine the
results from the reactions producing A(? hyperons with those in which
Z hyperons are produced, we get a ratio
+

=Ty <11';_¥> (B)

where y is the ratio of stars in which the initial reaction produced a AO

2

hyperon and a ¥ meson to those in which the initial reaction results in a

Z hyperon and a * meson and w, is given by Equation (A). This ratio

should be changed very little b;zinteraction of charged pions as they come
out of the nucleus, because (from charge-independence considerations)
the same proportion of each should be absorbed or charge-exchange
scattered. Charge-exchange reactions of 1r0 mesons before leaving the
nucleus in which they were formed would tend to affect the ratio in such

a way that it would be closer to 1. Similarly, we may also find the ex-
pected charge ratios for the T hyperons produced in the single-nucleon

capture of K- mesons. The ratio for the number of charged  hyperons
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to neutral = hyperons is Zi/ZO = 2, and is independent of the isotopic
spin states involved. If we assume as before that 65% of the stars are
due to a single nucleon K capture which results in a £ hyperon, and
that 50% of these hyperons are absorbed within the nucleus where the
reaction occurs, we find that 2/3 x 0.65x0.5=20.22 of the stars should
have charged T hyperons emerging with an energy that is consistent

with a single-nucleon reaction. The experimental result is somewhat
clouded by the fact that £~ hyperons coming to rest in nuclear emulsion
are often not rc;cognized The captures of T~ hyperons by nuclei are
thought to be due mairly to the process = + p — A + n, since this is
the only single-nucleon fast reaction that is allowed by the strangeness
scheme (except for charge exchange, which if not forbidden by energy
conservation, is certainly suppressed by phase-space limitations).

Since the products of this reaction are both neutral and their combined
kinetic energy (neglecting the binding energy of the proton in the nucleus)
is only about 83 Mev, a large proportion of the stars produced have no
visible prongs. Since £ hyperons coming from K meson capture at
rest are of rather low energy, those stopping with no visible prongs are
not easily distinguished from protons in nuclear emulsion and thus are
not included in the number of charged hyperons reported. The proportion
of K- stars in emulsion having distinguishable visible hyperons emerging

49

is found by experiment to be 0.14 + 0.02. Using the experimental
ratio of E-/E+ (uncorrected for the zero-prong ¥ stars), 43 and assum-
ing that the number of =~ hyperons reported should be increased by a
factor of 2 to 2-1/2 (2.25 is used here), 45,48 we find the corrected ex-
perimental result for the proportion of all K™ -capture stars that haye
visible (i. e., charged) hyperons coming out is 0.21 £ 0.3. (The error
quoted is the statistical error only, a_mci is not to be taken too seriously,
because the size of the correction just discussed is not at all well
established.) This is again in fortuitously good agreement with the
predicted value of 0.22, considering the roughness of the corrections
used. The agreement between the experimental numbers and the pre-
dicted numbers of both charged pions and charged hyperons from K
stars lends support to the model used as well as to the strangeness
scheme, and furnishes evidence to support charge independence in the

interactions of strange particles.
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We may also compute the ratio of positive to negative = hyperons

expected from. single-nucleon K capture,

2_=o. +Ar6_a.cos¢+3/2 (C)
= '{_acosq)-l-‘)/z

where a is the ratio of singlet to triplet reaction amplitudes and ¢ is the
phase angle between the outgoing pions in these two isotopic spin states.
This ratio should not be changed by absorption and charge-exchange
scattering of the charged T's, but the effect of charge-exchange scatter-
ing of the Zo hyperohs would be to bring the ratio closer to 1. Since
many of the X hyperons are of rather low energy, there may also be
some suppression of positive £'s and enhancement of negative £'s due
to the Coulomb effect. _

The experimental results on these particle-charge ratios are
based on rather poor statistics and contain a number of possible biases.
The w mesons whose charges have been identified are those which stopped
in the emulsion stacks. This immediately causes a bias toward * mesons
of low energy. We therefore assume that all the pions whose charges
have been observed were produced in association with T hyperons.
Nearly all the ¥ hyperons produced by one-nucleon K~ capture would
have energies such that they would stop within an emulsion stack. Thus
there is little energy bias in their selection. Bias might be caused by
the fact that the charge signé of hyperons that decay in flight often
cannot be determined. However, since the mean lifetimes of 2+ é.nd
=" hyperons differ by a factor of 2, (the Z+ having the shorter lifetime), 52
it is probable that nearly all the decays in flight are due to Z+ hyperons.
A correction made on this basis should cause no serious error even
though an appreciable number of the T hyperons do decay in flight.
Negative £ hyperons are discriminated against because they often come
to rest in the emulsion and interact without causing visible prongs or
""blobs." (This was discussed in some detail previously.) Therefore
a correction factor of 2-1/4 is used (as before) for the number of =~
hyperons. Also, in order to eliminate the influence of the Coulomb
effect on the charge ratios, we do not count hyperons and pions of less

than 10 Mev. The data from Webb et al. (obtained from "'along the track"
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scanning), 43 after these adjustments are made, yield the following charge
ratios:
n +0. 41
Ty = — = 0. 30 .0.18 °
™
+
z=2 057" 20"
5 .

Solving Equations (A) and (C) for a and ¢, we find

2.3 Pz"z""’”“z'l}
2 l_ 1_‘21'2

and

T -
C°s¢=i[§2w +Eﬂ+2“ -1
213 T x4

and £, we may obtain an upper limit

Putting in the above values fdr'wz

for a:

05a<2.5.

(This is the confidence limit for a probability of 0.84.) The value of ¢
cannot be determined at all, because of the very limited statistics. It
is plain that the most that can be said from theée data is that the T =1
state does contribute to the reactions whereas the T = 0 state may or
may not.

Similar considerations have been made independently by
Koshiba, who suggests that the T = 1 state is the dominant one. 53 ‘:A
collection of data from nuclear emulsion experiments obtained by both
"along the track' and "area' scanning techniques was discussed. The
I hyperons observed were corrected by a factor of 3.1 to make up
for the E—p. events that are not recorded, and T decays in flight were
not counted because their charge signs were not known. It is now known
that nearly all the decays in flight are due to Z+ hyperons, since they
have a much shorter lifetime than the £~ hyperons. Taking this into
account, I have re-analyzed the data considered by Koshiba. When
his factor of 3.1 is used to correct the observed number of £~ hyperons,
the following limit (confidence limit for a probability of 0. 84) is obtained:
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05a<0.21.

If instead a correction factor of 2-1/4 is used for the £~ hyperons the

limit is
05a<0.75.

It is apparent that the result is highly dependent on the value assumed
for the poorly known correction factor for £~ hyperons. Also, since
these data include many hyperons of 10 Mev or less, the result is biased
in favor of negatively charged hyperons (and thus in favor of the T = 1
state) by the Coulomb effect. It is clear that from the nuclear-emulsion
data on pion and hyperon charge ratios that have been published up to
this time, we may conclude only that at least an appreciable part of the
K -meson captures that produce X hyperons goes through the T = 1
state. The hydrogen bubble chamber data include examples of the re-

action K 4+ p —~ 50 4 40,30

Since this reaction takes place only in the
T = 0 state it is evident that this state must also contribute to the re-
actions. Obviously many more data are needed to draw any more def-

inite conclusions.
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APPENDIX

A problem often met in counting experiments is that of setting
limits of error on a quantity whose value is estimated from a small
number of counts. Sometimes one even wishes to set a limit with no
counts at all. The usual limits of error used in counting experiments
are given by the standard deviation; however, this has little meaning
for small numbers. A more general (and commonly used) method for
setting limits of error is that of confidence limits. >4 (Another com-
monly used method is that of fiducial limits, but in problems such as
this, involving only one parameter, both methods give the same results.)
The meaning of confidence limitfor confidence coefficient q is as follows.
Each time an experiment is performed we may set an upper confidence
limit. If the experiment is repeated a large number of times, in a pro-
portion q of those times the limit estimate falls above the actual value
of the quantity being measured. (This is not the same as saying that
the probability that the actual value lies below the confidence limit
found from a particular one of the experiments is q, for the actual
value is on either one side or the other of a particular limit.) A lower
confidence limit may be defined in a similar way.

The quantity of interest in a counting experiment is usually .
the mean number of counts P expected. The probability of getting
exactly n counts in a single performance of the experiment is given by
the general term of the Poisson series:

P

p" -
é(n, P)=-'ﬁf_e (forx=1, 2, ---).

Unfortunately, because the result of a single such experiment is always
a discrete integral number, rather than one of a continuum of numbers,
no completely satisfactory solution of the problem exists. If pairs of
confidence limits are assigned corresponding to each possible experi-
mental result i, the indices of the confidence limits must be changing
functions of P, the quantity we are measuring, while what we would
like is confidence limits with one index of constant value. As a prac-
tical solution Table VI gives confidence limits that are as close to the

measured estimate of P as possible, with the condition that the confidence
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Table VI

Confidence limits and errors to be assigned to small numbers obtained from counting experi-
ments. The limits given are upper and lower confidence/limits for confidence coefficient 0. 8413.
This results in a confidence interval of probability 1 - 2 (1 - 0.8413) = 0, 6826. The error is

the difference between the confidence limit and the number of counts. (See Appendix.}

Number Confidence Errors Percent Number Confidence Errors Percent
of limits errors of limits errors
counts counts
0 1.841 +1.841 - 13 17.70 +4.70 +36.2
- --- --- 9.44 -3.56 -27. 4
1 3.299 +2.299 +229.9 14 18.83 +4.83 +34.5
0.1727 -0.827 - 82.7 10. 30 -3.70 -26.4
2 4.637 +2.,637 +131.8 15 19.96 +4.96 +33.1
0.7083 -1.292 - 64.6 11.17 -3.83 -25.5
3 5.918 +2.918 +97.3 16 21.06 +5.06 +31.6
1.368 -1.632 - 54.4 12.04 -3.96 -24.8
4 7.162 +3.162 + 79.0 17 22.20 +5.20 +30.6
2.086 -1.914 - 47.8 12.91 -4.09 -24.1
5 8.382 +3.382 + 67.6 18 23.32 +5.32 +29.6
2.842 -2.158 - 43.2 13.80 -4.,20 -23.3
6 9.583 +3.583 + 59.7 19 24,43 +5.43 +28.6
3.623 -2.377 - 39.6 14,68 -4, 32 ~22.17
7 10.770 +3.770 + 53.9 20 25.54 +5.54 +27.7
4.421 -2.579 - 36.8 15.57 -4.43 -22,2
8 11.944 +3.944 + 49.3 21 26.65 +5.65 +26,9
5.234 -2, 766 - 34.6 16. 46 -4.54 -21.6
9 13.110 +4.110 + 45.7 22 27,76 +5.76 +26.2
6.058 -2.942 - 32,7 17.35 -4.65 -21:1
10 14,27 +4.27 + 42.7 23 28.86 +5.86 +25.5
6.90 -3.10 - 31.0 18.24 -4.76 -20.7
11 15. 41 +4. 41 + 40.1 24 29.97 +5.97 +24.9
7.73 -3.27 - 29,7 19. 14 -4.86 -20.2
12 16.56 +4.56 + 38.0 25 31.07 +6.07 +24.3
8.59 -3.41 - 28.4 20.03 -4.97 -19.9

MU-12696
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coefficient of each confidence limit is always equal to or greater than
0. 8413 no matter what the value of P. Thus if an experiment is per-
formed a large number of times and each time the confidence limits
are found from this table, the limits enclose the actual value of the
quantity being measured in more than 1 - 2 (1 - 0,8413) = 0. 6826 of the
cases, and these are the closest limits that will fulfill this condition for
any value of P whatsoever. These limits are always at least as con-
servative as the standard deviation when 1 is large. (For n = 0 there
is, of course, only an upper limit, and it is for q = 0; 8413.) The
standard deviation, which is usually used to set limits in cases where
large samples are involved, gives limits (if the discrete Poisson dis-
tribution is replaced by a continuous Gaussian distribution) that are
just the confidence limits for the same confidence coefficient as has
been used here (i.e., q = 0.8413).

The values for the limits were found from the table by Molina. 55
Part 2 of this table gives values for

iui, P) = > .f,’,i e F .
i= i=N

The upper limit of P for a particular experimental result n is the value
of a in this table for ¢ = n + 1 and a probability of 0.8413 (a and c are
symbols in Molina's table). The lower limit of P for a particular 7 is
the value of a for ¢ = n and a probability of 1 - 0.8413 = 0.1587. (It
is to be noted that as n becomes large the difference between the lower
limit and the mean approaches A, while the difference between the
mean and upper limit approaches 1 + Nn. This is a consequence of the
difficulties discussed previously.) A similar treatrn>ent may be used
for results that are expected to follow a binomial di.‘.’.tribution.S6 For

example, the grrors of particle charge ratios may be treated in this

manner.



[
.

9.

-46-

REFERENCES

G. D. Rochester and C. C. Butler, Nature _lﬁ(l, 855 (1947).

Brown, Camerini, Fowler, Muirhead, Powell, and Ritson, Nature
163, 82 (1949).

Amaldi, Anderson, Blackett, Fretteil', Leprince-Ringuet, Peters,
Powell, Rochester, Rossi, and Thompson, Nature 1_7_31, 123
(1954); Physics Toady 6, No. 12, 24 (1953).

M. Shapiro, Am. J. Phys. 24, 196 (1956);

V. A. J. Van Lint and G. H. Trilling, Phys. Rev. 92, 1089 (1953);

A. GOsta Ekspong and Gerson Goldhaber, Phys. Rev _12&, 1187
(1956).

R. Dalitz, Phil. Mag. 44, 1068 (1953); Phys. Rev. 94, 1046 (1954);
A résumé of the present status of this problem is given in the Pro-
ceedings of the Sixth Rochester Confereﬁce on High Energy

Physics, 1956 (Interscience, New York, 1956).

G-Stack Collaboration, Nuovo Cimento i, 1063 (1955);

Heckman, Smith, and Barkas, Nuovo Cimento 3, 85 (1956);

Ritson, Pevsner, Fung, Widgoff, Zorn, Goldhaber, and Goldhaber,
Phys. Rev. 101, 1085 (1956);

Crussard, Fouché, Hennesy, Kayas, Leprince-Ringuet, Morellet,
and Renard, Nuovo Cimento 3, 731 (1956);

Birge, Perkins, Peterson, Stork, and Whitehead, Nuovo Cimento
(to be published).

Chupp, Goldhaber, Goldhaber, and Webb, International Conference
on Elementary Particles, Pisa, Italy, June 1955, Nuovo R
Cimento (to be published);

Webb, C.bupp, Goldhaber, and Goldhaber, Phys. Rev. lO_l, 1212
(1956);

Fry, Snow, Swami, and Wold, (to be published);

Gilbert, Violet, and White, Phys. Rev. 1_0_2, 248 (1956).

Proceedings of the Sixth Rochester Conference on High Energy
Physics, 1956, (Interscience, New York, 1956).

A. Pais, Phys. Rev. 86, 663 (1952).



10.

11.

12.

13.

14.

15.

16.
17.

18.
19.
20.
21.

22.
23.

24.

25,

-47-

T. Nakano and K. Nishijima, Prog. Theor. Phys. _1_0, 581 (1953);

M. Gell-Mann and A. Pais, Proceedings of the Glasgow Conference
on Nuclear and Meson Physics, Pergamon Press, London,
1955,

R. G. Sachs, Phys. Rev. 99, 1573 (1955);

M. Goldhaber, Phys. Rev. 101, 433 (1956).

Kerth, Stork, Haddock, and Whitehead, Phys. Rev. _‘_92_, 641(A)
(1955).

Iloff, Chupp, Goldhaber, Goldhaber, Lannutti, Pevsner, and
Ritson, Phys. Rev. 99, 1617 (1955).

Goldhaber, Goldsack, and Lannutti, Method for Alignment of .
Stripped Nuclear Emulsions, UCRL-2928, March 1955,

W. H. Barkas and D. M. Young, Emulsion Tables. 1. Heavy-
Particle Functions, UCRL-2579 (Rev.), Sept. 1954.

Iloff, Goldhaber, Goldhaber, Lannutti, Gilbert, Violet, White,
Fournet, Pevsner, Ritson, and Widgoff, Phys. Rev. LO_Z,

927 (1956).

L. Mezzetti and J. Keuffel, Phys. Rev. 95, 859 (1954).

Barker, Binnie, Hyams, Rout, and Sheppard, Phil. Mag. 46, 307
(1955), and Proceedings of the International Conference on
Elementary Particles, Pisa, Italy, June 1955, Nuovo Cimento
(to be published).

L. Alvarez and S. Goldhaber, Nuovo Cimento 2, 344 (1955).

K. Robinson, Phys. Rev. 99, 1606 (1955).

G. Harris, J. Orear, and S. Taylor, Phys. Rev. .1_92’ 932 (1955).

Alvarez, Crawford, Good, and Stevenson, Phys. Rev. 101, 496
(1956).

V. Fitch and R. Motley, Phys. Rev. 101, 496 (1956).

R. Motley and V. Fitch, "The Lifetime of the -r+ Meson, " Phys.
Rev. (to be published).

Hoang, Kaplon, a.pd Yekutieli, '"Lifetimes of 7, Kl-l3 and Ke Decay
Modes, " Phys. Rev. {to be published).

Widgoff, Shapiro, Schluter, Ritson, Pevsner, and Henri, '""The
Scattering of K’ Particles, ' Phys. Rev. (to be published).



26.

27.

28.

29.

30.

31..

32.

33.

34.

35.

36.
37.

38.

39.

40.

-48-

Biswas, Ceccarelli-Febbrichesi, Cegccarelli, Gottstein, Varshneya,
and Waloschek, Nuovo Cimento 4, 631 (1956).

Arnold, Ballam, and Reynolds, Phys. Rev. E_(_)_, 295 (1955);

Arnold, Ballam, Reynolds, Robinson, and Treiman, Proceedings
of the International Conference on Elementary Particles, Pisa,
Italy, June 1955, Nuovo Cimento (to be published).

Trilling and Leighton, Phys. Rev. 100, 1468 (1955).

Fretter, Friesen, and Lagarrique, Proceedings of the International
Conference on Elementary Particles, Pisa, Italy, June 1955,
Nuoto Cimento, (to be published).

T. D. Lee and J. Orear, Phys. Rev. _1_92, 932 (1955);

R. Gatto, Nuoto Cimento 3, 318 (1956).

Alvarez, Crawford, Good, and Stevenson, Report by Alvarez in
Proceedings of the Sixth Rochester Conference on High Energy
Physics, 1956 (Interscience, New York, 1956).

Roy Weinstein, ”K*n'Z and K.“_3 Lifetimes, " MIT, March 1956 (pre-
print). '

Report by Yang in the Proceedings of the Sixth Rochester Conference
on High Energy Physics, 1956 (Interscience, New York, 1956).

T. D. Lee and C. N. Yang, ''Is Parity Conserved in Weak Inter-
actions?'", Phys. Rev. (to be published).

J. Schwinger, '"On the Properties of K Mesons'' (added note) Harvard
University (preprint).

T. D. Lee and C. N. Yang, Phys. Rev. 102, 290 (1956).

Goldhaber, Goldhaber, Iloff, Lannutti, Webb, Widgoff, Pevsner,
and Ritson, Proceedings of the International Conference ot
Elementary Particles, Pisa, Italy, 1955, Nuovo Cimento (to
be published).

Lannutti, Chupp, Goldhaber, Goldhaber, Helmy, Iloff, Pevsner,.
and Ritson, Phys. Rev. 101, 1617 (1956).

Biswas, Ceccarelli-Fabbrichesi, Ceccarelli, Cresti, Gottstein,
Varshneya, and Waloschek, Nuovo Cimento 2, 1481 (1956).

Report by Dallaporta on work at Bristol, Dublin, thtingen, and
Padua, Proceedings of the Sixth Rochester Conference on
High Energy Nuclear Physics, 1956 (Interscience, New York
1956).



41.

42.

43,

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55,

56.

-49.-

Biswas, Ceccarelli-Fabbrichesi, Ceccarelli, Gottstein, Varshneya,
and Waloschek, '"Nuclear Scattering of K' Mesons in the Energy
Region of 80 Mev'" (to be published).

J. Hornbostel and E. Salant, Phys. Rev. 102, 502 {1956);

D. M. Fournet and M. Widgoff, Phys. Rev. 102, 929 (1956).
Chupp, Goldhaber, Goldhaber, and Webb, Proceedings of the Inter-
national Conference on Elementary Particles, Pisa, Italy,

1955, Nuovo Cimento {to be published);

Francis Webb, Doctoral Thesis, University of California Radiation
Laboratory, Berkeley, California (in preparation); and private
communication.

S. C. Freden and H. K. Ticho, Phys. Rev. ?_?_, 1057 (1955).

- Fry, Schnepps, Snow, and Swami, Phys. Rev. 100, 950, 1448

(1955).

Gilbert, Violet, and White, Phys. Rev. 100, 1803(A) (1955).

George, Herz, Noon, and Solntseff, Nuovo Cimento 10, 95 (1956).

Haskin, Bowen, and Schein, Phys. Rev. _1__(_)_2, 1512 (1956).

Report by Sulamith Golcihaber, Proceedings of the Sixth Rochester
Conference on High Energy Nuclear Physics, 1956 (Interscience,
New York, 1956).

Alvarez, Bradner, Gow, Falk-Vairant, Rosenfeld, Solmitz, and
Tripp, K Interactions in Hydrogen, UCRL-3583, Nov. 1956.

J. M. Blatt and S. T. Butler, Nuove Cimento 3, 409 (1956).

Reports by W. Fry and J. Steinberger in Proceedings of the
Rochester Conference on High Enefgy Physics, 1956 (Inter-
science, New York, 1956).

M. Koshiba, Nuovo Cimento 4, 357 {1956).

M. G. Kendall, The .Advanced Theory of Statistics, Vol. 2, (Hafner,
1951), Chapter 19.

E. C. Molina, Poisson's Exponéntial Binomial Limit, (Van
Nostrand, 1942).

Tables of the Binomial Probability Distribution, National Bureau

of Standards, Applied Mathematics, Series 6, 1950.




