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INTERACTIONS AND LI_FETI.MES OF K MESONS
" Edwin Laurence lloff

'Radiation Laboratory
University of California
Berkeley, California

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. Tt = 1.01 +8' g';’ X 10"8 sec and. _
TK" = 0.95 fg gg 10-8 sec. The equivalence ofvthese lifetimes {within

the statistical errors) supports the hypothesis that the K and K~ mesons
are charge conjugates of each other.

A ‘study of mteractmns in fhght of K* mesons has yielded a
mean free path in nuclear emulsion of )\K- =23 +g cm, which is con-
sistent with a geometric cross section. . The products of the 21 inter-
actions in flight. observed include charged ™ mesons, charged Z hyperons,
and an excited fragment. No inelastically -'sbcattered_K__ mesons were .
found. All the interactions were co'n.'sistent 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. . F_rom, the T-meson

‘and the E—h?y'pe_ron 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

N hyperons.. A small percentage of the interactions may be due to
cap;cure by't{:vo nucleons. It is shown that if charge independence is
assumed, the frequencies of chérged T mesons and charged = 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 oan particl-eé'in_ 1947 in cloud chamber cosmic
ray studies’l1 and the discovery of the 7 meson in 1949 in nuclear emul-
sion plates exposed to high-altitude cosmic rays2 ‘have opened a new
era in fundamental particle research. - Since then so many new particles

have been found that it has been necessary to classify 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 be_t\iveen that of a nucieon
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:

,T+ ' K+—>Tr++7r+v+ 7
7t K+—>Tr++ﬂ0+1f0
K’ K+-> 'rr+'+ TTO
w2
+ + 4+
‘KHZ ‘ K ' »-p +v
+ .+ + 0
KH3 K -p +}TT, + {v)
+ + + L
- ?
Ke3 K e f(,) +(?)
90 KO-»W*.' +
(KO - 'rrO,+ Tro)
T K -m +1 +x
- - 0
(K'=m +7 +7)
K. K = + 170
m2 o )
K|J.2 (K - M + v

(K‘—>p, +1ro+v)

o
w

K —=e +(?)+(?)
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3 (The decay modes in pafentheses have not actually been identified but"
are expected by charge symmetry )

The quest1on immediately arises whether this great array of
decay types is due to several modes of decay of a smgle 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 '7"+ and
" mesons by the method of Dalitz’5 has.re suggested that there are at |

least two types of K+ mesonsg‘ 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 parlty, whereas if the K 5 Peson has an even spin it
must have even parity. = If this were true one 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 elect;on masses for the more abundant modes
of decay and that the masses agree within experimental error in a_ll
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 fnay lead to further information on this point.

Hyperons of three different mass groups have been found. . The
‘approximate masses {in electron rhass units) and the decay modes are as |

follows:8

Mass i‘n‘Me ‘ _ Particle -

2181 v AO_“"p"f'TT_
B —>n+'n'

2327 - : Z N p + TI'O
B +
n+mw

2298 to 2332, (20 A% 17y
2341 Sn 4w

2582 ' 3'—41\9+n'

) To explain why these new ‘'strange' particles, i.e., K mesons
N P why ge ' p :

and vhypefons, have a long'lifetime {~ 10_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 hzis been proposed that they are produced

9.

only in association with one another.’ That is, more than one of these
particles rhust 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_prbduced 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 .beevr'lv suggested in which a new quaﬁtum number is introduced.

Any particle that may take part in a fast reaction is assigned a small

‘ integral number S, as fo_llows

, K S=+1

L RG A = 20 s 5= -1
=, = 5=-2

. p, n; Trjiﬂ9 1709 T S= 0

(It is to be noticed that two'types of neutral K mesons and a neutral =
hyperon have been introduced. ). Then it is proposed.that in fast reactions
- n-23 ' '
(~ 10
tions with nuclei, the total S must be conserved. For slow reactions
(~ 10" 10

All cases of asspciated.produc':tion of these particles that have been ob-

sec), such as production. of strange particles or their interac-
se-c) such as the decay of particles, the selection rule is /AS = .+ 1.

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

This paper is a .repbrt 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 discussién of bthe> interactioﬁs of K~

mesons with nuclei.
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1I. MEAN LIFETIMES OF K MESONS

A. General Expverime'ntal Methods

. Relatively intense beams of artificially produced charged K-
mesons have recently _bécome available. 1 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 p.rotons. Particles prbduced at 90° to the in-
cident proton beam direction were focused by a magnetic quadrupole
system,cons_is_ting‘ of three quadrupoles with an aperture of 2 inches.
The particles then passed through an analyzing magnet (with appropriate ‘v
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 meéters 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 u thick. They wére oriented

so that the part1c1e tracks were parallel to the emulsmn 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 thevcurvrents
were reversed in the focusing and analyzing magnets. . (A small com-

pensation. was applied in the analyzer magnet current to make up for

- the d1fference between the two cases due to the stray magnetlc 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 iﬁspected with high-résolution microscopes by an "along the track'
scanning technique. (A's‘-t‘here are some differences in the arrangements
and techniques used in different parts of the éxperiment,_ t_these are dis-

cussed under the particular sections in which they apply.)

B. K'-Meson Mean Lifetime

A measurementvof the mean lifetime of K+ mesons has been

carried out by mak1ng use of their decay in flight in nuclear emulsion.

Emulsion stacks were exposed in.the K meson beam as descrlbed in
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Secf_ion II-A. -.Exposures were made with two different momentum-

‘acceptance bands, positive particles of 390 to 450 Mey/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 w

mesons (all of the same momentum) have different fanges in the emul-

- sion stack, inc-rea'sihg 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 several centimeters from

the edge of entrance and stop a few centimeters before 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 T mesons are close to minimum grain

density and are therefore véry 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 contacf—printed.on.the bottom side of each emulsion

layer. 1'3) Nearly all tracks selected in this way turn out to be K .par‘ticle‘s
or T mesons, except for a contamination of about 15% caused by stray
protons, T mesons. scattered._int'o 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 rarigei 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 fo rest have been identified by the presence
or absence of décay products and by their ranges. Of the events due to
K+- particles in flight, 19 have been found in which there is a siﬁgle out-
going track, of g.rain devnsity 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 ‘o'f the interactions in flight so
farv seen give off a visible L. meson. It therefore seems reasonable to
identify all events of this type as the decay of K+ mesons in flight.
The mean lifetime is obtained from N, the number of decé_yé:

in flight observed, and T = = to the total proper'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 ‘;iriter-
acts in flight, or comes to rest in the emulsion). The mean lifetime is
TK =% Ekiludi’ng the,tré.ck_length_dué to fT+ mesons, a tota} 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 Yourig, 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 deca.yé in flight near the end of a track may not be read-
ily identified, the proper time »speﬁt in the last 2 mm before stopping
. has not been included. - Frorﬁ the 19 decays in flight observed we find

. . + .
a mean lifetime. for K mesons of

8

= 1,01 7233 4 1078 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_éorresponds to a total proper slowing-down time

+ meson has been observed.

of 1.2 x 10_8 sec. One decay in flight of a T
This suggeéts an upper limit of 6. 7 x 10_8_ sec and a lower limit of-

0.36 x 10°8 sec for the 77 -meson mean lifetime. . These limits are
confidence limits for 68%‘proba’bility (see Appendix_l).

- This was the first measurement of the K+ mean lifetime in _
which artificially produced K mesons were used. . Since it was completéd :
more accuraté measurements havé been performed, making use of
c.oun‘ting techniques. The result of this experiment is in agreemeﬁt 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. 11fet1me for K mesons has been determmed 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 morﬁenta of from 285 to 415 Mev/c were in-
c'ident 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
©”~ mesons of the same momentum pe,ss on through the stack. |

The plates were scanned for K~ iﬁteractiohs in flight and at
rest, ‘and for decbays in flight. Tracks of gré.in 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 1dent1f1ed by a mass measurement using the
multiple-scattering and graln count technique. An event was interpreted -
as a decay in flight if there was only one outgoing prong and 1f the prong
had a grain density less than that of the 1ncoming 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~ mesvon and a nucleus with a lightly ionizing
™ mevs‘on,emerg‘ing. 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. highiy 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'obs‘erved interactions in flight.)
No decay in flight of a T~ meson was seen. ' '

As before, the'mean lifetime is TK = 13 , where N is the numEer
of decays in flight observed, and T = E t. is the sum of the proper slow—

ing-down times for each K~ track frorn where it is first p1cked up to



T

- ticles would arrive.

.12

where it decé.ys 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 1078 sec. . This yields a K -meson mean lifetime

+0. 36
-0.25

- Tg-=0.95 % 1078 sec .

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

13 events (see Appendix I); other errors are neg11g1b1e 1n comparison.

- The tables from Barkas and Young 14. were used to calculate T.

. D. Discussion of K-Meson Lifetime Measurements

A In the introduction it is mentioned that there may "be‘.trwo or
more types of K mesons. In particular it has been suggested that the
'r+ meson and the 9+ 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 exfrerhely_steep

functions of the energy involved in the decay and of the particular mode

of decay. In this experiment; if particles correspoﬁding to two or more

different mean lives are involved, the lifetimes that have beer_x measured

are averages of the type

-1

ey
KT\EFT)

where a, is the fraction of the particles entering the stack associated

‘with a mean lifetime of T, I there were particles with a lifetime of

0.3 x-lO_8 sec or less they would be étrdngly discriminated against in
these measurements because of the possibility of their decay in the time
of flight between the target and the emulsion stack. In the measurement

of 7 less than 3% of such partiéles leaVing the target would arrive at

+
K 3
the detector, while in the measurement of 7

K- less than 1% of such par--
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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

- Cosmotron. (Ev1dence from experiments 1nd1cat1ng the existence

of a much shorter lifetime is discussed in the next paragrapho ) The
methods and results are summarized in Table I. - For purposes of
comparison Fig. 2 shows the results graph1ca11y The data from all
measurements of the K' mean lifetime using art1f1c1a11y produced mesons
are in agreement, except th_at 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

for various other: "pure" decay modes shown here. 23 Crussard et al.'6

have found that K' mesons with a probable time of flight of ~5x 10 -10

sec have essentlally the same proportions of the various K modes of

6,24

decay as do K mesons from the Bevatron meson beam, which

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

al.,‘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 7 and
0% mesons have dlfferent mean lives. . The cosmic-ray measurements

.by the Princeton group (Mezzett1 and Keuffel, and’ Robinson) are con-

51stently lower than the more accurate of the measurements made on

16, 19 The S1gn1f1cance 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 experimentai error) lends strong support to the cur- =
rent assumption that these particles are,charge,conjugates of each other.

. All the measurements c_onéidered thus far except'those by

~Crussard et al. have delay times between creation and detection that

-9 6

are much larger than 10~ ’ sec. . Therefore K particles of shorter life-

time would .not be detected in these expeériments. Cloud-cha_mber cosmic-

‘ray measurements at Princeton have yielded a lifetime. for both K© and -
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L
Table |
*Mean lifetimes of K* and K™ mesons reported by various experimenters
Authors and Source of Method of' Type of Lifetime Approx. proper
reference number K mesons detection K meson (sec.) timie delay prior
- o . . to detection
(sec.)
(A) L. -Mezzetti and J. Kouttel'® Cosmic rays Counters K* {except 7'} 0.87 £0.10" x10™% 1. 2x1078
- ) — + ¥ +0.36 -8 -8
(B) Barker, Bisnie, Hyams, Rout, and  Cosmic riys  Counters and K' (except +') 1,08 1036 1078 0.5%10
Sheppardl’ . . cloud chamber . :
(C) lloff, Chupp, Goldhaber, Goldhaber;  Bevatron Emulsions K' (except 7 101 033 x1078 1 k1078
- Lannutti, Pevener, and Ritson .
(and this work) : .
(D) L. Alvarez and 5. Goldhaber!® Bevatron Emulsions A ro 97 xo0® 0.2x1078
(E) K: Robinaon'® Cosmic rays  Counters _ K' fexcept 7'} 0.8050.066x10°% 1.2x1078
- (F) Harris, Orear, and Taylor?’ . “Bevatron Emulstons * 0.8 #0508 1 3x16°8
\ x* {except 7’) 0.7 tg :5 x10°8
(G) Alvarez, Crawford, Good, and Bevatron Counters k', 1.4 0.2 x1078 1:6x1078
i . " Stevenson . w .
i Kt 1.3 0.2 x10°8
w2 N '
K L3 «0.1 x107®
(H} V. Fitch and R, Motley?®" Coemotron . Counters - «, 117 *0:98 410-8 2 x10°®
' . + 40,11 -8
k!, 121 810 w10
(1) Tioff, Goldhabo¥, Goldhaber, Bevatron Emulstors K 0.95 *0-36 yyo-8 1 5x1078
Lannuttl, Gllbert, Violet, White, : o
Fourneti Pevsner, ‘Riteon, ‘and
. . Widgoftl5 (and thia work) .
- {§) R. Motley and V. Fitcn?? Cosmotron  Counters . 117 #1008 41078 2 xt078
(K) Hoang, Kaplon, and Yekuticli®4 _Cosmiotron Emulsions *yopt 1.30 £0.33 xi0°8 2:2x1078
k! 0.88 20.23 x10°8
3
! 1,44 £0.46 x1078
MU- 12538
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: . - ' APPRO).(. TIME DELAY
05 10 20 : PRIOR TO DETECTION
o4 K*(EXCEPTT) (A)COSMIC RAYS, 12xI0°®SEC
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‘CLOUD GHAMBER'
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_ : EMULSIONS ‘
- C ———y T (D)BEVATRON, . 02 "
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Lt .
| S N ——— T . (F) BEVATRON i3
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I Kuz _
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; S : , e K2 . [© counTeRs 16
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—e— THTT ' o )
+ . COSMOTRON, ‘ 0
—.—i - Kies (8 )EMULSIONS o2
K+
I'-———O—i e
05 0 20 '

MU-10918

- _ ~ Fig. 2. Mean lifetimes of K' and K~ mesons répor’ted by various
P v experimenters. (The time is plotted on.a logar1thm1,c scale.) -
’ References are given in Table I
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- ‘ L : : - . .2
K mesons that is much shorter than those we have just considered. 7
Th btai = 5, 2+3 3 10-10 sec and = 4 2+3°8x10-10 sec
ey obtan Tyt = -1.5 % TR- T F 1.2 ., sec..

.The errors are confidence limits for 50% probability. In similar meas-
urements. Trilling and Leightcn 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 observe no ‘short—lived.compo—
nent for positive K mesons. 29 They find a mean life '
-9 '
Tkt = 6.7 _5 5 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, 'O’rear.an‘d'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 branchmg ratio for de- -
cay into a y-ray and the other of the two types,‘3v0 If this then again
immediately decays with a inuch_ shorter lifetime we see events that
" have the decay products of the secorid type, but the apparent lifetime
of these.events is that of the first type A search for the y ray-((or Y

rays) from the process

= 6%+ y (+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 assignrnent
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 60 mesons decay by the process
60 =y + 1r0 as well as by 6 - 'n'+ + m . This decay into two identical
bosons requires that the 6 meson must have even spin and.thtis even
parity. Both the 0 (-) to 0 (+) and the_O {-) to 2 (+) t'raiisition's require
mass differences of 2 to 3 Mev to proceed rapidly. The conclusion is,
then, that the process 7> 6 + vy (+y)vdoes not occur _fast enough (if at
all) tc explain the lifetime dilemma. Also it is to be expected that some

of the particles of short lifetime would be produced directly from the
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target, so that measurements capable of detecting very short lifetimes

may throw some light on the problem. The cosmic-ray evidence on

.charged K part1c1es of very short lifetime, which was cons1dered in. the

precedmg 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. 3z Thus

the same proportion of each of the two types of K mesons would be

_present so long as the K particles are pas‘sing 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 ¥ meson has spin and parity 0 (-)

and the 9" meson has. spin and parity 0 (+) or 2 (+), the couplings with

‘the atomic electric and magnetic.fields are too weak to account for the

equi‘valence of the lifetimes by this mechanism. 33 Lee and .AYang have

.considered the possibility that parity may not be conserved in. weak

+
interactions such as meson decay. 34 In this case. the r° and 0 mesons

may be just two different decay modes of the same part1cle, which then

. must of course have a single mass value and a s"ingle'lifetime - Experi-

ments are. suggested in which the lack of parity conservatmn would re-
sult in the observatmn of certain types of asymmetnes in.the angular .
distributions of the decay products of strange particles. There are as
yet no published. exper1mental results that test this possibility. |
Schwinger has considered a dynarrncal theory of strange partlcles which
pred1cts the existence of pa1rs .of partlcles that are. e1genstates of the

36

par1ty reflectlon_operator ((as has been suggested by Lee and Yang™ 7).

 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 repre_seht 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-mode ratios as functions of time
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and of the lifetime b_f the. two particles of definite parity. This scheme

may be tested by measurement of the decay-mode ratios for K' mesons
that have traveled a large number of mean lifetimes after production,
or by very accurate measurements of the 7 - an:d_‘9+-meson' mean life-

times.:
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' III. INTERACTIONS IN FLIGHT OF K~ MESONS

A, ,Proced‘nre and Results

An investigation of the interactions of K~ mesons in flight in

. nuclear emuléion has been.carried out. 37 The experifnental details,

including the exposures and the sc_anning technique, are described in
Sections II-A and II-C of this rep’ort The plates were, scanned by an
"along the track" techn1que and all interactions in. flight were identified
by gram count and . multiple-scattering measurements. (Decays in flight

were eliminated by their identification as descrlbed 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, mteractmns are recorded from these momenta all the 2

.way down to zero momentum. . For practical purposes, since it is d1f-v

ficult to determine whether an.event that occurs' at a residual ra'nge of -

2 mm or less is an event in fhght or at rest, there is an. exper1mental

_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 tota‘l_ path length followed.) Table II shows
the amount of tfack scanned_in.varioue ‘enex"g"y‘ intervals.

‘ A total of 21 interactions in flight due to K~ mesons have been
found and analyzed.. The products of these interactions include w mesons,
hyperons, and an excited fragment, in addition.to the usual heavy evap-
oration tracks and.higher;energy'protons, - No star. was seen in which

a K~ meson emerged_along,with,‘bther pr‘oducts'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 ene;gy upon being scattered.
_ Th-ereforve_s_vome inelestic scatterings with small energy loss are nea.rly'
».al_wa‘y‘s included among ".elastic" scatters.) In 2.8 m of track inspected

for 20° to 40° scatters six such events were found. Scattering in this’

angulakr region may be accounted for by diffraction and Coulomb effects.

Table III contains a more _deta.iled description of each of the interactions.
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‘Table II

Length of track scanned in energy! intervals

EnérgY--inferval o

(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

© oo 0o oo © o o




P

.Binding_ energy.

Total

~

3339 Mev

Table II1
H»Detailed.description of K™ interactions in flight -
- Energy of K Prong . =~ Range g Ehergy - Identity Cdmments
at interaction ' No. . of of '
(Mev) e ~Prong Prong
| _{Mev) |

1. 85+ 5 1 180 5 (p)

' | 2 440 p 9 ~(p)

3 —-- 55 o
Pion rest energ? : 1140

'Binding energy 16, o
' Total 225 Mev '
2. . 87£5 1 -1.8 mm 20 (p)
' 2 >15.9 mm > 68 “(p)
3 0 3704 8 () R
4 . 28.8 mm 42 n° Ends.. Gives l-prong ¢ star.

6 230 u - 6 ~(p)

7 75 3 (p)
Pion reést energy 140
| 48



_ . »Tbtal

41 Mev

Table III (cont. )
‘Energy of K Prong = . 'Range - .. Energy Idehtity Comments
‘at interaction No. ' of of
(Mev). "Prong = Prong
| (Mev)
116 1 62 2.6 {p)
2 1.5 mm 18 (p)
Binding energy 16
Total 36 Mev
06 1 Tl 12 " (p)
- Binding energy 8 -
._Total 20 Mev
43 =7 : Di_éappéaranée 1n flight. Short élec.tron,track as_sbc'i_ated. S
716 1 11g 0.8 Cop)
’ 2 S110 p 3.7 ()
3 60 2.7 " (p)
4 .38 M 1.9 (p)
_ Binding energy 32 -

A A



Table 1II (cont.)
- Energy of K Prong- . Range - Energy - Identity. - -~ - Comments
" at interaction No. ' ' - of of ' - o
(Mev) _— o . Prong Prong
: S - {Mev)
. 72 6 | 1 o . 2100 (m) : Enefgy by grain count.
2 480 p 9 (p) -
- Pion rest energy. 140 - » I o
Binding energy ’ 8 -+ Short recoil associated.
Total = . 257 Mev
8. 69+ 6 1 22mm 84 (p)
- Binding energy - = 16 '
. _T"otal» B o 196 Mev
9. 75+ 6 1 18 mm ~  >8 .  z Decays in flight into pion. .
2 80 2 () | oo
23 12 .9 (p)
4 450 p . .5 (p)
-5 1250 p 15,5

| | (p)
Dif ference between: Zrestz.. . '
energy and proton.rest energy 251

Binding energy - - 40

Total . >405 Mev:

;EZ?
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Table III (cont. )

“ ‘_E.h:e'rgy' ‘6f K- F'IP:rongn ).VFRFa-n.ge

at interaction No.
- (Mev)

10.

11,

12.

59 u
34
55
4 17 w

~ _‘Binding energy
: ' Total

45 7 1 26

24+ 10

w N

2 .7 mm’

. o
Binding energy
. » ’ Total
41+ 7 .8
3 88y

- 4 ——e

. Pion rest energy -

Difference between T rest

~energy and proton rest energy
.Binding energy
- Total

1 )
3 .

Enévrgy " .‘Iden_'_ti't:y*’
of of
Prong - Prong

- Comments

(Mev)
2 . ()
1.8 (p) -
1.9 P)

_ 1.0 _ (p)

32

39 Mev
5 - Excited

fragment.

45 ()
102 '. o ()
24

- TT6 Mev

0T (p)
16 {p)

73x11 - w
140
251

24
508 Mev

_Has two dark pfongé

(a) 35
(b)) 50

: Energy and .',id-en,tity by multiple
scattering and grain count

D_.eéa&_s by Z+' - p+ -r‘ro.
- Energy by grain count.

R AAE



16,

17.

Total . 120 Mev'

: Disappéaré;r’xée in flight.

. Disappearance in flight.

Table III (cont.)
- Energy of K Prong Range - . Energy Id_entity;, - Comments
at interaction No. _ S of ~of '
(Mev) - » Prong - Prong
o ‘ (Mev) - :
, 13,. 39 7 . Disappearance in flight. -
14, 27%10 1 180 1 5 (p)
| 2. 130p 4 (p)
3 - 800 12 (p)
4 1080 . - 14 (p)
Binding energy - _ ‘ 32 o
| ‘Total ' © 67 Mev:
15, 63 6 I 27mm 94 (p)
- 2. 30 | 1.7 (p) _
. Binding energy 24 Two short "recoil" tracks
: - ' ' : associated. :

-gz-



~ Table III {cont.)
__:Energy of K Prong ‘Range - Energy :I_dentity :Comrh_enlts_
.at interaction = No. ' : of = of '
(Mev) : _ _ Prong . Prong
o o (Mev)
- 18. - Disappearance in ﬂighf.
19. 32%9 1 - 7 ~100 () o | |
Pion rest energy _ 140 Short el‘ec‘tronAtr»ack associated.
‘Total . ~240
 20. 52 & 7 1 1.6 mm 18 (p)
' - v Binding energy = 8 '
A - Total 26 Mev -
21 50%7 1 b 0.5 (p)
| 2 12 p 0.9 -~ (p) | |
o ‘Binding energy ' 16 _ 4-u recoil associated. -
' _T_otal o 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

.~excl.'uded, as explained previously. Also the first 3 mm of each track

has not-_been_included, bécause the primary particle.causiﬁg, such an
event could not easily"oe identified as a K particle. - Events occurring
in the first 3 mm of a trdck, of course, have not been coiiﬁted.) This
leads to a mean free path for K~ mesons-in.nuclear emulsion of

)_\K' '= 23 '_5.crn 3

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

emulsion of

,),\G =3l cm .
-{This geometrical mean. free path is assigned on the basis of a nuclear
‘radius R =.1.3 x 10° -13 1/3 cm for all the constituents of the emulsmn )

B. Dlscussmn of K™ -Meson Interactions in Flight and Compar1son with

K -Meson Interactions in Flight

The most strlkmg difference between the interactions of K~

mesons in flight and those of K. me'sons3 41 s that = ‘mesons, hyperons, ‘

and excited. fragments frequently appear among. the products in the former,

. whereas in the latter they do not appear All the K -meson mteractmns

observed may be interpreted as elastic or inelastic scattermg, or as

charge-exchange scattering of the 1nc1dent K" meson. by a nucleus.

. These reactlons, if assumed to be due to one hucleon in the nucleus,

correspond to Reactions 1 through 3 of Section IV. In contrast, the

K -meson 1nteract10ns.frequent1y exhibit so large a visible energy

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

all th'e,energy seen. - The ‘occurrenpe-of T mesons and 'hyper.ons among
the products of K~ interactions is evidence for the absorption type of

reactions, such as the single-nucleon Reactions 7 throdgh, 13 of Section

IV {in which a 7™ meson is produced together with a Aor Z hyperon),

_. which appear to be responsible for most of the stars caused by K mesons.

mteractmg 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 ndcleons--—are not excluded. ) This contrast in the behavior
of K~ and.K% mesons is, ‘-of_ course, jusf what is to be expecte‘d-:»"-if the
,conservv'ation of the "'strangeness' number is accepted, since fhese Re—
actions. 1 through 13 are just those (of a K meson with a smgle nucleon)
which are allowed by this conservation requirement. (These react1ons
:and.ﬂuzst:angeness scheme are discussed in more detail in SectuanV,)
Thus the concept of conservation of strangeness, which was de'rived
from experiments on the produchon.ofstrange partuﬂes, has produced
select1on rules. for the interactions of K and K mesons wh1ch are now
conf1rmed by the experimental data. ‘ _‘ ’

It is interesting to note that no_n‘e of the 21 viﬁteracti“'oris in flight‘
of K—_me.sons that we have observed could be interpreted as irlelaetic
K™ roeson scattering, or as elastic scattering of a K~ meson:through an
‘angle greater than 40°. 'CElastic'scattering through angles less than 400
may be due to Coulomb and diffraction scattering.) From this observa-
't1on 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’ 11m1t for
84% probability. (See Appendix I. ) These reactions of K~ rnesonsLto—
getherxvuh.charge -exchange scaﬂer1ng(Reachons(4)through(é)of
Section IV-A), are allowed by the selection rules derived from the con-
servation of strangeness. . We may make an estlmate of an upper l1m1t
for the fréciuency of inelastic.charge-exchange scattering, 'if we assume
‘that the scattering is due to interaction with a single nucleon, and also
impose charge independence for these Re;cﬁons(4)througﬁ(6). For
simplicity, the. numbers of protons and.of neutrons in the nucleus are
assumed to be equal. Then, with the worst possible case of interference
between the products from the singlet and triplet isotopic spin etates .
taken into account, the ratio ofcharge—exchangeto'non-charge-eXChénge-
scattering must be less than 2 to 1. . From this We find that inelastic‘_'
charge—exchange_.sca'tterbing 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. TablevIV. Combining all the_r_esults, we
may find a more accurate mean free path,for K~ mesons in nnciear

emulsion:

_ +4. 4
)\K__ = 28.0 .3 4 Cm

It is equal, within the statistical error, to the geometric mean free
path ()\ = 31 cm; see Section III-A). . This is to be compared. with the
mean. free path for K mesons in nuclear emuls1on, 38 which is
=95+ 16 cm .
)\,K+ 95 4+ 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.

+31
-17
ing of K~ mesons in. nuclear emulsion through angles of 20° to 40°.  For

. A mean free path of 47 cm was found for "'elastic' scatter-

""elastic'" scattering of K mesons38.1n the same angular interval the
+42
-32 _
poor; however, the K~ mean free path for such scattering appears to be

mean free path is 160 cm. The statistics of these results are very:
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. s’ize,' A more exact ealculation shoulci’ be made with
.the aid of an optical model consisfing of a "black' sphere (of radius
" equal to the .geometric radius of the nucleus) surrounded by a-Coulomb
potential. o L

The number of K~ interactions in flight observed is much too
small to reach any conclusions from the frequencies of the variousvvtypes
of produets; (Much of the discussion ofSect_ion IV could be applied to
interactions in flight.) Further work on this problem, leading to a much
1arg‘er' statistical sample, should yield more information concerning the
reactions involved and wonld, 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

_éuthors o

_Authors K path No. of Mean fiﬁee

- . égggggi inter- path’

- (m) - actions {cm)

J. Hornbostel and E. Salant > 1.52 9 17 %5
' D. M. Fournet and M. Widgoff®’ 8.68 24 36.21)-2

This work | 4.9 21 23 b
| Total 151 54 zs,of“z
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IV. CONSIDERATIONS OF THE INTERACTIONS
'OF K MESONS IN NUCLEI

. To bring order to the data on. the copious associated productmn
“and. long lifetimes of the, strange particles (K mesons and, hyperons),‘
vseveral schemes have.been proposed. 10 These;all-have.certam simple
ideas in common. Interactions involving these particles are divided

‘into three classes:

1. Fast interactions (~ 10722 sec)
(e.g., direct productidn)_;
-17

2. Electromagnetic interactions (~ 10 sec)

(e.g., those involvihg Y rays);
' o . -10
3. Slow interactions . (~10 sec)

(e.g., decay).

All particles fhat 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° o 1 12
p, n ' ' 0 . . _ 1/2
1"’r+, 170, T 0 - 1
K, B -1 1/2
A0 -1 0
=t =20, = -1 1

=0, =" 2 1/2
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Associated production follows automaticall'y from this scheme, and it
leads to selection rules for production that have been verified expexv'i'-v
mehtallvy (i.e., thus far no violations ha‘vevbeen observed and those re-
actions which are expected havebb'een obéerved)'. |

" These broposals'lead directly to rules for the inter’éctions of
these part.icles.\;s/ith.nucleon's, - Thus the following reactions of a ‘charged

K particle with a single nucleon are allowed: -

‘K++p->,K+'+p"., v | ..'(1)
K +n—-K +n, (2)
K ta-k"+p, BN E)
K'+p—>‘K°+n', o | (4)
K +p—K +p, | | (5)
K +n->K +n, | ' (6)
K 4paXea®, | (7)
K‘+n»1\(’_+n', | _(8)
K_+p—>2-’+1r+:,b - (9) _
K +p=z 40, | ()
K +poxten, - (11)
K—+n»zo+w; , / _ (112)':
K-+n.-iZ--l;1ro; | .(13-)'

Y

{Some reactions resulting in two pions are also allowed, but from phase-

. space arguments they are expect'ed.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,o'n_K-'rneson_inter‘—

actions are from the interactions of K mesons with complex nuclei in
37‘49’(thrpug1_; Reactions (1), (5), (9), and.(1l1) have

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

. more, evidence has recently become available fi'pm the hydrogen bub- -

ble. chamber experiments by Alvarez et al. 50)
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-L.et us consider a simple fnode'l for the interaction of a ,K- |
meson at rest with a nucleus. Assume that .the K~ meson interacts"
wit_h-a single nucleon in the nﬁcieus. - Reactions (7) through (13) are
then allowed, producing a m meson together with a j\(.) or Z hyperon.
(Reaction (4) is either forbidden by considerations of conservation of
energy or is suppressed o'wing to the very small energy release involved.)
"Then, assumiing' a maximum Fermi energy for the nucleon of 20 Mev
and allowing 20 Mev for the.vadiabat‘ic removal of a nucleon from the
nucleus, we may calculate maximum and minimumrenergy limits for
the produced particles. In the case.in which a T hyperon is produced
. this leads to a broad peak in the pion spectrum between the limits of

55 a'nd 100 Mev, and an upper limit for the = energy of 45 Mev. . If,
_instead, a AO hyperon is produced, tl"le pion ene.‘rgyis between 110 and
175 Mev and the 22 upper energy limit is.70 Mev. Of course some T
mesoﬁs of lower energy are to be expected because of possible inter-
action with other nucleons before they have left the nucleus. This is
especialiy true for those produced together with a ZX(.) 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. Blétt and Butler have carried
out.c.alculatioh.s that suggesf that if K~ mesons é.re captured in a time
on the order of 10 -22 sec in nuclear matter then most of the captures
at rest in heavy nuclei take place from the 2p and Zs states, si’ri_cl,e 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‘21v sec). 51 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 placve from higher Bohr
orbits (n 52}, or, in other worcis, near the surfac.e of the nucleus. It

is estimated roughly that about one-half of the produced w mes‘on‘s will

be captured in the nucleus before emerging‘(‘if we assdme_ that those
go‘ing toward the nucleus are captured and those going away escape).
Then we expect that most of the ™ 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 ‘.TT:!:_

apprear to fit this picture rather well.
_mesons.coming from‘ these. stars are within the energy range that cor-
responds to the production of T hyperons, giving a very pronounced
peak in this regiOn of the w-meson specfrum There are a few charged
pions. that appear to have energies which would appear to be assoc:1ated
with A production; however, the energies of m mesons are hard to
measure in nuclear emulswn in this region, so that it is not possible'
.to establish a definite peak.,‘ The energies‘ of the‘ éharged.E hyperons
are nearly all below the calculated maximum. The few cases exceedihg

this maximum can be attributed to a two-nucleon capture of the K~

meson in such a reaction as

K +n+p->3 +p. ' (14)

In all casves.the' various products and. combinations of products obsei'\}ed
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)

, throu.gh_( 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 rhay be due
.to reactions. involving two nucleons, and about 65% are due to a single-
nucleon.capture yialding a m.meson and a ¥ hyperon, while fherremain-
ing proportion of about 25% or less is due to a single-'mlcleo_n 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 ai, confirm the predominance of the reactions in.which =
hyperons are produced over. those in. which-j\? hyperons are produced. >0
A hyperons seen coming from K~ stars in nuclei may be due. either to
primary production of a pion and a A or to the interaction of an orig-.
inally produced Z hyperon with a nucleon in the nucleus according to a

‘reaction such as
E+ + n —>>j\9 + p‘
. The excited. fragments that are frequently observed may also be due.to

N hyperons from either source. High-energy y rays assoc1ate‘_d.w1th

' 0
K -meson capture may come from the decay of produced m mesons or



-35.-

from the decay of 20 hyperons by the suggested scheme Zo - AO_wF Y.

;

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

The 1r0 meson is _known to have a 11-£et1me_of about 5 x 10 -15 sec. . Thus
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 of-'n'O mesons.from Z\(.)
or 2’+ hyperons produced in the star. (AO -n + 170 or z+ -p +'1r0».,)

" Now let us consider the e'ffect.of the assumption of charge in-
dependence.onvthe'se reactions. . For sirnplicity assume that the numbers
of protons and neutrons in the nuclei involved are equal.- (Actuallyvin
nuclear emulsion we have % Ave = 2.2.) The relative proba_biiities of
the various reactions are given in Table V. These have meaning only.
withiﬁ 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 ratio.s-betw_eehn 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 =
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 AO 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 “0 mesons of 7. /1r = 2. No at mesons are formed
in these reactions. In Reactions (9) through (13), in which a pion and '
a E hyperon.resolt, both the isotopic spm.states T=0and T = 1 may
':C.ontribute. Here we find a ratio of charged pions to neutral pions
-r‘ri/wo =‘> 2. This is independent of the isotopic spin state or mixture of
isotopic spin svtates through which the rea_.ctions‘ 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
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Table V

Probabilities of various reactions due to a K meson and a nucleon. (A,
B, C, D are reaction amplitudes. Subscripts 0 and. 1 refer to the T = 0

and. T = 1 isotopic spin states.)

i

Reaction- Pure  Pure . Mixture
: T =0 =1 -
Kr+p-k"+p - A Al
s 2 2 2 2 .
K'+n =K +n 1/44A, 1/4EA_.1 _1/4A0f1/4Al-1/2A0A1c-os¢A
k%4p  1/aa 17487 1/aa%+1/4A%+1/2A A cos 6
p o 1 0 17 B A
K 4p-K +p 1/43Z 1/4]3.‘2 -1/4\}3‘7-‘+1/4-13‘2 -1/2B,B; cos
P P e °1 0 1 01 B
=0 2 2 2 2, |
=K +n _1»./4.130 1/431 1/4BO+1/4BI+1/ZBOBlcos_ ¢p
K +n-K +n - B? Bi
K +p=r+ A o 1/2¢8 1280
N
S S 2 2 "2 2
K +p->7m +=~ 1/6D '1/4D 1/6 D +1/4D7 -1/{6 DD, cos é
A 0 1 L7770 17 0-1 D
g -»ﬁof zo 1/6D8 --- 1/6D3
~nw+xt 1/6p2  1/aDd 1/6D%+1/4D%+ 1 /A6 DD, cos b
0 =9 0 1 01 D
K +n-10+2" --- l/ZD?i l/ZD?i
-—->1f+20 --- | 1/21.')% 'l/ZDi
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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 w mesons) and that 50%
of the pions are absorbed before leaving the nucleus in which.‘théy_ were
, . formed, it is app.arent‘that about 2/3 x 0.9 x 0.5 = 0. 30 of all the stars
.a‘revexpected.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 absorpfion;
- Returning again to the reactions,in.whiéh Z hyperons are pro;

duced, let us consider the ratio of 1r+ to ™ mesons. We find

ﬂ—_;..qz - N6.a cos ¢+ 3/2 | (A)
N N6.a cos d+9/2

where.a is the ratio of the T. = 0 reaction amplitude to the T =1 feaction
amplitude, and ¢ is the phase angle between the 6ufgoing L mésons_ in
the T=0and T = 'il states. It is seen then that if the reaction takes place‘
purely through the. T = 0 state then we have 1'r+/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 1'1'+/1r— =0 to 1;r+/1r_ = 3. If we now combine the
results from the reactions producing j?_ hyperons with those in which

- Z hyperons are produced, we get a ratio
ot 1 -vy ‘ ' |
T s\ \T¥y ) \ - (B)

where vy is the ratio of stars in which the initial reaction produced a .A.O

=

hyperon and a2 ™ meson to those in which the initial reaction results in a

= hyperon and a m meson and T, is giv‘en‘by Equation (A). This r,atio‘

should be.changed very little byzinteraction.of charged pions as.they come
out of the nucvleus, bécause (ffom charge-independence. considerations)

- the same proportion . of each should be absorbed or charge-exchange
sc_a.ttefed. - Charge-exchange reactions of 11'0 mesons before leaving the
nucleus in which 'the.y. were formed would tend to affect the ratio in such
.a way that it wbuld be closer to 1. . Similarly, we may also find the ex-
pected charge ratios for the. T hyperons producéd_in the single-nucleon

capture of K™ mesons. The ratio for the number of charged Z hyperons
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to neutral = hyperons is Ei/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 0.65 x 0.5 = 0.22 of the stars should
have charged T hyperons emerging with an energy that is consistent

with a single-nucleon reaction. The experimental resul_f is 'semewhat
clouded by the fact that =~ hyperons c'oming to rest in nuclear emulsion
~are often not recogmzed The captures of =~ hyperons by nuclei are
thought ‘to-be ‘die ‘maiily to the process T~ + p — A + n, since this is

the only single-nucleon fast reaction that is allowed by the strangeness
sc-heme,(exce‘pt for charge exchange, which if not forbidden by energy
conservation, is certainly suppressed by phase-space l_im_i'tatidns).

. Since the produete of this reactionvare.bothneutr_al en.d_their cornbine‘d.
kinetic energy (neglecting the binding energy of the pr,ofon in i:he nucleus) -
is enly about 83 Mev, a large proportion of the'st'ars produced have no
visible prongs. . Since £ hyperons coming from K—.lmeson 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 cherged hyperons r'eported? The proportion
of K™ stars in emulsion having distinguishable visible hyperons emerging - h

49

is found by experiment to be 0.14 + 0.02. Using the experimental
_ratio'of Z-_/Z+ (uncorreeted for the zero-prong =~ vst'ars), 43 and assum-
ing that theé number of =~ hyperons reported should be 1ncreased 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‘_'—ca,pture stars that have
visible (i.e., charged) hyperons coming odt is 0.21 £ 0.3. (The error.
quoted is the statistical error only, e.nd_ie not to be taken too seriously, -
‘ beceuse.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, con31der1ng the roughness of the corrections v
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 cornpute the ratio of positive to negative T hyperons

expected from: single-nucleon K capture,

?i-;-“ +Wa'c05 &+ 3/2 | : I (C)

p2 ._az - 46—0,, cos ¢+,9/Z ’

where a is the ratio of singlet to triplet reaction amplitudes and $ is the
_ f)h'ase_'angle between the outgoing pions in these two isotopic spin states.
Thi:s' ratio should not 'be'ch‘anged by absorption and charge-exchange
scattering of the charged ='s, but the effect of charge-exchange scatter-
ing of the Z‘o hyperons would be to briug the ratio closer to 1. . Since.
many of the = hyperons are of rather low energy, there may also be
sOme suppression of positive Z's and enhancement of negative Z's due
to the Coulomb effect. |
The exper1mental results on these particle- charge ratios are

based on rather poor stat1st1c-s and.contam_a number of possible biases.
' The m mesons whose charges have been identified are those which stopped
.in the emulslon stacks. . This 1mmed1ately causes a b1as toward ™ mesons
of low energy. . We therefore assume that all the pions whose charges
have been observed were produced in a.ssoc1at1on with: Z hyperons.
‘Nearly all the = hyperons produced by one-nucleon K~ capture would
have. energies such that they would stop w1th1n_an emulsmn_stack. Thus
Vthere, is little energy bias in their selection. Bias might be caused by )
the fact that the charge signs of hyperons.that decay in. flight' often |
.cannot be determmed However, since. the mean lifetimes of Z+ and

=" hyperons differ by a factor of 2, (the 2) having the shorter l1fet1me)

: it is probable that nearly-all' the decays in flight are due. to Z ‘hyperons.
. A correction ‘made on.this basis should causev no serious error even
‘though an appreciabie nurrmber of the  hyperons do'decay"in_.ﬂight. 7
Negative T hyperons are discriminated é,gainst 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 ehmmate.the influence of the Coulomb
effect on the charge retios, 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), '4_3 after these adjustments are made, yield the following charge

_ra‘t‘:ios:v ;
: . +0.41
T = =70.30 418
kg P
P
2=Z -0.57%2-%0

-0.26 °

™

Solving.vKua_,tions (A) and (C) for a and ¢, we find
o3 PErgrEimg -l
S = 7 L - 1 _.\z T

z

and'

- : T-w 1
cos¢=-—g— : Z_
-0 | ﬁ.32_jz+2+_jzfﬂ°,

and =, we may 6bt_airi an,.upper limit , ‘

~ Putting in the above values for Ts

for a:
" 0%a<2.5.

. .('This is the confidence limit for a probability of 0. 84.) The value of $ '
. cannot be determin'e'd' at a_ll,, bééause,of'the very limited statistics. _ I_f
is plain that the most that can be. said,frorh these data is that the T = 1
statev does contribute to the reactions whereas the T = 0 state may or
may not. . _ ) L ' ' |
Similar considerations have been made irid,.ependently by'
Koshiba, who suggests fhatvthe T =.1 state is the,dominant one. 53 A
collection of data from nuclear. emulsion expériments obtained by both
"albng the track" and:_"'area" ‘scanning tecbniqﬁes was &iscu'ssed. - The
0 hyper_on_s‘ observed were corrected by a factor of 3. l,to'make up

for the =~ events that are not recorded, and dé'caybs,' in flight were

not counted because their charge signs were not known. It is now known
. that nearly all the decays in__fli'ght ére due to Z+ hyperons, since they
have a much shorter lifétime than the. = hyperons. . .Takin’g this into
baccount,, I have re-analyzed the data c_onsidéred 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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- 0%a<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-oﬁ the value assumed

for the poorly known correction factor for‘_E— hyperons. Also, since -

these data include many‘h:ype'rons of 10 Mev or less, the result is. biased .
in favor of negatively charged hypercns (and thus in favor of the T =1
state) by the Coulomb effect. It is clear that frorn the nuclear- emulsmnv .
data on.pion and hyperon: charge ratios that have been pubhshed up to v
this time, we. may ‘conclude. only that at least an’ apprec1ab1e part of the

K -meson captures that produce z hyperons goes through the T =1

-state. The hydrogen bubble chamber data include examples of the re-

action K~ + P Zo + 1r0. 50 Smce thls reactlon takes place only in the

T = 0 state it is ev1dent 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-o_f setting
limits of error on a quaﬁtity'whose value is estimafed 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
va,rve'given by the standard deviation; however, this has little ‘meaning
for smali numbers. . A more generai {and commonly used) method for
.setting limits of error is tha_t of confi‘denceﬁlim-its, >4 _((Anofher com-
monly used method is that of fiducial limits, but in p‘robiems 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
.limito If the eXperiment is fepeated.a-large number of times, in a pro-
portion q of those times the limit eétimate falls above the actual value
.of the qu_abnti_ty being measured. . (This is not the same as s_aying 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. o
' 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 expe.ri'mentv is given by
the general term of the Poisson series: .
$ (n, P) %: e ®  (forp=1,2, ).
Unfortunately, because the result of a 'single such experiment is always
_,é.’discrete integral number, rather than one of a continuum of numbers,
no completeiy sa,tisfactory'solutibﬁ of vthe'pr_’oblem exists. H pairs of
confidence limits are assigned corresponding to each possible experi-
mental result v, the indices of the confidence limits must be changing
fun‘c‘tions of P, the quantity we are measuring, while what we would k
like is confidence. limits. with one index of constant value. As a prac-
tical solution Table. VI gives confidence’nlimits that are as close to thé

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-
) T TTI T ments. “The lindits givén 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.)
hneN
Number . Confidence Errors Percent Number Confidence Errors.  Percent
of limits ’ . errors of i limits .. errors
counts counts .
ho . ] 1.841 +1.841 --- 13 17.70 +4.70 +36.2
’ PR -—- --- ) 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
e ' 2 4,637 +2.637  4131.8 15 S19.96 . +4.96 . +33.1
T : 0.7083 21,292 - 64.6 o 11,17 -3.83 -25.5
3 5.918 +2.918° + 97.3 16 21.06 +5.06 . +31.6
A 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
a 3.623 -2.377 - 39.6 . 14.68 -4.32 -22.7
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 . T 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
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
/"\\M .. : ’ . . . "
W MU- 12595
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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 actuall 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 a_re 'always at least as con--

servative as the standard deviation when 7 is large (For m = 0 there

‘is, of course, only an. upper limit, and it is for q=0. 8413 ) The
~standard deviation, wh1ch is usually used to set limits in cases where

.large samples are 1nvolved, gives limits (if the discrete Poisson dis-

tr’ibution is replaced by a continuous Gaussian distribution) that are
Just the confidence limits for the same conf1dence coeff1c1ent as has

been used here (i.e., q = 0.8413).

- The values for the limits were found from the table by Molina.

Part 2 -of this table gives values for

(0.0]

. 0 '
D etpr=Y Soe P
i=N - 7

- The upper limit 6f P for a particular experimental result n is the value

of a..in this table for c = 7 + 1 and a probability of 0.8413 (a and c are’
symbols in.‘Molina'.s table). . The lower limit of P for a particular n is
the value of a for c = 1 and a probability of 1 - 0.8413 = 0.1587. (It
is to be noted that as ‘becomes large the dlfference between. the lower
limit and the mean approaches ﬁ ‘while. the d1fference between the |
mean and upper limit approaches 1+ Nm. This is a consequence of the

difﬁculties discussed previously.) A similar treatment may be used

for results that are expected to follow a binomial d13tr1but10n56 . Eor

.example, _ the errors of part1cle charge ratios may be treated in this

manner.
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