Lawrence Berkeley National Laboratory
Recent Work

Title

DECAY CHARACTERISTICS AND MASSES OF POSITIVE K MESONS PRODUCED BY THE
BEVATRON

Permalink

https://escholarship.org/uc/item/809291gg

Authors
Birge, Robert W.
Perkins, Donald H.

Peterson, James R.

Publication Date
1956-05-31

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/80g291gs
https://escholarship.org/uc/item/80g291gs#author
https://escholarship.org
http://www.cdlib.org/

UCRL_F#2 9

UNIVERSITY OF
CALIFORNIA

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

BERKELEY, CALIFORNIA




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL.-3429

UNIVERSITY OF CALIFORNIA

Radiation Laboratory
Berkeley, California

~ Contract No. W-7405-eng-48

, DECAY CHARACTERISTICS AND MASSES '
OF POSITIVE K MESONS PRODUCED BY THE BEVATRON

Robert W. Birge, Donald H. Perkins, James R. Peterson,
Donald H. Stork,and Marian N. Whitehead

May 31, 1956

Printed for the U, S. Atomic Energy Commission



g

1.
2.

4.

5.
6:‘
7.

Abstragt . . ‘. .

Introduction . .
General Method
2.1. Expoeure .
2.2. Scanuing .

-

-

L

w2

2.3, ldentification of Secondaries
1. Systematic Following . .
2. Blob«Counting

a. Introduction
b. Calibration

L 4

*

*

Contents

*

¢. Blob count on K secondaries
d. Total distribution

- 1. Dark Secondaries

2. BlobeCounted and Followed Secondaries

*

.

L]

3. High-Energy ’I'E”3 Secondaries . . .

3.2. X o3 ‘Secandaries

+

-

3.3. sz andxwz.séco‘ndariee_ o e s e
3.4, Comparison With Other Data ., . . . .

'~ Range Measurements on K 2 and K,z Secondaries .

L)

*

" Relative Abundances of the Various Modes of Decay
3.1, ~+, 7', and K.“:,. Secondaries '

*

*

UCRL~3429

[ L] ] -
* L) . .
. - » .
. ] . .
- * ] »
. [ * ]
. ¢ » *
. + . 1]
- ] L ] .
L] . . .
L4 . L d [ 4
. . ¢ ¢
. . . L]
- . [ *
» [ » .
. LI R ]

4.1- MﬁthOd . L] ] . K4 L] . . E) - . - * >. L L] - . . .'

4.2. Mass of the K , and K2 from Ranges of the secﬁn&aries o .

4.3. Discussion of the Results

Primary Mass .
Conclusions . .
Acknowledgments

¢

s
»

L]

-

Appendix: Effect of Scanning Efficiency on Relative Abundances

[ . 0 -
. & » .
® . - *
. . . L
* » * .

&

] A"q‘ >

12
13

15

15.

6
16

17
20

21

a2
23

¥
26



3. UCRL-3429

DECAY CHARACTERISTICS AND MASSES
OF POSITIVE K MESONS PRODUCED BY THE BEVATRON

Robert W. Birge, Donald H. 'Perkina; James R'. Pe‘terson,
Donald H. Stork,and Marian N, Whitehead

Radiation Laboratory
University of California
Berkeley, California

May 31, 1956

Summary. = A large emulsion stack exposed to the positive K beam at the
Berkeley 6-Gev Bevatron has been used to measure the mass of the K particles
- and their abundances. The masses for the decay modes K w2t Koz and 7 were
obtained by measurement of the mean range of the secondaries. In addition,
masses for all modes compared to the proton mass were measured by the
range-momentum method. The abundances were determined by following and

blob-counting secondaries.

3.23 2 1.30

The data are:

Primary Mass

Mass from

Type Abundances o/o (m e) Secondary Range{mn e)
Tt 2.15 2 0,47 _ 967.7T £ 4 v '
42 58.2 & 3.0 967.2 ¢ 2,2 965.8 % 2.4
K,Pz 28.9 2.7 966.7 £ 2.0 962.8 + 1.8
K“3 2.83 = 0.95 969 = 5.
K 967 %8
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DECAY CHARACTERISTICS AND MASSES
OF POSITIVE K MESONS PRODUCED BY THE BEVATRON

Robert W. Birge, Donald H, Perkins, James R. Peterson,
Donald H. Stork, and Marian N. Whitehead
~ Radidtion Laboratory
University of California
Berkeley, California

May 31, 1956

1, - Introduction

In previous .commuuications‘n ﬁve have reported on measurements of the
- masses of positive K mesons by use of t’he.patrc_ng-focuéing gpectrometer of the
Berkeley Bevatron. The decay' modes of a few of the KL's were identified by
. blob-counting the secondaries a few centimeters from the decay point., The
masses of these identified K's were then measured by the range-momentum
.method. | ' '
It soon became obvious that any mass difference between the various types
of K mesons was sé small as to be de‘tectablfe‘only by more precise measurements
on identified particles. At the same time the small mass differences beclamp’of
increasing interest as evidence indicated that the K:Z (-6+) and the 7 meson could
‘ not have the same spin and parizy_éonﬁguratioﬁ‘z’-. This result indicated that
they must either be different particles or be genetically related, as in the cascade
schemeu), wherein either particle might be the decay product of the other. In
the latter scheme a range-mornentum-type measurement would give the mass of i
the parent parti.clé only. The half life of ihe daughter particle is presumed to |
be so short as to be undetectable, ; '

(1) Birge, Peterson, Stork, and Whitehead, Phys, Rev. }_99_. 430 (1985),

Birge, Haddock, Kerth, Peterson, Sandweiss, Stork, and Whitehead, Pisa
Conference Report, Supplemento Al Volume Iil, Serie X Dei Nuove Cimento

N. I, 19556, :

(2) B.. Dalitz, Proceedings of the Fifth Annual Rochester Confereance (Intér-
science Publishers, New York City). ' |

(3) 5. B. Treiman and H. W, Wyld, Jr., Phys. Rev. 99, 1039 (1955); T. D. Lee
and J. Orear, Phys. Rev. 100, 932 (1955). | o
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From the range measurements of the secondaries from each of the modes

K 20 K 2t T we have calculated the Q's of the decays, and therefore the mass
“of the poaaible “"daughter" particle in the cascade scheme. In following and
~ blob-counting the decay secondaries we have also obtained the relative abundance

of the various modes of decay and the decay spectra of the three-body modes
involving a single charged secondary, viz., K p3° KSS' and r'. The details of

L “the range-momentum method of measuring the masses of the primary K
- particlee are to be published separately“’. The analysis of the r decays ob-
~ tained in this work has been described previously (5 )

‘The rangea of the secondariea from K“Z and K _, particles, the identi-

cation of the decay modes, the relative abundances, and the significance of

the mass measurements aré discussed here, These data are compared with |

those given by otkef'.egpé:rimentera‘

Z - General Method ?

_ mmre. ~ A nucléar emulsion stack of 95 peuicleo. each of
. thickneaa 600 microns and area 9 by 17.5 inches, was exposed at the Bevatron
to a K-meson beam produced in a copper target at 90° to the primary 6.2-Gev'
'protons. Details of the strong-focusing spectrometer used to form the K beam
have been given eleewhere“' 4) but the general features are as follows. A
atrong-focuning quadrupole magnetic lens forms an image of the target in the . o
" stack, at a point about 1 Lfoot.behind a bending magnet that serves to separate
 particles of different momenta. See Fig. 1. The momentnm_rlesolution of .
. the system is determined by the magnification of the lens system and dispersion
" of the Ibending magnet. In our expérhent. this resolution was £ 1.2% in ,
momentum; which, when combined with the K-meson range straggling,resulted .
~ in a standard deviation of 2 19 m e in the determination of the mass of a single
K particle by range~-momentum measurements. The average proper time of
ﬁight was 1.4 x 107 8 gecond. ' |
- 2i2 Scanning, - A swath was scanned in each emuleion just beyond the '
proton range and perpendicular to the beam directien. Each track of appro-~
priate gra,in denaity and direction was followed to its end. Obser'vation of -

(4) Jamies R. Peternon, The Masses of Identified Poeitive l{eavy Melonu (theeis). .
-~ UCRL-3368, April 1956,

'(5) Roy P, Haddock, Nuové Cimento, in press; also Analysia of One Ht.mdred

Bevatron t Particles, UCRL-3284, Feb, 1956, :
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o one or more tracks of secondary particles at the end point identified the
‘primary as a heavy meson. The dis’tribution in range of such primary
: particiee shows a sharp peak; that of particles with no observed decay is
more diffuse but also shows a distinct peak at the same range. The areas
under the peaks indicate that about 15% of the secondaries of K particles
“escaped detection. See Appendix A for discussion of the effect of thie loss
‘on relative abundances. .
, The heavy mesons thus found were ciaea’ified by the scanners as 7's
.or K particles with light or dark secondary tracks. The subjective category
. "dark" {ncludes roughly all secondary tracks of ionization greater than twice
"the mimrmun value.

Z 3 Identiﬁcation of Secondaries.
l) Systematic following. : .
a. The track of each decay secondary was followed if its
‘wdirectian indicated that it had 21 centimeters af emulsion path available. In
this way it was possible not only to follow to rest secondaries from the sz.
mode, but also to obtain an unbiased sampling of the decay modes. The
secondary particles to be distinguished were the v’ from K w2 decay,
“{R = range ® 12 cm); p. from K 2’ (R = 21 cm); n'+ from alternative decay \
of the 7, (R .= 3.8 cm); et from K, 3 and the wt from K 31,&&»1(3 517 cm, -
asauming the deeay mode Kp.i g p. + v 4 v -
Of course not all tracks could be followed to the ends of their ranges,

. because some of the v mesons interacted in flight. gome tracks of all varieties
were lost out of the stack by accumulated Coulomb scattering, and a few very
flat tracks were lost between pellicle'e. All secondary tracks not stopped were
blob-counted as far along the track as possible, and are listed in Table I.

. For tracks not stopped, the separation of the remaining modes was based
on the blob count and on the following arguments. The relative yield of K's
decaying into the three-body modes such as the K!“t and K e3 is about 6%, * |
and in addition only a fraction of their seconda.ry energies are high enough to

‘ be emnfused in this analynia with a sz or K_ 72 secandary. Hence, tracks

g aati?fying the ionization criterion for K a2 secondaries when leaving the stack
havd been listed as a's even though they might have been u's from K u3 decay.

d

max ,

1 See Section I‘:’
N ..“" | - V ¢ ?
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Table 1 - Path length of nonstopped particles

obtained from systematic following of secondaries.

Events identified| Secondary| Type of | Events identified | Secondary| Type 0f
K. . Range ‘ending Ko Range ending
w2 (em) r | (cm) |
; 3 6 + 1 1 *
' 2 6 + 2 2 *
3. 6 . 0 3 3.5 ¢
4 7 0 4 4 o
5 7 0 5 5 -
6 7 + 6 6 ®
7 9 e 0 7 6.5 +
8 9 0 8 7 0
9 9 + 9 7 ®
10 9 + 10 -9 s
11 10 ) i1 11.5 0
12 10 0 '
13 10 8
14 11 0
15 11 §
16 11 +
17 - 11 +
18 11 0
19 12 0
20 12 [}
21 12 0
22 13 +
23 13 +
24 14 0
25 14 0
26 15 0
27 15 0
28 16 0
29 17 +
30 17 0
31 17 0
32 17 0
33 17 0
34 18 0
35 19 0
36 19 0
37 19 0
38 20 0
39 20 0
40 21 0
® = gtar in flight
0 = out of stack
+ = lost .
§ = stopped following
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Only four secondariesvw'ere classified as sz in this manner, and therefore
it is unlikely that one could have been.a p. Secondaries makiag a star in flight
_ ire al-ao listed as w's from K 72 decay, having been separated from ¢' second-
aries on the basis of blob count.
" The forty tracks leaving the stack at nearly minimum iomza.tion have been
‘caned u'e £rom K w2 All had path lengths in the stack greater than 6 cm.
Of these,’ 25 had path lengths less than 14 cm, We estimate that about 1% of .
_‘these could be p's from K w3 and the only other alternative, the et » should
;ha.ve been easily recognized after 6 cm by its characteristic energy loss and
aéaoci{ated scattering., Considerable attention was givén to the possibility of .'
the incorrect idéntificatton of those secondaries that left the stack at 6 to 9 cm,
_which could have been high-energy electrons rather than p mesgons from Kp?.
- decay. The data indicate that the possibility of such a mininterpretation is remote.
- The number of events in each category obtained from the systematic follow-
_ing of secondaries as described above is shown in Table II.

| :_lt‘;"éble_ 11, - Numbere of particles identified by systevmatic following_ of secondaries.

. , Secpndariél , 7
Primary ‘ Ending stars in Not |  Total
. in stack flight stopped
X, 20 0 40 | 60 -
K ‘ 20 7 4 31
n2 .
_K];.3v _ 2 0 0 2
K 4 2 0 0 2
2 0 0 2
97

T g A

. Three additional K a2 secondaries were stopped out of a- group of 75

' secondaries described in Section 13 ls. ,

. %
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2) Blob-Counting of Secondaries. -
a. Introduction. :

The proportion of KLrparticles that could be identified by follow-
ing the secondary particles was only of the order of 2.5%, and it was felt
desirable to attempt the identification of further K particles by other methods.
Information regarding the velocity of emission of the secondary particles can
be obtained by measurement of the track density close to the point of decay.
it is known, from the foregoing results, that of those secondaries of § > 0.7,
corresponding to values of the specific ionization below 1.3 times the minimum
value, the great majority (~87%) result from the K, and K , modes of

" decay. In both cases, the secandary is monoeuergetic. the ratio of the values

of specific ionization bemg 1 Z/Iﬁ = 1.15. If the statistical fluctuations
associated with the measurement of track density can be made sufficiently

" . small, the secondaries may be resolved into one or other category with fairly

‘ high efficiency. , -

In order to specify the ionization of a secondary particle, it was decided
to measure the blob density in the track. The blob density is the number, per
unit track length, of clearly resolved grains or clusters of grains, and is also
therefore the total number of visible gaps per unit length. Blob counting is
_particularly suited to tracks produced by particles of ionization close to the
minimum value, and has the advantages of rapidity of measurement and mini-
mum subjective errors. ' .

b. Calibration.

In order that the measured blob densityl b may be interpreted in
terms of the ionization of the particle, it is necessary to refer it to that of the
track of a particle of known ionization, occurring in the same region of the
emulsion. The momentum of the particles enter.ihg the stack was ¥ 360 Mev/c.
Pions of this momentum have a range of 35 cm of emulsion. In order to
calibra_te the emulsions, it was convenient to make blob counts on the tracks
. of these piéms at a depth of 7 cm into the etaék. i.e., at about the same depth
" as the end points of the K-particle tracks. At thie depth, the pions, with a
residual range of the order of 28 cm, have gm&ticany the same velocity~--and
hence tracks of the same blob density--as the sz secondaries. For con-
venience, the mean blob density in the tracks of these pionsg or of the K“Z
secondaries will be called the standard blob density and denoted by bo.
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The emulsion stack was developed in several batches, each batch containing
12 consecutive emulsion sheets. All emulsions in a given batch were processed |
simultaneously under identical conditions. Counts were made on pion tracks in -
_each emulsion of the development batches used fo‘r the blob-céunt_ measurements,
The blob densities at different emulsion depths were recorded, and hence the
variation of development with depth was obtained. Within the statistical errors
of the observations, this depth dependence appeared to be much the same in the
different émulsions, and the depth variation assumed in the subsequent analysis
was that obtained by combining the data from all the emulsions calibrated. It
was found that the blob density varied through the emulsion depth by eome 26%
about the mean value. Relative to this mean value, tt;at at any particular dcpth
was determined within a statistical error of #1%.

The fluctuations of development between individual emulslonn of a given
batch were next investigated. . These fluctuations comprise not only variations
in sensitivity and degree of development from one emulsion to another, but
also variations over the surface area of a particular emulsion. In each emulsion,
bQ was found within a statistical error of 2. 5%. and internal fluctuations of bo -
between emulsions in a particular batch were consistent with this valae. If
real variations within such a batch existed, they were undetectable and cannot
have been greater than 1%. | ’. '

In the absence of sach fluctuations, the value of b for a particuh.r emulsion
was assumed to be equal to the mean value of bo for the batch., As the analysis
proceeded, more K 2 secondaries were identified by tracing them to rest, and
counts were made on the tracks of these particles in order to check the values -
of b, obtained from the pion tracks. The secondaries were tr_acéd from emulsion
to emulsion in a batch, for distances up to ~ 3 ¢cm from the origin, small cor-
rections being appliéd to take account of the effect of slowing ciown. In Table LI,
the values of b, are given for four development batches in which both types of
calibration were employed; the data from the pions and from K , secondaries
are displayed separately. The two sets of data are in fair agreement, and the
mean, shown in the last column, is the final value of bG adopted for a particular
batch. The statistical error on this value of bo is of the order of 1%, end the
variations of b, between different development batches greatly exceed this
figure. This can presumably be accounted for by the fact that the various batches
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were processed at different nmes and in some cases were made up frem different
mauufacturera’ batchea of emulsion. The processing procedure was ag nearly |

a8 posaible the same for the different devel(:pment batches.

Table 1il. - Values of b, for four developmeént batches. .

- ‘ v _'Calibration pions K u2 secondaries
. ’Eatch ' Emulsion “No. of b, 1 No. of b Meen' L
| No. No. blobs -7 | blobs .0 By

15-27 | 13,308 151.521.3 | 10,711 1513215 | 1514/

28 - 36 6,453  161.3 %2 8,023+ 154,422 | 157.5{
50 - 60 | 10,686 158.0 #1.5 | 5,722 161.3 42 159.6

c. Blob counta of K aecondariee. :
During the. scanning of the emulsion stack, the apprmdmate angles

o£ dxp of the K secondaries were recorded. From the events obaerved in the _

develo;;ment batches previously calibrated, those K aecondaries were selected a
which had recorded dip angles less than 22°, correapondmg to projected track
lengtha !ﬁ > 1.5 mm pét ¢mulsion. Blob counts were made on these;, .,
tot.aling 183 tracks. It ie canvenient to group the tracke jato two categories

as follows. : . :
' Clasa A conaists of secandaries of lp < 5 mm. The track was followed '

N fmm the point of decay. and ‘blob-counted along its entire 1ength in the next
'4 ‘emulsian. £ necesaary further counts were made in succeeding emulaious. o
_ "!:\mtu at least 600 blobs were obtained. For the track deneitiea and lengtbs
. .in thie category, counts had in practice to be made in one, two, or three
. ‘emulaiona. Since the tracks are approximately rectmnear. the blob densities _
E ;,::fouqd in this way are practically independent of the variation of development o
; ;rfwiaih depth. The blob denstty was calculated from the total number of blobs |

- o ».a,mi tfue track leugth calculated from 1y and assuming an emt;lsiorn thicknesa

i oi‘ @009. The average number of bloba counted on Class A tracka was 855, _-:.f o
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Class B contains the remaining secondaries, of £5 > 5 mm. It will be
clear that, for very flat tracks, the total angle of multiple scattering may
become comparable with the initial angle of dip. Flat tracks are therefore
not even approximately rectilinear, and the mean blob 'de‘néity taken over the
entire length is dependent on the depth variation. The procedure adopted for
" Class B tracks was to count at least 700 blobs; either in the emulsion con-
taining the point of decay, if the track length in this emulsion was sufficient,
or in the next emulsion if it was not. Counting near the top suriaces of the
emulsions was avoided, since there the depth variation was mowt rapid. The
 required number of blobs was obtained in practice over a length of about 5 mm,
and in this interval, as for Class A tracks, the path of the secondary was
assumed to be rectilinear. The depths in the emulsion of the end points of the
count were determined, and from the measured‘blob density and the standard

- . value bo appropriate to the mean track depth and development batch, the

ratio b* = b/bo was calculated. The average number of blobs on Class B
tracks was 750,
d. Total distribution. _
The distribution in the values of b* so obtained is shown in Fig. 2.
In addition, the secondaries were divided into three groups: Class A secondaries
of length 1.5 < ¢p < 3 mm (dip angle 22° > § >11°); the remaining Class A
secondaries of 3 < gfﬁ\(gs mm (dip angle 11°> g > 6°); and Class B secondaries
of 4p.> 5 mm and @ < 6°. The mean values of b* for the three histograms
were 1.03 # .01; 1.05 # ,01; and 1.04 % .0} respectively. Thus, within the limits
of dip angle considered (0° to ZZO). systematic errors in b* arising from
possible change in the blob-count convention with angle of dip appear to be of
the order of 1% or less. This result is in strong contrast with that of Barkas,
Heckman, and Smith(é). who obtain ai. 10% increase in blob density as 8 increases
from 0° to 16°. A comparison of the histograms for Class A tracks and for
Clasq B tracks also indicates that systematic errors in the assumed variation of
blob density with depth in the emulsion are equally negligible.
Included in the histogram shown in Fig. 2, and shown shaded, are the
values of b* for a few secondaries that were identified independently by
following them to rest. In order to obtain results of greater statistical weight

(6) Barkas, Heckman, and Smith, Nuovo Cimento Serie X, f:_, 85 (1955).
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some of the K 2 secondaries so identified were also blob-coun_ted in 3e{rerai
emulgions (the K 2 calibration tracks described above), and the resulting
distribution is shown geparately in Fig. 3. The average number of blobs
counted for each point in Fig. 2 was 815; in Fig. 3, 825. |

The standard deviation of the his.togram in Fig. 3is ¢ 4%, The cnrveﬁ in
F‘ig. 2 show the expected Gaussgian distributions in b* for 180 tracks, for an
aasumed standard deviation of 4%, 2 mean value of b* for the tracks of K. a2

*secondaries of 1.145, and a ratio of the frequenciee of the two modes of decay
NK“Z/NK 2 of 2.0. For this choice of parameters, the observed and expected

distributions are in good agreement. It will be seen that the expected number
of p secondaries of b* > 1.0 is about equal to the expected number of »

_secondaries of b* < 1.02. The observed ratio of nmber'a of events of b*
~.less than and greater than 1,07, extluding identified K’ﬂ'e'. is 118/62 = 1.90%0.30.

3. - Relative A'bundanc.ea"of the Various Modeés of Decay

In computing the relative abundances of the various modec of decay, it
must be borne in mind that the samplea used change with the manuer in. which

the secondaries are identified. For example, a blob count at tke decay poin_t
‘does not distinguish between the 'K“Z and the K, modes, or between 2 K ,

aecondary and a p secondary of energy ~ 80 Mev from the K .3 mode.
The data from which the final abundances are derived are displayed in

N A Table IV. For each mode of decay, the actual number of events found, and the .

correct sample size. are given. The latter is derived in a manner discussed
below. : ‘ : ’
The total percentages of the r! and K 3 types have been '6btained by adcfing’ 7
the percentage found by the scanners to the percentage found in systematically
£onowing or. blob-caunting necondaries._ The procedure thus utilizes all avail-
able data dnd gives a result independent of the variation of efficiency of dark- -
track recognition with aecondary ionization. -This combinin} procedure requires, )
however, that the efficiency of dark-secondary recogunition and the efficiency

for finding any aecondary both have the same distributian in dip angle (since
'only flat secondaries were syatematicauy studied). The dip angles of all

dark secondaries were 'measured and compared to the dip-angle distribution of
100 other secondaries randomly selected. The distributions were found to be
the same and corresponded to spatial isotropy.



o
—— =

e ————— e

Table IV. - Corrected abundances
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~° As deacribed in Section 12,2, the over-all efficiency for detecting a K
secondary during scanning s 85%. It will be assumed that the efficiency for
detecting becondaries of ionization greater than 1.3 x minimum (though not
~ mecessarily recognizing them aa such) is 100%.
- 3.1 7, 7', and K 03 Becondaries.

. 1) Dark Secondaries. ~ Those 7, i!'. and K 3 mondamt recognized
by the scanners as being darkly ionizing, were ieund among & total of 1930 K-
meson endings. Correcting for the over-all scanning efficiency, wo have &
- total of 2272 K mesons. In this umple. there were feund 112 e:mmplea of 1'.
370f 7', and 7T of K -
2) Secondariea Blob~Counted and Fouowed. ty-ueveu secondaries
were systematically followed and 183 blob-counccd as described in Sections
":mislsa:ﬁd 2.3~ 2. In addition, a iurther 75 -ecmdariu were followed for a
distance of between 5 and 8 cm (a mean of 6.5 em), in order to find additional
‘v»example- of K'ﬁ and K. Of the 183 eecon&ariea blobecounted, 107 were .
) »dupnca.ted in the ayetematic .‘.’ouowing. The- cases of t' and low-energy K w3
{0 to 60 Mev) ayctemaucany found came therefore from a cample of 248 K
secondaries. The samples studied excluded cases of 7 and r', and of K . 3
{find by dark-secondary récognition, which amount to 7.4% of all K's, nnd :
t tnerefore represented 92.6% of an unselected sgample of K mesons. After cor-
.rection for scanning efficiency and for 7's and initially recognized dark
~ #econdaries, the aample aumber becomes 320. 'mm correction has bcen made
" in Table IV, . o -
| 3) High-Energy K”S‘Secendaﬂu. - Those K “3‘: of secondary energy
exceeding 60 Mev {ionization below 1.3 times minimum) could be found ouly
by systematic following. For examplc. 172 secondaries were followed a dla_u
tance such that a 70-Mev muon would have beeun identified. After correctioi: '
for K's with recognised dark secondaries, the sample number becomes 186.
The Kp; data have been grouped in Table IV for several secondary energy
Antervals. The number of K mesons in the samples diminishes at higher muon
energies, as the aumber of secondaries followed out to nuﬁlciently great diu :
tances to ensure identmcatien becomes progressively -mancr.
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3.2 K,.3 Secondaries, - K.3 secondaries were found tmiy by following 172
K-meson secondaries, or in a sample of 186 K mesons of all types. The short-
eat distance followed, for which the secondary remained near minimum ion«
ization, was 5 cm. Ninety«three percent of the secondaries were followed 6 cm
or otherwise identified, and 76% of the secondaries were followed at least 9 em
or otherwise identified {i.e., observation of star in flight, or ionization 'abovc
" plateau). Such K o3 secondaries as were found were readily identified by
observing the jncrease in multiple scattering of their tracks, which typifies
‘large energy lossea. A% 6 cm, 90% of the electrons will lose more than 3/4
of their energy, while at 9 em essentially all lose 3/4 of their energy. Thus,
we estimate that our over~all efficiency for discriminating between 250-Mev.
" electron secondaries and sz secondaries was better than 96%. The six -
electron secondaries found in the above umplea had pB =173, ?5. 80, 103183.
and 200 Mev/c, | o
U 3.3 sz and K _» Secondaries. - One hundred forty-nine K u2 and 7‘7 K, = -
were found by the methods described in Secttonl 2.3-1 8nd 2, 3-2. From their -
ratio, corrected for acanning efficiency tAppend&x A), and the total percentage
of K w2 and K a2’ the percentage of each was determined.
| Additional dats obtained from a smaller stacku’ (16A) are shown in 'I'able
IV. The data from both stacks has been combined in the last column. ,
' 3.4 Comparison With Other Data. -~ In Table V our results are compared
 with nuclear-emulsione-stack results from other laboratoriesn)’ (8), (9) (10}, (1 1), “2).
The abundances for the 7' and the K w3 in the first three columns have been
~derived from the published diita by means of the methods described in Sections -
3.1 and 3.2. The &ata ot’ columns 2 and 3 have been corrected for scanning

(D G.stack Collaboration;: Nuovo Cimento 2, 1063 (1955).
v (8) Ritmn, Pevsuer, Fung. Widgoff. Zorn, Goldhaber. and Goldhaber, Phys.
Rev. 101, 1085 {1956).
(%) Crusésard, Fouche, Henueuy. Kayas, Leprince-Ringuet. Morellet, and
Renard, Nuovo Cimento 3, 731 (1956).

(10) smith, Heckman, and Barkas, Composition of a Secondary-Particle Beam
" from the Bevatron, UCRL-3289, March 1956.

(11) Hoang, Kaplon, and Yekutiell, Phys. Rev. 102, 1185 (1956).
(12) O'Ceallaigh, Mexander. and Johnson, Proceedings of Sixth Annual
Rochester Conference on High-Energy Physics, 1956,
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efficiencies derived by assuming 100% efficiency for 7's and a 7 abundance of
5.6%. The numbers in columne 4, 5, and 6 are as quoted iu the references
except that we have computed the uncertainties on the Rochester results on the
baais of the number of events of ‘each type found. Statistics in the table are
based upon the square rdot of the number of events and therefore have the
- siguificance of standard deviations only for those cases.'wwl large numbers of
events, ' 3 - ,
- M the last five rows of Table V are given the conditions of cxposure oi the
.j'aucwar emulsion stacks, With one possible exception there are no significant
'varintions in the relative yiald of K mesons of different types under the different
] exposure candition-. The one ponible exception is the X e3¢ which appea.rs
ftom Table V to be found less frequently under conditions of longer flight time."
| ‘specmcauy. the combined shozt time-of-flight data of GS add EP give 10 K .3
' compared to 94 K 72 20d K w1 ‘The combined long time-ofaﬁigbt results from
- MIT, nublin. our work gives l% K o3 compared to 326 K a2 and Ku.Z‘ With these
dats and the equal lifetimes of 1.2 x 10”3 second for the K_, and K “a“” we can
determine the K lit‘etlme. assuming the abmdanees at productian to be the
same under all condizions of exposure. The. result for the K_ o3 mean lifetime
is 0.62 x 10'.8 sacond. with a 90% probability of its lying between 0.47 and _
094 x 10'8 neconda Conversely, i we assume both that the relative production
abundances under all conditions are equal and that the K o3 K“z. and K 2 have
‘the same ufeume. the purely statistical probability of obtaining such poor
_agreement between the short- and long-flight-time K_, abundances is less than'v
- 0.02. Further study is required to resolve this discrepancy of to verify the
difference in the K_, behavior,

G, - Rauga Measurements on K,_;z and sz Se"cendarie_n'.'

4.1 Method., « The measurement of the range of each particle consisted
of adding the chords between points where the track made large single scatters
" or accumulated multiple scatters of at most 10°. This range includes the air
. gaps between pellicles and therefore, when multiplied by the gross deasity of

the otacked emulsicm. givea the rangz ingem a.

13} V. Fitch and R, Motley, Phys. Rev. 101, 496 (1956); Alvares, Crawiord.
Good. and Stevetwon. Phys. aew. 10}, 503 {1956).
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_ The grose density was measured by the following procedure. The emulsaion
~ stack was first clamped tightly, with no tissue paper spacers, between 3/4-in.
bakelite plates by means of bolts going through holes punched in the pellicles,
All outside edges were machined smooth. The atack density wae then deter« h
mined by over-all weight and dimensions to be 3,80 2 0,02 g cm"?. The error

ic derived from the fluctuations in the thickness of the stack as measured at-’ :
twelve different places. ' ‘

" The projected distances (Ax, Ay) between points were obtained by ta.king
{ differences between the microscope stage screw readings., For each chord,
' &z was taken equal to the number of plates traversed multiplied by the average
_apparent plate thickness before development obtained from the over-all thickness
of the stack. Thue the air gaps are included in both the range and the density
| ’rhéa-surémanta. ‘The individual plates were. aligned by brass tabs which were

‘ glmsd on the corners with respect to x-ray fiducial marks.

 The range-energy curve used(“) was calculated for an emulnion dennicy

& 3.815 g cm 3. and the measured ranges must be transformed carreapandingly.
. If the difference between this value and our measured denaity was due only to -

~ the air gaps in the stack the ranges in centimeters would trmform inversely
.ag the ratio of the densities. If part of the difference was due to the water .
content of the emulsions--an exact calculation would have allowed for the change -
in stopping power with water content-«that ia, if the pellicle density, assumed
“to be 3.815, was actually 3.825. For example, in this humidity region the
density ratios must be corrected by addition of quantuy that is equal to 0.05
times the relative difference in density (--e) 5 :
' In order to estimate the actual emuls&on demny. and henca the ctopping
pewer of our stack, we have measured the ranges of 46 nearly flat secondaries
t’rom % - p decays, each coataimd within a single pellicle. These tracks were

_picked with a dip angle such that a 10% unccrtainty in the shrinkage factor would .
lead to an error of less than 0.25% in the range of the muon., The average muon
range obtained was 596.4 & 6 microns, which agreu with that obtained by the
G-Stack Collaboration!) of 597.8 & 2.1 microns for & density of 3.825 g em*>.
Thue the uncertainty in itopping power due to the uncertainty of water content
is less than 0.05%. This represents a negligible contribution to the errors in
the K ,and K , aecondary ranges. ' 4 |

- 114 W. H. Barkas and D. M. Young, Emulsmn Ta.l:oles° I. Heavy- -Particle
Functions, UCRL.-2579 (Rev.), Sept. 1954, A
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4.2 Mass of the K 02 and K e from Ranges of the Secondaries. ~ The range .
distribut{ons of the 20 muons and 23 plon secondaries that stopped in the stack
are given in Fig. 4. Shown also are the standard deviations of the experimental
distributions, which agree well with the theoretical range straggling. The

mean ranges for the stack density of 3.80 g ecm -3 are

R s (20. 90&013)cm. _

, R = (11.70 % 0,065) em.
- These ranges have been converted to a dengity of 3.815 g cm“a. and the
energies computed corresponding to these ranges, assuzmng the decay echemea :
K, - uatey,

2

- ot 0
K’a w’ b Y,

amd are ahaﬁm in Table VI.

"I‘able VI, « Ranges and eae'rgia: of K 2 and Km‘!"

Secondary range_ Secondary energy
Deneity = 3.815 g cm=3

20.84 % 0.13 em o 152.36 Mev

s ‘ 11.65 % 0.067T cm - 107.67 Mev

The K-particle masses are computed irom these energies by use of the
£6llowmg pion and muon maaseszus,’ (16)
o $22733m,,
. = 272.8 m ?
- Idi Q= 8.8 m .
+= 206 9 m
= (964.8 & 2.4) m

a

M

‘F‘-‘!‘—‘I‘

The r'ésults are:. M

=

u2
= (964.2 £ 1.8) m,,
wi '

Tm Barkae. Bimbanm‘ and Smith, Phys. Rev. 10}, 778.(5@56)
(16) w. Chinowsky and J. Steinbezger, Phys. Rev. 93, 586  (1954).

M

=




s The curves £r'am Baroni et al.
o but raise the K w2 maas about 13 m .
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‘where the errors given are due only to the standard deviation of the mean of
' . the experimental range straggling.

Listed for comparisen ate the mass values from other Xaberatérin, _
computed by use of the Barvkaa and Young range~energy curves. (14)

‘ - K2 | - En
G-stack{™ 962.8 44  969.3 23
w,.f?. 81 952 %4 969 2 4
M.I.T. 9 92488 9636243

(17) give conaiatent valu.es £or the K a2 maas ’

4.3 Dhcusim of Reaulu. =~ Besides the quoted statistical errors the
uncertaioty in the value of the v mass contributes to an error of the ordey of
&} m, in the K mass. The 1/2% uncertainty in the deneity becomes # 1.2 m

" for the K_, mass and *2 m, for the sz mass,

"As a check for further ayntemauc errors, we remeasured all the pion
accandariea. and found 2 aegligible change in the mean range caused by the

fmeamrement procedure. | L
There is also the question as to the uuabmtv of the range-energy relatien.‘ BN

Recenﬂy Barkas et “.(18) have made an experimental determ&naum of the

| ‘ rangea of pigns of known energy for five valuea of energy up to about 100 Mev.

They have recalculated the Barkau?oung values normalized to theae experis

o mental points. In the region above the last experimental point, the curve is
3 vextrapolated ﬁuoreticany as before. With this new relation our mass valies
'became : : ' o

M, ,atée.s.s A2.4)m ,
*‘g.z . e

5 M .
, Kuz ,
m) Baroni, Gastagheli. Cortini. Franainem. ‘and Maat’redini. CERN Report

= (962-8 * 138’ m .

'-\559.

' (13) Bazkas, Barrett, Cuer, Heckman, Smith, and Ticho, HigBaVelocity
| Parucle Ranges in Emulsion, UCRL~3&54. Jan. 1956, and W, H, Barkas,

private communication.
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For comparison, the masa of the 7(5) computed from the Q2 of the decays
in this stack, and from one other stack treated in 2 similar manner, is

M'r = 966.1 = 0.7.

-r - Primary Mass.

The masses of the various types of K particles have slgo been measured
by the primary range -momentum method. Measurements were made only on
‘those tracks whose secondaries had been identified. Ranges of the K particles
: were meast;red along the track by the same method as were the secondaries.

‘The momentum of each particle was determined from its entrance position in

- the atack, by measurement of the range of the protons entering the same
'posiuon and hence their momentum. In the case of the protons, the measured
ranges were actually projected ranges, and & correction to account for the
.range ghortening due to multiple scattering effectively increased the K-meson
E ‘mass by about 2 m,. In addition, the different energy loss of K's and protons
in the air path through the deflecting magnet and subsequent field-free region
' ahead of the stack required a mass correction of from 6 to 8 m, on each particle.
varying slightly with the in(c‘i;ient momentum. Details af thege and other cor-

The. final corrected values of the masses, with the uumber of particles
measured for each variety, are shown in Table VII.

Table VII, - Masses by Range-Momentgm Method

: . Type | Mass (mg) [No. Measured

T 966.3 ¢ 2.1 71
r 967.7 % 4 21
KH‘Z 967.2 % 2.2 96
K_, 966.7 + 2.0 54 ]
K“S | 969 x5 12
K.3 967 =8 6
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6. ~ Conclusions.,

‘We have measured the masses of the various decay modes of positive K

mesons by two independent methaods. The first is the measurement of the Q of
_the decay for the K w2’ K we and ¥; the second is the rangeamomentum method
applied to the primaries. In the first method, the largest mass difference. that

of M - Msz. is (3.3 2.4)m . The error includes (ﬁ) #1.9m e? statistical -
standard deviation; (b) 2 1.4 m ' for possible variation in stack density. and
(c¢)20.6m e for the xmcettainty in pion maasases. 1 the uncertainty of the range-
energy relation is included the significance of the small mass difference decreases.

In the second method the magees are all the same withi_'n experimental error.

In particular M - MKVZ' ie {-0.4 % 2, 9)m . :

It is shown in Section III that our data on the relative abundances are the
 same as those taken under entirely different conditions of exposure and flight
time, with the possible exception of the Kes" If we also consider the equality of
the masses it appears that we are observing different decay modes of the same
particle. _

‘However, this conclusion is in strong contradiction with the moast likely spin
and parity assignments of the 7 meson (0~or 2~), which configurations are not
possible for a K 2’ Various theoretical and phenomenclogical descriptions have
- been proposed in order to resolve this dilemma, none of which are really satis~
factory. For example, the cascade schemc‘ ) demands at least 10 m, difference
between the 7 and K w2 to account for the abserved half life for a 0 ~ 0 spia tran- E
sition. This mass difference is well outside our experimental errors. Further-
more, neither the Kﬂz(w)vnor the 7 ‘is believed to have spin one, hence tran-
sitions 0 - 1 and 1 -~ 0 are not considered.

Transitions from 0 ~ 2 or 2 - 0 demand about 3 m_ to account for the
observed half lives. The experiment of Alvarez et al.( 0) shows that any y-rays
accompaning the transition r -~ K;,z muet be less than ! m, total energy, thus
ruling out spin changee of £ 2, The possibility of the reverse transition, viz.

K 2 = 7tY, is not excluded by the above experiment. In addition, a 2tz

(19) B. J. Moyer and J. Oehe‘r.'pri-vate communication,

(20) Alvarez, Crawford, Good, and Stevenson, Proceedings of Sixth Annual
" Rochester Conference on H_igh-mnergy Physics, 1956,

2
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transition requires only a 6 Kev mass difference to give the observed half life,
and no experiment to date has had sufficient sensitivity tc detect a mags differ«
ence this small. However we believe that the zero spin assigunments are the
most probable and therefore the cascade scheme is unsatisfactory.

(21,22, 33). while accounting for the maes d'egene'racy.

Other suggestiona
must rely on an accident of nature to explain the half-life degeneracy. A more
recent proposal, now being studied by Bludman and Rudermn.n(z ), has been to
postulate the existence of a scaler #% in addition to the usual pseudoscaler w2,
with the result that the neutral and posmve K particles have different parity.
| Then the positive 7 and K a2 could bath be 0. , -

The reader is referred to the proceedings of the 1956 Rachester Conference’

for discussions of other theories that would have the 7 and Kﬁz be the same

(25)

particle.

(21) T. D. Lee and C. N. Yéng. Phys. Rev. 102, 290 {(1956); M. Gell-Mann,
private communication. ' ’ :

izz) 8. Bludman, Interpretation of K;Meson Decays, UCRL-~3271, Jan. 1956.

(23) M. Lynu Stevenson, The Ratios of Lifetimes of Heavy"Mesoné and Hyperons
a& Predicted by Phase Space, UCRL-3275, Feb, 1956. '

(24) S. Bludmaun and M, Ruderman, private communication.

(25) Proceedings of Sixth Annual Rochester Conference ou High Energy Physics,
1?56 .
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| Effect of Efficiency of Detection of K Seéondariés on the Relative
Abundances. - As mentioned in Section 2.2, the over-ail gfﬁciency for detectio‘n
of K secondaries by the scanners is 85%. Since 8% of the K particles yield

-secondaries of ionization exceeding twice the minimum value, for which the

efﬁcieucy is presumably 100%, this implies that 16% of the iightly tonizing
secondaries escape detection. We shall consider how this loss affects the

| ‘relative abundances of the predominant decay modes K 52 804 K u2* {(The

statistical errors on the frequencies of the rare modes K e3 and KM3 are at
prelent s0 large that small affects due to scanning’ mafficiency will not be
onsidered).
A K %2 °F K aecoﬁdarv may escape detection for two main reasouns.

" (&) Fluctuations in grain density occur, and a cha.nce absence of grains close

to the point of decay can lead to failure to pick up the track. (b) The atOpping

_ point of the primary particle may be closé to the emulsion surface, 5o that if

the cecondary is directed outwards, its track may be missed because of its
shortness, or the soméwhat lower grain density near the top surface of the
emulsion, or the presence of surface markings at the glass interface.

In {(a), the pro&bﬁﬁty of detection depends on the mean grain density,
‘which is 15% greater in the tracke of K_, secondaries than for K L2+ The

‘scanners scrutinize a roughly spherical volume, of ~50 p radius about the
' end point of each stopping particle, for evidence of a secondary. Assuming a

random distribution of grains along the secondary tracks, we have calculated
the expected detection efficiency for each decay mode, on the simplifying
assumption that some minimum number of grains must occur along the first
SGp of track in order for the secondary to be detected. Fora given value of ~
the true ratio Ro =§-l-(ﬂ& » we can then find the expected ratio R in terms of
the total efficiency E-fKF detecting both types of secondary. We find that

8 = R/Ro varies almast linearly with £, and thdt for the measured value of

£ 84%, 5= 0.89. Thus, for R = 1.93 4 0.29, the true ratio becomes

Ro = 2.12 £ 0.30. We feel that this value of Ro will be, if anything, an over- |
estimate, for the reasons given above: (a) it is cerxtain that fluctuations of
grain density over distances less than 50u will (in many cases) be of importance
in detecting the track; and since these fluctuations will be greater than those
over 50u lengths, the bias in favor of K 'z' secondaries will be correspondingly
less. (b) surface effects may gccount for a 5% to 10% loss,
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Figure Captions

Diagram of strong-focusing spectrometer. _

Distribution of normalized blob density for flat secondaries. Normallzation
is to w tracks of 210 Mev in the emulsion stack and to identified K,
secondaries, o S

Distribution of normalized blob density for identified K, p secondaries,

metribution of K w2 and K _, secondary ranges. The dashed line ahmvs_ the
poeition of the mean of the diatribmen. c e@ ia the experimental standard
deviation and % is the theoretical straggling.
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