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ABSTRACT

| The maximum likelihood procedure for determining mean lifetimes
of unstable particles is applied to cloud chamber photographs of N°
and 6° particles. Selection methods designed to select pure, unbiased
samples are discussed in detail. A formulation of selet.;.t.ion criteria
which enables optimum use of the data without introducing bias is
outlined. The techniques which were employed to make the necessary
momentum and distance measurements are described.

The mean lifetime of the A° based on 93 cases is (3.6 t0.6) -
10710 gec. The mean Q-value for 82 cases which permit a Q-value
calculation is (35.6 * 1,0) Mev. The errors in these results are
~ briefly discussed.

The mean lifetime of the 6° is computed using two independent
selection techniques. Biases resulting from anomalous 60 contami-
nation are discussed and a "best vaiue" of (1.3 * 0.3) * 10'10 sec,
based on 60 cases, is given. The errors due to momentum measurements

and sample contamination are discussed qualitatively. The mean Q-

value for 58 cases is (214 * 5) Mev,
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I. INTRODUCTION

This study was undertaken for the purpose of measuring the
mean lifetimes of the A° and €° particles. After eighteen months
of operation, about YO0 neutrel V events had been photograpﬁed in the
cloud chambers in thé 48 inch magnet at Pasadena. It was felt that
with such a large number of events one could apply sufficiently re-
strictive selection recuirements that pure samples of /\°.and &°
particles of statistically significant size cpuld be obtaiﬁed.

Three important considerations were involved in désigning
the selection criteria: (1) the resulting samples were to be un-
contaminated with decays of particles other than that for which the
lifetime was being measured, (2) the semples were to be unbiased
with respect to lifetime, (3) optimum use was to be made of the data
so that the statistical error in the result would be minimized.

The policy adopted to insure purity was to éstablish selection
criteria which would reguire that & given decay be nét only consist-—
ent with & certain scheme but alsoc inconsistent with other possible
schemes of comparsble frequency of observation. Thé way in which
this was administered in the specific cases of A° and 6° particles
will be described in the next section,

The bias problem erises from the fact that the volume of
chamber in which decays can be observed is finite. To avoid biasing
the sample one must attempt to determine a surface such that if the
apex of the event had occurred anywhere within the enclosed volume,

the efficiency of detection and identification would be uniform.



Sensibly uniform detection efficiency is assured simply by selecting
a volume which is well illuminated. However, since the ability to
identify an event increases rapidly with increasing visible track
length, it is clear that one must choose the volume considersbly
smaller than the maximum illuminated volume so that in all cases
enough length of track can be seen beyond the epex to permit identi-
fication,

On the other hand, one must not make the volume too small for
two reasons. Pirstly, it is obvious that the probabiliﬁy of observing
a decey increases with the size of the usagble volume, thus a small
volume yields a small sample. The second reason arises frém.considerar
.tiog of the statistical weights of those cases whiéh are selected.

The finite size of the chamber places an upper limit on the lifetime
observable at a given velocity. Hence some particlés will pass

through the chamber and not be detected at &ll, and eome correction
mast be mad; for thess before & meaningful average can be taken. This
correction is made statistically and requires the measurement of g
quantity which is referred to as the "gate time," which is that time
the particle could have lived and still have been detected and identi-
fied. The gate time, then, becomes a measure of the statistical

weight of each case, and if the useful volume is small, the staﬁistical
significance of all cases is small.

One must meke a compromise by selecting a volume large enough
to allow good statistics but not so large that one is biased in identi-
fication toward those particles decaying early in their flight through

the volume. An approach which has been used (1) is to select a fixed
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volume within which all cases must decay, and within which all gate
lengths are measured. To be unbiased such a volume must be chosen
80 that the most difficult case to identify which is included could
still be identified though it should decay Jjust before leaving the
volume, This procedure, though unbiesed, is extremely wasteful of
the data for two reasone: (1) 1identifigble cases which decay out-
side the fixed volume must be omitted, (2) the statistical signifi-
cance of the included cases is smaller than their measursbility
merits since the gate time is limited Dby the most unmeaéurable case.
It is believed that the following scheme” enables one to make
the meximum use of the data consistent with the policy for selecting
pure samples, without biasing the selection or weighting of the cases.
The selection criteria are formulated in such a manner that a minimum
track length recuired for positive identification is computed. This
length may vary from case to case depending on the measursbility of
the tfacks in question. Then all cases are included for which the
track in gquestion has an illuminated length in the chamber greater
than this minimum., The gate length is taken to be the distance along
the line of flight of the neutral from its entrance into the illumi~
nated region to the last point at which it could have decayed and
5till had the required minimum length fully illuminated. This method
not only mekes optimum use of the data, but provided the selection
requirements are realistic, it automatically guasrds against bias

from the overoptimistic determination of too large a volume.

* This scheme was suggested to the author by George H. Trillimg.
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Once the selection is completed in this manner, one must
proceed to make sufficient measurements to permit the lifetime to
be computed. These measurements may, in some cases, be extremely
difficult and inaccurste, but this can in no way biazs sgainst their
inclusion since the selection had been previously completed using
some property of the decay independent of its oversll measurability.

With these broad concepte in mind, one can proceed to apply
‘them to the data availsble with the object of obtaining pure, un-

biased samples of A® and €° particles,



_.b'~

II. SELECTIOF METHODS

A. (eneral Criteris

' The first step in establishing the rules which every case obeys
wae to determine the surface which would enclose the largest ?olume
such that, should an efent occur at any point within, it would almost
certainly have been detected. This volume will henceforth be referred
to as "the illuminated region," although, for verious reasohs, consider-
able volume of chamber is omitted from it which is well illuminated.

To understand the reasons for the surfaces chosen, knowledge of
the chamber geometry end optical arrangement is required. Fig. 1 is
a schematic view of the chamber geometry and the fiducieal surfaces
chosen., If distances perpendicular to the piston are given a Z coordi-
nate in centimeters with the piston at Z = 0, then two surfaces bounding
" the usable volume are Z = U and Z = 19. Thie was determined simply by
where the light beam began to cut off as determined by observing the
fading of several tracks as they crossed these surfaceé. The top and
bottom surfaces in each chamber pass through the camera lenses and
intersect the piston in horizontal lines near ifs edgé. The left
surface passes through the left lens and intersects the piston in a
vertical line far enough from the edge of the piston so that all points
in the volume viewed from the right lens will be eeen against the
piston. The mirror of this holds for the right surface. All these
choices were made so that all points in the volume are seen against
the piston, which is coated with black velvet so as to serve as an

opticelly good background. Actually several decays seen against the
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chromium sides of the chamber are easily visible, but none of these
were used since the detection efficiency in theee regions is not
comparable to that in the volume used.

One next considers by what methods he is to select_pure samples.
The first consideration should be how one is to distinguish the broad
category of neutral V events from charged V events. In this study,
this separation was done for the most part in a subjective manner by
the original scanners; decay events were classified as neutral or
charged depending primarily on their general appearance. Since the
scanners were comﬁetent persons trained in data anelysis and interpre-
tation, and since the large majority of cases are clearly similar to
one or the other of two greatly different characteristic decsys, the
author has confidence that this procedure is entirely adeguate. All
those cases for which the decision was not considered cbvious were
exsmined in more detail, and only those which were inconsistent with
an interpretation as any known charged V type were 1ncluded in the
neutral V events of this study. This doubtful group, which included,
for example, all large angle (>90°) decays, and those cases where
the direction of flight of the neutral deviated markedly from the
usual downward trend, constituted less than five per cent of the total
number of neutral V events. Since these were subjected to further
selection tests, it is extremely unlikely that even one case of &

charged V event found its way into the final sample.
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B. Selection Criteria for the A°

Given a collection of neutral V events, one must then proceed
on some basis to separate these into homogeneous groups. The first
assumption made on which the selection criteria used in this study
were based is that the only neutral V event which has a proton secon-

dary is the two body A which decays according to the.séheme
A —> P+ ™+ Q Q=(35%1) Mev. (2

It is true that some observations of neutral decays witﬁ proton
secondaries have been made where the Q-value calculated for the
above reaction: appears to be inconsistent with 35 Mev.(3) . These,
however, seem to constitute a very small fraction of the total number
of observations. Among the datas taken in the 48 inch magnet, there
exists no convincing exception to the above decay achemef There are
a number of cases which would be more consistent with other Q-values:
several from 20 to 28 Mev, and a few between 50 and 00 Mev; but the
general spread of Q~values is completely consistent with a gaussian
distribution of error with a probable error smaller than that which
one would expect from the assigned errors. On the basis of these
considerations, the assumption is mzde reasonable. That one can
Justify this assumption for the purpose at hand is‘extremely fortu~
nate. To distinguish between two different modes of decay on the
basis of Q-value alone would require such a high degree of measura-

bility from each case that a statistical study would be impossible.



With the gbove assumption, it then becomes sufficient for
jdentifying a A® particle to identify the positive secondary as a
proton. 'To aid in this identification a second assumption is made.
It is assumed that no neutral V event. has a secondary with mass
intermediste between that of a proton and a ¥ meson., Here again
decay schemes which have such intermediate or K mesons. as seconda-
ries have been prcposed(h) as possible explanations for certain
observations, but here, even more than with anomalous Q-value A°
decays, it seems their cccurrence, if they exist at all; is 80 rare
as to assure a negligible contamination of the sample if they are
_neglected entirely.

The result of these two assumptions, and a third one denying
the existence of neutral V events with secondaries heavier than a
proton, is that one has identified a A particle if he can show that
the positive secondary is consistent with a proton and iﬁconsistent
with a 7 meson. The measurements one has at his diéposal to make a
separation of positive tracks into protons and T mesons are curva-
ture measurements and ionigation estimates. If the:ionizaxion of the
track is above minimum one can make & positive statement ebout the
velocity of the particle, and from the curvature, the momentum is
known. A combinstion of these two items yields information about the
mass, hence & separation of protons from mesons should be possible,
for such cases.

The first criterion, therefore, which all cases must obey if

they are to be identified as A° particles is that they must be
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heavily ionizing. It is worth noting that this restriction not only
aids in positive identification, but also selects cases with low
velbcity. This is an extremely useful thing to de, since for a

given length of chamber available, the gate time is longer for slow
cases, hence the statistical weight is greater. To allow some margin
of error in determining a heavily ionizing track, onlylpositives with
ionization greater than 1.5 times minimum were used. The next section
will contain descriptions of how these measurements were made.

In addition to being heavily ionizing, the positive secondaries
mist glso satisfy a curvature requirement if they are to be identified
as protons} they must have a radius of curvature too large to be
consistent with a T meson of the estimated ionization. Since there
is likely to be a certain error in any curvature measurement as a
result of distortions due to thermal convection currents, to be certain
one has selected protons he should reguire the difference of the
curvaiures of a proton and a I meson of the estimated ionization to
be greater than the expected error.

Experience in analyzing pictures from the 48 inch magnet has
led to the adoption of a constent error in the ssgitta of a track
equal to about one-third of a track width, or 0.03 cm. Thus the
gbility to distinguish protons from mesons will depend on the length
of the track. We wish to find what minimum length of chord is re-
quired to enable one to say that the difference in the sagittas of a
proton and fF meson of ionization I times minimum is greater than the

probable error for the difference. The following notation is defined:
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S§p is the sagitta of a proton of ionization I times
minimum and chord length L,
- &mp 1s the sagitta of- a # meson of ionization I times
minimum and cherd length L,
&a is the probable error in a sagitta measurement due
to disto?tion; tazken as 0.03 cm,
/Op is the radius of curvature corresponding to S'P’
/0m is the radius of curvature corresponding to 5}u
Pp is the momentum corresponding to /ZQ, ‘
Pmn is the momentum corresponding to‘/am,
AA is the probzble error in the quantity A.

Our requirement states that
Su-8§p> A(Sn-8p= V2 &, @

From the formule relating sagitta, chord length, and radius of curve-

ture this can be written as

I‘z/;;--—) 2 6, | | ()

The relationehip between radius of curvature and momentum in a

uniform field of magnetic induction B is
P= 3:20°% Bp (3)

wherei%p is in geauss~centimeters and P is in Mev/c. The average
field in the 48 inch magnet is sbout 8000 gemuss, so neglecting correce

tione due to non-uniformities of field and effects of conical
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projection onto the film.(5) the momentum of a track in Mev/c is pro-

portional to the measured radius of curvature in cm as follows:

P= z.h/o . ()

Using (4) and (2) and the value for &g we get for L in cm

12 (L. 1.}> 0.1k

or 2> 0.1l Py ' (5)
(1 = Pa/Pp)

Pm/Pp is a constant independent of I, egqual to 0.15, therefore (5)

becomes

2

1 > 017 Py . (6)

.Eouation (6) could now be used to find the minimum L recuired
to distinguish protons from mesons for any ionizazioﬁ greater than
1.5. However, since the wvelocity varies approximately inversely as
the square root of the ionization, one would expect’L to vary roughly
inversely as the fourth root of the ionization, thus Quiﬁe slowly.
Also, for the majority of cases the ionizations are not large, there-
fore at the cost of a small amount of gate length in a few cases, one
can greatly simplify the procedure by tsking the minimum L for all
cases the same as for the worst possible case. Since the momentum of
a 7T meson with ionization 1.5 times minimum is about 150 Mev/c, the
requirement becomes

L > 5 cnm.
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Thus the selection criteria for A°® particles are:

(1) ionization of positive secondary greater than 1.5
times minimum,

(2) positive secondary too straight to be consistent with
a T meson of the estimated lonization as determined
by observation on at least 5 cm of track in the

illuminated region.

C. Selection Criteria for the 8°

One is now interested in establishing selection criteris for

the €°, which deceys according to the scheme
g —>t 4"+ Q Q4+ (RLU T 5) Mev. (6)

In attempting to distinguish this decay from all other known modes for
‘neutral V events, one finds the situation considersbly different from
that for A° particles. For one thing, in a cloud chamber ohe cannot
distinguish 7 mesons from «/ mesons except in rare instances, there-
fore, one cannot rule out the possibility that any observed decay
apperently yielding 7 mesons might actuslly give /Q mesons instead.
This statement actually applies to the A° particle élsd, but is not
pertinent in that connection, since no one has any reason to believe
that a « meson hss ever been paired with a proton‘as a secondary.
For the €° there is some reason to believe that such confusion could
exist.

Unstable particles with light meson secondaries which do not fit

the gbove decsy scheme definitely have been observed. These exhibit
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anomglous behavior in that the Q-value, as calculated assuming the
gbove scheme, is ghsolutely inconsistent with 21U Mev. In the date
from the 48 inch magnet alone, at least ten good cases exist which are
nof A° particles and yield anomalous Q-values when treated. as 6°
particles. The computed Q-values for these cases show some bunching
between 29 and 62 Mev, but excellent cases at 10 and 150 Hev also
exist. This, plus the fact that several cases exhibit good origins
'which do not line up with the visible tracks, strongly suggests a
three~-body decay if one is to find a single scheme consistent with

all the anomalous cases.(7)

These "low-Q" cases do not distinguish themselves froﬁ ordinary
e° particles in any way except Q-value celculations or the equivalent.
Yet;to select a sample by computing Q-values would require such a
high degree of messurability from each cese that the result would be
a semple of no statistical significance. A compromise had to be made,
therefore, between a statistically significant samplg and a pure
sample. The procedure used was &s follows.

All cases which could be shown to be not A° particles were
called @° particles, where these then were mixtures of normal &°
particles and anomalous ©° decays. From this group, all cases were
eliminated for which further measurement clearly demonstrated that
they were inconsistent with the normal &° decay scheme. In this
connection, "inconsistent" was defined as meaning that the Q-value,
as computed for a normal 8° particle, differed from 214 Mev by more
than twice the assigned error. Since there are some cases for which

Q-values cannot be computed, end several for which the errors of
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measurement are very large, this process cannot remove all the
anomalous 6° contamination from the sample. In addition, it is felt
that the assigned errors are conservatively large so that some cases
which sre apparently highly consistent with an energy release of
214 Mev may be anomslous. It is also entirely possible that anoma-
lous decays could yield a G~value of 214 Mev, as would be the case
for the three body decsy proposed by Van Lin‘l:.(7> The reéult of this
procedure is thus a sample of @° particles with some contamination,
In a later section an attempt will be made to estimate thé number of
snomalous cases present.

One is now faced with the problem of selecting cases'which
.are inconsistent with a A9 particle from a collection of neutral V
'evénts. From the way in which the A°® particles were selected, an
_obvious method of obtaining e° particles is to select cases for
which the positive secondary is clearly linconsistent with & proton.
One has the inverse problem that he had for protons: in that case
one looked for heavily ionizing, straight tracks, while here he must
look for highly curved, minimum ionizing tragks. In the previous case,
the determining measurement was the ionization and only a.lower limit
on the radius of curvature was necessary. For the present situation,
only an upper limit can be established for the ionization, and the
decisive measurement must be the curvature. The following notation

is defined:
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é; is the measured sagitta for a chord length L,
&p 1is the maximum sagitta for a proton corresponding to
the maximum ionization of the track for a chord length L,
§a is the probgble error in the sagitts measurement as a
result of distortion; tzken as 0.03 cm,
//9 is the radius of curvature corresponding to. 5:
/op is the radius of curveture corresponding to ép'
P is the momentum corresponding to /0,
Pp 1is the momentum corresponding to /Cﬁ,

Then the requirement is

Using the relationship relating radius of curvature, sagitta, and

chord length one has

Cabe o

Using (4) from part B, (2) becomes
2 f{1_ 1
I-(P Pp))o.z

or 2y 0.1P .
R | (3)

All but an exceptional case have ionization less than 1.5 times

minimom at which a proton has momentum

P, = 1000 Mev/c,
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therefore
2 0,lP 100
L= > =
1~ 0,001P 1000 - 1 * ()
= -

The selection criteria for a 8° particle on the basié of
observations on the @ositive secondary alone become!

(1) en illuminated track length such that the chord length,

L, end the momentum, P, satisfy inequality ();

(2) ionization less than 1.5 minimum or too small to be

consistent with the measured curvature.

There is, however, another useful way of finding cases which
are not A° particles. For any given two-body decay, there is an
upper limit for the quantity P. sin 9,(8) where © is the total angle
between the two secondaries and P. is the momentum of the negative

secondary. For the AC particle this limit is given by
P. sin 8 £ 115 Mev/e,”

while for the 6° particle the corresponding relationship is
P_cin ® £ 715 Mev/c..

Thus any neutral V event for which P. sin ® is greater than 115 Mev/c
is not a A° particle; snd moreover, since it can be shOWn(s) that the
distribution of this quantity is highly skewed toward the upper limit,

a large fraction of 6° particles cen be selected by this method.

* This inequality is modified to read P. < 115 Mev if
@ > 90°, as will be shown in a later section.
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We wish to have a margin of safety of one probable error in
applying this criterion, therefore we-write, using notation previously

defined,

(P_ - AP_) sin ®& > 115,

“ AP = 2. MO - 2.4 1.2 115
Fo = 4R = BMP- -8p-) = T—-}«Jd))sine ’

11 8
1 > Ezjr—?f—ﬁ 6-+83) = EEEE- = +._J%§) ,

12 (I‘P 115 )> 811583 _ _1L.5

sin 6 2.4 sin © gine °?

L2 > 11.5F _ 0.1 P-
P_ gin 6 *
in 01 = —=2LD =8l
b ( P_ &in 6) 115

Thieg last inequality determines the length of the negative secondary
required to identify as a €° particle an event which has an angle ©
and measured momentum of negative secondary P..

It will be noted that the two methods described above for
jdentifying ©° particles are mutually exclusive as far as the measur—
shble quantities of the decay are concerned: one uses the positive
secondary, the other the negative secondary and angle, thus they are
independent methods of selection. There will in general, however,

be a group of cases common to the semples selected by both methods,

[
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thus the lifetimes calculated for the two samples are not strictly
independent. It would not be correct, however, to simply mix all
cases selected by either method, since the cases receive different
statistical treatment for the two methods of selection. A discussion
of the relative merits of these two selection methods will be de-

ferred to a later section.
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III. MEASUREMENT TECHNIQUES

The purpose of this section is to examine each quantity which
musf be known in order to calculate the lifetime, and describe how
it was obtained.

The lifetime‘of each unstable particle is a quantity of prime
importance and it is computed from a formula which is derived below.
Define the notations

t is the lifetime of a particle messured in its own

rest systenm,

b4 is the distance it travels in the laboratory system,

Ac is the velocity of the particle mesasured in thé
laboratory system, where c is the velocity of light,

'3 is equeal to (1 - 8 &)~ 1/2,

M is the mass of the particle in energy units,

- P is the momentum of the particle in energy units.

The Einstein time dilatation formule gives for ¢,

t = -]; _JE_-:;X-M. »
J Be cP

M is known from the known masses of the secondaries and the Q-value.
Thus only x and P must be measured.

P can be computed from the usual cosine law formula once the
momenta of the secondaries, Py and P.,, and the included angle & are
known. @ was directly and accurately obtained from the direction
cosines of the secondaries! only one exception to this occurred in

this study, an event with one very short secondary, but an excellent
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origin provided smnother eaqually useful angle measurement. E+ and F_
were calculated from the measured radii of curvature whenever these
could be measured. There wvere, however, several cases where these
measurements could not be made due to tracks being too_short, too
straight, or too distorted, so that other methods of finding the
momenta had to be devised.
Por the A° particles, four categories will be considered:
(1) cases for which the curvature of both tracks is
mesgsurable,
(2) cases for which the curvature of the positive secondary
is not measurable,
(3) cases for which the curvature of the negative secondary
is not measurable,
(4) cases for which the curvature of neither track is
measurable.
Group (1) needs no comment. For group (2), the momentum of the
positive wes determined from ionization estimates. 'The ionizations
of these cases and all those for which the ionizstion was not obvious-
ly greater than 1.5 times minimum were estimated independently by
three different observers. These estimates were ranges in which the
observer felt the correct value almost surely lay._ The meaximum
range which was contained within all three estimates was determined,
and if the lower bound of this was less than 1.5 the case was rejected .
The center of this overlap range was used as the ionization from
which the momenta of the protons was obtained for the cases of group

(2). The mass, momentum, ionization relationship was taken from

standard graphs of the Bethe-Bloch formula for Argon.
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For the cases of group (3), the momentum of the negative
secondary was computed assuming the Q-value of 35 Mev and using the
measurements of Fy and €. The derivation of the appropriate formula
will be included here since it is not onlycof interest in this con~
nection, but also one can obtain the F. sin © upper limit as a
by-product from it. The following notation will be useds

Wor Por Mg the totsl energy, momentum, and-mass of
the primary particle,
w1,2’ P1,2’ M1,2 the total energies, momenta, and masses
of the two secondaries,
e the angle included between the sécbndaries.

The conservation laws for energy and momentum are

W°=wl+w2|

e
0

2

2
P,° = P+ P,° + 2P)P, cos & .

Use w2 = p %+ u;% fori=0, 1, 2

eliminate P,, and solve for Pp. The result is

P, = MPP| cos © % Wy \/nu - W2 (1472 + 72 sin? @)

2(M;2 + P12 sin® @)

where M2 2 M

and M0 can be found from

M°=M1+M2+Q -
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If one identifies P2 with P_, this can be used to find P. from 2.9,

and Q for the cases of group (3).

If one requires that Pp be real, then

]/ 2 2
P, sin 6% M - g By ,
My

and if one now identifies Py with P, then this becomes

P.. €in © £ 115 Mev,

If one also requires that P, be positive, then for @ > 90°,

iy Yot - w2 (1,2 4 22 sl 8) !M‘?Pl cos e, ,
(P12+ l-!]_e)[tvihl - MMEE (Hle + P12 sin2 62] > MHPIE cose o ,

2 2 :

2 2
P1<VMM"”M1M2 )

Thus for © > 90° the rule simplifies to
P_ < 115 Mev.

Use will be made of this addition to the inequality without further

mention.
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The cases of group (U4) are handled by s combination of the
methods of groups (3) and (4). The errors here are likely to be
large since an inaccurately measured positive is used to compute the
negative, but fortunately there were only two such A° particles in
this study.

For the &° particles also, four categories will be considered:

(1) cases where the curvature of both tracks is meaéurable,

(2) cases where the curvature of only one track it measurable

but an origin for the &° particle can be locafed,

(3) cases where the curvature of only one track is measurable

and no origin can be located,

(4) cases where the curvature of neither track is measurable.
Group (1) agein needs no comment. For the cases of group (2), the
momentum of the unmeasurable track was computed assuming momentum
balance gbout the line of flight determined by the origin and the
epex of'the decay. The momentum of the unmeasurable track for the
cases of group (3) was computed from the measured momentum and the
included angle assuming a Q~value of 21U Mev. -

Only two casee came under group (L), and both of these had
poorly located origins. The line of flight suggested by these origins
approximately bisected the decgy angle, therefore thg momenta of the
secondaries were assumed equal, which is the most likely situation for
a symmetric scheme such as the 6° decay. This assumption plus knowl-
edge of the Q-value permits calculation of the momenta.

It should be mentioned here that in spplying the selection

criteria for @° particles, momenta obtained indirectly as for the
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unmeasursble tracks of groups (2), (3), and (4) were never used; for
this purpose the best possible limits as measured directly were used.
This is in keeping with the spirit of selecting cases only on the
merits of one feature, not the sum total of information available.

Once all the momenta are known, one need only measure x to
be zble to compute t. It is not necessary, as one might at first
think, to find an origin for each case and take x as the diétance
from this origin to the apex. Since the entry of the particle into
the chamber occurs at a random time in its life, the distribution of
lifetimes after entry into the chamber is identicsl %o the distribution
of 1ifetimes after production. Thus x is taken as the distance along
the line of flight from the point of entry info the illuminsated
region to the apex. The line ¢f flight is constructed using the
known momenta of the secondaries.

The only remaining gquantity required to calculate the mean
lifetime is the gate length. This is the distance the primary could
have gone and still had the length of secondary required for identi-
fication by the selection criteria within the visible region. Loca-
tion of the last point along the line of flight where the selection
requirements are satisfied is in general a complicated task in pro-
Jjective geometry. It is true, however, that for tracks which are
parallel to the piston, the projection of the tangent onto the piston
has the same direction regardless of where along the line of flight
the secondary may have originated. This makes a very convenient
simplification in the construction necessary to locate the critical

point. Since the large majority of cases have a small direction
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cosine with the z-axis, the error in using this simplified construction
is small, therefore it was used to find the gate lengths in all cases.
Once the gate length is measured, it can be converted to a gate time

using the formula

where D and T are the gate length and gate time. This formula is an
obvious analogue of the previously derived formula for the lifetime

of each particle.



IV, THE DATA

The purpose of this section is to list the data as it was measured
for sach case by the technicues described in the previous section.

The notation used as column headings will be redefineé here:

I is the eétimated ionization of the positive secondary,

in units of minimum ionization,

Py is the momentum of the positive secondary,

P. is the momentum of the negative secondary,

e is the angle included between the two secondaries,

P, is the momentum of the primary,

Q is the energy release as computed from B., P., é. and

the masses of the seccndaries,

AQ is the assigned error in the Q-value,

x is the distance the neutral travels in the chamber
before decay,

b is the distance the neutral could have tfaveled and still
have satisfied the selection criteris,

] is the time to travel distance x as meaéured in the rest
syctem of the particle,

T is the time to travel distance D measured in the rest
system of the particle.

Table I contains the data for /\°‘particles except the direct

lifetime measurements,
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TABLE I
corion No. | (Hewje) (Mew/o) (acgress) (Mevfo) <n§v) (o)
2175 2-2.5 550 149 u7.5 660 32 5
2264 475 189 29.5 bl5 35 7
2466 620 175 3.5 % 7
2772 b-4.5 299 71%* 138,14 250
3223 W.5-7 378 154 3u.L 513 28 11
2uat 8-9 308 gL** 107.0 295
3456 3l Lgo* 210 29.0 670 u2 15
384k 3-4 4gO* 130 55.6 564 32 10
n173 u75 140 4.0 581 28 b
W10 350 159 37.4 ugh 33 3
b609 300 154 40.5 438 3h 7
U769  6.5-7.5  305* 171 26.5 Lol 36 16
5369 200 132 58.1 292 35 3
6260 4ho 86 87.7 51 3y 5
6898  3.5-b Loo* 193%* 19.0 586
7384 2-4 5HO* 229 10.8 670 34 12
7509 550 78 gh,3 56# 38 8
7563 ese 129 65.2 3e7 36 3.5

#ok

These momenta were obtained from ionizetion estimates.

These momente were computed from B., 8, and Q.
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TABLE I (Continued)

ii:?ﬁifég, I+ (Mit/c) (Mﬁ:/c) (degiees) (M§2/0> (MS%) (ﬁi&)
7678 b25 189 33.8 791 35 7
7939 590 90 105.7 5712 kg 10
836 430 150 53.6 533 ué 11
9150 650 112 59.5 712 3Y 7
9207 324 380 133%* 60.2 b1
gloh 2-l 580% 215 22.8 ghy 34 10
9893  1.5-2 8b5* 38 78.6 873 43 30
101bk4 Yt 380% 105 3b.b Y 13 g
10252 5.5-10 300% 96 59.5 358 20 8
10257 2-3 b630% 123 17.2 748 L5 a2
10450 1.5-1.7 930* 308 27.9 1210 56 56
10670 3 530% 110 ug.Y 609 - 20 8
110%  10-12 214 140 53.0 318 37 10
11118 3=5 900 355 8.5 937" ) 20
11957 395 160 31.2 539 28 5
12073 380 170 51.5 503 4g 1k
12181 510 150 b1.6 630 27 3
12986 3-5 Lhy 116 58.0 ' 515 281 12
13087 2-l 500 211 5.2 696 38 23

* These momenta were obtained from ionization estimates.

** These momenta were computed from Fes O, and Q.



TABLE I (Continued)
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ﬁiﬁ?ﬁiféZ. & <M§$/c> (Mi;/c) (degiees) (Mzg/c) (M;v? (éii
13147 305 127 59.5 385 33 5
13386 1.5-3 T60* 125 5.6 853 36 10
14316 3 530% 157 26.5 bTh 19 13
14979 110 1y 12.5 2lg 25.5 2.5
1587k 1.5-1.8  QOU* 262 21.8 11L8 :32 17
15896 1.5-2 860 108 L8 .5 936 29 b
16003 1.5=-2 Bbh* 350 13.1 1210 B 34
16460 2-2.5 bjo* 72 87.1 678 hh 14
16863 5 2u7 12p%* bo.2 320
17609 500 231 35.7 702 56 12
18268  1.5-2 800 118 50.5 880 33 b
18290 u27 126 5.3 oy 3% 3
19232 732 260 2.0 992 27 20
19606  2.5-3 570% 213%* 26.7 766
20968 660 108 76.5 712 51 13
22012 1.5-2 b80 305 20.0 971 57 3u
22055 310 122 71.5 368 3.5 2.5
eekes 1.7-3 700* 22k 35.0 893 LY 30
22151 272 154 HIR) 397 38 L

L

¥ox

These momenta were obtained from ionization estimates.

These momenta were computed from Py, 8, and Q.
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TABLE I (Continued)

o2 .-

e, (M?\;/c) (Mz;/c) (deggees) (Mﬁﬁ/c) (M§v> (Mi?;)
22815 785 178 35.1 938 2g 3
22971 1.7=3 U68 BL** 91.0 47k
23023 530 235 7.2 763 | 36 b
2hool 625 151 u2.1 745 23 6
2h11k 320 153 ug.g - Uiy 38 5
24420 2-3 630% 88 69.0 b67 32 21
24537  1.5-2.5 830 102%* 56.7 890
2lbgl 1.7-2 815 78 78.1 838 50 30
26797 1.5-2 865 * 2usg 29.0 1089 28 18
27137 625 175 58. M1 132 57 16
27552 bUs 1ue 51.9 T4 35.5 2.5
27801  1.8-2 780% 112 b1.6 gLo . u2 17
27811 2-3.5 700 183%* 39.3 850
28175 1.5-2 710 158 38.2 839 26 7
egzle 1.5-1.7 1065 309 16.8 1370 32‘ 1k
28381 3.5-5 L5 167** Lo.1 564
28650 2.5-5 465 140 h9.5 568 31 13
29100 W6 666 13 574 T % 12
29129 6-7 276 131 55.5 366 33 il

-

* These momenta were obtained from ionization estimates.

** These momenta were computed from P., 6, and G.
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TABLE I (Continued)

T . -

iif?iiféZ. I+ (Mi:/c) (Mi;/c) (deg:ees) (Mzg/c) (Mi&) (ﬁgg)

29569 L5 608 155 u7.6 721 36 30
29833 3 652 193 21.2 835 22 16
29903 3-5 U50* 88 88.5 up2 35 9
32087 275 1hh 50.9 383 37 3
32170 5h2 218 3 2.k 735 u5 9
32267 349 177 38.0 500 2 11
33280 364 140 55.5 u58 36 . 9
33603 600 145 532.5 696 36 b6
33755 390 232 30.0 602 59 13
34528 4ho 182 344 599 41 7
3L8k5 406 177** 33.0 562

31955 745 250 27.0 975 - W2 L
35265 » 51k 50 92.5 51y 27 5
35363 13 56 122.4 h17 35 )
35386 470 195 21.8 654 33 S
35665 1485 208 36.1 bbl u7 11
35800 228 147 539.9 328 Y 14
35912 190 274 24,3 745 66 19

* These moments were obtained from ionization estimates.

** These momenta were computed from P, 6, and Q.
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Teble II contains a similar set of data for the 8°'s except
1., which was necessary only for the A%'s, is omitted and P~ sin @,

an important parameter for the selection of e°'s, is included.

TABLE II

Identifi~ = P- € Po P. sing Q 4aqQ
cation No. (Mev/e) (Mev/c) (Gegrees) (Mev/c) (Mev/c) (Mev) (Mev)

2lbg 270 1120 38.5 1340 698 - 205 U5
th17 390 1100* uz.6 110 760 300 70
1559 75 1250% 35.7 1659 730 2% 100
Nage U0 710%% 40,9 1120 655

5205 562 58 39.6 607 37 127 90
5828 900 1500 20.5 2370 525 218 70
5979 1hoO***  1u0o0*x* 16,7 2760 400

6233 370 270 70.4 526 2Rl 180 45
6lg2 1400 590 15,6 915 neé 195 90
6700 330 3000%* 10.3 3325 536

7651 985 326 43.6 1240 225 é55 70
881l 196 725% b1.2 837 035 226 70
8895 350 175 86,5 3098 174 170 35
9369 320 2200 12.2 2530 &65 | 170 70
olgl 750 315 52.6 975 0 259 b5

* These moments were obtained from momentum balance about an
origin., .

¥*% These momenta were computed from the known momentum, angle,
and O-value.

*** These momenta were computed assuming Pp = P, from 6 and Q.



TABLE II (Continued)

Identifi—- P+ F. 9 PO P, gin & Q AQ,
cation No. (Mev/c) (Mev/c) (degrees) (Mev/c) (Mev/c) (Mev) (Mev)

a529 138 890 31.8 1010 469 150 50
9630 265 513 57.6 691 W3k 186 38
10782 272 88 150.0 201 88 | 169 37
10909 3020%% 855 73.0 3855 192
10930 148 400 169.4 254 - W00 - 291 100
11753 322 579* 49,0 820 436 181 170
12633 103 560 85.1 579 P58 200 30
12786 1290 . 720 30.0 1946 360 296 80
13075 1980%* 820 17.6 2770 2ug
15110 81 750 h. b 800 610 183 60
15230 1000 600 25.1 1568 254 156 50
16393 680 1150 29.2 1775 561 236 b
16776 790 60 33,0 8uo 33 175 il
17556 510 600 3.k 1055 357 155 35
13393 1390%* 950 20.1 2310 326 |
18932 1290 731 5.8 1975 318 238 36

* These momenta were obtained from momentum balance about an
origin,

** These momenta were computed from the known momentum, angle,
and Q~value.

*** These momenta were computed assuming Iy = P_ from © and Q.
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TABLE II (Contimed)

ii??ﬁiféZ. <M§3/0> (Mi;/c) (degiees) (m§3/0> P?M:i?c? (Kev) (ﬁi&
19065 1h60* 1u60% 16.0 2900 403

19143 375 820 45.0 1112 590 238 30
19731 6lo 630 h7,5 1195 b65' 279 70
21615 554 &9h 19.3 1430 296 100 86
22332 620 ug1 Lh,5 1022 338 215 17
22638 800 1720 16.4 2500 4gs 167 38
23075 1120 3280 13,7 1hoo 776 273 96
123560 1h2 go0** 20,6 1035 316 117 50
23586 1120 4100 8.9 5320 b3k 176 by
2385K 290 2130 1.8 2u60 556 191 106
‘2h097 550 700 2.9 1120 476 253% T4
2u107 613 58 h9,1 o52 4l 1hg 51
2u287 1570 1950 5.4 3490 513 228 L
2L551 - 880 1300 5.0 5160 h20 135 50
21710 735 35 g7.2 735 35 220 1Y
27136 560 1150 37.2 1925 877. 374 110
eyllug 1000 38B0* ¥ 4.2 ugss 950 220 76
27502 210 770%*  37.1 9lib 465 10 60

* These momenta were

**  These momenta were
origin,

computed assuming By = P. from © and Q.

obtained from momentum balance sbout an



-3 -

TABLE II {Continued)

Identifi- By P e Po Fo sin @ Q  4g
cation No. (Mev/c) (Mev/c) (degrees) (Mev/c) (Mev/c) (Mev) (Mev)

25138 300 179* 91.7 346 179 157 100

28181 1900 235 25.9 2095 138 316 155
2glgh 510 1860 15.4 2360 hgnk 158 Lo
2851y K52 28g* Th,8 bb3 278 280 100
2963k 382 2370**  17.U 2735 709

29772 203 336 102.0 356 336 216 b0
32961 1063 870 23.7 1891 350 202 17
133280 229+ 705 57.8 850 59 222 19
33500 g7 1650 20.2 2115 570 176 111
34007 1200 480 33.3 1b22 263 /2 T2
34606 836 450 u7.0 1225 358 302 120
3holh g 1600 23.2 1950 b}Q 200 b8
3510L 772 500 36.0 1213 294 196 36
35173 655 1300 24,0 1916 529 204 72
35508 1020 1650 1k.8 2650 L2l i5u 112
35784 78 950 19.6 1024 318 175 93
35880 395 ** 303 L2.5 1136 204

35898 1900 2030 10.0 3920 352 121 62

* These momenta were obtained from momentum balance about an
origin.

** These momenta were computed from the known momentum, angle,
and Q-value.
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Table III contains the data for the AP's which pertain

directly to the lifetime computation.

TABLE III

Identifi- x ) x t s
cation No. (em) (cm) ) (10‘1°s_ec) (10~10gec)
2175 1.00 13.4 .075 0.56 7.57
2261 2.08 12.46 168 1.20 7.17
Pt 0.34 15.03 022 0.16 | 7.20
2772 2.35 11.73 +200 3.9 17.4
3223 0.82 15.89 .052 0.59 C11.5
3427 5¢53 20.80 266 6.95 26.2
3156 5.94 17.82 .33 3.28 9.88
38hls 0.9% 12.15 .079 0.63 - g.00
1173 3.78 17.48 .216 2.1 11.1
1o 1,47 21.30 . 069 1.13 6.4
4609 5,40 12,40 U35 L,58 10.5
1769 0.h} 5.98 073 0.35 4.79
5369 1.26 3.56 353 1.60 b,52
6260 3.71 13.39 277 3.04 11,0
6898 0.34 2.12 .160 0.22 1,34
7384 1.74 12,28 142 0.96 £.80
7509 4,52 12.60 359 2.98 8,30
7563 3.94 13,55 »290 L b6 15.4

7678 2.92 12.17 .24 1.37 5.70
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TABLE III (Continued)

ii:rilzif;;. (;) (Ct:&) % (lOﬁlosec) (lOElosec)
7939 1.50 2.1k . 700 0.97 | 1.39
8316 2.80 14,16 .198 1.95 9.8b
9150 2.11 10.1% . 208 1.10' . 5.29
9207 2,02 7.26 279 1.b2 5.85
ghph 8.25 12,40 065 3.03 5.5
9899 3.87 14,93 259 1.6L b.35
1014k 11.37 JREFDNE . 789 9.02 S 1l.b
10252 11.79 15.06 .783 12.21 15.6
10257 9.11 12.05 ) h.52 5.98
10450 10.00 11.64 .859 3.07 3.57
10670 5.80 12.05 RRIT: ) 3.58 7.36
11036 4,90 12.30 .398% 5.71 1h.3
11118 1.7 15.96 .108 0.58 b.32
11957 YO.83 12.25 007 0.57 8.145
12073 8.6 13,01 .obl .38 9.61
12181 1.65 4,11 » 100 0.97 2.h2
12986 5.08 14,37 .Ulb 4,320 10.3%
13087 3.98 8.26 . Li%o 2.12 EpITe)
131h7 0.13 2.29 .058 0.12 2.21
13386 11.07 14,98 . 7h0 1,82 6.53

14316 0.26 1.55 .170 0.1k 0.86



Identifi~ x D x % it
cation Yo. (cm) (cm) D (10-10sec) (10710sec)
11979 0.9 13.09 074 1,143 19.5
1587k 3.7 11.80 .089 1.20 13.5
15896 16.37 37.14 I Ty) 6.49 1h.8
16003 18.901 29.62 .6u0 5.80 9.09
16160 0.8Y 13.29 .054 0.45 7.28
16863 2.98 15.01 .199 3.16 17.b
17609 2.78 5.0 51l 1.47 2.85
1826$ 4. 3Y 17.08 .2h2 1.83 7.59
18290 5.52 26.30 .210 b.15 19.8
19232 7.76 42,75 .181 2.90 16.0
19606 5.80 7.18 .776 2.81 2.62
20068 1.27 13.80 .092 0.66 7.20
22012 2.27 12.94 175 0.87 4,05
22055 1.17 9.38 .125 1.18 9,15
22425 5.50 11.50 79 2.29 4.79
22us1 2.07 11.83 .225 2.50 11.1
22815 11.74 33.38 .352 k.65 13.2
22971 2.19 13.64 .160 1.72 10.7
23023 6.30 32,01 192 3,06 16.0
2400l 5.0l 11,145 o 2.51 5.70
ol11l 9.58 35.96 . 266 8.13 30.5
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TABLE III (Contimued)

Identifi- x D X £ T
cation No. (cm) (cnm) D (10710gec) (1010gec)
2o 7.32 11.97 ,b13 4,07 b.65
2u”37 5420 18.31 .284 2.17 7.64
2lbal 7.19 15,15 165 3,18 6.85
26797 3.39 14,25 +238 1.16 4,85
27137 1.6 10,27 e 0 74 5,20
27552 7.34 34,19 .215 3.67 17.1
27801 3,22 7.69 120 1.b2 . 3,0
27811 €.60 4,58 .131 C.2b 2.00
28175 0.22 22.87 010 0.10 10.1
23212 4,19 27.67 .111 1.13 10.2
28381 1.52 .15 Y 1.00 2.74
28650 g1 12.83 655 5.50 8, U0
20101 1.30 21.50 060 0.65 10.7
20129 2.18 12,0k <181 2.2 12.2
29569 2.72 9.10 + 300 1.0 L,68
20833% 2,43 10,02 . 2U3 1.08 4, h5
29903 2.20 4,63 JUT5 1.77 3.72
32087 1.26 12.05 W05 1.22 11.67
32170 0.12 30.93 . 004 0.06 15.61
32267 1.1k 7.00 163 0.85 5.19

33280 3.2U 11.17 .291 2.62 9,05
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TABLE III (Continued)

idf ﬁiﬁ;;. (}c;n) (];n) 3 (ZLOElosec) (1021%9(:)
33603 0.02 be72 .03 0.01 3.58
313755 1.73 12.85 J13h 1.07 7.98
71528 8.80 16.88 52l a5 10,15
3hghs 1,18 16.66 .251 2.76 11.00
34955 4,90 37.34 RE 1.86 14,21
35265 1,hh 20,43 070 1,0b 14,75
35363 3.71 13.81 .268 3.30 - 12.29
35386 5.20 8.36 621 2.95 L, 7h
35665 1.66 11.77 .11 0.93 .58
35800 8.49 13.05 650 9.60 14,76

35912 2.97 13.05 .228 1.8 6.50
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Table IV contains the lifetime data for those 6°'s which were

selected on the basis of the positive being identified as & meson.

TABLE IV
Identifi- x D x t T
cation No. (cm) (em) D (lo'losec) (10~10gec)
2ubg 8.55 16.96 .505 1.05 2.08
W7 2.76 10.52 . 202 0.32 1.23
L5549 11.6L 18.35 035 | 1.16 | 1.82
1588 9.57 10,5 <915 1.1 1.5k
5205 L.2b 7.69 553 1.15 C 2,09
6232 7.65 15.00 511 2,10 L.70
6700 11.07 16.05 630 0.55 0.80
881t 0.73 13.60 LOBY 0.1h 2.08
8895 0.31 5.38 .058 0.13 2.23
9369 2.21 10.26 .216 0.14 0.67
ghaly 4,2k 8.23 528 0.73 1.39
9520 5.61 12.65 RN 0.01 2,06
9630 2.91 18.80 155 0.69 b hg
10782 3,66 11.16 .328 3.00 9.14%
10930 4,25 14,70 .289 2.76 9.53
12633 3.47 21.40 .162 0.99 £.09
15110 22.10 36,68 .610 L1 7.55
16393 0.9 27.87 .03k 0.09 2.59
16776 4,90 5,08 .96 0.96 1.00

17556 3,04 10,01 .292 0.7 1.63
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TABLE IV {Continued)

ii:xifﬁ;. <ci> (cﬁ) 3 (10310sec) (1021%%)
191143 0.82 27.37 .030 0.12 4,05
21645 517 7.08 .731 0.60 0.82
22332 W10 29.0L L1h1 0.66  L.68
27638 12.57 16.15 .76k 0.83 1.08
23569 9.84 13.28 T 1.57 2.11
2u07 5.39 5451 .976 1.36 | 1.39
2u551 5.75 15.90 361 0.18 - 0.51
270 5.22 26.11 . 200 1.17 5.85
27136 3.09 10.70 .289 0.26 0,92
27502 5.55 12.03 62 0.97 2.09
28138 1.79 16.15 111 0.85 7.69
osligh 7.55 12.75 .591 0.53 - 0.89
2gslh 2.3 6.77 .38 0.59 1.68
2063k 7.52 9.91 .759 0,45 0.60
29772 0.75 7.08 «105 0.35 3.28
33509 6.60 26,40 .252 0.52 2.06
3hoh) 15.89 30,00 +530 1.31 2.1g
3510k 5.16 18.55 .278 6.32 1.15
35473 7.75 8.15 <951 0.67 0.70

3578L 3,13 12.86 .68 0.55 2.07
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Table V contains the lifetime data for those 6°'s which were

selected on the basis of having P~ sin © > 115.

TABLE V
Identifi~ p D X % T
cation No. (cm) {(em) D (lO"‘logec) (10~30g¢c)
2hH9 8.55 16.00 +535 1.05 1.97
W17 2.76 13.01 198 0.32 1.6b2
1550 11.64 13,28 .878 1.16 1.32
1688 9.57 1k.32 666 1.b1 2.11
5828 13.08 17.39 «753 0.91 - l.21
5979 11.22 15.70 . 715 0.67 0,94
6233 7.66 18.01 Les 2.40 5.04
plge 0.80 1.68 LUuTh 0.1k 0.30
6700 11.07 15.14 «730 C.55% 0.75
7651 %30 13,0k .330 0.57 1.73
ga1h - 0.73 6.80 .107 0.1l4 1.34
8895 0.31 10.62 .029 0.13 .39
9369 2.21 8.95 .25% 0.1l 0.58
9ligh 3k 14,70 .296 0.73 2,18
9529 5.01 11.51 RpIT:E: 0.01 1.48
96320 2.091 16,1l 77 0.69 3.02
10909 2.55 15.%6 .166 0.11 0.bb
10930 8.55 1L,53 588 F.5h 9.h2
11753 2.12 13.90 152 0,2 2.77

12633 5.28 19.01 277 1.50 5ol
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TABLE V (Continued)

Ii?loliiéif% (ci) (c]ri) % (10310580) (lO'T'lOsec)
12786 6.20 19.52 .318 0.52 | 1.65
13075 b.02 15.36 «392 0.36 0.91
15110 22,140 5423 635 L.61 7.25

15230 0.89 10.90 . 081 0.09 1.1k
16393 0.96 36.08 .026 0.09 3.40
17556 3.04 17.47 L17H 0.47 2.73
18393 L, 39 17.19 . 255 0.31 - 1.23
18932 2.20 36459 .060 0.18 3.05
19065 7.13 g.82 .809 0, 40 0.50

19143 0.82 36,20 .023 0.12 5.3b
19731 2.6b 13.94 .191 0.37 1.92
21645 5.17 10.08 Hih 0.60 1.16
22332 4,10 37.91 .108 0.66 ba.1l
22638 12.57 33.18 379 0.83 2.19
23035 1.97 33.59 «059 0.07 1.2
23586 18 LI} 121 0.13 1.07
23855 1L.55 1.62 e 0.97 1.5
'2u097 14.90 21.10 .697 2.19 3.15
24287 0.99 33.58 .029 0.05 1.58

2551 575 28.39 .202 0.18 0.91
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TABLE V (Continued)

cation To.  (om) (o) 3 (10720s66) (10-10sec)
27136 3409 6.61 67 0.26 0.57
27uhg 1.19 13.01 .092 0.0k 0.4l
27502 5.55 13.20 21 0.97 2.30
28181 5.11 29.70 .182 0.1u3 2.33
oghgh 7.55 27.07 .274 0.53 1.89
285.k 2.36 3.20 . 738 0.59 0.79
2963h 7.52 8.l .802 0.u5 . 0.5l

20772 C.75 7.6 .098 0.35 3.53
32961 0.13 35483 .00k 0.01 3412

. 33280 1.20 38.80 031 0.23 7.52
33509 6.6b 28.60 .233 0.2 2.27
34007 1.h2 13,L3 .106 01l 1.36
34606 3.04 Y, 7k .831 0.53 0.ok
3ugll 15.89 29.75 535 1.31 2.6
3510M 2,27 12.65 179 0.31 1.72
35173 7.75 20.05 385 0.67 1.72
35508 5.16 18.55 .278 0.32 1.15
35784 3.13 b.73 -506 0.55 1.08
35889 4,15 19.22 .216 0.60 2.7¢

35898 g.65 29.21 . 296 0.36 1.23
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V. THE RESULTS

A. The A° Lifetime

There were 93 A° cecays identified by the selection criterisa
previocusly discussed. For 82 of these it was possible to ma?e enough
additionsal measurements s0 that a G-value could be computed which can
be compared with the sssumed value of 35 Mev. The weighted mean of

these cases yields a value
g = (35.6% 1,0) Mev.

This aversge was computed assuming that the percentsge error in & is
independent of Q, and therefore the error in log @ is normaliy distri-
buted. Thus the logarithm of § was weighted inversely as the soucre
of the percentsge error. The error in the mesn is hslf statisticsl
aﬁé half systematic, where a 0.5 per cent error in the value of the
nagnetic field is the basis for estimating the systematic error.

As previously ststed, the distribution around the mesn is con—
sistent with a gaussian distribution of error with a probzble error
even smaller than the assigned errors would indicate; This ig demon-
strated by the fact that only 22 cases were more than one assigned
error from the mean, and only two cases were more than two esgigned
errors from the mean.

The mean lifetime of the A® particle based on these 9% cases

™ = (3.6 £ 0.6) ¢ 10710 gee,

The lifetime was computed from the formula
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which is the result of applying the meximun likelihocod proce&urecm»
to the data. It is seen that this is not explicitly solved for 7T,
but is in a convenient form for iterstive computation.

The error quoted here is purely statistical and is computed
from a formula which gives the number of cases, n, of infinite gete

length which would be statistically ecuivalent to the N csges of the

sample:

2 Jifr (9), (10)*

N T
n= Z 1l - i _
=71 re (eTi/v‘ 1)2

* Alfora(g)has pointed out that this formula is o function
of T3/ and therefore recuires knowledge of 7T, while the distribu-
tion of t3/Ty = x3/Dy is a measure of significance which can be found
directly from the experimental data. In particular he states that
the mean value (x/D} mist be significantly less than one~half if one
is to calculate a lifetime from the data, since the distribution of
decay points throughout the chamber would be uniform if 7 were large
compared to the gate times. This assumes that the gate times sre more
or less the same for all cases. In particular, this is not true in
this experiment where two different sizes of cloud chambers were
used. The value of <x/D) could be very near one-~half becsuse of a
preponderance of cases in the small chambers, but a few goad csses
in the large chamber would still permit a meaningful lifetime to be
computed. For this reason, although a column of X/D values is listed
in the dsta tebles, no ute has been made of the distribution of this
cuantity.
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From the assumptions made in obtaining the selection criteria,
and. from the consistency of the dste, it is felt that at mosgt two
cases sre not /\C particles. Unless these should have extreme life-
times, their effect on the result would be negligible.

Some additional uncertainty arises from the limitations in
accuracy inherent in the measurement technicues. The lgngth measure-
ments can be made to greater precisiocn than necessary to assure no
efror from this source. The graphical constructions recuired to make
these measurements introduce some uncertainty but with sufficient care
the accuracy of the line segments to be meassured is probably limited
by the momentum measurements necessary to construct the line of flight.

The momentum measurements gre also essential to convert dis-
tances to timesg. For the majority of tracks the momenta are directly
neasurable to an accursacy. of ten to thirty per cent. In order to
avoida biases, & number of cases were included where less measurasbility
prevailed. In 2% cases the momentum of the positive gecondary WaEg
obtained from jonivsbtion estimates good, for the most part, to no
better then thirty to fifty per cent., In 1l cases the momentum of
the negative was computed from that of the proton and the assumed
G-vzlue. This procedure ylelds errors comparable with the input

nmomentum since it is gpproximately true on the average that

ELCRP
JF, By

* Note that the inverse procedure, celculsting the momentum
of the wroton from that of the meson and the Q-value, is subject to
large errors and hence was avoided.
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Thus in the mejority of cases moments were measured to better
than thirty per cent, and seldcm was a momentum determined to worse
than fifty per cent. ¥From these consideraticns it seems one is
Justified in concluding that the effect of these errors on ths mean
lifetime is small compared to that which results from the limited

statistics.

B. The 8° Lifetime

There were 76 cases identified as being not A° particles. Of
these, nine cases were cleorly anomalous as determined by a (Q-vslue,
computed as for a normal 6°, which differed by more than twice the
aesigned error from 21l Mev, Of the remaining 67 cases, sufficient
additional messurements were vpossible in B8 ceses to compute z (-value,

The mesn Q-value computed by the same method zs for the A° nzrticle is
&= (21L& 5) Mev.

There was, of course, some bias toward 21U Mev from the wey anomzalous
cases were eliminated, nevertheless the aéreement between this result
and the accepted value ss messured by Thompsonce) is striking. The
error here includes about 3 Mev statistical uncertainty and 2 Mev
systemstic error due to field measuremente.

Only 17 cases had Q~velues which differed by more than one
assigned error from the mean., This does not count those nine cases
which were removed from consideration for being more than two assigned
errors away from 211 Mev.

There were 40 cases which could be identified as having 2 light

meson positive secondary. The lifetime computed for these cases is



7= (2.1 % 0,8) » 10720 geq,

There were b0 cases which could be identified on the basisg

of P eoin € and the lifetime computed from these cases is
7= (1.3 % 0,3) « 10710 gec,

The difference betweern these two determinations, while not so
large as to be statistically unlikely, is sufficiently large so that
& careful examinstion of the other sources of error is iﬁ order. Qne
would like to understand any situstions which might csuse one of these
selection methods to ve suverior tc¢ the other, with a view toward
determining the best value based on all the information available.

With regard to distance measurements and graphical constructions,
the same remarks mede for AN° particles apply to the &° particles.
Egegentially, it is felt that no error is introduced from this source
which is not entirely overshadowed by the errors in momentum messure-
ments,

The majority of tracks have directly mesasursble curvatures.
Hoviever, the average momentum of the g° particles of this study is
larger than that of the A particles, therefore, since the percentage
error in a momentum measurement ig approximately proporticnal to the
momentum, the errors here azre larger than for the A° particles. In
ten cases the momentum of one tracik is found from momentum balance
gbout an origin. These origins sre frecuently difficult to locate
accurately because of the neceésity for extending tracks considersbly

beyond the visible region, hence large errors in the angles the tracks



megke with the line of flight result and cause large error:s in the
computed momentum. In nine cases no origin could be located znd

the unmeasurable momentum was commputed using knbwledge of the G~value.
Since clesarly the approximate equality

o+

——————)

oF.

&

P
~

le -

'
i

is true on the aversge for €° decays from symmetry, the computed
momentum has about the ssme percentage error ss the measﬁred saomentum,
From the standpeint of accuraecy, this procedure would seem preferable

to using momentum balance, however, it was considered imvortant to use
all availsble information to compute Q-vslues whenever one could, rather
than assume this knowledge, in corder to eliminate as many anomalous

8° decays as possible.

For two coses so little information wag available that one
resorted to guessing that the relation between the momente of the two
gsecondaries wonld be the most likely one, nsmely Py = P_. The errors
in such a procedure are obvicusly likely tu be very large.

On the whole it is felt that the errors in determining the
momentz, especially for those high momentum cases which are frequently
selected by the P. sin € criterion, are large enough to have some
influence on the result. For lack of & good cuantitative estimate,
and since this source ig leseg likely to couse a really serious error
than szmple contaminetion, this error is not included in the guoted

results.
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The reaily insidious source of error in the lifetime of the
6% perticle is the contemination from anomalous cases. As previously
discussed, no effective means for their elimination which would not
disastrously reduce the tample size could st this time be devised.

The full effect of contemination cannot te estimated since 4the mean
lifetime for the anomalous decays is not known. One can cnly suppose
what might hagpen if their lifetime were comparable to that for ncrmal
8° particles.

Firstly, if the anomslous 8° decays are three body decays, as
has been previously suggested, it is immediztely obvious that one will
underestimate the momentum of the primsry by computing it from the
moments of the visible secondaries. Hence the computed lifetimes for
these cazses will Pe too high. Again, if one constructs lines of
flight using only the visible momentsa, these are likely to have en-
tirely the wrong directions, thus grossly distorting the measurements
of x, D, and even X/E. In general this would tend to overestimate x
znd. D since any devisticn from the usual downward direction will
usually incresse the length of passasse through the chamber. (One would
thus expect, from both these considerztions, that the resl lifetime
of the anomalous cases would be overestimated by this method, and if
their lifetime is comparsble to thzt for normsl &° particles, their
presence in the sample will czuse the velue calculated to be too high.

Une next reviews the selection methods %o see if either method
bianses for or against the selection of snomalous &° decays, 0(On ro-

flection, it seems likely that for roughly the same reason that the

@-value for anomalous cases is low, P_ sin & will salso be low. In
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support of this proposition, the following table lists the Q-values

and the values of P. ¢in ¢ for the nine identified znomalous cases.

TABLE VI
Identification Q ag P_sin &
Yo. (Hev) (Mev) (Mev/c)
Lhgo 51 20 112
15329 L5 25 210
2ol11 57 15 139
19143 b3 5 56
2u7he 128 35 276
25927 150 15 125
16847 bl 50 180
31855 10 1 1o
3

5OL5 17 17 100

When these values of P_ ein © are compared with those for the sample

of 8° particles ss a whole, the averasge of which is 119 Mev/e, it is

clear that o correlation does exist between low ¢ and low P_ sin o,
From this it would seem to fcllow that selection on the basis

of high P

sin @ not only eliminates AC particles, but also bisses
strongly against anomalous €° decays. Thus the sample selected on the
basis of having & meson pesitive secondary, not enjoying this favorable
bias, would contain a higher vercentage of anomalous cases. This

could explain, at least in part, why the lifetime computed for this

cample was high compared to the more accurately computed value based



on P_ sin © selection. Indeed, one might expect that the cases selected
by identification of the positive secondery which do not have high

P. cin & would have a high concentration of anomalous ©° decays. There
were only seven such cases, and their O-values, 211 calculsble toc some

degree, are listed below for inspection.

TABLE VII
Identification Q - A4Q
¥o. (Hev) (bev)
10782 169 37
16776 175 il
24740 220 14
28138 157 100
23569 117 50
5205 127 90
2oy 1h8 51

As is readily seen, all but one case is below 21U Meﬁ, and at least
three cases seem suspiciously low. In addition it is worth noting
from table IV that the average lifetime for these seven cases is above
the oversall aversage.

One concludes, from these arguments, that the samnle selecting
high P_ e¢in © is superior both statistically and from the standpeint
of contemination. Since the primary goal has been to obtain pure
semples, thils apparent aid to that end is considered sufficiently

important to warrant naming the mean lifetime as computed by that
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method of selection the most likely &° lifetime based on the observed
deta.

Une caen now estimate an upper limit for the znumber of
anomalous cases to be found in the sample of 60 cases selected for
high F_ sin ©. If one deducts from the totel number of cases identi-
fied as not A particles the nine cases with completely unmeasurable
Gmvalues, and a like number of other poorly measursble cases, one is
ieft with B& cases among which were found nine anomalous events, or
gbout one in six. Thus, not considering that among the high P. sin ©
ceses the ratio should be considerably less, one would expect about
three anomalous decays among the poorly measured cazses. Unless there
ié a maximum in the anomalous 6° G-velue distribution around 214 Mev,
this should mean an upper limit of five per cent contamination in the
gample. It is felt that unless the lifetime of this five per cent
differs greatly from that for normsl €° particles, their effect on the

result would be smaller than the statistical error.
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VI, CONCLUSICKS

The lifetime of the AC particle has been measured to be
(3.6‘i 0.6} » 10720 cec. It is felt that unigue chearacteristics of
this decay have ensbled a pure sample to be selected. It is‘also
believed that the selection system was objective and unbissed, and
that the relatively large number of slow cases selected ensbled the
errors of measurement to be small compsred to the statistical error
due to the smsllness of the sample,

Since the lsbor involved in treating on the order of 100 cases
by this method is considersble, it is doubtful that the accuracy of
this result should be substantislly improved by going to lafger
samples. It is true, however, that the error using 100 cases could
be reduced to nesrly ten per cent by using lerger chambers and slower

A° particles, thus incressing the gate times. If the lifetime is
to be measured more precisely than this, methods must be devised which
do not require for each statistic the careful analysis demanded by a
cloud chamber photograph.

The most probable lifetime for the 6° particle dased on the
data of this study is believed to be (1.3 % 0,3) « 10710 sec. The
error stated here is only the statistical error inherent in the
limiteé samvle size, and should, perhaps, be incressed somewhst to
account for errors in nomentum measurements and sample contamination,
It is hoped that the eelection system used tc obtain this result, while
designed to distinguish e° particles from A° particles, has elimina~
ted a substantizl number of anomalous czses, and an upper limit of

five per cent contamination has been estimated.
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With a better understanding of the anomelous decays it should
be possible to devise more effective ways to eliminate them from g
sample of 6° particles. When this is done ond one has confidence in
the purity of the sample, it may be worthwhile to make uge qf a
larger number of cases both to improve the statistics and to ensble
more restrictive selection criteria to be used sc as tq incresse the
accursey of the momentum measurements. Here again, however, ten per
cent is considered a practicsl lower limit on the error attainsble

by the use of cloud chzmbers.
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TABLE VIII. PREVIOUS LIFETIME DETERMINATIONS

OF THE A© AND €° PARTICLES

Experimenters Particle Mean Lifetime No, of Cases Reference
(10-10 see)

Rochester and Butler  V° 5 .« 102 1 (11)
Seriff, et al Vo (3 %2 30 (12)
Alford and Leighton Ne (2.5 X 0.7) 7h (13)
No* (2.9 % 0.8) 37
A (L3 ¥ 0.5) 20
Fretter, et al NO (10 x7) 18 - (w)
6° (L *3) 11
Bridge, et al A° (3.5 2 1.2) 2l, (15)
e° (1.2 X 0.5) L
J. P, Astbury g° (1.6 jcl) 2) 11 (16)
Deutshmann A (L8 * %:g) 22 . (17)
e (23323 9 (18)
Page and Newth n° 3.7 33 26 (17)
D. B. Gayther A° (b0 * 3.7 21 (18)
o + 0,8
0 (1.2 * 0.8 8
D. I. Page N° (3.6 ¥ 2+0) 23 (19)
o + 0.
C (0.7 +9-3) oA (20)

% Cases with measured energy release Q < 50 Mev
¥# Cases with measured energy release Q > 50 Mev
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8.

9.
10,
11,
12.
13.
1k,
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16,
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18,
19.
20.
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