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Two identical nuclear emulsion stacks were exposed at different distances to the 114-Mev Bevatron E'+-

beam using the same geometry and Bevatron conditions. A comparison of the El, to r-meson ratios in the
two stacks combined with the known lifetimes of the E 2 and E„g gives (1.18 p. 28 "))&10 ' sec for the v+
lifetime. The ratio oi the E s+ to the r+ lifetime is then 1.03 with a root-mean-square error of +29'%%uo. Thus
the 7. and the E 2, which according to Dalitz-type analysis should be different particles, have the same life-
time within experimental errors. The 7 and El„ lifetimes can be obtained by a second method which does
not rely on any previous lifetime information. In this method the ratios of the heavy meson cruxes to the
proton and pion beam fluxes are compared. The results obtained by this method are (1.04 Q, $3~ 4') && 10 ' sec
for the 7+ lifetime and (1.11 011~' )X10 ' sec for the EL,+ lifetime. Alternate 7 and E„3cruxes in the two
stacks also indicate a lifetime of about 10 ' sec.

I. INTRODUCTION delayed-coincidence techniques. Using the Princeton
and Berkeley weighted mean of 1.18)(10— sec for the
lifetime of the El, (E s and the E„s), our result for
the 7. lifetime is

T,= (1.18 p.ss ")&(10 ' sec.

The notation "T" is used for mean life rather than
half-life.

In addition, this experiment provides an independent
determination of the lifetimes by comparing the heavy
meson Quxes with the beam pions and protons of the
same momentum in the two stacks. This result is T,
= (1.04 p.ss+P' ') &&10 sec and TJrr, = (1.11 p»+P")
X10 ' sec. Also it was possible to obtain some informa-
tion on the E„3and alternate 7 lifetimes. Figure 2 is a
plot of the relative probability that our results turn out
the way they did if one assumes various lifetime values
for the r, E„s, and r'. Our results suggest that all types
of heavy mesons have the same lifetime.

These results make the %einstein-type explanation"
for the identity of the r and 0 lifetimes more diKcult.
In this case the interaction between air and r or 0 mesons
must be so large that there would be more than one
transition of v~~g per 6 feet of air.

* Supported in part by the joint program of the OKce of Naval
Research and the U. S. Atomic Energy Commission, and by a
National Science Foundation research grant.
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II. EXPERIMENTAL DETAILS

The two stack positions are shown in Fig. 1. In both
cases the average beam momentum was 356 Mev/c
and 6.2-Bev protons were used on the same copper
target. Each stack consisted of 39 Ilford Gs pellicles,
6 inches)&7 inches)&600 microns. The stack positions
were 70 inches apart, which corresponds to 0.82&10
sec in the E-meson rest system. The beam cruxes per
cm' for both stacks are given in Table I. Except for 28
of the 7 mesons found by area scanning in stack A, all
of the data were obtained by track scanning which
involves following gray tracks starting at a distance
corresponding to 1.6 cm residual range for IC mesons.

The track scanning in stack A gave 625 EI., 25 7.,
9 7', and 6 E„3. Track scanning of the entire usable

"R. %'einstein, (unpublished).
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~ XCEPT for a spin-parity difference, the r and 0
& mesons so far appear to be the same particle. All

experimental data thus far give the same mass, ' '
abundance ratios, ' ' and interactions with heavy
nuclei. ' ' Because the analysis of v decays requires that
the 7- and 0 should have diGerent spin and parity com-
binations, ' ' it is important to search for some other
experimental diGerence. In this experiment the life-
times of the v+ and 0+ are compared by measuring the
EL, to v ratios at two diGerent distances from the
Bevatron target. Figure 1 shows the two positions in
which. emulsion stacks were exposed using the same
copper target with 6.2-8ev protons. Preliminary re-
sults based on a partial scanning of these stacks were
reported in a previous letter. ' The additional statistics
has given rise to changes in the lifetime values which
are not unreasonable.

Our result for the ratio of the 0+ (the terms ()+ and
E s are used interchangeably) to the r+ lifetime is
(1.03~0.30). This is based on the E s and E„s lifetimes'
obtained by groups at Princeton" and Berkeley" using
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FIG. 2. The likelihood functions for the X„3 T and v lifetimes.
For example, any point on the E» curve represents the proba-
bility of getting our results assuming that lifetime value, divided
by the probability of getting our results assuming Ta»=0.83
0&10 ' sec.

region in stack B gave 548 EI„28~, 4 7-', and 4 E„3.In
most of the track scanning, all gray tracks within
specified azimuth and dip angle limits were followed.
However, a smaller portion of the stack-3 data was
obtained by a faster type of track scanning in which
the scanner was free to use more rigid limits of angle,
grain density, and visual scattering. Data obtained by
this fast track scanning technique are used only in the
case when the w lifetime is obtained by the method of
comparing EI, to r ratios in combination with the
known EL, lifetime.

The fastest method for improving the statistics on
the v- Aux in stack 3 was area scanning. The area-
scanning limits in the beam direction covered a region
in which (75+2)% of the heavy mesons end, as deter-
mined from the track-scanning data. Scanning effi-
ciency was continuously checked by independent re-
scanning of the pickup strips and refollowing of tracks
not recorded by both scanners. The loss rate for the
first scanning was found to be less than 5%. We feel
that scanning efFiciency was so high that it could not
introduce any systematic errors in our lifetime results.
In the cases where endings were found without second-
aries, the primaries were grain-counted at 1.5 cm
residual range in stack A and 2.0 cm in stack B. This
made it possible to separate proton endings from those
EJ.endings where the secondaries were not found.

In order to increase the E„3 and v' statistics, all E
secondaries in both stacks with a dip less than ~41'
original angle were blob-counted. In this region of dip
we expect a high detection efKiciency for E„3secondaries
under 29 Mev and 7.' secondaries under 38 Mev. The
E„3s found in this region of dip angle had energies of
11.3, 16.5, 19.8, 21.5, 27.2, 37&4, and 40.0 Mev. The
alternate v s in this region of dip had energies of 8.3,
12.3, 26.6, 32.3, 37.1, and 38.7 Mev. In the region of
dip greater than &41' we expect high efFiciency for

The v. lifetime, T„ is obtained from the following
relations:

R,=C exp( —0.82X10 '/T, ),
Rx=C exp( —0.82X10 '/Ta)

(2)

where E stands for the ratio of particles per cm' found
in stack B to that found in stack A. The constant C is
determined by the relative exposure times and ge-
ometries. It is the same for all particles of the same
mass. The value 0.82X10 ' used in Eq. (2) is the travel
time from stack A to B in the E-meson rest system.
The following formula is obtained by using the value
Tz= 1.18X10 ' sec' " in Eq. (2):

T,= L . 0584+1.2 12n(Rlr/R, )g 'X 10 sec. (3)

The E~ to 7. ratio obtained by track scanning in stack
8 is 19.5(1&0.19). The combined EI, to r ratio in'
stack A obtained by track scanning, area scanning, and
fast track scanning is 19.5 (1+0.15).The fact that these
ratios are the same within statistics means that our
lifetime results for the 7- and El. must be the same
within statistics. The following lifetime values were
obtained by using Kq. 3:

T,= (1.18 0.28+ ")X10 8 sec,

T~„3=0.83&&10—' sec,

T, =0.60&(10 ' sec.

(4)

E„3's under 20 Mev and alternate r's under 28 Mev. In
this region the E„3's had energies of 19.3, 19.4, and
21.4 Mev, and the alternate 7-'s had energies of 6.4,
12.9, 17.2, 26.1, 34.9, 36&3, and 49&6 Mev. Errors
are &3%, unless otherwise stated. Of the 23 heavy
secondaries found, three left the stack before ending.
In these three cases the identity and energy of the
secondary was established by grain counting es residual
range.

III. ANALYSIS OF RESULTS

Method 1
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TABLE I. Particle Quxes per cm' in Bevatron Z-meson beam.

Stack

108
178

4 2X10'2
6.0X~0"

Target dis- Number of protons
tance in on Bevatron
inches target Beam protons per cm2

(3 46&0 09)X10'
(7.65+0.31)X10'

Beam pions per cm2

(9.14&0.29)X104
(1.79+0.12)X10'

XL, Rux per cm2

830 ~36
85.0+ 3.4

r fiux per cm2

44.8 ~6.7
4.35+0.82

The errors on the v lifetime are the statistical root-
mean-square deviations. Small contributions due to
systematic uncertainties are included.

Because of the small statistics, it would not be very
meaningful to present "errors" on the E„3and r' life-
times. Instead, we have calculated the lifelihood or
"relative probability" curves for all possible lifetime
values from 10 ' to 10 ' sec for the E„3and v-'. This is
shown in Fig. 2 along with the corresponding curve for
the v. For example, the E„3curve represents the rela-
tive probability that one should 6nd 6 E„s's in stack A
and 4 in stack 8 when the E„3lifetime has the value as
given on the abscissa. Actually this probability is a
function of both Tx„3 and X~, the value one chooses
for the relative abundance or the average number of
E„3's which should be found in stack A if the experi-
ment were repeated many times. The complete pre-
sentation of our information on the E„3lifetime would
be a 3-dimensional plot of P(gg, Trr„s) es both X~ and
TJ:», where P is the relative probability or likelihood
function. Actually Fig. 2 is a plot of this function for
E~=6.0 only. Other choices of X~ give curves of similar

type with lower heights. The curve of the function
P'(Trr„s) = Jp"P(N~, Trr„s)dÃ~ looks almost the same
as the curve in Fig. 2. Exactly the same procedure was
used in obtaining the curve for the p.'. If the 20%
probabilities are taken as limits, then 0.4)(1 (T~~3
&4&10— sec and 0.35&(10 g T, (1.5)&10 sec.

Another by-product of this experiment is a deter-
mination of the relative abundance of 7 mesons. We
obtain 0.050&0.006 as the fraction of heavy mesons
which decay to 3 charged pions.

Method 2

The preceding analysis made use of other lifetime
values obtained by counters' "in combination with our
E to ~ ratios in order to establish the r lifetime. An
independent approach is to normalize our E and r
cruxes to the beam proton or pion" Quxes found in
stacks A and B. Then the r and E~ lifetimes can be
determined without making use of any other results.
This method is dependent upon the assumption that
the experimental geometry used affects particles of
diGerent mass in the same way, as long as the momenta
are the same. If this assumption were correct, the

"The stack 8 pion Qux has been corrected for the small de-
pletion of the pion beam due to decay in Qight. In the 70-inch
path, 9% of the pions decay. In about half of these decays, the
decay muons are sti11 in the beam direction and are counted as
pions.

T,= (1.04 p.ss+'4')X10-' sec,

Ter. (1.11 p.tt "——)X10 ' sec.
(6)

IV. CONCLUSIONS

The v. lifetime values obtained by methods 1 and 2
are in good agreement. Our value of 1.11X10 sec for
the EI, lifetime agrees well within the errors with the
value of 1.18)&10- sec obtained by counter tech-
niques. ' "Our values of the g lifetime are in agreement
with the earlier determination of Alvarez and Gold-
haber, who obtained (1.0 p s+")X 10 s sec using emul-
sions 11 inches from the Bevatron target without
magnetic analysis. "The combined results of all lifetime
experiments suggest that the charged r, 8, E», E„3,and
r' all have the same lifetime. So far the only observed
difference in these particles is the spin-parity difference
of the r and 8 decay products. 7 '

Several explanations have been proposed for the
"identical" lifetimes of the v and 1"""Since in this

'4 L. Alvarez and S. Goldhaber, Nuovo cimento 2, 344 (1955)."T.D. Lee and J. Orear, Phys. Rev. 100, 932 (1955).' T. D. Lee and C. N. Yang, Phys. Rev. 104, 822 (1956).

proton-to-pion ratios in both stacks should be the
same. The observed proton to pion ratios are 3.80~0.15
in stack 2 and 4.28&0.33 in stack 8, a (12&9)j& dif-
ference. It is not surprising to 6nd some difference in
the two ratios, since the multiple scattering angle in
the Bevatron window (0.09 inch aluminum) goes as

1/pP, and P is quite different for protons and pions of
356 Mev/c. Fortunately the difference in our proton-to-
pion ratios is so small that it doesn't have much effect
in the lifetime determination. The extent of this un-
certainty can be seen by calculating the v lifetime three
ways: (a) based on the proton fluxes only, (b) based
on the pion fluxes only, and (c) based on an interpolated
flux ratio for a particle of mass 493 Mev, where the
small discrepancy in proton and pion Qux ratios is
assumed to be due to multiple scattering in the window.
The respective v lifetime results are 0.995, 1.16, and
1.04)&10 sec when one uses the following equation:

Z,/R= exp( —0.82X 10 /T, ),

where 8=0.219 for the proton stack 8 to stack A
ratio, R=0.194 for the pions, and X=0.211 for the
interpolated value. The values used for If., and Rrcr,
are obtained from Table I and do not include the fast
track-scanning data. The r and El. lifetimes and their
rms errors obtained in this way are
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experiment the particles decayed while in air, the
%einstein'2 explanation would require the reaction
~~~ to have a cross section over 300 times geometrical
for E mesons of velocity P=0.59 in air. The cascade
scheme of Lee and Drear, "which still lacks any experi-
mental verification, becomes less reasonable as the
T 0 mass difference becomes smaller. Lee and Yang"
have recently proposed that there may be only one
heavy meson of a certain spin and parity, but that its
parity is not conserved when it decays. They point out

that one can postulate nonconservation of parity for all
weak interactions without contradicting experiment.

We wish to thank Dr. E. J. Lofgren and members of
the Radiation Laboratory staff of the University of
California for their help in obtaining the Bevatron
exposures. We are grateful to Mrs. J. Bielk, Mrs.
E. Bierman, Mrs. J. Impeduglia, Mrs. M. Johnson,
Mr. B. Kuharetz, and Miss J. Lee of the Columbia
Nuclear Emulsion Group for their help with the scan-
ning, processing, and measuring.
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A survey has been made of the differential scattering cross sections for 187-Mev electrons on the even-even
nuclei i2Mg", i4Si", i6S", igA~, and 28Sr". It has been possible to separate the elastic scattering from the
inelastic in all cases and to resolve the inelastic groups from specific nuclear levels for at least one level in
all cases. A simple Born-approximation analysis of the elastic data yields values of the effective radii and
surface thicknesses of the nuclear charge densities which (if suitably corrected for failure of the Born
approximation) are in substantial agreement with the results of Hahn, Ravenhall, and Hofstadter; i.e.,
a radius parameter of c=1.08 A&X10 zz cm (radius to half-maximum of the charge distribution) and a
surface thickness of t 2 5X10—".cm (thickness from 10% to 90% of the maximum of the charge
distribution). Phenomenological analysis of the inelastic scattering along the lines laid down by Schi8
yields some tentative multipolarity assignments, and application of some results of Ravenhall yields
estimates of (radiative) partial level widths; for the E2 transitions these correspond to lifetimes of
~19X10 ' sec (Mg 1.37 Mev) to ~1.4X10 "sec (Sr 1.85 Mev). The observed strengths of the transitions
are compared to those predicted by Neisskopf theory.

I. INTRODUCTION

HE elastic scattering of high-energy electrons by
atomic nuclei has been the subject of considerable

experimental study. ' ' Recently it has been possible
in this laboratory to observe certain examples of
inelastic scattering ' "in which the incident high-energy
electron is scattered with the loss of a discrete quantum
of energy corresponding to the excitation of a level in
the target nucleus.

*The research reported in this document was supported jointly
by the U. S. Navy (Otfice of Naval Research) and the U. S.
Atomic Energy Commission, and by the U. S. Air Force through
the Air Force OfBce of Scientific Research, Air Research and
Development Command.

t Now at the University of California Los Alamos Scientific
Laboratory, Los Alamos, New Mexico.

' Hanson, Lyman, and Scott, Phys. Rev. 84, 626, 638 (1951).
~ H. R. Fechter (unpublished).' Hofstadter, Fechter, and McIntyre, Phys. Rev. 91,422 (1953).
z Hofstadter, Fechter, and McIntyre, Phys. Rev. 92, 978 (1953).
5Hofstadter, Hahn, Knudsen, and McIntyre, Phys. Rev. 95,

512 (1954).
R. Hofstadter and R. W. McAllister, Phys. Rev. 98, 217

(1955).
z R. W. Pidd and C. L. Hammer, Phys. Rev. 99, 1396 (1955).
SHahn, Ravenhall, and Hofstadter, Phys. Rev. 101, 1131

(1956).
McIntyre, Hahn, and Hofstadter, Phys. Rev. 94, 1084 (1954).

zz J.A. McIntyre and R. Hofstadter, Phys. Rev. 98, 158 (1955)."J.H. Fregeau and R. Hofstadter, Phys. Rev. 99, 1503 (1955).

The present experiments were initiated as a survey of
the inelastic and elastic scattering from even-even
nuclei in the region of intermediate atomic numbers.
These target materials were chosen for a number of
reasons: First, most of them are known from gamma-ray
spectroscopy, angular correlations, etc., to have easily
excited low-lying levels with spacings on the order of a
few Mev, which should be resolvable in an experiment
of the type of Fregeau and Hofstadter. " Second, the
principal isotope of most of these elements occurs in

high abundance, so that the natural form may be used
in the targets. Third, the ground state has zero spin
and even parity in the known cases (see, e.g. , Endt
and Kluyver's and probably in all cases (i.e., from
shell-structure arguments); furthermore, it usually
happens~ '4 that one or more or the lower levels has
known total angular momentum and a parity consistent
with electric-type multipole transitions from the
ground state. This last point is important because the
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