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Berkeley, California 
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ABSTRACT 

A measurement of the (rr+ -+TI 0 + e + + v/(rr+-+ 1-1+ + v) branching 

ratio is a direct test of the conserved-vector-cur.rent theory of Feynman 

and Gell-Mann, and of Gershtein and Zeldovitch. We have measured 

this branching ratio by detecting the rr 0 -decay gammas and one of the 

gammas from the positron annihilation. The number of stopped pions 

counted was 5. 6 X 10
10 

and the efficiency for detecting the rr 0 -+ rr 0 

decay was 0.32o/o. Five events were obtained with an estimated back

ground of about one, giving a branchin~;atio of (2.1~i:i)X 10-S which 

is consistent with the value of 1. 01 X 10 predicted in the conserved 

vector-current theory. 
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L INTRODUCTION 

The Conserved-Vector--Current (CVC) Theory was suggested in

dependently by Feynman and Gell-Mann
1 

and by Gershtein and Zeldovitch. 
2 

They noted the apparently curious coincidenoe thM~the vector and axial

vector coupling constants in muon decay are equal in magnitude to the 

vector coupling constant in beta decay, while the axiaL-vector coupling 

constant in beta decay is different; this can be summarized by 

and 

Gf!=Gf3 
A V 

Gf=-l.2G~. 

. f3 14 - 14 f! 
Recent expenmental values of GV from 0 (f3 )N and GV from 

t:he muon lifetime differ by (2 ± 0.2)o/o, 
3 

but electromagnetic corrections 

to G~ are uncertain and could account for this small diffe;rence. 
4 

The 

equality in magnitud~ of the vector and axial-vector coupling constants 

in muon decay supports the idea of ~ universal weak interaction of the 

V"'A type; the observation that the axial-vector coupling constant is 

changed in beta decay is not surprising, since strongly inte;r!l<;:ting par

ticles are present. Virtual pion states formed by the stro:t;lg interaction 

would not be expected to decay at the same rate as the "bare" particle 

states. The vector coupling constants being the same might be just a 

coincidence, or it might indicate that other interactions are arranged 

not to alter the coupling constant. In the electromagnetic interaction, 

virtual- mesons do not alter the charge of particles because there is a 

conservation law for charge current: 

\1. ]-:->"+ 8p= 0 
8 t ' 

or, using 4-vector notation, 

8 ° j = 0 0 

Feynman and Gell-Mann postulate a conserved weak current in 

analogy to the electric -charge current. The "universal" weak-inte rae ... 

tion Hamiltonian is given by 
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H= 

where 

J = ·[py (l + iy 5)n] + [vy (l + iy 5)e] + [vy (l + iy 5·) 1-1] 
1-1 ' 1-1 1-1 1-1 

is the weak current. With this current, the Hamiltonian has terms that 

describe all the familiar weak interactions involving nucleons, muons, 
. ' - . . . . . . 

and electrons. Consider now only the strongly interacting first term 

of the weak current. The vector part is 

v - . 
J = (p y n). 

1-1 1-1 

The electric-charge current is very similar, being 

. - [- l ) ] ·(P,l · J = (p y p) :::: l(J y ( - t T y; , ,. t ... 1• n, 
. 1-1 1-1 1-1- - 2 3 Or or-. 

where y; represents the nuclear-wave function (p n) 'in isotopic spin 

notation, and' T 
3 

·represents the third component of the nucleon isotopic

spin operator. The nucleon isotopic-spin operator is 

. l '(1 0)··. 
'T3 = 2 0 -1 

To be conserved, the electric -charge current must include the pions 

because· they also carry charge, We have 

= [y; y 1-1 (~ + 7 3) y;] + i [ q/:~ 'T 381-1 <j> - ( 0 .1-1 <j>) ':' 'T 3 <j>] • 

where 

<j> = (rr+rrorr-) is the pion-wave function in isotopic-sp~n notation, and 

the isotopic-spin operator for pions is 

l 
71 =~ 

fi (0 l 0) 
l 0 . l 

. 0 l 0 
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Feynman and Gell-Marin postulate an analogous, conserved weak 

vector current which also includes the pions . Their postulated current 

is 

The T + = T 1 + i 7 2 operator gives charge changing weak currents as it 

must. The second term above was not formerly present and is the con

tribution of the Conserved~Vector-eurrent theory. There are now terms 

in the interaction which directly give the decay rate for 

+ 0 + 
1T ->-1T +e +v. 

This decay is expected in· almost any theory through a diagram of the 

type shown below. The pion virtually forms a nucleon-antinucleon pair, 

one of the nucleons beta decays, and the other emits a TI
0

: 

strong 
interaction 

l 

However, the eve theory permits the direct calculation without intro

ducing strong couplings and divergent integrals. The decay is a spin

zero to spin-zero transition so only the vector coupling contributes. 

The interaction Hamiltonian which describes the 1T + decay is 

. G 
H = --·- i 

rz 

The decay rate A. can be very easily calculated if a few approximations 

are made. Using the "Golden Rule", we obtain 
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d A. = 2 1T I < H > \
2 

0 (Ef - Ei). 

and 

A.= 2 rr f L I< H> I2 &(E£- E;l [d
3
p/(ZTI)

3
] (d

3
p/(ZTI)

3
]. 

spins 

The matrix element is 

< H > = < rr<> , e, v 

+ ' -+ 
The 1T decays at rest so Prr+ = 0. If the rr 0 recoil momentum is neg-

lected compared to its mass, and if the rr+- rr 0 mass difference is 
0 . ' 

neglected compared to the rr mass, the matrix element becomes 

< H.> = G i 8 0 [u y ( 1 t i y 
5
) u ] . 

f.l v f.l e 

After squaring and summing over spins, we obtain 

.L I< H > \
2 

= 2 G
2 

(1 + v e cos ee) 
sp1ns 

The cos e term is zero when integrated over the momentum angles 
ev . 

so the rate involves only the phase-space integrals of ordinary beta 
5 

decay, which are evaluated in most elementary nuclear physics books, 

Again neglecting the rr 0 recoil, we have 

This gives the numerical result A-=0.415/ sec. 

A recent value 3 of G~ and accepted values of the rr+ and rr 0 masses
6 

f3 -49 3 have been used: Gv= (l.4025±0.0022}Xl0 erg em, mrr.+=l39.59 MeV, 

and m o = 135.00 MeV. The branching ratio is then 
1T 

R= 
A. _..rro 

rr+ . -9 
---- = (A. rr t __.. no ) ( T rr+) = ( 0 .41 5) ( 2 5. 5 X 1 0 ) 
A.rr+ __.. f.l+ 

-8 = l.06Xl0 D 

The rr-,... rr 0 rate (which is the same as the rr + __.. rr 0 rate) has 

been calculated, without the approximations made above, by Da Prato 
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7 
and Putzolu. They also calculate electromagnetic corrections of 

3. 2o/o.. Using the above value of G~ their result is A.= 0. 39 5/ sec and 

-8 
R = l.01X10 . 

The branching ratio to be expected if the eve theory does not hold 

might be as much as a factor of 10 more or Less than 10- 8 , depending 

on the method empl?yed in. the calculation. 8 -l 0 -

During the past few years, considerable supportOfor the eve 
theory has come from experiments on beta-decay spectra and angular 

correlations. Mayer-Kuckuk and Michel
11 

have compared the beta 
'12 12 12 

spectra from B and N as suggested by Gell-Mann. The pion 

coupling with the electron an:d neutrino, in accordance with the eve 
theory, predicts a modification to the transition-matrix element for 

beta decay. This ·modification is analogous to the contribution of the 

anomalous magnetic moment to gamma radiation, and it is of different 

sign for B 
12

. a~d N
12

, thus doubling the effect. The ratio of the tran-

. t' t. . 1 . f B 12 d N 12 · s1 1on-ma r1x e ements o.r an 1s 

where A is calcu.lated to be 1.10 ± 0.17 o/o in the eve theory and 0.10 o/o 

in the Fertni theory. Mayer-Kuckuk and Michel measure 1.30 ± 0.3lo/o, 

which is in agreement with the eve theory. 
13 

Boehm, Soergel, and Stech have measured a beta-gamma an-

. 1 . 1 . ff'. . h d F20(A-)N 20':'( )N 20. gu ar-corre atlon coe 1c1ent 1n t e ecay _ t-' . e '{ e 1n 

· h h eve h N db M · · d B 14 
agreement w1t t e t eory. or erg, or1n1go, an arnes 

have measured beta-alpha correlation in the mirror-nuclei decays 
8 - 8>:< 4 8 + 3>:< 4 . 

L. ((3 ) Be (a) He and f3 ((3 ) Be (a) He · and have found a d1fference 
1 

in correlation coefficient again in agreement with the eve theory. 

However, the comparison of these experiments .with theory is less direct 

because of uncertainties in the calculation of certain nuclear-matrix 

elements. 

A measurement of the rr + _.. rr 0 branching ratio is probably the 

best and most direct verification of the eve theory. However, the 

measurement of a branching ratio of 10-
8 

is not easy and its prospect 
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discouraged experimenters for several years. The rr+ _.e + + v mode 

of decay occurs ten thousand times more often.and yet was not discovered 

until 1 9 58. 
1 5 

In an experiment performed concurrently_ with the one described 

here, Depomrnier, Heintze, Mukhin, Rubbia, Soe1'gel, and )Vinter have 

measured the. rr+ _. rr 0 branching- ratio. 16 They report ( l. 7 ± 0. 5) Xl 0-8 

in good agreement with the eve theory. Dunaitsey, Petrukhin, 

Prokoshkih, ;and Rykalin
17 

also believe they have detected the decay at 

a rate consistent with the eve theory . 

..• "i·-· 
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II. EXPERIMENTAL METHOD 

,A. Introduction 

+ 0 +. Our method of measuring the rr -+ rr + e + v decay rate was to 

detect the two photons from the decay of the rr 0
, and the positron, and 

one of the photons from the annihilation of the positron. The rr 0 decays 

almost instantly into two 67.5 MeV. photons; bec;;tuse the energy available 

for the decay is small, these photons are nearly opposite (the angle be

tween them differs from 180° by less than 3.8"). The positron has an 

energy between o· and 4 MeV, with an average of 2 MeV. It has a max

imum range in plastic scintillator of about 2 em, and annihilates with 

an electron in materials similar to scintillator to give two opposite 
18 

1/2-MeV photons, within approx. 1 nsec. 

The two photons from the decay of the rr 0 were detected by two 

opposite gamma counters. Each gamma counter was a stack of alternate 

layers of scintillator and lead. To reduce the background from random 

low-energy neut.rons, the lead-scintillator stack was arranged so that 

, alternate layers of the scintillator would be viewed by two different 

photo tubes. Th~ two tubes were put_ in coincidence, to ,require that a 

proton scattered by a neutron would have to penetrate at least one layer 

of lead to simulate a photon conversion. For 3/32-in. lead sheets, the 

proton must have an energy greater than 35 MeV. Simple calculations 

based on equations given by Rossi 
19 

for energy loss of electrons by 

bremsstrahlung and ionization, and calculated curves given by Wilson
20 

indicated that at least one of a pair of conversion electrons from a 

70-MeV photon would have a good probability of penetrating the next 

sheet of lead. Nine pair of gamma counters were placed around a pion 

stopper to count the rr 0 photons. Together, the gamma counters 

covered about one -half of the total solid angle. 

The pion stopper was a scintillation counter in which the pion beam 

stopped. It detected the stopping pion and also the decay positron if 

these two events occurred with sufficient separation in time. Anti

counters were located between the pion stopper and the gamma counters 
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to prevent a charged particle from being mistaken for a photon. A 

large Nal counter was positioned close to the pion stopper to count the 

positron annihilation photon. 

When a pion stopped, an electronic gate was opened. If a coin

cidence between opposite gamma counters occurred during the time of 

the gate, a data-storage apparatus was triggered. All the gamma 

counters were interrogated and those thathad pulses were recorded on 

magnetic.tape. The Nal counter signal was photographed on a four-

beam oscilloscope. Also on the oscilloscope were the stopping counter and 

the- -n: 0 gamma counters, from which the time of the event could be 

measured. A 7090 computer processed the· magnetic tape, list those 

counters with pulses, and indicated which events might have come from 

opposite, colinear photo'ns. 

B. Pion Beam 
I 

The pion beam was made by the 740-MeV external 'proton beamoi 

the Berkeley synchrocyclotron. Pions were produced at 0° by a 50 

gm/ em 
2 

polyethylene target. Figure 1 shows the experimental area, 

the magnet system, and the position of the counter array. 

The magnet system was designed to achieve a high-intensity low

energy pion beam. 
21 It consisted of two large bending magnets and a 

three -element quadrupole. The bending magnets had a vertical aperture 

o{ 7 · 5/8 in. ; the entrance and exit quadrupole· elements had a 12 in. 

ap'erture. The center element of the quadrupole was a Panofsky section 

16 in. wide and 6 1/2 in. high. However, no special advantage was 

taken of the rectangular aperture and it might just as well have been 

the usual quadrupole element, The beam was enclosed in a vacuum 

system that was placed between the polyethylene target and the exit of 

the second bending magnet. 

Optically, there was a horizontal and vertical focus at the center 

of the quadrupole. All of the vertical focusing was done by the bending 

magnets; the ;horizontal focusing was done by the entrance and exit sec

tions of the quadrupole. The center section of the quadrupole acted as 
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MUB-1947 

Fig. l. Pion-beam magnet system and counter array. 
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a field lens vertically. The system achieves a large aperture and a 

short flight path for the pions. The short flight path is important if the 

pions are not to decay in the magnet system. 

Considerable shielding was piled around the polyethylene target 

and a 3 ft-deep well was built into the back wall of the primary beam 

cave to stop the protons. A concrete blockhouse was built around the 

counter array and more shielding was put inside the blockhouse. 

Horizontal and vertical beam profiles at the final focus were taken 

with two small counters mounted on a remote drive. Full width at half 

maximum was 2.0 in. in both the vertical and horizontal directions. 

Placement of carbon degrader corresponding to the counters and ab

sorber used in the beam ~elescope during the experiment incre~sed the 

beam width to ·about 3.0 in. The momentum s.pread of the beam was 

approximately ± 3o/o at half maximu!ll. 

The beam composition was measured using a time-of-flight tech

nique over a flight path of 100 in. 
22 

The results are given in Tabl.e I. 

The data have been corrected for pion decay between the counters and 

for differences in multiple scattering in the first counter. Total charged 

particle flux through a 2 -in. diam counter at full beam is also given. 

The numbers do not include protons because protons do not have enough 

range to go through the telescope at the momentum listed. 

The Berkeley synchrocyclotron has an auxiliary dee that can be 

used to stretch the beam spill to about 12 msec out of the 16.7 msec of 

the acceleration cycle. However, the 54-nsec rf structure is still 

present. This stretched beam was always used. 

1.• 

·" 

, .. 
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Table I. Beam composition and flux (not including protons). 

Momentum -Charged-particle flux Beam composition 
p1er sec (X 1 o5) (%) 

+ + + e tJ. 1T 

100 2.8 

150 4.7 62 12 26 

175 6.2 40 17 43 

200 7.7 36 ,..; 8 56 

240 10.4 

C. Counters 

The location of the beam counters is shown in Fig. 2 and the coun

ter sizes are given in Table II. Counters 2 and 4 defined the beam onto 

the pion stopper consisting of counters SA, B; and C. Counter 5 was 

made in three sections, each with its own light pipe and phototube in 

order to reduce the stopping pion pulse relative to the deeay-positron 

pulse. Betwe~n counters 3 and 4, and close to counter 3. 1 was placed 

10.0 g/cm
2 

carbon absorber, so that the pions would stop in counter 

5. Counters 6 and 7 were in anticoincidence with the other beam coun

ters to indicate a stopped p~rticle. Muons in the pion beam did not stop 

in counter 5, and were re,jected by counters 6 and 7. 

Counter 3 was a water Cerenkov counter to veto electrons in the 

pion beam which might scatter or shower in 5 and thereby simulate a 

stopping pion. The 17 5 MeV/ c incident pions were just below t):le 

Cerenkov threshold for water when they reached counter ;3. ·Counter 1 

was used to discriminate against two beam pions in quick succession as 

they might simulate a real event through charge exchange of the second 

pion in the beam telescope; the operation of counter 1 will be explained 

in Section II -D. 



Anti 

Front 

Fig. z~ Counter . ,· array. 

Lead 
plates 

MU-28014 
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Counter 8 was a thallium-activated sodium-iodide crystq.l. It 

was placed close to the stopping counter to count one of the 1/2-MeV 

photons from the positron annihilation. The crystal was 8 in. diam 

and 2 in. thick. It was purchas~d from the Harshaw Chemical Co., 

Cleveland 6, Ohio. A lucite fight pipe connected it to an RCA 7046 

photomul tip lie r tube. 

To enable the beam-counter photomultipliers to operate at high 

currents (corresponding to particle fluxes of 4Xl0 5/sec), the voltages 

on the last 4 stages of the photomultiplier dynode structure were set 

by a resistor chain external to the tube base. A current high compared 

to that flowing in the dynodes could be maintained in the external re

sistor chain, and the dynode voltages thereby kept fixed even at a high 

counting rate. 

The rr 0 . gamma counters were lead-scintillator sandwiches: 8 

layers of 1/ 4-in. plastic scintillat?r were alternated with 8 layers of 

lead. The scintillator and lead sheets were 15.5Xl6 in. Alternate 

layers of scintillator were connected to two different phototubes. 

Figure 3 is a drawing of the basic unit. It shows 4 scintillators fq.s

tened to a commonlight pipe and phototube. Two units were inter

woven to make. one gamma counter. After they were interwoven, lead 

sheets were slipped between each pair of scintillators. During con

struction, each scintillator was wrapped with aluminum foil and covered 

with black cardboard before being glued to a common light pipe with 

three other scintillators. 

Nine pair of gamma counters were built and they were arranged 

in two rings, one behind the other as shown in Fig. 2. In the first ring 
( 

the two phototubes on each sandwich are referred to as a. and f3, on 

the second ring as y and o. The counters are numbered clockwise 

around the a.f3 ring; the numbers on the yo ring are such that (a. f3 yo\ 

denote opposite counters with respect to the pion stopper. 

Except for counters (a.f3yo )
1 

and (a.f3yo }6 , the gamma counters 

contained 3/32-in. (2.70 g/cm
2

) lead sheets. Counters (a.f3yo )1 con ... 

tained 1/8 -in. sheets and counters (a. f3 yo) 
6 

contained 1/16 -in. sheets. 

Ten plastic-scintillator counters, A. (i = 1 to 10), were placed 
. 1 

between the pion stopper and the rr 0 counters to veto counts that were 
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...----- 15 1/2 in. ------t•i 

Plastic scintillator 

Lucite -light pipe 

RCA 
6810A 

photomultiplier 
tube 

----1 t-- 1/4 in. 

16in. 

MU-31163 

Fig. 3 .. Element of a 1r
0 gamma counter .. 

.•. 
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caused by charged particles. These counters were of dimension 

3/8Xll 3/4 X34 in. and together completely shadowed the 1T
0 gamma 

counters from the stopper. 

With the exception of the Nal counter, all the counters employed 

RCA 681 OA photomultiplier tubes. 

Beam Counters 

1 

2 

3 

4 

SA 

5B 

sc 
6 

7 

Table II. Beam-counter sizes. 

Size (in. ) Composition 

1 X 7 diam. plastic scintillator 
I 

S/8X 4 1/2 diam. plastic scintillator 

1 l/4X SXS water in copp.er tank 

l/8X 3 diam. plastic scintillator 

1 X 3 1/2 diam. plastic scintillator 

1 X 3 1/2 diam. plastic scintillator 

1 X 3 1/2 diam. plastic scintillator 

l/4X 7 diam. plastic scintillator 

3/8X 8 1/4 diam. plastic scintillator 

D. Electronics 

A block diagram of the electronics is given in Fig. 4. A pion 

stopping in counters SA, B, or C, generated the signature (2 4 SA 3 6 71D). 

The lD signal occurred if another beam particle entered the system 

within an interval of 10 to 60 nsec following the pion stop. Consequently, 

lD demanded that no other beam particle enter the system during the 

time we awaited a possible 1T +-+ 1T 0 decay. To make the 1D signal, the 

1 pulse was split, one part opened gate 1 _so that a pulse on the other 

half of the split 10 to 60 nsec later would go through the gate. Gate 2 

was made to act as a pulse stretcher by using the gate monitor as the 

output. 
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T D disc. mixer 

a2 

a3 

a4 

a 10 

u 
.!!! 
"0 

0 
I- a(B)=a5,6,7,B 
E 

_g /3 (8) ...:..._ __ ____, 
y(B) 

8 (B) 

A 1 .... IO from TD disc.- mixer 

5C 
I(+) 

5A(+) 

8(Nol) 

Fig. 4. Diagram of the electronics. 

MUB-1948 
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SYMBOLS 

Wentz I- type cancidence circuit 

Distributed amplifier 
(Hewlett Packard 460AarB,or both) 

Scaler discriminator 

Tunnel- diode-type discriminator 

Gate 

Transistorized mixer (or splitter if the arrows 
point the opposite. direction) 

Passive splitter (or mixer) 

~Scaler 
1 Counter I anode signal 

1 (+) Counter I last dynode signal 

5A a y A 
~ 

5A 8 8 7 
~ 

5A 8 (Noll 
~ 

Tektronix 
517 A oscilloscope 

To data- storage trigger 
To 4 beam scope trigger 
To gate 4 opener 

MUB-1949 

Fig. 4. Diagram of the electronics. 



The output from each of the· gamma counters ahd from the anti

counters A
1 0 0

, 

10 
went to tunnel-diode discriminator .. circuitso '

23 
Two 

sets o'f signals were taken from the discrin1inators. One set consisted 

of the individual, discriminated outputs and went to the magnetic -tape 

data-storage apparatus. The other set contained the mixed signals and 

went to the C3 coincidence .circuit. 

Each of the two rings of counters, a f3 and y 6 were further 

divided into two sections, A and B. Section A contained counters 1, 

2, 3, 4, and 1 0; B contained counters S, 6, 7, and 8. The A .and' B 

coincidences were made separately in C3A and B, and then mixed. 

This arrangement reduced the trigger rate as compared to an .arrange

ment bringing all the gamma counters into one circuit. 

The C3. output went through gate 3, which was opened by the 

stopping pion signal, and into C4, where it was stopped if there was a 

signal from any of the anticounters A 1 ... 1 0 .. The C4 output triggered 

the data storage system and the four-'beam oscilloscope. 

The four-beam oscilloscope display is also shown on Fig. 4, On 

this drawing, a is meant to represent the sum of all the a counters, and 

similarly for f3, y, 6, and A. The ·l signal on the oscilloscope display 

went through gate 4, opened by the C4 output for about 80 nsec, because 

otherwise the SA, B, and C displays were too often spoiled by an earlier 

l pulse. The signal from 7 was included on the display to rule out Nal 

pulses from charged particles originating in the stopper. The SA pulse 

was put on each trace as a timing marker. All timing measurements 

were made with respect to these pulses to eliminate errors arising 

from jitter or drift in the time at which each trace started. 

The film was projected onto the ground-gla~s screen of a viewer 

produced by Documat, Inc., of Belmont, Mass. The magnification of 

the oscilloscope trace was So Oo The oscilloscope- sweep speed was 

ordinarily 100 nsec/ em so one em on the screen corresponded to 20 nseco 

The data-storage apparatus is described in detail by Wiegand, 
24 

and Evans and Kirsten. 
2

S It consisted of a magnetic-core buffer memory 

and a tape recorder. Ten events were stored in the memory and then 

read ouL During the write out, an event could not be stored, so a gate 
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pulse was generated which blocked the Cl, C2, and C3A and B output 

pulses. The gate pulse turned off the bias voltage to the tunnel-diode 

discriminators following C2 and C3A and B, and the voltage to the Cl 

scaler discriminator. Each stored event was numbered, <;J.nd a pulse 

was generated which advanced a register which was photographed along 

with the four-beam oscilloscope display. In this way each event was 

labelled W·ith·~:the ;same. nun:lbe:r :in:th:e data:·.s.totage:.and the--oscilloscope 

tJ.isplay. 

E. Procedure 

In this section, methods of setting voltages, delays, etc., are 

discus sed. 

The gamma counters were timed with q. light pulser. 
26 

A light 

pulse in SA opened gate 3 (Fig. 4) and another simultaneous light pulse 

in a y counter made a signal which went through gate 3. The fraction 

of the counts going through the gate as a function of gate delay was 

recorded. By noting for each cou:hter the relative time of the sharply 

rising leading edge of the gate, the relative delay of all counters could 

be easily made the same within 1. 0 nsec. 

All the tunnel-diode-discriminator mixers were set to accept a 

pulse of 180 mv or greater. The voltages qf all the gamma counters 
22 

were set so that they counted the same when exposed to q. Na source. 

The final voltages were set by 1,1sing rr 0 's made from stopping 1T- 1s in 

counter 5. A small fraction of the pions were captured by hydrogen and 

gave rr 01 s through the reaction rr- + p ~· rr 0 + n. The data-storage ap

paratus was a great help in setting the voltages because 9 of the 36 

counters could be varied simultaneously. A 7090 computer summarized 

the data. The timing of all the counters was redone after setting the 

voltages. 

The timing and length of gate 3 ~as also measured with rr 0 1 s from 

stopping 1T- 1s. Figure 5 shows this curve; the times are relative to the 

normal operating point during the experiment. A pion decay curve is 

also shown to indicate the fraction of pions which decay within the gate. 
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1r+ decay curve 

10 20 30 40 50 60 
Time (n sec) 

MU-31164 

Fig. 5. Timing and length of Gate 3. The gate curve was ·made 
with rr 01 s from stopping rr-•s. The normal operating point· 
during the experiment was at 0 time. A rr+ lifetime curve is 
shown to indicate the timing efficiency of the gate. 
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The location of the 'I. counters on the four-beam oscilloscope 
0 -display was found also with 1T 1 s from stopping 1T 1 s. This gave the 

locations for prompt events; the displacement from these locations 

gave the time of the event. 

The incident momentum of 17 5 MeV I c was chosen by making a 

compromise between the pion stopping rate, which was highest at about 

200 MeV I c, and the data-storage trigger rate, which decreased with 

decreasing incident momentum. The stopping pion rate was about 15% 

higher at 200 MeV I c; but the 1T
0 trigger rate was twice as high. The 

apparent reason that the trigger rate was sensitive to the beam energy 

is that the charge -exchange cross section increases sharply with energy 

f 1 . 2.7 
or ow energy p1ons. 
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III. EFFICIENCY 

A. · Introduction 

To obtain the beta-decay branching ratio,. the absolute efficiency 

to detect the reaction must be known .. The overall eff~ciency is the prod

uct of many factors, some ·measured and others calculated. Table III 

~temizes the partial efficiencies,· and theyare all discussed in further 

detail below. The ov:erall efficiency for counting the . TT
0 pho~ons and 

the, positron annihilation photon is (0.35 ±:0.12)o/o; if the electron is also 

counted, the overall efficiency is further multiplied by 0. 51. 

B. Gate Timing Efficiency 

An electronic gate was opened at 5 nsec, and closed at 45 nsec, 

after the pion stopped. Only if a four-fold coincidence of the TT
0 counters 

occurred during the gate was an event recorded. Figure 5 shows the 

gate curve and an exponential decay curve for the pion (25.5-nsec mean 

life). Because 65o/o of the pions decayed within the gate, the timing 

efficiency is 0.65. If the gate was positioned to include zero time, or 

lengthened, the number of triggers weroe increased, making the data 

analysis more difficult. 

C. TT
0 Efficiency 

The TT
0 efficiency is obtained from a measurement made at 

CERN of the number of TT 01 s produced per TT- stop inCH. The effi

ciency can also be directly calculated but the calculation is uncertain 

because it includes an electronic efficiency that is not well understood. 
28 -3 -

Chabre et al. have reported that ( 5.4 ± 0. 5) Xl 0 TT 1 s are cap-

tured by the hydrogen of CH per TT stop in CH. By using the Panofsky 
. 29 b . ratio, one o ta1ns 

(L5/2.5)(5.4±0.5)Xl0- 3 
= (3.2±0.3)Xl0- 3 

rr 0
' s produced per TT stop in CH. Dunaitsev et al

3 0 
have reported a 

ratio of 290 ± 40 TT
0 1 s from a liquid -hydrogen target to TI

0 1 s from a 

CH
2 

target. The ratio of TT
0 1 s from a hydrogen 
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Table III. Efficiency summary. 

Gate timing 

TT
0 photon efficiency 

Solid angle 

Probability that photons hit opposite counters 

:y-cciunter.· efficien~y (for pair) 

. Annihilation photon efficiency 

Solid angle 

Counter efficiency 

Conversion in stopper 

Interference from another pulse 

Positron efficiency 

Energy greater than 1/2 MeV 

Detection efficiency 

Accidental anticoincidence 

Film not readable 

0. 65 

0.43 

} 0.85 0.044 

0.12 

0.35 

0. 74 0.14 

0. 78 

0. 70 

0. 93 } Q.51 
0.55 

0.92 

0. 95 

Table IV. Resolution factors calculatted by the Monte -Carlo 

Method; R is the probability that the decay photons from 

Source of TT
0 

TT+ decay 

+ 
TT decay 

+ 
TT decay 

TT capture on p 

a TT
0 hit opposite counters. 

Counters 

{af3'{6). 
1 

(a i3). ('{ 6) ., 
1 J 

j = (i+l) or (i-1) 

(a f3). ('{ 6). 
1 J 

j = i, ( i + l ) , and ( i - l ) 

triggered in the normal operating 

fashion described in Sec. III. D. 

{af3'{6). 
1 

R 

0. 76 

0. 06 

0. 85 

0.34 
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target to TT
0 1 s from a CH target would then be (2) (290 ± 40) = 580 ± 80, 

and the TT
0 1 s pr~duced per TT- stop in CH would be 

(1/580±80) (1.5/2.5) = (l.O±O.l4)Xl0-
3

. 

These two measurements are not in agreement. The value of 

(3. 2 ± 0. 3) X l 0-
3 

quoted by Chabre et al. is probably the more reliable 

and our TT
0 efficiency will be bas·ed on it. They used their same ap

paratus to obtain the accepted value of the Panofsky ratio as a check on 

the systematic errors of their measurement. However, until the number 

of TT
0 1 s per TT stop in CH is measured by a third party there will re-

main some doubt. 

The (a. f3 y 6). rate in our experiment per l 0 
7 

stopped TT- 1 s 1s given 
1 

in Fig. 6. A carbon subtraction has been made by replacing the stopping 

scintillator with carbon of the same range. The carbon contribution was 

about llo/o. The net average (a.f3y6). rate is 63 per 10
7 stopp~d pions. 

. 1 

To calculate the efficiency, a resolution factor is needed to correct 

for the difference in energy of TT 0 1 s from TT+ ·.decay and from TT- cap

ture. The difference in energy causes the angle between the photons to 

have different distributions. The factor R is defined as the fraction of 

TI- 0 -decay photon pairs. such that if one of. the photons hits-a counter, the 

other hits the opposite counter. It is less than unity because of the 

finite size of the pion stopping distribution and because the angle be

t~een the photons· is less than 180°. The resolution factors have been 

calculated by the Monte~Carlo method and are summarized in Table IV. 

The resolution factor for TT- capture on a proton is low because .the 

angle between the photons may differ from 180° by as much as 23°. 

A desc11iption of the calculation is given in the Appendix. 

The TT
0 efficiency is then 

E 0 =[ (9)(63Xl0- 7y'(3.2±0.3)(l0- 3 )] (0.85/0.34) = 0.044±0.004. 
TT - .. -

The factor 0. 85 is the resolution facto'r of the counters for TT
0 1 s from 

TT + decay and 0. 34 is the resolution factor of the counters for TT
0 's 

--from TT capture on protons. 
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Fig. 6. 1T
0 counting rate for normal conditions; a..f3.'1 6 trigger 

and 4 nsec clipping lines on C3. 1 J m n 
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The rr 0 efficiency can also be directly calculated. The actual 

efficiency of a sandwich counter for a 70 MeV photon will be the product 

of P c' the conversion efficiency, and P f' the efficiency for the electrons 

to penetrate the next sheet of lead -se-t-hat a coincidence between the two 

photo tubes of a counter will occur. The calculated value of P is 0. 85. 
c 

The efficiency for penetrating the following sheet of lead was 

measured by counting y-ray coincidences and singles in one of the 

counters: 

(a.f3yo). 
l 

(af3yo)i 
= P f for counter (y o )i = 

[af3(yUo)]. 
l 

(a. f3 yo).+ (a. f3y). +(a. f3o ). 
l l l 

The rr 0 1 s were made by stopping rr 1 s in the stopping counter 5. The 

data-storage system was triggered by a.. f3. (y U o ) instead of the 
1 J m n 

usual a.. f3. y o . The 7090 computer then summarized the magnetic-
1 J m n· . 

tape data. A carbon subtraction was made. The carbon contributed 

about llo/o of the (a.f3yo)i rate and about 70o/o of the {a.f3y)i and {a.f3o)i 

rates. Figure 7 is a plot of (Pf)i for the 9 sandwich counters in the 

yo ring·; the average value is Pf.= 0.85. 

In the course. of measuring P f' it was found that the number of 

fourfold events (a. f3y o). per rr- stop recorded by the data-storage 
l 

apparatus was different for a four-fold trigger a.. f3.y o and a three-
.. 1 J m n 

fold trigger a.. f3. (y Uo ). The trigger coincidences were formed by 
1. J m n · 

the C3 circuit Figure· 6 shows the rate for normal operating conditions. 

Figure 8 shows the rate with three-fold trigger, increased counter 

voltages, and longer clipping lines on the C3 circuit. Most of the 

increase came from the change to a three-fold trigger. The rates were 

independent of beam level, a strong indication that the difference was 

not caused by accidentals. We attribute the difference to an electronic 

loss in the C3 circuit, and introduce an electronic efficiency P equal 
e 

to the ratio of the rates from Figs. 6 and 8: 

p = 63/136 = 0.46. 
e 

The data from both Figs. 6 and 8 are for captures in the hydrogen of 

the scintillator; a carbon subtraction of about llo/o has been made from 

both. 
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Fig. 7. Efficiency factor Pf; Pf is the probability that one of 
the electrons will penetrate the next sheet of lead. 
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Fig. 8. TI
0 counting rate; a.f3J·(-y Uo ) trigger, 9 nsec clipping 

1 m n 
lines on C3, and counter voltages up 1 OOV. 
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The solid angle of the counter array is 

r?/4n=0.43 

and this must be multiplied by the resolution f·d.ctor R = 0, 85. 

The overall calculated efficiency then, for counting a n° from 1T + 

decay, is 

E o = (~/4n) (R) (P ) ((Pf) (P )] 
2 

= (0.43)(0.85)(0.46)((0.85)(0.85)] 
2 

= 0.088. 
n e c 

The most important uncertainty in this number comes from P . We do 
e 

not thoroughly understand the loss and it is possible that P is even 
e 

lower than 0.46. Consequently, the efficiency E 0 = 0. 044 ± 0. 004 ob-
1T 

tained from the number of n° 1 s per 1T capture inCH is used to calculate 

then+-+ n° branching ratio, 

D. Annihilation-Photon Efficiency 

The efficiency of the 2-in. -thick Nal crystal for 1/2-MeV photons 

was measured with a Na 
22 

source, which emits a 0. 54-MeV maximum 

energy positron and a 1. 3 -MeV gamma. The Na 
22 

source was surrounded 

by a plastic case which stopped the positrons, creating a source of 

opposite 1/2-MeV photons with a simultaneous 1.3-MeV gamma. The 

counter arrangement is illustrated in Fig. 9. A section of the stopping 

counter, 5C, counted one of the annihilation photons and a second Nal 

crystal Nal-2, counted the accompanying 1.3-MeV gamma. A tunnel

diode discriminator on the Nal-2 output rejected pulses from 1/2-MeV 

photons. The Nal-2 crystal and the 5C counter in coincidence triggered 

the four-beam oscilloscope and camera which recorded the pulses .from 

the Nal annihilation-photon counter. The efficiency was then the number 

of oscilloscope traces showing an Nal pu~se divided by the total number 

of traces. The result, P = 0. 74, is in good agreement with a calcu1a-
. . n . . 27 

bon from mass absorption coeff1c1ents. 

A pulse -area distribution was made by measuring 100 of these 

pulses with a planimeter (see Fig. 10). Ninety per cent of the events 

had a pulse area between 6 and 22 in an arbitrary unit, and most of the 

remainder may well have come from 1.3-MeV gammas. We required, 

therefore, that annihilation photons from positrons in TT + decay have a 

pulse height between 6 and 22. 
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Fig. 9. Measurement of the efficiency of the Nal counter for 
1/2 MeV photons. . 
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MU-31169 

Fig. 10. Pulse -height distribution of 1/2 MeV photons in the 
Nal counter. 
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The fraction of annihilation photons lost because they convert 

before leaving the stopper was measured by putting a l. 5-in. -thick 

scintillator between the Na 
22 

source and the Nal annihilation-photon 

counter. The efficiency factor for this effect is PL = 0. 78. 

A correction might be expeCted for those positrons which escaped 

the stopper before annihilating. However, a calculation has been made 

which shows this loss to be less than 3%. 

Another correction, this one important, had to be made to correct 

for the loading of the annihilation counter by beam particles. Saturating 

. pulses were about 1.0 !!Sec long, and 1/2-MeV pulses were about 0.8 

!!Sec. If the counter was already occupied at the time of an event, the 

event would be missed. The requirement was.made that no second 

pulse disturb the annihilation pulse. To measure the loss caused by 

this requirement, the oscilloscope was triggered as usual but set for 

a very slow sweep speed, 1. 0 !!Sec/ em, and the unoccupied fraction of 

the trace measured, The result, P = 0. 70, agreed with the fraction of s . 
triggers during the TT + decay measurement that were reJected because 

the Nal oscilloscope trace was disturbed. 

The solid-angle factor for the Nal counter was 

The total annihilation-photon efficiency was therefore 

Ey =(Q/2rr) PnPLPs = (0.35)(0.74)(0.78)(0.70) = 

E. Positron Efficiency 

The efficiency for recognizing a positron in the stopper is esti

mated to be about 0. 51. The pulse in the counter in which the TT + 

stopped was usually 15 to 20 nsec long. and the positron had to be seen 

on the tail of this pulse to be recognized at earlier times. 
+ + A TT - f.l + v lifetime curve taken with the stopping counter is 

shown in Fig. 11. The oscilloscope was triggered to record each pion 

stop, and a very low beam was employed. The point at zero time·-was 

obtained by assuming for those events in which a muon was not visible 
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that the muon came too early to be seen. The lifetime curve indicates, 

incidently, that no appreciable number of muons or positrons were 

counted as pions because if they were, the point at time zero would be 

above the extrapolated lifetime curve. Figu:re 12 shows the same data 

plotted in a differential form. Muons that came earlier than about 16 

. nsec are missed. Of the pion decays within the gate, 0. 55 of them occur 

later than 16 nsec. This fraction of the positrons would be recognized 

provided their pulse height were large enough. A 2 -mm deflection on 

the viewer corresponds to a 1/2-MeV positron and would have been seen, 

From a phase- space calculation, 0. 93 of the positrons have a kinetic 

energy greater than l/2 MeV. The positron efficiency is therefore 

E = (0.55) (0.93) = 0.51. p . . 

F. Miscellaneous Factors 

Events may have been lost through an accidental count in one of 

the ten large anticounters A 1 .... 1 0 . The frequency of counts was ob

served on the film data, and from the measured resolution of the anti

coincidence circuit, the loss is estimated to be about 8%. 

Occasionally during the experiment the beam spill would 11 spike. 11 

The rr 1 s would come bunched in time so that the instantaneous rate would 

be very large. If a real event occurred during a beam spike the film 

would be unreadable. The estimated loss is 5o/o. 

G. Uncertainty in the Efficiency 

The lOo/o uncertainty in the rr 0 efficiency is combined with esti

mates of the uncertainty in other efficiency factors to give a total effi-
' 

ciency uncertainty of 30o/o. This uncertainty is small enough that the 

error as signed the branching ratio is dominated by the statistical un

certainty in the number of events. 

The efficiency makes use of the number of 1T
0 1 s per 1T stop in Cf{ 

measured by Chabre et al. [(3.2±0.3)Xl0-
3
]. If this number should 

prove incorrect, the branching ratios should be scaled accordingly·. 

... 
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IV. RESULTS AND ANALYSIS 

A. Events 

During the data run, 5.6X10
10 

pions were stopped in counter 5, 

as measured by the C2 coincidence- circ'uft. -The· stopping pion rate was 

10
5 

per sec. Thirty thousand of these sta"pped pions triggered the data-
7 

storage system, so the trigger rate was about 5 per 10 stopped pions. 

The stored events were conveniently ~ivided into four groups according 

to the location of the active counters with respect to each other. The 

following list shows this division, the name as signed each group, and 
. ~. . :..· 

the percentage of the stored events in each group: 

Name. Type of Event Percentage 

Opposite (u~'{O). 11 
1 

Fork (u~)i ('{c5 )j =i±1 13 

Wide Fork (u~)i ('{O)j = i±2 46 

..... 

Junk All events other than 30 
the three types above 

One extra, odd counter was permitted to register in the first ~hree 

groups .. The distribution of events is shown in Table V. 

Good E!.vents from pion-b~ta decay are most likely to be in the 

Opposite group. However,· because of the finite size of the stopping 

pion distribution, . and the 3. 8 ·o possible deviation from 180° of the rr 0 

decay photons, good pion-beta-decay events may also be found in the 

Fork group. The expected distribution of good events between the 

Opposite and Fork groups was calculated in the Monte -Carlo calculation 

described in Sec. III c;. The .rE!sult is· •. ~. to:)_; in :favor of the Opposite 
~ .. 

group. Wide -Fork events are interesting because they could not come 

from pion-beta d~cay and therefore serve as a monitor of background. 

The angle between the two photons for Wide -Fork events is too far from 

180°. 
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Table V. Distribution of stored events of type (al3)i ('yo)j for lOo/o of the 

data. The shaded areas were excluded by the coincidence system. 

Possibly good events must lie on the diagonal or one away from the 

diagonal. The enclosed areas contain events that could not come from 

pion..,beta decay and are used to estimate the background" Counters that 

would have been in the 9 position were omitted to make room for the 

al3 

l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

yo 1 2 3 

33 25 41 

16 15 16 

60 

73 192 121 

pion beam. 

4 5 6 7 8 9 10 

.50 

56 

76 

174 

121 

54 

45 

97 [ VZ?7/7Z21 11 5 
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Most of the data-storage triggers must have come from charge 

exchange lT
01 s which were made either in the beam-counter telescope 

or absorber by a pion which arrived during the gate generated by the 

preceding pion. The effect of putting the a. j3 counters out of delay with 

the yo counters was to reduce the trigger rate to essentia'.lfy zero, in

dicating that the triggers we.re caused by "real" events. The number 

of data-storage triggers, per stopped pion was found to be directly pro

portional to the pion-beam rate, as expected if the data storage triggers 

were caused by the charge exchange of a se-cond unrelated pion. 

For about Zo/o of the pion stops there was another pion in the same 

rf pulse, and for another Zo/o of the stops there was another pion in the 

next rf pulseo The delayed gate and the lD veto were intended to elim

inate triggers from these second pions, and they did helpo The lD 

veto reduced the trigger rate by SOo/o, and the 1 pulse displayed on_ the 

4-beam oscilloscope permitted the immediate elimination of another 

17o/o of the events. However, the 1 pulse was about 50 nsec long and a 

second pulse that occurred within the first 30 nsec did not ·always stand 

out clearly endugh to be recognizableo 
30 ... ' . 

Dunaitsev et aL have measured the charge -exchange eros s 
. + . 
section for lT 1 s on carbon at 150 MeV/ c and several lower momenta. 

A rough calculation indicates that all of our data-storage triggers can 

be attributed to charge exchange. Since most of the triggers of the 

Opposite, Fork, and Wide -Fork groups undoubtedly came from the 

same source, a study of Wide -Fork .events should be a good measure 

of the background. 

B. Film Analysis 

We scanned the film for all 30,000 -recorded events for aNal 

signal without referring to which gamma counters caused the event. 

In the initial scan, time agreement between the Nal pulse and the lT 
0 

gamma counters within about 15 nsec was required, and the Nal signal 

was ignored if it clearly came prorp.ptly afte.r the pion stopped; or if 

there was a counter 7 veto in time with it. Two hundred and two events 

were found and their distribution in the four groups is g~ven in the first 
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column of Table VI. This table shows the effect of progressively 

applying the criteria of a good event. 

The timing criteria were that the rms deviation of the times of 

the four rr 0 counters from their average be less than 4 nsec, and that 

their aver'age ti~e agree with the Nal counter within± 6 nsec. These 

requirements were decided upon after studyiri.g film events made by 

prompt rr 0 1 s from stopping rr- 1 s. Essentially all of these prompt 

events had an rms deviation from their individualaverages of less than 

4 nsec. The rms d~viation of the average of the f6iir rr 0 counter times 
. ·- -- ' 

from the overall average which set the zero ti~e markers was l. 8 nsec. 

These time deviations were principally caused by jitter in the arrival 

time of the counter signals although they do also include hurhan meas

uring jitter. An examination of the film taken to measure the Nal 

efficiency indicated that its time could be easily measured within 

± 6 nsec. Timing between the electron and the average of the rr 0 counters 

was required within± 4 .nsec. These timing criteria are believed to 

introduce no loss in efficiency. 

The Nal pulse area was required to b,e between 6 and 22 in the 

arbitrary units used in Fig. l 0. Most of the pulses satisfying this re

quirement were somewhat smoother than the very jagged pulses from.: 

the Na
22 

calibration. Some were very smooth, especially those that 

began soon after another pulse finished. Photoelectron statistics were 

responsible for the Na
22 

calibration pulses being jagged. Probably 

the pulses on the tail of another were smooth because the counter was 

badly loaded and needed some time to recover between pulses. Approx

imately 200 nsec of time prior to the Nal pulse was display~9- on the 

four-beam oscilloscope, so the requirement was made th~·t the trace 

be undisturbed for this time. This is a straightforward procedure 

and reduc.~,s. th~\ efficiency by a measurable amount. However, some 

of the re~kl.nin'~ pulses were also very smooth. These have been 

eliminated in the lower part of Table VL This final elimination of 

smooth pulses is probably valid because it is unlikely that they come 

from l/2-MeV photons. Nevertheless, the elimination is a somewhat 

subjective procedure.· 

\ 
'·. 
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Table VI. Good-event criteria applied progressively; rr, N, and e 

refer respectively to the average time of the rr0 counters, the Nal time, 

and the time of a second pulse in the stopping counter. In the lower 

half of the table, the very smooth Nal pulses are eliminated before the 

final two columns. 

~ u u 
(!) (!) 

'+-< Ul Ul 0 ~ ~ 
>--< 

-.::~" ([) ..... u 
..--< N rd (!) v ...., 

N Ul v (!) ~ r- 0 ~ (!) ...., ...., -.::~" I 
I= 0 u -.o 1\ I= 
I ~ (!) ~ 

'"CJ z_ Ul rd 0 ...., (!) u ~ (!) 
(!) 

~ 
~ H 

...., 
(!) 

...., 
I 

2 
0, Ul -.::~" H 0 I= 0 (!) 0 s ~ rd ~ H > ""' rd v ...., 

Q) Ul 0 (!) (!) u u -.o ~ H Ul H I= Ul Ul (!) 
'+-< 0, v >--< >--< H 0 ..--< 
0 (!) Ul ;::1 ;::1 (!) ;::1 (!) 

,.Q ..--< 
(!) rd 

...., s 0, 0, ~ s s ..... 0 I= ...., ~ 0, +-' ~ I H H H 0 +-' 
:>.. ;::1 ..... 

_6_<1 
rd rd ~ 0 ..... 

E-; z ~ z z z rd z ~ H 

Opposite 3200 30 18 10 7 5 2 

Fork 4000 41 26 11 8 6 3 

Wide Fork 13' 800 74 36 10 '9 4 2 

Junk 9000 57 25 5 4 0 0 

Total 30,000 202 105 36 28 

~ 
(!) ...., 

Ul 0 
..--< 0 

;::1 s 
0, Ul 

H -1-> 
rd 0 z ~ 

Opposite 3200 30 18 10 7 7 5 2 

Fork 4000 41 26 11 8 6 4 3 

Wide Fork 13,800 74 36 10 9 6 2 1 

Junk 9000 57 25 5 4 2 0 0. 

Total 30,000 202 105 36 28 
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Four of the remaining events in both the top and bottom part of 

Table VI were eliminated because they had a second pulse in the stop

ping counter out of time with the rr 0 counters and within 100 nsec of 

the stopped pion. These pulses were attributed to rr + __,. f.l + + v decay. 

While it is possible that the positron pulse in pion-beta decay will not 

be seen, a muon pulse should definitely not be present. To demonstrate 

that these out-of-time pulses are actually muons from the stopped pion, 

the lifetime of pulses following the stopping pion pulse was measured 

for a sample of the total stored events and found to agree with the pion 

lifetime. 

The pas sibly good events in Table VI are listed in Table VII. The 

times given for the decays are consistent with the known pion lifetime 

of 25.5 nsec. It might appear possible to actually calculate the lifetime 

of these events and compare it to the pion lifetime; however, the short 

gate time of 40 nsec combined with the small number of events makes 

the error extremely large. 

C. Background 

The background can be estimated in several ways. The number 

of Wide-Fork events may be scaled in proportion to the number of 

stored events. For example, there are approximately 4 times as many 

Wide -Fork as Opposite stored events. The backgroun to the 5 Opposite 

events would be the 4 Wide-Fork events divided by 4, or l. If the 

smooth events are eliminated as in the lower part of the table, the 

estimated background to the 5 Opposite events is 1/2. 

Another indication of background is the number of events elimi

nated for having a decay muon from the pion. The efficiency for de

tecting the muon was about 1/2, the reduction from unity being chiefly 

caused by those muon pulses that came early and were lost in the large 

stopping pion pulse. Consequently, a number of events, equal to the 

number eliminated for having a muon, are expected to have a muon too 

early to be seen. The background estimated in this way is 2 in·the 5 

Opposite events. 
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Table VII. Events which satisfy the oscilloscope-display 

criteria for a good event. 
,. 

Time Nai pulse area Electron pulse 
TrO counters (nsec) (units of Fig.1 0) height 

(mm) 

Opposite 

(a!)yo) 3 8 13 
.. 
(a!)yo)10 26 9 3 

(a!)yo)10 19 8 

... (a!)yo) 8 · 19 10 

( 

(~!)yo) so 4 11 9 4 

Fork· 

(al3)1 (yo)10 30 15 

(al3)1 (yo)10 35 7 A 

(al3)s(yo)6 27 10 5 

(a!)) 7 (yo)$ 23 8 5 

(al3)10(yo)1 a6 42 6(smooth) 

(al3)10 (yo)1 31 22 (smooth) 

Wide Fork 

(al3)2 (yo)4 '~.7 16 21 

(a 13) 2 (yo ) 1 o 33 6 8 

·(al3) 7 (yo) 5 29 .20 (smooth) 4 

(0.13) s (yo )7 °1 o 31 8 (smooth) 
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,. The background can also be calculated from Table VII~, where 

the criteria of a good event are applied independently to the entire 

sample, rather than consecutively. In the 202 events from the initial 

scan, there are 76 with acceptable Nal pulses, (including the smooth 

pulses) and the fraction of these expected to be in time with the rr 0 

counters is 105/202. The fraction expected to show an "electron" or 

"neither electron nor muon" (no second pulse in the stopper unless the 

second pulse is in time with the rr 0 counters) is (3-2 +74)/202 = 106/202. 

The overall background in 30,000 events is therefore 

. (76) (105/202)(106/202) = 21, 

and the contribution to the Opposite events is (21) (3200/~0,000);:: 2. 2. 

The ratio of Opposite to Fork events also indicates background . 
• ,. •• .1: 

Since a ratio of 8 to 1 is expected, it is very unlikely that we measure 

5 to 6 or even 5 to 4 in the absence of background. 

There is certainly a possibility that all the events are background. 

The Poisson probability of seeing 5 or more background eventq when 2 

are expected is 5o/o. Ninty-five percent may be taken as an estimate of 

the reliability with which the pion beta decay has actually been observed. 

D. Branching Ratio 

Table IX gives the branching ratio for progressively more re

strictive criteria. The (a f3 y 6) 
1 0 

counters have been excluded in the 

lowest part of the table because their trigger rate was so mU<;::h larger 

than the other rr 0 counters (see Table V). The (af3 y6) 10 and the 

(a f3 y 6 )
8 

counters were closest to the pion beam, and this probably is 

the reason for the higher trigger rate. 

The criteria that lead to the branching ratio (2.l~i:~)Xl0- 8 
are 

probably sufficiently restrictive. This result is consistent with the pre

diction of the eve theory. However, the statistical accuracy is not 

good. A precise measurement of this branching ratio (1 0 per cent or 

better) would still be very valuable. 



1--3 c._, 
~ hj 0 

0 ~ ...... 0 '"0 
c+ !:::$ 0.. 1-i '"0 I Type of event PJ ~ (!) ~ 0 ,_. 

{/] 

hj ...... 
0 c+. 

(!) 
1-i l II 1--3 ~ PJ 

t) 
.0) ,_. ,_. 

1..- II (!) 
0 ...0 (.N *'" 

(.N' 

Number stored -~ 0 ~ 0 N < ·0 0 00 0 0 H ·o 0 0 0 0 H 
0 0 H 

~I Initial scan: \N -'TT \ < 15 nsec, N not prompt, 
II 

() 
Vl -.J *'" (.N 0 
-.J H'>-. ,_. 0 no 7 0 p_. 

·I' 

~I ;:;; I\N- rr \ < 6 n sec, ll 
iti 

N (.N N 6:. rms < A .nsec < 
U'l 0' 0" (!) 

!:::$ 
c+ 

ri 

~I 
(.N ,_. ;; j Nal pulse area 6 to 22 II ti I ,_. 

H'>-...0 ,_. 0 
....... 
c+ 

*'" (!) 

'-i I 

,_. I Nal pulse area 6 to 22, and not on the tail 
I! 

...... 

~I 
PJ ,_. (.N ,_. 

-.J 0 0" vv of another · PJ 
'"0 

1 Nal pulse area 6 to 22, not on tail of another, 
II 

'P 

~I N ,_. ,_. 
...... 

ctJ 0 N (!) -.o and not sinooth 
0.. 
;.... 

#I (.N ,_. 
C: I Muon ( \rr-e \ > 4 nsec~ II 

!:::$ N 0.. ...0 -.J -.J (!). 

"d· 
(!) 

~~ -.o I Electron (rr-e.\< 4 nsec) II 
!:::$ 

...0 0" 00 0.. 
' (!) 
\ :::1 ..... 

II 
,_. 

~~ 
..... (.N ,_. 1 Neither muon nor electron '< 
...0 ,_. 0" 00 

' 



... , ·• 

Table IX. Branching ratio for pion-beta decay: (rr +-+ rr 0 + e + + v)/ (rr +-+ 1-1 + + v) 

rr 0 counters + e detected by Acceptable Estimated Efficiency Branching 
(al3).(y6). events background (%) ratig 

1 J (X 10- ) 

i=j±O, 1 Nal 11 2 to 4 0.35±0.12 4.1 ±2.2 

1 = J Nal 5 1 to 2 0.32±0.10 1 9 +l. 9 
. -1.2 

i = j Nal and 5 2 1/2 0.16±0.05 1 7+2. 7 
. -1.4 

i=j±O, 1 Nala 9 1 to 4 0.35±0.12 3.3±2.0 

i = j Nala 5 1/2 to 2 0.32±0 . .10 2 1+1. 9 I 

. -l. 2 *"' (Jl 

1 9+2.7 
I 

i = j Nala and 5 2 1/4 0.16±0.05 . -1.4 

i=j±O, 11:) Nala 5 1/2 to l 0.32±0.10 2 1 +1. 9 
. -1.2 

.b Nala 3 1/4 0.28±0.08 1 7+1. 8 
1 = J . -1.0 

.b Nala and 5 1 0.14±0.04 1 3+1. 5 
i = J -- . -0.9 

-- -~--------·----

a The smooth Nal pul-ses are excluded. 

b The i = 10 counters are excluded. 
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APPENDIX 

Monte Carlo Calculation of the rr 0 Resolution Factor. 

The calculation was begun by selecting the pion stopping coordi

nates according to Gaussian distributions in each of the ~hree dimensions. 

For examplE), x is selected according to 

P(x) = 1 
exp -

(2TTCJ)1/2 

2 
X ---·· 

2CJ 2 

Perpendicular to the beam, CJ = 1. 5 in. , and was measur~d by small 

beam profile counters. Along the beam CJ = 0.85 in., aqd was found by 

noting the relative frequency of rr + stops in SA, B, and C. Actually, 

the calculation is not particularly sensitive to the exa~t stopping distri

bution. To select x according to a probability P(x), one solves the 

equation (for x) 

where N is a random number between 0 and l, and P(x) is, of course, 

normalized to l: 

P(~)d ~ = l. 

An element of solid angle dn(8, cp) is chosen for one of the y rays, 

and if it hits a certain counter, the calculation proceeds; otherwise, it 

starts over again for another try. If it hits, angles foil the second y 

ray are selected, and a calculation is made to find whether or not the 

se-cond hits the y ray counter opposite to the counter hit by the first 

y ray. In selecting these angles, the rr 0 energy is taken into account. 

The angle between the two y rays is the.n, in general, less than 180 deg. 
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It is selected by choosing at random an element o£ solid an~le for the 

y rays in the center-of-mass system of the rr 0
, and then transforming 

it to the iaboratory system.-· The ratio of the number of tries where the 

second photon hits the opposite counter to those where it does not, gives " 

the resolution factor R. 

r 
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