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ABSTRACT

An attempt has been made to find the B-decay of the pion.
_ + + '
We find for the ratio T_—° * ¥ - (.31 .9) x 107% 1t 1s
’ T =g o+ ¥ '
- concluded that it is improbable that B-decay accounts for more

than 1 in 16,000 7 decays.

’ In an appendix we present the resﬁlts of some Monte Carlo
‘caiculatidns wﬁidhjwere'employed in the analysis of this experi-
ment. These calculations give the ranges of electrons with energy

near the critical energy.
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I. INTRODUCTION

A. Theoreticai

Normally the charged pion decays into a muon and light neué
tral particles; uSuélly assumed to be the neutrino. The possible
competing decay into electron and neutrino is not wifhout interest,
and we recall here some theoretiéal points: - |

a) Connéction with nuclear B-decay.

Yukawa pbstulated the meson B-decay in a two step theory of
nucleon B-decay. This hypothesiS'fails on the one hand because
the transitioh rate of pion-electron decay if non-zero, is at any
rate too small to account for the nuclear B-lifetimes, and on the

other hand because the observed properties of B-decay require Fermi

couplings1 which are not a consequence of a two step theory with

See for instance, 8. J. Wu, Proceedings of the 1954 Glasgow

Conference'on Nuclear and Meson Physics. 'Pergémbn Préss, 1955.

pseudoscalar mesons.

The argﬁment‘may-bevreversed,'and it may be supposed that the‘
pion can -transform into an intermediate nucleon-antinucleon pair
which annihilates with normal B-decay: (1) 7'= P + ﬁ-ﬁ-e+ + Y.
The‘pion being pseudoscalar, this transition is forbidden except
in pseudoscalar and axial vector B-coupling theories. It may then
be recalled that it is possible toiaccount for the bulk of B-decay
data using only scalar and tensor interactions.1 The smallhess

of wm-electron decay 1is thefefore not in conflict with experiment.-

It is however in principle possible to learn about the possible
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role of pseudoscalar coupling in B-theory from pion-B-decay. Un-
fortgnately the comgutat}gn,qf‘process 1 not,pnlykinvolyes diver-
gent integrals, but different cutoff proeedures have led to transi-

tion probabilities which differ by several orders‘of magnitude.z’3

2 M. Ruderman and R. Finklestein, Phys. Rev. Zﬁ, 1458 (1949)

3 J. Steinberger, Phys; Rev. 76, 1180 (1949)

b): Symmetrical ceupling of pion to muon and electron.

If the pion were coupled symmetrically to muon end electron,
either directly, or by;ﬁeans of an intermediate nucleon anti-nuc-
leon pair, then the relative trahsition probability %;;;§—$¢¥”def‘
pends only on kigemgtieal factors (masses), field theoretical un-
certaipties.cahce1, One than obtainsz’3 for pseudoscalar coupling

of the fermions

2 2
T—e+ ¥ _ 7 " Te 12 _
T~ + v [M 2 M 2] 5.4;

v T "
and for exial vecfof couﬁiing

2 g 2 2
T+e + Vv _ [ T Me”j Me - 1l
T p + ¥ 2 2 v 2 8,000

T [ B

The pseudoscalapwreSuit is-roughly equal -to-the ratio of phase
space. It‘faVOrs?w?—ﬁewdecayyand’isuwell~known»to be wrong. - The -
axial veeterCOuplihgfhbwever discriminates strongly against low

mass particles. # If' 1t could beiestablished experimentally that the

page three
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ratio %};;{; 1s indeed less than 1/8000, it would be possible to
" rule out the possibility of symmetrical coupling of the pion to =
the muon and electron. - - ' ' B

3, Experimental

In previous attempts to find this decay,4 photographic plates

4 H. L. Friedman and J. Rainwater, Phys. Rev. 84, 684 (1949)

were exposed to well collimated meson beams close to the cyclotron
‘target whichfwas bombarded by high energy protons. It was conclu-
.ded as unlikeiy'ﬁhatfthq electron decay of the pion should account
foi more thén one ih a thousand ﬁion decays. Recently external
meson beams of reasonable intensity have made it possible to use
counters as detectors and obtain gréater sensitivity. The pion
beam is stopped in absorber and the decay electron detected in a
counter telescope. |

- The chief experimental problem is that 6f disfinguishing be-
tween ﬂ-decay»electroné and p-decay electrons. This is éccomplished
by making the detector sensitive to the shorter lifetime and higher

energy of the w-decay electron.

II. EXPERIMENTAL PROCEDURE

The experimental arrangement is shown in Fig. 1. The 60 Mev
ﬂ+ beam of‘the‘Columbia-University Nevis Cyciotron‘is~collimated,
and monitoréd by counters #1 and #2. Countér #1 is,a'plasticvz
scintillator 4-1/2 inches in diameter and 3/8 inches thick and

counter #2 is a stilbene crystal 2-1/2 inches in diameter and 1/8

‘page four
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inches thick,. The}beam is further éollimated by a 2 inch diameter
aperture in a 2 inch thick lead shield difectly preceding counter
#2 and is slowed by éarbon absorbers inserted between #1 and #2.

The target is a 1/2 inch thick piece of polyethylene\(l.7gm/cm2)
mounted at approximately 30° to the incident beam. Of the order of
500 pions stpp in the target perfsecond and this represents somé—
what more than half of the 1-2 réte. Of these roughly 1 in 300
will decay with the charged decay product within the acceptance
angle of\the detector. This detector consists of four plastic
scintillators,.each 4-1/2 inches in diameter, the first three 3/8
inches thick and the last 1/4 inch thick. The counters #3, 4, 5,
and 6 are arranged so that it is possible to insert 1 inch thick
sheets of absorber between each pair of counters and an additional
6 inches in front of counter #3.

A block diagram of the electronics is shown in Fig. 2. The
following events are recorded:
M = Monitor coincidences 1-2.

D = Detector coincidences 3,4,5,6 with a resolving
: -8
time of 10 sec.

MD, = 'Fast' coincidences MD when D occurs within

10”7 sec after the arrival of M.

MDS = 'Slow' soincidences MD when D occurs within
1.8 x 107° sec after the arrival of M.

of the,'n'+ mesons which stop,in_the target, and decay with a

mean life of 2.6 x 1of8 sec,5 the vast majority produce p-mesaons.

5 C. Wiegand, Phys. Rev. 83, 1085 (1951)

page five
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The muons have a'range'of 2 mm in the polyethylene, about 1/6 of .
its thickness. Approximately 95 percent of these p-mesons there-

fb?e stop and‘decay in the same target piece. The mean-life of

6

this decay is 2.2 x 10~ Sec,6 two orders of magnitude longer than

® W. E. Bell and E. P. Hincke, Phys. Rev. 88, 1424 (1952)

the parent probess,-and results in a continuous B-spectrum with

53 Mev maximum.energy.7

See for instance, Sargent, Rinehart; Lederman and Rogers. In

Press.

With small absorber thicknesses therefore the events D are
due to the p-electroms. Of these 56 percent =1 - e-1.8/2,2 are
expected to be counted with the long gate of MDs' Betweén 4 per-
cent and 3-1/2 percent of these are counted in thevshort‘gate, MDf.
The rate D may therefore be ﬁsed to determine the broducg of the
.lrate of stopping 7's multiplied by the acceptance solid angle of D.
The rafios MDf/D and MDS/D may be used to determine the effective
gate width of these channelé. ,

Two sets of observatlions were made. In run #1 rates were ob-
served with thicknesses of polyethylene in 1 inch steps from Zero
absorber thickness (in addition to the counters and target) to
9 inches of absorber. In run #2 only 3 incﬁes and 9 inches of

polyethylene were used. . In both runs data were obtained with md

without the target, and the bulk of the.observation was made with B
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9 inches of absorber. This latter thickness corresponds to an
energy less for relativistic pafticles.of 55 Mev due to ioniza-
- tion alone. p-decay electrons cannot peﬂetrate this absorber; how-
i ever, some are nevertheless detected through the conversiqn of their
bremstrahlung. The geometry of counters and absorbers in D is
chosen to minimize this effect. Experimentally we find 1/500 of
the decay spectrum detected in this manner. This is a rate which
might reasonably be expected for bremstrahlung conversion. ‘The TR
_decay background in MDf with 9 inches of polyethylene is therefore

-5

approximately .04 x 1/500 = 8 x 10™° of the total p-decay rate.

III. EXPERIMENTAL RESULTS

The experimental results were obtained in 2 three-day runs

and are presented in Tables 1 and 2 and in Fig. 3.

IV. ANALYSIS OF THE DATA

A) Product K of stopped meson flux‘and detector solid angle.

K is optained by extrapolatlng_the ebserved_rate D from small
absorber thickness to zero‘absorber thiekness, as discussed in the
introduction. For run #1 this can be done uSihg Fig.‘3, and K, =
3330 £ 50 per lO6 moni tor countst For run #2 We multiply the rate '
observed with 3 inches of polyethylene by the ratio of counts D
extrapolated to zero absorber to counts D with 3 1nches of poly-
ethylene as determined in Fig. 3.~uThls ratio being 2.0, K2 =
2640 + 50 per 10% monitor counts. |

‘B) Acceptance time A for the detection of decay positron

in MDf.
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‘This can be determined from the counting rates of the .u- decay
positrons using small absorber thickness:

A=1, , , ln (D/D-MD,)

We find xl'= 8.6 x 10_8 sec;for run #1
l

x2 - 6.7 x 1078 sec for run #2
c) Detection probability of positrons from the decay of

et 4 v,

' These positrons will have an energy of 71 Mev, one half of
tbe rest energy bf the pion. With 9 inches of polyethylene, the
aVerage ionization loss of a minimum ionizing particle is 45 Mev
‘ili the 21 g;/cm2 of polyethylene, about 7 Mev in the four detection—
counters (3.5 g/cm CH) and 2.5 Mev in one half of the meson stop-
ping target (1. 1 g/cm CH ) for a total loss of 54.5 Mev through
ionization. In the appendix we calculate the probability with
which electrons of'given.energies will penetrate absbrbers of given
ionization loss taking radiation and multiple scattering -into ac-
count. From Fig. 4, we interpolate that 71 Mev electrons’will be
detected with a probability E = 0.48 when 9 inches of pOlyethylenei
are present. However, this will not be guite true in the case of
positrons for these can'annihilate in flight. This is in large
measure'balaoced by a similar effect on the positrons from”the
p-e decay which serve as calibration. We estimate that this ef-
fect reduced the probability E by about 2 to 3 percent and there-
fore use the value E = ,46, |

D) Correction for the p-e decay positrons.

The p-decay positrons which are counted in MDf with 9 incbes

03391 009 ~ page eight
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b'of absorber through the conversion of the bremStrahlung radiation
are directTy“determined from the rates D or MDS which are almost
entirely due to this effect.

Thus the number which has to be subtracted from MDf is

-6
(1-M2:2 x 1077,
6

e~1.8/2.2 x 10 )

6 = (MD) g jnches
| (1-

-6
o - . - -A/2.2 x 10
or 6 (D) 9 inches (1-e )

We find 6 = (.18 £ ,025) per 106 monitor counts for run #1
6 = (.089 * .02) per 106 monitor counts for run #2

E) Correction for inverse photomeson productibn and charge
exchange scattering.

The target is traversed by a flux of pions measured in M.
Onlj.one‘half of these actually stop in thé target, the average
energy in the target may be approximatelyl25,Mev, and the average
»thickness_of carbon traversed is ~ 1.5 g/cmz. The mesoh‘has a
finite probability for nuclear interaction with subsequent y-emis-
sion, either from the inversg of photomeson production, or from
charge exchange scattering. ‘The former process may be estimated
to have a cross section of 2 £ 1 mp in this energy range, froﬁ ob-

-+

. % .
servations® on the reaction y +C—=B + w , which shows a certain

8 J. Steinberger and A. S. Bishop, Phys. Rev. 86, 171 (1952)

resemblance to its inverse. The y-rays emitted are of the order

of 130 Mev and will have a detection probability of approximately

page nine
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0.35 in D. The counting rate due to this effect is therefore ap-

proximately:

MD/M = (2 '+ 1) x 10727 x [1.5 x 6 x 10°%/12] x [.049/47] x .35
. r' . . —7 ’
= (2.2 %£1.1) x 10

The charge exchange cCross éection in carbon has not been meas-

ured, howéver, it‘appears to be less than 1 mb for'positivevpions

9

under 30 Mev. The efficiency for detecting these y-rays is some-

J. Tinlot, Private Communication.

‘'what less, because of the lower energy; it is approximately'o;z;
The corresponding rate should therefore be ' |

MD,/M 5 2 x 1 x 10727 x [1.5 x & x 10%%/12] x [.049/47] x 0.2

= 1.25 x 107

The chafge exchange correction is therefore less than one half.df
the inverse photo process correétion, but will not be madé, since
only an upper limit for this' correction exists.

F) Fféétion of 7's decaying tovelectrons,.

The net counting rate MDf/M after subtraction'for u—decay.
electrons and inverse photoprocess is | |

[(.38+.18) - (.18 + .025) - (.22 * .11)] = (-.02 % .21) per 10°
' monitor counts for run ]1-

Cand [(;254‘w .10) - (.089 £ .02) - (.22 % .11)] = (-.0551¢'Qi5)

per ;4% monitor counts for run #2

page ten
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The fraction of w-mesons undergoing B-decay is

(MD, /M) x 1/Kx 1/E = £

corrected

£, = -.13 * 1.36 x 10”% for run #1

4

1

£, = ~-,45 * 1.23 x 10 for run #2

2 .
Combining these two resultg, our experiment yields the

ratio:

4

T = e \ -
e =t = (-.3%.9) x10

i

. The quoted error is the standard deviation and includes the
‘statistical uncertainty as well as an estimate of the error in the
subtraction for the inverse photomeson production.

| It is therefore not likely that the actual 7 — e decay frac-
t%on is greater than .6 x 10"4 or one in 17,000. The experiment
i% approximately twenty times more sensitive than previous at-
témpts to find this decéy-mode, but nbipositive evidence is ob-
ta%ned; It seéms therefore improbable that the pion is coupled

syﬁmetrically to the muon.

page eleven
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APPENDIX

Straggling of electrons with energies of the order of the

critical energy

In this energy range the straggling is primarily due to radia-

- tion and multiple scattering This problem has not been solved
: analytically,'although the processes are well understood. We have

solved the problem with an accuracy sufficient for our purposes by

making Monte Carlo calculations for the radiation straggling and
combining these with similar calculations1 on the reduction in
range due to the irregularity of the traJectory (multiple scat—
tering) chiefly near its end.

The'radiationistraggling calculations were carried odt at
6 energles: E = 25, 35, 50, 70, 85 and 100 Mev. The Bethe-Heitler
radiatioﬁ loss formula is approximated by the form which‘correéf

ponds to uniform\energy loss over the spectrum:
dN(E)/dx = 1/EX

N(E) is the number of gquanta of energy E radiated per unit
energy interval énd X is the radiation length; in our case of CH
this is 65 g/cmz. The absorber is then divided into sections of

S Mev ionization»loss. In CH2 the ionization loss of minimum out-

| going particles is 2.18 Mev/c , so that each section corresponds to

.0354 radiation length. The radiation loss probability distribution

is then divided into 100 regions of equal probability and two digit

random numbers are chosen for each interval. The calcuiation pro-

ceeds by allowing a triél electron to penetrate to the center of

page twelve



R-102

VA ; . ‘
- the first section by losing 2.5 Mev through ionization. It then

radiates accofding to the loss picked from the radiation probabil—
‘ ity distribution by the random number of fhe section, loses 5 Mev
‘by ionizétion té get to the center §f section two, radiates to its
luck in this section and so on. We calculate for 100 trajectories
at each of the six energies. The results are tabuiated in Table 3.
In Fig. 4 these results are plotted after the statistical ir-
regularities are smoofhed.. In the same figure We also show the re-
sults of folding the multiple scattering distribution into these

10

results.” The range is given in units of ionization loss. For the

10 The multiple scatfering affects the trajectory chiefly nearrthe

end. We neglect the energy dependence of this straggling, and
use the calculations made earlier for the multipie scattering
of 50 Mev electrons.

J. Steinberger, Phys. Rev. 75, 1135 (1949)

purposes of the experiment,it is necessary to kﬁow the détectidn
probability (probability that the rénge be in excess) as a function
of enefgy for different absorber thicknesses, and this is plotted
in Fig. 5. The data of Fig. 5 are derived from Fig. 4.

We wish to point out here that the results presented in Table 1
and Figs. 1 and 2 may also be uSed to prediét‘the behavior in other
vmaterials, if the energy scale is converted by the factor:

E=1/1

where I is the ionization loss per radiation length, in this case

page thirteen
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142 Mev.

| The computations have received éome confirmation by comparihg
the observed p —+ e range curve with a éompﬁtation_of this range |
distribution uéing the calculated electron ranges and a speétrum
for the decay electrons given by Michel's parameter p = 1/2.7 This

ié shown in Fig. 3.

0391 015
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FIGURE CAPTIONS

Arrangement of counters and absorbers.
Block diagram of circuits.

Counting rates MDg and MDy as a function of the
absorber thickness in the detector D, obtained
in run #1. The rates MD¢ have been multiplied
by the factor 25.6s0 that the two curves coin-
cide for small absorber thicknesses. The solid
curve is the expected range dependence of p-de-
cay electrons (p = 1/2). The dotted curve is
the expected 7 — e range dependence, and should
be compared with the difference between the
experimental curves MDf and MD_.

Smooth curve presentation of the results of the
Monte Carlo range calculations: Detection Pro-
bability vs. Range in Polyethylene.

Smooth curve lresentation of the results of the

Monte Carlo Calculations: Detection Probability
vs. Energy in Polyethylene. The range parameter

is given in units of MEV ionization loss.
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TABLE 1
o Net per 10°
Absorber Target In Target Out Monitor Counts
Thickness of CH, Total ionization 6 6
= in inches 2 loss in Mev Mx10 D MDy Mx10 D MD D MD,
b
- 0 7.5 4.26 14,453 541 1.54 364 1 3,164 126
52 1 12.5 4.10 11,964 468 1.54 149 1 2,811 113
—~ 2 17.5 3.07 7,510 274 1.54 954 3 2,389 87
3 22.5 3.07 5,602 212 1.54 66 2 1,787 68
4 27.5 3.08 3,878 143 1.54 37 4 1,246 44
) 32.5 3.07 2,318 78 1.54 28 0 738 25
6 37.5 3.07 1,257 45 1.54 29 1 392 14.1
7 42.5 3.07 471 23 54 23 0 139 7.5
8 47.5 3.07 122 3 .54 21 1 26.1 .28
9 52.5 29.4 606 15 15.5 206 2 7.3 38%.15
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TABLE II
: 6
. _ Net per 10
Absorber Target In Target Out Monitor Counts
Thickness of Total ioniza- 5 3
CH2 in ins. tion loss in Mx10 D MDf MDS Mx10 D MDf MDS D MDf MDs
Mev. ,
3 1.38 1,957 56 1,021 $.28 27 0 8 1,320 46 741
9 23.5 238 6 81 11.3 97 0 13 1.4'S .2'54 1.4'4
+.10




TaBLE 11T | &

Results of the Monte Carlo calculations on the ranges of
electrons in polyethylene. 100 trials are presented for
each of six energies. The ranges in the column 'range
interval' are given in units of ionization loss in Mev.

E

Range _

Interval 25 35 50 70 . 85 . 100
0-2.5

2.5~ .5 _

5. -7.5 - 1

7.6-10 1

10.-12.5 3 2

12.5-15 ‘ 3 _ 2

15-17.5 \ -6
~20 11
-22.5 ’ 7
~25 - 69
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TABLE III (Continued)

E | 25 35 50 70 85 100

70-72.5 5 5
72.5-75 | 5 | 1
-77.5 | 5 7
~-80 8 3
-82.5 7 5
-85 7 3
-87.5 6
-90 5
~-92.5 5
-95 7
-97.5 7
97.5-100 S
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