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INTRODUCTION

Two years after Yukawa's prediction of the existence of mesons,

the light meson (subsequently named the y meson) was found in cosmic radia-

tion. Because the u meson interacts only very weakly with atomic nuclei,

it could not be the particle necessary for confirmation of Yukawa's ideas.
It was later found that the u meson results from the decay of a heavier
particle of very short lifetimel this particle was named the 7 meson., It

ES

was first produced artificially at the Berkeley eyclotronzo The decay

follows the scheme T— 1 + 7y (neutrino) with a mean life‘39‘495 of 2,5 x 10@8
+

sec, The u meson is also radiocactive, following the decay /fh-» e + neutral

X g
particles, with a mean lifeéD?g ?9

of 2,15 x 10”7 seconds. Many cloud
chamber measurements of the energy of the decay electron or positroﬁ made
it apparent that the decay electron did not have a unique energy, hence a
three particle decay was assumed. That the electrons are given off with
a spectrum of energies was shown conclusively by Steinbergerloo The first
attempt to measure the shape of the spectrum;l showed that the neutral
particles involved in the decay are of very small mass, comparable to the

electron mass, More recently the spesctrum has received additional atten=

tion912913914 but the results are somewhat contradictory.
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The shape of the spectrum of y meson decay electrons is of impor-
tance in making a correlation with ordinary B decay and in deciding the
question of the feasibility of universal type of interaction between

fermions. Further discussion of the theory is given in a following section.
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METHOD

+

The 340 M9v\external proton beam from the Berkeley 184-inch
synchrocyclotron was used to produce a n* meéon bea,mol5 The protons
were allowed to fall on a 2 inch thiek polyethylene target situated
between the pole pieces of a steering magnet. The reaction p+p-—;n*¥d
gives a yield of n* mesoﬁs which has a sharp peak in the 7 meson energy
at about 65 Mev., The 2 inch target degrades the energy to 55 Mev with
a width at half maximum of 4 Mev(,]'(%l'?i’18 The magnet separated the
resulting meson flux from the main proton beam and directed the nearly
mono-energetic mesons through a hole made in the concrete shielding which
surroUnds the external beam port at the cyclotron. A cloud chamber was
located just outside this hole in the shielding and the meson beam entered
it. This experimental arrangement is diagrammed in Fig. l.

The cloud chamber contained several thin carbon plates, and
occasionally a 7 meson was slowed down and stopped in one -of these plates.
When this happened, the W =y decay occurred in the carbon, and since the
4ﬁ>heson has a range of 0.8 mm of carbon when the;gfmeson decays at rest,
the 4 meson did not normally emerge from the carbon plate, but decayed
while in the carbon. About one hélf of the T mesons decay in flight before
reaching the cloud chamber, so that the meson beam contains a small number
of x mesons which may be stopped, and decay in one of the carbon plates.
In either case the decéy positron from the x meson then emerged from the

plaﬁe into the gas of the cloud chamber. The identification of the u decay
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positrons therefore was made contingent on finding the conjunction of a
heavily ionized meson track and a lightly ionized positron track at some
point on one of the plates. There were;, of course;, a few decayé which
oceurred in the gas. That the identification is easy and definite will
be made evident on examination of the photographs included in Appendix B.
The probability of a random conjunction of 7 meson track and positron in
the'right energy.range is exceedingly small,

The pictures were taken at a rate of one every 55 seconds. When
fhe chamber was just fully expanded the ion source of the cyclotron was
pulsed once, and the oscillator turned on for an appropriate interval to
accelerate the protons to 340 Mev. The meson beam came through the cloud
chamber, About 0.03 seconds after the arrival of thé mesons, the lights
were flashed and‘the picture taken. The magnetic field was kept at a
steady value of 8200 gauss.

The energies of the positrons were measured from the photographs
of the tracks on the film with the aid of a stereoscopic projectcr. This
apparatus allows one to measure the radii of curvature of the positron
tracks and the dip angle a, i.e. the angle between the plane most closely
following the helix made by the track and the direction of the magnetic
field. Knowing the radius of curvature @ and dip angle one can éalculate
momentum of the particle from cp Elyosin ¢, The energy is obtgined from
the momentum measurement from the relation ¢cp = E. This relatidniholds
for mec/p «'l, which is the case for the entire region of interest. m, =

electron rest mass = 0,51 Mev.



The Experimental Equipment

The cloud chamber19 is an expansion type, called a pantograph
chamber because the bottom plate of the chamber is kept level during ex-
pansion by means of steel arms arranged in a way similar to a pantograph.
This ﬁoving plate is covered with a sheet of rubber which extends over
the edges of the plate and is clamped between the rim of the stéel_bottom
and the side-wall of the cloud chamber which is a 1/2 inch thick lucite
cylinder 3-1/2 inches high., The top glass is & circularp‘one inch thick
piece of tempered plate glass with a beveled edge to accomodate the top
ring which is tightened down by means of bolts which screw into the bottom
plate. The useful depth of the cloud chamber is 2-1/2 inches, and the
inside diameter is 22 inches,

The bottom of the chamber was coated with gelatin dyed black
with a clothing dye. This procedure provided a glossy black surface
giving very little diffuse reflection, and was therefore a good surface
against which to photograph tracks strongly illuminated from the sides.
The gelatin also provided the water vapor for the operation of the cloud
chamber, The gelafin wag made very thick, and was poured onto the bottom
while hot enough to be liquid. A little copper sulfate mixed with it
helped retard the formation of molds,

A clearing field of 50 to 100 volts was applied between the
gelatin on the bottom and a very thin soap film on the under side of the
top glass. The soap film was applied by hand rubbing until the glass

appeared perfectly clear, Electrical contact with the soap film was made
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by means of an aquadag ring painted on the top glass and contact with this
was made with a thin foil inserted between the top gasket and the lucite
cylinder, During operation the clearing field waé turned off as the chamber
began expansion, and turned on again after the lights had flashed; This
was done to avoid distortion of the tracks in the electrostatic field.
Inside the cloud chamber, mounted in slots in the lucite cylinder,
were several 3/16 inch thick (0.8 gm/cm?) carbon plates extending across
the chamber, These were coated with 0,002 inch aluminum foil to insure
adequate lighting of all parts of the chamber. Two plates were used in the
chamber, 4-1/2 inches apart, symmetrically spaced about the center. For
the second run, four carbon plates were used; one at the center, one 3
inches in front of it (toward the meson beam), and two spaced at 3 inch
intervals in back of it (away from the meson beam). For the second and
third runs the cloud chamber also contained a 1/2 inch thick copper plate
placed 3 inches in front (toward the beam) of the first carbon plate for
the purpose of slowing down the mesons so that they had a possibility of
stOppinglin a carbon plate. (i meson decay positrons from a 1/2 inch
copper plate cannot be uged because of the large radiation straggling).
During fhe first runs the copper absorber was placed outside the cloud
chamber; but this proved undesirable because the large curvature of the
slowed down mesons in the fringing field from the magnet prevented many
of them from hitting the carbon plates and thereby very considerably re~

duced the number of desired events.
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19 is capable of producing a 21700 gauss

The cloud chamber magnet
pulsed field., During the runs for the present work the field was maintained
steadily at about 8200 gauss. The field over the region of the cloud cham-
ber is very uniform, and accurate field plots have been made over the entire
useful region with the cloud chamber in the magnet. The space between the
pole piecés is kept at 19° ¢ by means of a water circulating system including
a heater, a refrigerator and an electronic control system which continucusly
checks and adjusts fhe temperature »y turning on and off the refrigerator and
heater when necessary. The circumference of the gap in which the chamber
rests is insulated with thick pieces of felt. The chamber itself is securely
bolted to the bottom pole piece in order to prevent any motion when the field
is turned on and off, A diagram of the magnet withk the cloud chamber in
place is shown in Fig. 2. |

The photographs were taken with a sterecscopic camera equipped
with two Leitz f£/2 Summitar lenses spaced 4-1/2 inches apart, used at f/5.6.
The camera was mounted 27-1/2 inches above the top glass of the cloud cham=
ber. A third lens on the side opposite the stereoscopic pair photographed
an ammeter in series with the magnet and a number counter. Eastman Ortho-
chromatic Linagraph film was used.

The light sources used were two General Electric FT422 flash tubes,
backed with aluminum foil as a reflector, _Each tube was wrapped with 5 mil
tungsten wire which served as a tickler to initiate the discharge. A
capacitance of 102/ microfarads charged to 1600 volts was then discharged

through each tube,
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Projection of the photographs is done through the camera lenses

themselves. A diagram of the project.or20

is shown in Fig. 3. The projector
essentially accomplishes an optical reconstruction of the cloud chamber
interior at full size. Measurements were taken from the movable ground
glass screen, the height and angle'of which, for conjunction of the two
stereoscbpic images, measured the distance of the track from the eloud cham;

ber bottom and the dip angle of the track. The radius measurements were

taken from the image of the track on the ground glass screen by matching

‘this image to the arc of g circle of known radius scratched on a thin

lucite plate,

Aceuracy and Limitations of the Measurements

The energy measurementé have been carried out twice by different
observers, Thié provided a check on phe consistency of the measurements.
Fig. 4 shows a plot of the number of tracks as ordinate and the amount by
which two measurements of the same track differ from their mean as abcissa.
This shows that on the average, measurements can be made to within i_1°3
Mev., TFor the range of interest the radii of curvature are such that, with
the 8OQOAgggss field used, the reproducibility'of the measuréments;is very
nearly iﬁdependent of the energy of the electron, h

The ioﬁization loss per centimeter path of electrons from 5 to
55 Mgv is pfactically constant. TheAcarbon traversed by the positrons was
measgred for'lQA cases by pfojecting the electron track back to its juncture
with the meson track; (The ﬂ,meson_has a range of 0.8 mm i£>carbon), The

plates are 4.76 mm thick (3/16 inch) and the average distance traversed
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is 5.9 mm, For this distance the loss by ionization varies on the average
from 1.8 Mev at 5 Mev to 2 Mev at 55 Mev. The curves used were corrected
for the Fermi effect,

In taking account of the energy lost by radiation,‘£he positron
energies were corrected for the average loss in traversing 5.9 mm of
cerbon, It is clear that this procedure is justified if one considers that
3/16 inches of carbon (density 1.75 gm/cmg) aﬁounts to only 0,02 radiation
lengths. The maximum r.m;é; straggling is about 0.5 Mev, and the average
loss is about 1 Mev,

The uncertainty in radius of curvature expected from scattering
in argon gas at 1-1/4 atmospheres pressure was calculated on the basis of
the theory of multiple small angle scattering developed by Williams and
Bethezlo The calculation makes use of the r.m.s. scattering angle and
therefore yields an average radius of curvature due to scattering. The
expected radius due to scattering depends on the length ofAtrack available
for measurement. The magnitude of the scattering error is given in Table 1
for an 8000 gauss field. The shortest tracks measured were 6 cm long.

There are two effectsAwhgch tend to emphasize high energy measure-

) ments. The first of these is that any random spurious curvatures super-
:f:imposed on the curvatures of tracks due to the field tends tgxgive a high
value for the energy of the particle. This can be seen as follows.

. Let the actual curvature of a track be 1/r and the superimposed
one 1/r', then the measured éﬁrvature lies in the interval between
1/r +1/rt and 1/r = 1/r'. Then the radius lieé between the reciprocals,

i.e, betwéen r(l + r/r')-l and r(1 - r/r')"L. The center of the interval ,
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, 1 L
with these numbers as end points lies at r/2&—————7- +. =
1+ /! 1l - /7!

T
37—“r2 > r, and since on the average the measured radius is most

r

likely to lie at the center of this interval, we will get consistently
large measured values of r on the average due to any random spurious
curvature such as scattering or turbﬁlence. This éffecf is smaller for
small r.

The second reason for expecting high energies to be over-
emphasized rests on the fact that since the positrons were observed
emerging from the surfacelbf a plate in a magnetic field, the observable
solid angle available to positrons iﬁ the gas of the cloud chamber de;
creases with their energy bscause they curve back into the plate so that
they cannot be seen, and since the positron is not emitted preferentially
in any one direction the ratio of the number of tracks observed at, say,
50 Mev to the number at 15 Mev will be higher than the ratio of the numbers
produced in the plates. We believe this effect has been eliminated by the
device of discarding all tracks which make an initial angle with the sur-
face of the plate of less than 30 degrees in a plane perpendicular to the
field. None of the tracks below 10 Mev lie in this interval. Since we
discard none of these lowest energy tracks, the nﬁmbers of tracks of
various energies should be represented in their correct proportion because
of the variation of the effect with energy mentioned above. Tracks having

dip angles a greater than 60 degrees have also been excluded because the
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error in determining the dip angle, though approximately constant for most
dip angles, increases at large a and the corrections varj as the reciprocal
of cos .

During the experiment, pigtures were taken periodically in the
absence of a magnetic field. If tracks are observed due to particles of
high enough energy so that gas scattering is negligible, any curvature of
these "control" tracks can be ascribed to a turbulent motion of the gas
in the cloud chamber, 100 such control tracks were carefully measured
with the aid of a precision travelling mieroscope. The curvatures were
measured by plotting the shape of the track.on a scale enlarged in the
direction of the sagitta so that it could be estimatedvmore accurately.

. The distribution of thése turbulence curvatures is given in Fig. 5.
Curvatures of both signs occurred with equal frequency and since the
measured positron tracks also have curvatures of.both signs with equal
frequency, a plot which does not distinguish signs of the turbulence cur-
vatures is the correct one to use.

In order to find the energy resolution allowed by a given cur-
vature aistribution due to random effect, let us call the random curvatures
Cy and let the normalized distribution be P(Ct). ioeo:z:lP(Ct)dCt =1,
Then P(C4) is the probability that an actual curvature C is measured as
a curvature C + Cg in the interval from C to C + dC. On changing to a
distribution in radius of curvature r, C = 1/r, P(1/r) dr/r? is the
probability that an actual radius r be meaSured as (1/r % l/rt)'l in the

interval from r to r + dr. The energy E-of the positrons is equal to ar
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where a = 240 Mev meter'l for an 8000 gauss field. Hence the probability

pér Mev that E be measured as (1/E & l/Et)"l as a function of E is
€[5 /s s l/Et)'ll = a/2 P(+ a/Ey)

a/Cy , C¢ > O
where Ey =
= -a/Cy, 4 Cy < O
_Now let us replace E by (1/E + l/Et)-:L and we have K [ (1/E + 1/Et)j1 E] =
f-a, (1/E + 1/E¢)% P (¥ a/By) = E® (1/E 1'/E»o)2 K [E,(I/E l/'ET)"ﬂ, If now

one puts E' = (1/E + 1/E;)"" there results K(E', E) = (E/E')? K(E, E').
To find the effect of turbulence on a theoretical speétrum{- (E) we proceed
as follows: f (E*) dE* K(E', E) dE is the probability that a u meson decay
electron from t.hé energy interval dE' about E' be measured as lying in the
interval dE about E. By considering contributions from all parts of the
Spectrumf (BE*), we get the probability that any u decay electron be measured
as %;yl;gg in the interval dE about E. This is just F(E) dE =
dEj; f(B*) K (&', E) dE' and is the spectrum which would be measured if
f- (E) were the correct theoretical spectrum. - From the above considerations
wclal can calculate K(E', E) for any pair of energies E', E, and can there-
fore calculate the measured spectrum to be expected frohx any theoretical
' é'pectrwnf (E). .The "regolving power!" K(&'!', E) which arises from the
distribution of Fig. 5 is shown in Fig. 6. It is clear from this plot
that turbulence of the gas is responsible for the major part of the un-

certainty in the energy measurements.
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Theory of the Degay Process

Theoretical discussions of the ﬂ,meson decay problem have been
given by J. Tiomno and J, 4. Wheeler22 and by L. Michelzse Mi&hel‘s
treatment is more géneral and his results are more readily compared with
lexperimente. Both treatments assume a spin of 1/2 for the 4 meson and use
gSchrBdinger perturbation theory to calculate the probability per“second
oﬁ dzecay as function of electron energy., The interaction energy respon-
sible for the deesy is in both cases taken as a direct interaction of the
four fields of which the field particles are the u meson, the electron or
positron, and the two neutral particles. The interactions are the B decay
interactions made up from Dirac!s matrices., The interaction is therefore
one of S = scalar, = vector, T = Tensor, PV = pseudovector 6r PS =
pseudescalar, or a linear combination of any or all of these, ﬂichel's
treatment differs from that of Tiomno and Wheeler in that he considers a
general linear combination of all five types of interaction.

The shape of the'positron spectrum depends on the masses of the
- neutral particle emitted in the decay. It is shown in Appendix A, howevery
“that the shape of the spectrum is influenced only in the immediate neighbor-
- "hood of the maximum energy W, provided the neutral particle mass is smsll
'H;w1th respect to the positron energles of interest. Because this effect is
not large enough to be observed in this experiment, we will consider the
two neutral particles to be zero mass neutrinos, so that we will discuss

only the decay £ — e + 29 . For this process laws of the conservation
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of energy and momentum yield the maximum electron energy

2 2
W'—'uz '&,\
2My 2

where M, = mass of the u meson, M, = mass of the electron. We measure
both masses and energies in energy units {corresponding to taking the
speed of light ¢ = 1), and therefore also momentum is measured in energy
units. We will adhere to this convention. For M, = 210 Mé24 one finds
IW = 53.6 Mev.

The calculation of the shape of the spectrum is made in the
following way: The probability per unit time of a x meson decay leaving
the electron or positron in the energy interval 4dE is given by the stand-

ard formula from Schrddinger perturbation theory as

21 /H /2 am) dE

where By is the total energy available in the rest system of the u meson,
H is the interaction energy matrix element, and dN/dE¢ is the total
number of final states per unit total energy consistent with the decay
electron having energy E.

After the decay the two neutrinos and the electrons are assumed
to behave as free particles. Let V be the volume of the region in which
the free particle wave functions are normalized, and let ‘f’ be the

electron momentum and 'ﬁiﬁ ii? the neutrino momenta, Since fE’may be
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eliminated, the total number of states per unit energy for which the electron

momentum makes angle © with ﬁj‘} is

aN =V 8meYe 2 2(ér\ sin ©
—_— d = dp in 48
dEy, E¢=My h dEt h ant Et = My

Conservation of momentum requires P + P+ T5 = O and conservation of
energy requires Et- =E+E +E, =N, and the momenta and energy are re-

lated by E = R+ M 2, Ei = py, E> = po. On eliminating pp these equations
p e 1= P1s B2 = P2

yield py = Mu(W - E) where © is the angle between Pp and P,> and
M, - E4p cos @

ﬁ’i)ﬁ _ (Mu-E) (4 - E+ pocos 0) -~ My (W~ E)
M

98y (M; - E + p cos @)2
2 :
Since p = E2 Mg we may consider pj; and aEQJ)E as functions of p
t

and cos 8, Let us call p]_2 opy =@ (p, cos 8). Then the prob-
' SE4, ¢ = My

ability per unit time of a u meson decay leaving the electron with momentum
p in dp and for which the electron momentum and neutrino number 1 momentum

make an angle © is -’

- p . cos sin °
n nt P P

Hence the probability per unit time of leaving the electron with momentum

.pin dp is just

T
2
P(p)dp = V2 16 ™ .~ dpJ /H/ #(p, cos 6) sin 8 d © which

gives the energy spectrum. H is in general s function of both p and 6.
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On making this caleulation with H an arbitrary linear combination of all
five of the P decay inberaction Michel finds a result which reduces on

putting p = B, (Mg 4<E) to

P(E) -% i%i [(WwE) +2/9 p (UE ~ 3W) |

where T i3 the L4 meson mean life., (The Lifetime enters because of the
requirement fP(E) aR = J‘./z*=)/a is a parameter, ﬁﬂs/oél) which is
determined by the amounts of the intéractions present, provided certain
other spscifications are mads, ')C {E) = T P(E) is the probability per
Mev of a 4 meson desay ;’Leaviﬁg an electron of energy E in dE. Plots of
the funetion F (B) for several values of p are given in Fig, 7. Note that
+ (W) is proportional to P s and that $1(3/4 W) = ¥ (40,2 Mev) is indepen=
dent of P 80 that thi; theory predicts the measured spectrum (properly
normaiized so thad J‘ f (E)4E = 1) must pass through the point £ = 3,16 x
1077 (Mev)ml at E = 40,2 Mev for any kind of interaction.

vSin@e the smounts of the wvarious intéractions causing the L
mesen desay enter into the theoretical spectrum only through the para-
meber ) the question arises to what extent an experimental determina-
tion of the number /D determines the amounts of the different interactions
whish are present to cause the actual decay process. To answer this
gusstion consider.that in order to form the matrix elements of the inter-
action energy the four fields L, e, "I/l, vV 5 are arranged into two pairs,
with the same intersetion between each pair, {One of S = Sealar, V =
vestor, T = Tensor, PS = pseudoscalar and TV = pseudovector, or s

linear combination of any or all of these.) The interaction energy
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between the four pariicles cannot be influenced by an interchange of

" particles, so the interaction hamiltonian must remain invariant on a
permutation of the particles. On such a permutation the interactions
(S,V,T,FV,PS) have to ﬁndergo a linear substitution among'fhemselves
according to the five dimmensional respresentation of the four object
pérmutation group induced in the five dimensional "space" of the five
interactions by the permutation of the particles, In short, a permuta-
tion of the particles changes the amounts of the five kinds of interac-
tions preseﬁt, so that one must state the order of particles in the
hamiltonian if he also wishes to state the amounts of the various kinds
of interaction present. This situation is somewhat ameliorated by the
fact that interchange of particle of a pair or of the order of the

pairs theméelVes changes only the sign of some of the couplingvconstantsg
an interchange of a particles of one pair with a particle of the other
pair being the only kind of permutation which makes a difference in the
results. There are therefore only two cases to distinguish on this
account, for examplé the orders (ue) (vv) and (V) (eV), -Tiomno and
Wheeler call the differences in order of the particles different "theories”,
There can be, of course, no physical difference. The only coupling inde-

pendent of order is the Critchfield-Wigner intera,ction.'25"26

S+PS‘=PVO
The second ambiguity arises because the neutrinos may be
considered identical particles° If two of the four fields are identical,

then there exist two relations between the five interactions for a given

ordef9 ise, there are only three linearly independent interactions. The:
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cases for identical neutrinos must therefore be considered separately.,
The values of/O for the four different cases are listed in

Table 2, The g's are the coupling constants giving the strengths of the

various interactions indicated by a subscript. It can be seen that for

any of the cases the Critchfield-Wigner coupling S + PS = PV'yields/o= 1/2,
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The energy spectrum obtained from 405 tracks is plotted in Fig. 8,
Statistical standard deviations are shown through the experimental points.
The seolid line‘curVe,is the theorstical curve for/o = 0,20, and the dashed
curve shows the effect of turbulence on the theoretical surve, calsulated
in the way explained above, The average energy is 34.2 % 1 Mev, The
most pfobable energy is about 40 Mev,

In order to plot the results as a differential eergy spectrum,
intervals of AE = 10 Mev have been used. Let AN; be the number of tracks
in the ith interval. Then the spectrum will be normalized %0 unit area if
we plot l/N-ANi/AEi as function of energy, where N = /05 is the total
number of tracks, Plotted in this way, the numbers read from the curve
give directly the probability of decay per Mev for a positron of the energy
chosen., Both this scale and a scale for AN; are shown in Fig. 8. Table 3

gives the number of tracks in each energy interval.
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Fig. .8

Experimental results for 405 positron tracks. Standard
deviation is shown for the experimental points. The
solid curve is a theoretical curve for p = 0.26., The
dashed curve shows the effect of the resolving power of
Fige 6 'on the theoretical curve,
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DISCUSSION

According to the theory, the only cohnection between the shape
of the energy spectrum and the type of interaction between the particles
which is responsible for the decay is given by the parametex:/DO There~
fore, it is important to obtain as accurate a determination of this number
as the experiment will allow. Perhaps the most accurate method is ﬁhe
following one.

From the form of the theoretical spectrum

F @) = 12 B2/ [(w'- E) + 2,4,0(4'3 - BW)]
one notices that f?(Ei/gé is a liﬁear function of E, so that if the experi--
mental results are plotted as const, l/E2 1/N AN/AE a straight line
should result if thé theory is correct. By choosing the constant.prOperl§
one can make the intergept at E = W have the value/o o For this case oné
plots g(E) = 3/8 W3/Eéff(E).a Graphs of g(E) for variouSﬂvélﬁes of/O
are shown in Fig. 9. Oﬁé.notiées that all the lines pastthrough g = 9/8
at E=3/4 W= AOfZ'Mbv:'VHence one has a method at hand for determination
of,o which uses all of thé data; namely one plots the experimental data
as described, then draws a straight line through the point g = 9/8 at
E=3/4 w'and'adjuSté'the slope of the line to make a least squares fit to
the experimental‘péints. ‘One can then read off the value of'f’from the
intercept at E = W. In this way one obtains a value p = 0.26 + 0,26 from
the data of Fig. 8. The data are shown plotted in this way in Pig. 10,

the solid curve being drawn for/0:= 0.26 and the dotted curve showing the
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Theoretical curves g(E) = 3/8 w/E° § (E) vhere
F(E) is plotted in Fig. 7. The straight lines all
pass through g = 9/8 at E = 3/4 W = 40.2 Mev,

g(W) =p. -
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Fig. 10

Experimental results for 405 tracks on the straight line plot.
Standard devidation is shown for the experimental points. The
solid line is the theoretical curve forp= 0.26 and the dashed
- curve shows the effect of the resolving power of Fig. 6 on this.
~curve., The point x marks the energy E = 3/4 W = 40.2 Mev and

g = 9/8 through which the measured curve must pass accordlng
to the theory.
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effect of turbulence., This type of analysis applied to the data of other
experimenterslz’13914 does not yield a more accurate value of/g but does
make it evident that perhaps 1/2 is a reasonable upper limit to assign.

If we exclude the value 1/2 we have excluded the Critchfield-Wigner inte;‘°
action and although the data are not sufficient to decide definitely that
//3(1/2, it seems highly probable. The Critchfield-Wigner interéétion is

: fattractive as a possibility for both ordinary :and x meson P decay because

of its symmetry properties mentioned above, but it appears it cannot explain
the experimental u decay B spectra.

In conclusion we would like to thank Professors W. K. H. Panofsky
and J, Steinberger for suggesting the experiment, Mrs. A, Overhauser for
reading many of the tracks, and particularly Mr. P. Moulthrop for valuable
assistance throughout the course of the experiment, We wish to express our
sincere gratitude to Professor Wilson M. Powell for his guidance, many
helﬁful suggestions and valuablencriticisms, and active interest throughout
this work and for making available the facilities of the cloud chamber

group at the University of California Radiation Laboratory,



TABIE 1

Positron ToM.S. % uncertainty in radius due to
Energy scattering.

(Mev) Track length 5 ecm Track length 10 ¢
10 ' 2.6/ : 1.87

20 2,98 2,11

30 3.12 + 220

40 3429 20,32

50 3,31 2,37

60 . 3ohd 2,43




TABLE 2

[S = Scalar, V = Vector; T = Tensor, PS = Pseudoscalar, FV.= ,Pse’udovector]

charge exchange

Order Neutrinos Tiomno-Wheeler
Designation :
)
[4
2 2 2 -
X 3(gy + 2g7 + A
(we) wv Distinguishable Charge retention 5 V2 8T2 gPV; 5 £1
. g5 * gy + 6gp + Agpy + 8ps
42 2 2
we) (ev) Distinguishable  Simple charge 3/4 [(gs apgfl‘) + (gp + gpg) + 2(gy + gpy) | <1
- exchange 2 2 2 2 2
gs * gy + bgy + 4gpy + Epg
3 2
. fue) o) Identical p, ng 5 £ 3/4,
R | gs * 48pv * &pg
' 2
(ud) (ev) Identical Antisymmetric 3/2 [es + gps - 2(gy + gpy)]

- 2
g+ 6gr =8pg)* + 16(gy ~gpy)°+ 2 [2g + eps - 2 (gv+epy))
is less than 3/4

.."76_
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TABLE 3

Number of Tracks AN as Function of E.

a5 | 0-10 | 5-15 | 10-20 | 15-25 | 20-30 |25-35 | 30-40 | 35-45 | 40-50 | 45-55 | 50-60
avf 9 2 | 58| 73 [ 91 [108 [125 | 14 | 109 | 44 | 13
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APPENDIX A

If one assumes one of the neutral particles to have a mass M
different from zero, but small compared to the electron energies measured,

then Michel's results for the spectrum can be written as

B (W-E)° [(w E) +31“€ - ‘
2My, + (W"E) .
[(qu) " }/P/2Ma]3 {W(3a+ b+ec)=-E (2a+ 2b+c) [(W-'E)-ﬂ- 31‘4‘] (bte )}

where a, b, and ¢ depend on the strengths of the interactions. This reduces
to the.a,bove result for two neutrino decay if W-E>» s /21*% o Therefore the
formula for the spectrum for zero mass neutral particles will hold for finite
mass M also, except for a region of the order of MZ/ZI% next to the maximum

energy Wo The maximum energy for this case is

W= Wi"ﬁ'}f_~m- .

2M, ~2 2M,
so that in applying vt_he zero mass formula where WzWZ we need to allow an
extra intervﬂ MZ/2MU down from the maximum, i.e. W-E D> MZ/%O If
M= 20,2 M, MZ/I‘% = 1 Mev, so there appears to be little chance of measuring

the masses of the neutral particles with present day resolving powers,
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APPENDIX B

Figures 11 through 16 are representative of the large majority
of the photographs obtained. Figures 17, 18, 19, exemplifying decays in

the gas, occur more rarely.



Fig. 11

A typical event, T=g~3 decay occuring in the carbon.



A typical event. =i decay occurs in the carbon,
and the positron emerges into the gas.

RS



Fig. 13

.

A typical event. The electron can be seen in the
svace above the plate,
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The T meson either scatters or decays in the plate and

the decay positron appears after the second entrance of
the plate,



Fig., 16

A 7 meson scatters in the plate, decays into a & in the
gas. The u passes out of the lighted region into the

bottom of the chamber, decays, and the positron appears
in the gas,

.9‘17_
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Figo 17

A 4 meson emerges from the plate and decays in the gas.
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Here either a u is scattered and decays in the gas or
=t and (=B decays both occur in the gase



