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PART T.
I. ANGULAR CORRELATION BETWEEN MUONS AND ELECTRONS

1. INTRODUCTION

1,2,3 of the angular correlation between the

Since the discovery
initial momentum.?e of the electron and the inltiasl momentum'ﬁp of
the muon in the decay chailn:

N—p + v I

p—e + 2v  II

% This work has been published in Fart II of Apnusal Progress Keport, Septem-
ber, 1856 - 1957, Cosmic key Group, U. of Minnesota, Minn.
+ On leeve of sbsence from C. B, Y. ¥, at the University of Minnesote, Minn.
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»9 have studlied the same phenomena using 'nu-

several groupsu’5’6’7’8
clear emulsions! as detectors., The results of these experiments have
been expressed by glving the value of the parameter 'a' which appears

in the formulsa:

ONe .|y, uTe (1)
AL B ERIEN

which has been assumed to describe the angular correlation under
study.

Table I summarizes the values of 'a' for "nuclear emulsions",
published or circulated so far. Assuming that the 'true! value of
'a' 1s a constant in all exposures, the probability of obtalining as
wide a spread of values of 'a' as exhibited in Table I is (chi square
test): |

P = z5=x |
Such small value of P indicates that it is worthwhile to consider the
possibility that 'a' varies according to the conditions of exposure
and that one shouidipursue the matter further.,
It is also noticeable that the values of 'a! obtained from pions
created and stopped in l"1etr'ge stacks" exposed to'(mostly) primary

cosmic radiation are the ones that are gsignificently smaller than

the mesn value of 'at,

2. MIHNESOTA STACK (M—SiACK)

In a previous péber from this laboratorya, a measurement per=
-formed in a 22.4 liter stack (M-stack) was reported and, in view of
the fact that the value obtaine for 'a’,

tat = -,03 % ,038

differed from the average of all measurements by more than three
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TABLE I

Ref, Laboratory Pion producing tg!
Particle
2 Chicago Cyclotron protons =0,17h b 0,038
by Goettingen " " 0,095 ¥ 0.0l
5 Cambridge I u " «0,149 * 0,033
5 Cambridge II " " =0,190 % 0,033
* Minnesota II n L -0,185 * 0,050
10 Rochester Cosmotron protons -0.19 ¥ 0,05
3 Rome Cosmic rays =0.222 ¥ 0,067
7 Bristol I Cosmic rays -0,1 * 0,07
6 Copenhagen Cosmlic rays 0,17 £ 0¢07
7 Bristol II Cosmic rays (G stack) <-0,02 T 0,07
8 Minnesota I Cosmie rays (M stack) =0.03 ¢+ 0,038
# Measurements reported in Section I-5 of this paper.
Welghted means: All measurements tat = «0,156 ¥ ,012
Machine-made pions tal = 0,164 * .015
Small cosmic ray stacks a1 = -0.176 ¥ .040
Large cosmic ray stacks 'a' = =0.027 ¥ .033
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standard deviationsg, the possibility of a variation of 'a' with
the conditions of exposure was seriously considered. Possible ex-
planations that could not be ruled out at the time werse:

a) Anamalouvs depolarization of the muons due to a difference

between the chemical compositon of the emulsions used in tne M and G
stacks and those used in other experiments.

b) Existence of more than one 'type! {or state) of pions,

in which case different results might be obtalned, depending on the
composition of the pion 'mixture! which is brought to rest in the
emulsion, If different 'types'! of pions do exist, the composition of
the mixture which 1s brought té rest in the erulsion might change if
one varies:

bl) The multipliclty of the events in which pions'are cre-

ated, In machine events the multipllicity is one., In cosmic
ray stacks the multiplicity may vary with canditions of ex-

posure and in the M-stack the average multiplicilty was 5.

b2) The fraction of the pions which suffer nuclear scatter=~

ing before stopping in the emulsion, This fraction will in-

crease with the size of the stack,

b3) The angle of emission of the stopped pions relative to

the lncident particle in the C. M, System. In machine ex~-
reriments the pions collected come from a well defined back-
wards angle 1In the C. M. System. In small cosmic raﬁ s tacks
only low energy pions will be stopped, which gives a bilas

in favor of the pions emitted backwards in the C. M, System.
In large cosmic ray stacks, a wider spread of angles 1is ac-

cepted,
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bh) The nature of the pion-producing particles, In the

mﬁchine experiments the iﬁcident_particlas are always pro-=
tons. 'In cosmic réy stacks, especlially In large ones, an
appreciéble fraction of the incldent particies are neutrons
and pions,
Since Ref. 8 was sent to press, new results have heen published or ob-
tained which allbw us to discard some of these possibilities.
3., ANOMALOUS DEPOLARIZATION OF MUONS
The Columbia groupll has measured electronically the assymetry
parameter 'a' in a varliety of emulsions, including old and new batches,
emulsions with and‘;ithbut sensitizers, with and without plastisizers,
ﬁure gelatine, and havetVaried the temperature., All results are cone=
sistent with a single value of 'a' = = .1l
The Chicago group12 has tested a sample of the emulsion batch
used in the M-stack and found that 'a' = = .1k,
jT'I’he possibliity of explaining the result of the M-stack by as-
suming anpmalous depolarization due to chemical effects iIs therefore
ruled out.
o MULTIPLE PRODUCTION OF PIONS
The measuremenﬁs (Refo;Noso 3, 6 and 7 of Table I) performed in
small emulsion stacks exposed to cosmic rays, givg an average value
tat = =« 176 ¥ ,0L0 which is in good agreement with the mean of the
values obtained 1n measurements pérformed on machine-produced pions:
fa! = =,16L4 ¥ ,015. These results indicate that multiple production
alone cannot explain the low values obtained in the M and G stacks,
5. NUCLEAR SCATTERING OF PIONS |
In order to check whether the fact that the pions are scattered

before being brought to rest will change the wvalue of Ta', we ob=
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ﬁaiﬁéd from the University of Chlcago a stack of emulsions exposed to
a scattered pion beam, as shown in Figure 2. The scanning of éhe-
emulsions was done in reglons chosen so -that the range of pions re-
dﬁired that the schttering in the graphite target be inelastic.

The results of the measurement on 1200 R-pu-e events is display-
ed in FPigure 3. A least squares fit of the data glves

tgt = «,185 ¢ .05

This value of 'a' is in good agreement w{th the mean of all the values
of 'a'! from maéhine-produced pions and it indlcates that scattering
of the plons does not alter the value of 'a', (at least in the direc-

tion studied by us).
6. ANGLE OF EMISSION OF THE PIONS

In assuming the exlatence of more than one 'type’ (or state) of
plon, we did not specify the nature of the new degree (or degrees) of
freedom which would be involved in the descriﬁtion of pion phenomena.

If the value of 'a' depends on the angle of emission of the
plons, relative to theriﬁcident particle In the C. M. System, one may
cénsider the possibility that one new degree of freedom is of the na-
ture of a spin.

Pions are assumed to have spins equal to zero (pseudo-scalar
particles) but, in our opinion, this fact is not yet completely estab-
lished. In particular, the afgument which is generally given13 in
- favor of S = 0 18 based on the studj of the reaction

P+ P—D + ﬂf {(produetion) III
and its inverse ' o
D+ nt——*P + P (absorption) Iv

The ‘eross sections for the two proéesses are related by the principle
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of detailed balance and in the center of mass system

2
O (production} . _3 (25 + 1" (2)

0 (absorption) 2K?

The experimental resultslu«"l5 agree with S = 0 in eguation (2)
but 1t has been pointed out16 that the factor (23 + 1) does not enter
in equation (2) if the pions are polarized at production and if the
absorption is studied with polarized pions, and consequently, in such
a situation, the spin of the pion could not be obtained from the study
of reactions III and IV,

We therefore believe that the quegtion of the spin of the pion
is not settled and that it is pertinent to try to establish by other

means the validity of the assumption that S 7 Q,
PART II
II. AMNGULAR CORRELATION BETWEEN PIONS AND MUONS
1. INTRODUCTION

In 1948 Wentzell? pointed out that if the pion has a spin S # O
and 1s polarized relative to the dlrection of the inltial nucleon
beam, one would expect an anisotropy in the angular distribution of
the -y decays.

The only measurements with reasonable statlstics on the angular
distribution in T~y decays have been made by Petersonld, According to
his results the angular distribution deviates from isotropy and Vif
the true distribution were isotropic, then the probability that the
observed distribution would occur is only 4.5 percent, Further, this
does not take account of the fact that the extreme points are grouped

together, An arbitrary division of the angular distribution {(which
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happens to correspond to a forward-backward-separation with respect
to the proton beam) at 135° into two hemicircles gives a ratio of
1.41 % .13 or a probability of only one in 400 of being due t6 an iso-
tropic distribution,"ld

Apparently Peterson's result has not been taken seriously, pos-
sibly because - "the angular distribution which he observes is very pe-
culiar and contrary to all theoretical expectations®,l9

In view of the r esults reported in Part I and because we do not
believe that experimental results should necessarily conform to “theo-
retlical expectations®, we felt that a further stﬁdy of the angular
distribvution of m»u decays was imperative and proceeded to do so as de-
seribed in the next sections,

2, CONDITIONS OF EXPOSURE

The emulsions used for the measurements reported in the next
sections have not been exposed especially for detecting polarization
of the pions, These emulsions had been intended as a test run to com~
pare with the results of Section 5, Part I. Therefore no special pre-
caution was taken to insure a maximum of polarization at productioﬁ'
and a minimum of depolarization in extracting, deflecting and slowing
down the Tt beam., The condltions of eiposure are shown in Figure .

The emulsion stack consisted of 16 (6em x 8em x 600um) Ilford
GS pellicles pressed between two‘aluminum plates and exposed inside
a magnetic shield which reduced the magnetic field intensity to about
1/100 gauss. The emulsions were exposed horizontally and the 120 Mev
ﬁf entered the emulsions almost perpendicularly to thelr leading edge
alfter being slowed down by 1 11/16" of copperﬂgo-as to have a maximum

number of plons stoppling in the central region of the emulsion.
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It should be pointed out that several factors would contribute
to reduce any possible effect due to polarlization of the plons at pro-
duction:

a) The engle of acceptance of the shield channel is of the or-
der 'of 2° but, due to the focussing action of the fringing field of
the cyclotron, the angle of emission of the pions in the Lab, System
has a greater aperture.

b) Due to the Fermi energy of the nucleons inside the target nu-
cleus, the angle of emission of the pions in the C. M. System will
vary even if the angle in the Lab. System is fixed.

¢) Likewise, a fixed energy of the pion in the Lab., System doces
not correspond to a unique energy in the C. M, System.

d) The magnetic fields through which the pions travel are not
homogeneous, Pions that get to the same point in the emulsions may
have gone through any of the variety of orbits in travelling through
the cyclotron fringing fleld, the strong focussing magnet and the
final bending maegnet, Therefore, an ;xis of polarization might change
its direction inlspace, due to precession induced by said magnetic

flelds, and the.amount of precession would depeﬁd on the orbit fol-

lowed by the pions on the way from target to emulsion,.

3. SCANNING AND REJECTION CRITERIA

The measurements were made on seven pellicles. Scanning was
limited to the central reglion of each.pellicle = gt least 1 cm away
from the edges,

Both complete and incomplete My were accepted for measurement,
provided the p ending happened to bébmore fhan 30 mp away from elther

gsurface of the emulsion.
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About 3300 mp were located by area scanning under x15 eyeplece

and x12 objective. Ares scanning was done moving the plate in the di-
rection perpendicular to the direction of the incoming pion beam and
accepting for measurement the m endings which fell within two lines in
the eyeplece which were set parallel to the direction of the movement
of the platea,

About 3050 mu ﬁére_found by line scanning under x15 eyepiece and

%25 objective, Lige écanniﬁghﬁas done by following all tracks of gratn
density above a fixed value (and appropriate émall angle scattering)
urttil they elther left the emulsion or came to rest Inside it.

In very few cases (of the order of 20), 1t was not possible to
decide by visual inspection whether the plon decayed into a muon or
‘suffered a large angle scattering near the end of 1ts renge and sub-
sequently left the emulsion (it could slso be a large angle scattering
of a‘muon)n Whenever there was doubt, gap counting and delta ray.
counting were performed in order to distinguish real mu decays from

large angle scatteringa.

o MEASUREMENTS

The measurements were performed only on the m on tracks, using
vll objective x100 and x15 eyeplece, The measurements were the fol-
lowing:

a) Longitude. The zero of the eyeplece goniometer scale was
set so that a reference hair line was parallel to the normal to the
leading edge of the plate (the incoming pion beam made an average an-
gle of about 2.5° with the zero setting). The angle read in the eye-
plece goniometer scale, where the hairline was set parallel to the

first 30 mp (or less) of the muon, was recorded as the muon 'pro-
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jected angle'! or 'longitude’. The longltude was read + 1% rrom 0 to
360°,
b) Qggo Using the depth {B) fine focus adjustment, the depth
of the muon track was read at the mp junction‘and {normally) 60 mp
away. Whenever the muon track was too steep or exhiblted anoticeable
distortion or scattering, the readiné was made at a smaller distance
from the junction. The depth readings were made to_the nearest divi-
sion of the focussing barrel (~ 2 mu)., |
¢) The thickness of the emulsion was measured on the & motion

about once every 20 Tu.
5, ANGULAR DISTRIBUTION IN LONGITUDE

The angular distribution in 'longitude’ 1s shown in Flg. 5.

The meaning of ¢ can be understood froﬁ.Figo 6, It should be
emphasized that the origin for the angle &, which is the normal %o the
leading edge of the emulslon, 1s an arbitrary direction and there is
no a priori reason to expect the sngular distribution to be symmetri-
cal relative to § = 0.

The distributién displayed in Fig. 5 shows a dpviation from iso-
tropy that is statistically significént:

A Fourier analysis of the data, comsidering only the first har-

monics:
f%% =k (1 + a cos@ + b sind) (3}
i.e.
f%% = k[:l + A cos(f + #_) ] (1)
glves

g = -12° * 15°

A= -,070 £ .018



-]12=-
We have considered the possible systematic effects which might
contribute to the observed lack of isotropy:

a) Bias. The distribution obtained by line scanning is con-
sistent with the one obtained by area scanning. One msy conceive that
an observer misses rmuons which are éjected in approximately the same
direction as the inconming plon if the scanning is done 'by area'; line
scanning should eliminate such a bias, The consistency_of the fesults
obtained with the two types of scanning leads us to discard bias as
having an ilmportant contribution to the observed asymmetry. It is al-
so hard to believe that bilas could explain the decrease in %g from
180° to 90°,

b) Scattering of pions and muons near the end of thelr range.

Roughly one-half of the np are incomplete, 1.e., the muon leaves the
emulsion before the end of its range. We have sald that in only a
very small fraction of cases did the observer have doubts as to whether
a particular event was due to a mu decay or to scattérihgo Still, in
order to check further the possibility of scattering contamination, we
annlyzed the @ distribution of 2500 complete mu and obtained

g, = 0° x 20°

A = "9086 i- e035

which is consistent with the values obtained from all the Tu.

c) Distortion. If the plates have been badly distorted dur-

ing processing, and 1f the vectors of distortion are so distributed as
not to average out through the areas and the plates that were scanmed,
1% is possible to obtain an anisotropy and an asymmetfy in the measured
distribution when observing a distribution which was isotropical in

the unprocessed plates. This possibility seems to be confirmed in our
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case by the variation of the asymetry coefficlient A as a funection of

dip angle of the muon, and we shall consider it further in section 7.
6. ANGULAR DISTRIBUTION IN LATITUDE

We define the tlatitude! angle A as the angle betweer the direc-
tion of the ﬁuon track as it leaves the plon ending and the plane of
the emulsion (which happens to coincide wlth the plane of production
of the pion and with the median plane of the cyclotron and of the fo-
cussing magnetic fields), as shown in Fig. 7.

The angular distribution in 'latitude' is shown in Fig, 8 (from
A= =90° to A =490°) and in Fig. 9 (folded around A= 0),

The observed deviation from isotropy is statistlcally significant.
FPourier analysis of the data shows that most of the anistropy can be

described by the term containing the uth_harmonic and that

=k (L + B cos Lx) (%)
with B = =,106 ¥ ,018 gives a reasonsble fit.

2

Instrumental error. In order to check the possibility of in-

strumental errors, the dip dlstribvution of 2500 electrons arising
from m-p=-e decays found in emulslons exposed to cosmic rays were ana-
lyzed in the same way., The distribution in latltude for the electrons
1s shown in Fig. 10 and can be seen to be almost identical to the dis
tribution in latitude obtained for the muons {(Fig. 9).

As the true distribution of the electrons from cosmlic ray n-u-e
decay should be 1sotroplcal, we canclude that some instrumental error
1s causing the departure from isotropy 1n latitude 6bserved in both
cases. We have examined possible sources of instrumental error, but

so far it 1s not understood what causes the apparent decrease in f%%
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for values of A near 0° and 9000

Bias. We do not belleve that the observed results are due to
bias in the selection of the events to ﬁe measured. First; because
area scanning and line scanning show the same effect; second, because
in the case of the Tm-pu-e decay the event is selected for measurement
without looking at the electron track since at the magnification used
for-scanning the electron track is hardly visible.

Curvature of the field., The effect of the curvaturse of the field

cfhview has been examined. For tracks with dip up to 4O div {=2imx~0.8),
the curvature of the field does not come into play since the dips
were measured at points equidistant from the center ofvthe field of
view., For steeper tracks there 1s an effect of the curvature of the
fleld, but 1ts magnitude cannot account for the results- that were ob-
talned,

Shrinkage factor. The angle A is obtained from the depth meas=-

urements by applying the formula

tanix = 8§ {6)

jo1 I Ta

where d 1s the difference in depth between the pion ending and a point
on thé muon track at a projected distance equal to R, and S 1s the
shrinkage factor, i.e., the ratio between the thickness of the emul=-
sion at the time of exposure and the thickness at the time the measure
ments were made,

The thickness of the ermlsion af the time of exposure was meas-
ured with a depth gage. Several measurements were performed on each
emulsion in order to average out non-uniformity.

The average thickness obtained for the 16 emulsion strips is

t = 645 * 2 microns. As a check we calculated the value for the den-
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sity of the emulsion from t and the mass and total area of the strips.
The result obtained,}9= 3.81 gm/bm3, is in very good agreement with
the expected value of p for a 60 % R. H.

The thickness of the processed emulsion was measured at the same

time as the measurements on the muon tracks. As a precautlon, about

every <0 muons we madea measurement of the emulsion thickness. In this

fashion the lack of uniformity of the emulsion thickness along the

plate and variations of the same with R. H. and temperature should have

been t aken Into account.

We estimate that we know the average shrinkage factor for each
emalsion within : 2% and for the total data within 1%.

If the distribution in A of the muon tracks is isotropical in

the unprocessed emulslon, then
' AN .
O sinA

k = constant ‘ (7)

It can be shown that, 1f the shrinkage is uniform and distortion can
be neglected in the processed emulsion, the use of a wrong shrinkage
factor in formula (7) will give a distorted calculated distribution

which can be approximated by

sk - K (1 + E) (1 + 2E 8in“A)
| (8)
= 2 .
where e 3 1
S = true shrinkage factor

§' = agsumed shrinkage factor.
We conclude that the uncertainty in shrinkage factor camot ac-
count for the abserved anisotropy since the distribution deseribved by

(8) is monotonic and the maximum veriation expected, with a 2 4 wune

certainty in 8, is of the order of 1.5% between sinX = 0 and sinh = .5

2



while the observed one is of the order of 30%.
Other possible causes of error in our observed distributions

are:
a) non-uniform shrinkage

b} folding in of reading errors in d
¢} samall angle scattering of the muons
d) distortion of the emulsion upon processing.
All these effects are of second order, but a quantitative esti-
mate of thelr combined action can onlyrbe made affer the necesgsary

| parameters have been obtained from new and appropriate measurements.
7. DISTRIBUTION IN SPACE

The angular distributions considered in sections § and 6 are in-
dependent. A better way to utilize the information is torstudy the an-
gular correlation in spade.

We did not complete a spherical harmonic analysis of our data
because:

a) As shown in section 6, the engular distribution in A
cannot be trusted and most of the effect, if not all of it, must be
ascribed to instrumental error.

b) The asymmetry coefficient A of formula {(lj) has been
calculated by splitting the data in intervals of latitude. The re-
sults, which are displayed in Figure 11, show that the asymmetry in-
creases with latitude and is méximum near the poles. Such a varia-
tion of A with latitude leads us to suspect that the greater part, if
not the whole effect, 1s dus to distortion of the emulsion, since any
distortion would affect steep tracks more than the horizontal ones.

In order to calculate the effects of distortion on our angﬁlar
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distributions, it will be necessary to have a knowledge of the lst
and 2nd order distortion veétor, as a function of the position of
the pion ending (in the three coordinates).
It should be pointed out that it ié_difficult to understand the
result of the angular distribution in @ as an effect of distortion
alone because the asymmetry is in the same direction (backwards excess)

both for upgoing and for downgoling muons.

8. CONCLUSIONS

The study of the angular distribution of the muon initial direc-
tion in the emulsion 1s subject to errors that are not understood even
qualitatively.

The results obtained with about 6200 np decays show that the
measured distribution is significantly difrérent from isotropy, both
in longitude and in latitude. The distribution in longitude cen be

approximated by the expression:

3§g.= k [1+ A cos (g - g.)]

with A ® =,070 ¥ ,018
g, = -12° I 15°

but, because of the pecullar dependence of the asymmetry coefflclent
on latitude, the departure from lsotropy is not believed fto be due to
& real property of the pioms., It 1s possible that the effect may be
understood in terms of distortions introduced In the emulsion during
processing, but it seems hard to explain the fact that the asymmetry
1a in the same direction both for A >0 and for X £ O,

The distribution in latitude can be approximated by the expres-

sion:
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fflli:k( 1 + B cos Q)

B = -,106 * ,018
and the effect 13 belleved to be due to instrumental errors since one
obtains practically the same distribution when studying electrons
from cosmic ray n-u-e decay.

The angular correlation between electron and muon original mo-
ments in nM-u-e decays from the M-stack is consistent with isotropy.

a = -,021 : .033

:an'd 1s more than four standard deviations away from the mean of all
measurements,

It seems clear that such systematic errors that contribute to
the lack of isotropy observed in m-»p decay should not produce a no=
ticeable change 1n the value of ‘'a! -i‘or the angular correlation be-

tween muon and electrons in m-u-e decay.
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Distribution in space angls, 6 , between the emission direction
of the meson and the slection in the m-u-e decays observed in a
22~1iter stack exposed to coamic rays at high altitude.
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Expostire conditions for emulsions exposed to a scattered m beam,
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Distribution in space angle between the emission direction of the
meson and electron in the m-u~E decays observed in a stack exposed to

120 Mev m mesons which have been scattered in a.graphite target.
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FIG. 4

Exposure conditions of emulsions used to study

angular distribution of muons from m-p decay.
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FIG. 5

Anguler distribution of the muons in the plane of the emulsion,
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Projection view in the plane of the
emulsion of the ¢ measurement made
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measuring convention for Ao
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Angular distribution of the muons in the Z plane of the emulsion.
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Gomparison of the angular distribution In the 2 piane of
the emulsion for the muons from the m-p decay and the

electrons from w=-u-e& decays.
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FIG. 11

Variation of the asymmetry coefficient with A for 6200
R=p decays of 120 Mev m mesons from the Chicago machine.




