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The helicity of electrons from p decay has been measured using the spin dependence of electron-electron
(Mttller) scattering. A magnetized foil (Supermendur) was used as a target of polarized electrons. Optical
spark chambers, scintillators, and decision-making spark chambers were used to detect the scattering events,
and the pictures were measured with an automatic film scanning system (cHLQE). The experimental method
and the data processing system reduced the systematic error due to background events below that of
previous experiments. The helicity was found to be —0.89&0.28.

I. INTRODUCTIO5'

HE helicity of electrons and positrons from muon
decay has been measured by several authors' '

and has generally been found to be consistent with the
predictions of the V—A theory. However, because of the
difhculty of the experiment, the errors caused by statis-
tical and systematic uncertainties in the background
rates and by other systematic effects are rather large.
Previous experiments on p decay electrons' do not
quote a value for the helicity, but state that their re-
sults are consistent with —1. The measurements of the
helicity of positrons from p+ decay, ' with the possible
exception of that of Dick et al. ,

' are all consistent with
+1.The most recent of these experiments (Duclos et al).
gives the result +1.04&0.18 for positrons.

Jarlskog' has shown that the strongest restriction
which can be placed on the form of the muon decay in-
teraction from determinations of the observable pa-
rameters comes from a measurement of the helicity,
h=(o"j).

She shows that if one defines the coupling constants
g; and g by using

3 =Z I a.(g;+g, 'v.)~;S.l(A„O,S;.)+H. . (1)

as the interaction Hamiltonian (s= S, V, T, A, E), then
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The helicity result for positrons (+0.28&0.16'j given by Dick
et al. (Ref. 2) should be interpreted in the light of subsequent ex-
periments on the depolarization of pasitrons in Be moderator. LSee
L. Dick, L. Feuvrais, L. Di Lella, and M. Spigl. el, Phys. Letters
10, 236 (1964); W. Chinowsky, D. Cutts, and R. Steining, Nuovo
Cimento 34, 1431 (1964).j These experiments indicate the exist-
ence of an unexplained depolarization mechanism which could
account for the helicity result of Dick eE al.' C. Jarlsi;og, Nucl. Phys. (Neth. ) 75, 659 (1966).

the condition h= —1 for p decay results in g =—g;
(all s) thus reducing the number of unknown complex
constants from ten to five. [Note that Eq. (1) differs
from the usual convention in that here the (g,+g vs)
factor is put in the bracket containing the charged-
particle wave functions. The motivation for this formu-
lation comes from the fact that the neutrinos are not
observed in the usual muon decay experiments. ]

Jarlskog further shows that the nominal V—A values
for the parameters suffice only to con6ne the interaction
to V and A; and without the assumption of two-com-:
ponent neutrinos, one can say nothing about gA/gv. s

Specifically, the values p= As, )=1, and 3=4, along with
unit helicity of the decay electrons, are shown to imply
g; =g;=0 for i=S) T) I ) gy = —gy) and gg = —gg.
These restrictions lead to an interaction Hamiltonian
of the form'

3c=gv (lf',v, (1+vs)lt', )

XI tt.„voI 1—~s IP;, I
+H.c. (»)

gv 1 )

In the current-current formalism, the Hamiltonian can
be written

3c=S(0.(1—v)4.-.)(k.„( 1+v)s4.)
+V(4.v.(1+v )4".)(A„v.(1+v )4.-)+H c (2b)

where 5= —(gv+gA) and V=-', (gv —gA).
Jarlskog also notes that the experimental uncertainty

in the value of the helicity plays the dominant role in
an attempt to place upper limits on the S, T, and I'
contributions. She shows that the available experi-
mental information about the muon decay parameters,
including current values for experimental errors, does
not rule out the possibility of large admixtures of tensor,

~ Furthermore, the low-energy spectrum parameter )l becomes
equal to zero when the result g = —g; is applied. Therefore, if the
helicity of the decay e+ is &1.0, no additional information is gained
by measuring q.

For a discussion, see V. L. Telegdi, in Proceedings of the
Argonne International Conference on Weak Interactions, 1965
Argonne National Laboratory Report No. ANL-7130 (unpub-
lished).



scalar, and pseudoscalar in the interaction Hamiltonian
[Eq. (1)]for the decay.

Another reason for making accurate measurements of
the helicities of electrons and positrons is to test the
CI'T theorem which asserts that these helicities must be-
equal and opposite in muon decay. 'At present, however,
the equality of the particle-antiparticle decay rates of
x's' or p, 's' is a better test of CPT in weak interactions.

We describe here an experiment to measure the
helicity of electrons from li decay by Mflller scattering.
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A similar experiment for p+ decay has been performed
with the same apparatus" but will not be discussed
here.

II. EXPERIMENTAL METHOD
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The Mltiller scattering method" "was chosen for this
experiment, because with the use of spark chambers the
analysis of background events is simpler than with the
bremsstrahlung transmission method. Moreover, Mgller
scattering is a single-step process which provides a direct
measurement of the polarization, whereas the brems-
strahlung transmission method involves the measure-
ment of the product of two polarizations and is therefore
less direct and more dificult to perform accurately.

As compared to earlier helicity measurements, ' ' the
use of spark chambers in this experiment provides a sub-
stantial reduction and better understanding of the
accidental and background rates, since each event is
examined individually.

All the events were processed by computer programs
which found the numbers of detected scattering events
for opposite magnetizations of the foil and rejected most
of the background. These event rates were compared
with similar rates obtained from a Monte Carlo program
to determine the experimental value of the helicity.

The details of the spin dependence of Mgller scatter-
ing have been discussed by several authors. ""' As-
suming no transverse polarization of the decay elec-
trons, "we require the e —e—scattering cross sections

7 T. Kinoshita and A. Sirlin, Phys. Rev. 108, 844 (1957).
8 See, e.g. , W. Barkas and A. Rosenfeld, in Proceedings of the

1NO Rochester Conference on High-E~nergy Physics (Inte.. science
Publishers, Inc., New, York, 1960), p. 878; R. Durbin, H. Loar,
%', Havens, Phys. Rev. 88, 179 (1952).

See, e.g. , S. L. Meyer, E. W. Anderson, E. Bleser, L. M. Leder-
man, J. L. Rosen, J. Rothberg, and I. T. Wang, Phys. Rev. 132,
2693 {1963).

's S. Parker, C. Rey, and D. M. Schwartz (to be published)."C. Bouchiat and L. Michel, Nucl. Phys. S, 416 (1958); L.
Grodzins, Progr. Nucl. Phys. 7, 163 (1959).

'2 J. D. Ullman, H. Frauenfelder, H. J. Lipkin, and A. Rossi,
Phys. Rev. 122, 536 (1961)."A. M. Bincer, Phys. Rev. 107, 1434 (1957)."G.W. Ford and C. J. Mullin, Phys. Rev. 108, 477 (1957),
110, 1485 (1958); see also A. Raczka and R. Raczka, ibid 110,
1469 (1958); Bull. De l'Acad. Polon 6, 463 (1958)."In the case of the general parity nonconserving weak-interac-
tion Hamiltonian for muon decay there are two terms in the decay
amplitude giving rise to transverse components of polarization
(see Ref. 7). One of these terms vanishes if time-reversal invariance
holds in muon decay. The other term involves the quantity
(peXde) ' (peXP&) and is proportional to as'(1 —x)+p, where
~= lg I'—lgs'I' 0= lg I'+lg 'I' —ical' —Ig~'I' and * is one-

FIG. 1. Mgller scattering cross section for polarized electrons.
The solid lines give values for the spin-averaged cross section and
the dashed lines give corresponding values for the spin-dependent
term 8 in Eq. (3). The dotted line gives the cross section for
events with one product having 6.0 MeV total energy.

do
LA+8(Pi os)]

dQ 2y'(ys —1)' sin40

tp

for the helicity of the incident electron equal to &1.In
Eq. (3), rs is the classical electron radius, A and 8 are
quadratic functions of 7' and sin'0, where ym, is the
c.m. energy, 0 is the polar c.m. scattering angle, pi is
a unit vector in the incident direct. ion, and o.~ is the unit
spin vector of the target electron.

Figure 1 shows a graph of the two terms of do jdQ
for several values of energy. Our apparatus did not
accept events in which one member of the scattered
pair had less than 6-MeV total energy. The dotted line
labeled "CutofI'", represents the spin averaged cross
section Li.e., the first term in Eq. (3)], and indicates the
events eliminated by this restriction; only events below
this line were accepted.

The polarized target electrons were provided by a
Supermendur" foil which was magnetized nearly to
saturation. The polarization f of the electrons in this
foil was found from the relation"

(4)

half the ratio of electron energy to muon mass. The only effect of
the presence of transverse polarization on the present experiment
would be to produce a value for the helicity less in magnitude than
unity since (a) the polarization of the muon is only about 10Po, (b)
the data analysis included averaging over the azimuthal scattering
angles thus eliminating terms in the cross section which contain
transverse polarization dependence.

"An alloy composed of 49 j& Fe, 49%%u& Co, and 2'Po Va. For a
discussion of the magnetic proT erties of Supermendur, see H. L.
B. Gold and D. H. Wenny, Elec. Eng. 76, 208 (1957). We are
grateful to the Arnold Engineering Corporation, Marengo, Illinois
who supplied and aq.nealt;d the foils,

for incoming electrons with helicity +1 and —1. After
averaging over the azimuthal angle, the formula for
do/dQ in lhe center-of-mass system reduces to
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the spark chambers. This figure is
a plan view; in the elevation view,
all the components were placed so
as to provide up-down symmetry
with respect to a horizontal plane.
The scattering foil was magnetized
in a horizontal direction.

where 8 is the magnetic Qux density in the foil, m is the
electron density, and p~ is the Bohr magneton. The
factor involving the magnetomechanical ratio, g'L=g/
(g—1), where g is the gyromagnetic ratio] is the correc-
tion for the orbital contribution to the magnetization. "

The observed asymmetry, a,= (N& —N&)/(N&+N&),
where E; is the number of detected scattering events
per incident electron with the foil magnetized in direc-
tion i, was about 0.02 in this experiment. The statistical
error in this quantity, 4a,/a„, =1/(a, (N2+N&)"'], is
the major contribution to the error in our helicity result.
Uncertainties in the low-energy cutoR and in the rate of
unpolarized background electrons scattering in the foil.
were the two most important nonstatistical errors.

III. APPARATUS

The apparatus (Fig. 2) was designed to detect Manlier
scattering of muon decay electrons in a magnetized foil.
The beam, composed of m, p, , and e, was magnetically
analyzed and passed through a brass collimator inserted
in a 2-ft-thick lead wall, a plastic scintillation counter
(1) completely covering the collimator exit, a copper
moderator, and a scintillation counter moderator (2)
and was stopped in a target (T) composed of e~-in.

polyethylene and a scintillation counter. The moderator
thickness was adjusted to maximize the number of decay
electrons entering the hodoscope through the scattering
foil per beam particle (see Fig. 12). Both 2 and T were
slanted with their normals at 52 to the beam which per-
mitted the target to be thick in the direction of the beam
and yet allow decay electrons to leave it with a mini-
mum of multiple Coulomb scattering, energy loss, and
depolarization. A defining counter "D"was placed be-
tween the target and the magnetized foil. Counters 1 and
2 were used in anticoincidence to eliminate prompt

'7 C. Kittel, Introdlctioe to Solid State Physics (John Wiley R
pops, Ipc., New York, 1956), 2nd gd. , pp. 408&1&.

events and to ensure that the decay electrons originated
in the defined target only. Anticoincidence counters R
and F surrounded the fiducial area of the foil and a 5)&5
counter hodoscope "Hod" was used as a preliminary
indicator of a multiple track event. The final determina-
tion to pulse the optical spark chambers and photograph
an event was made by a set of four decision-making
spark chambers (DMSC)."These DMSC were used as
a low-mass, high-resolution hodoscope to ensure that
photographs were taken only for events in which two
(or more) tr;~cks appeared in the chambers after the
scattering foil. The use of these chambers reduced the
background picture-taking rate to about 35% of the
total rate as compared with about 95%%u~ if only the
counter hodoscope was used.

A carbon plate 0.25 in. thick was placed just ahead of
the hodoscope (see Fig. 2) to provide a low-energy cutoff
for the electrons. This plate in addition to the other
material present and the geometrical arrangement gave
a cutoR of 6.0&0.5 MeV for electrons produced in
Mgller scatterings.

A diagram of the electronic logic is given in Fig. 3.
To minimize the eRects of long-term drifts of counter
and spark chamber eKciencies and of beam intensity
and spill characteristics, the magnetic field in the foil
was reversed automatically at a regular interval. This
interval, about 45 sec, was set by a simple neon-tube
flasher circuit which drove a bridge of power transistors
supplying current to the energizing coils of the foil and
two-gate generators for the scalers. A "blocking gate"
output was used to gate oR the scalers, logic circuits,
and spark chamber pulsers during the interval when the
magnetic field in the foil was being reversed. The time
required to reverse the 6eld was about 110msec and the
length of the blocking gate was set to 420 msec. A

"C. Rey, S. Parker, B. Sherwood, D. Schwartz, Nucl. Instr.
and Methods 32, 21'7 (1965).We are grateful to V. L. Telegdi who
suggested the use of the DMSC for this expgrjmexg.
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"direction-gate" output was used to gate off three of the
scalers (12T', C', and E' in Fig. 3) when the scattering
foil was magnetized in one direction in order to provide
separate counts for the data taken for each direction of
magnetization. The actual field direction for which the
primed scalers were gated oG was determined by a
switch which was reversed for each run of about 1500
pictures. This direction-gate reversing arrangement was
introduced to eliminate any bias due to nonuniform per-
formance of the scalers.

Counters 1, 2, and T in coincidence were used as a
beam monitor (12T). Another sealer, (12T') controlled

by the direction-gate, counted 12T when the foil was
magnetized in the specified direction. Counter 1 was
scaled independently. The coincidence circuits for the
vertical (V) and horizontal (H) sections of the hodo-

scope were each set for double coincidences (any two of
the five) and the "Hod" circuit for singles. Thus a double
coincidence in either the V or H sections would give a
"Hod" pulse. Pulses from counters 1, 2, R, and F were

added, and the sum was used in anticoincidence with T,
D, and Hod to form a "Main" coincidence pulse

(M = 12RFTD Hod) which triggered the DMSC.
A monitor scalar count was obtained from the com-

bination C= 12RFTD Hi. This "candidates" (C) count,
as well as a C' count gated by the direction gate, was
derived from the use of the H section of the hodoscope
connected as a singles counter by the H& circuit. The
C and C' counts provided a normalization proportional
to the rate of decay electrons entering the active region
of the apparatus.

The total delay (phototube output pulse to high-
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voltage pulse on optical chamber) was 550 nsec of which

220 nsec were used by the DMSC and their associated
logic and cables (from the output of the "Main" gate
circuit to the output of the DMSC doubles coincidence
circuit).

In order to provide range-energy information about
those outgoing electrons which did not reach the range
chambers, two indicator lights were controlled by the
V and H coincidence circuits. When a photograph was
taken, one (or both) of these lights would be flashed to
indicate which section of the hodoscope contributed to
the trigger pulse. Since the electrons had to pass through
the V counter in order to reach the H counter, an energy
difference of a few MeV was involved.

The scalers and electronic logic were gated off for i0
msec when the DMSC were pulsed. If any two of the
four DMSC gave output pulses indicating the presence
of more than one track, a double coincidence was formed
in the DMSC double coincidence circuit (see Fig. 3) and
the optical spark chambers were pulsed. A light-fIashing
arrangement similar to that used for the hodoscope was

employed to indicate which of the four DMSC contri-
buted output pulses. This information was used to
measure the eKciencies of the DMSC.

IV. MONTE CARLO CALCULATIONS

Because of the degrading of the electron spectrum in
the target, the special geometry, the energy cutoff im-

posed by the apparatus, and the dependence of the
scattering cross section and counting rate asymmetry on
these factors, a Monte Carlo prediction of the experi-
mental results was the best method of extracting mean-
ingful information from the data. This Monte Carlo
computer program used the known decay spectrum, the
scattering cross section given in Eq. (3), the foil electron
polarization given by Eq. (4), known formulas for
multiple Coulomb scattering, ionization and radiation
energy loss, and the specific geometry and logic of the
experiment to calculate the counting-rate asymmetry
and the absolute event rate and to manufacture scatter-
ing events in a format identical to that produced by the
data analysis program described below. The two sets of
events were processed by a group of programs which
displayed the foil and hodoscope illuminations, the
xnultiple scattering distributions and other similar quan-
tities for comparison.

The Monte Carlo program calculated the expected
experimental asymmetry by integrating the differential
scattering cross section LEq. (3)] over energy and spin
angle with the experimental weighting factors taken
into account. This was done as follows. First the solid
angle integration was performed analytically with the

result

1(YA') =
m/2 2~

~min 0

do
sin8d8dg—

dQ

27TF0
ln tan(8; /2)L4y' —3]

4v'(v' —1)'-

2b2 —1)2

+cos8; (y' —1)'+
sin ~min

+ln tan(8~;„/2) L(4y' —3)(2y' —1)]

—cos8;„(y'—1]cosf, (5)

where

cos8m in (vc.m.) = P q.m, me ~c2

7

(y', —1)mc

where E, is the (lab system) cutoff energy for the low-

energy outgoing electron, and cosf= (0& 0&).

For each detected event j made by the Monte Carlo
program, a contribution P;; to the production probabil-

ity P; was calculated. The index i ran from 1 to 2 and in-

dicated the foil magnetization direction. The P;; were
given by

p;=Q P;;.

This asymmetry was then compared with the experi-
mental value for the processed events to obtain the
helicity.

A simplified diagram of the Monte Carlo program ap-
pears in Fig. 4. Our assumption of a uniform source dis-
tribution in the target was confirmed during the experi-
ment by placing plates of x-ray film before and after the
target and observing the uniform exposure over the
target area. The electron angular distribution was taken
to be isotropic, ignoring the fact that the p, were slightly
polarized. This was reasonable because of the low degree
of polarization (~10%) and because of the relatively
small solid angle subtended by the scattering foil.
The electron energy spectrum was taken from free

where e and t, and the density of electrons in the foil
and the thickness of the foil projected along the incident
track, respectively, and I is given by Eq. (5). When a
statistically significant number of events J had been
accumulated for each magnetization direction, the
asymmetry a„was calculated using

a.= (p2 —pi)/(p2+ pi),
where
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nluon decay

where x is the ratio of electron energy to m„/2.
At every stage of the calculation, energy loss and

multiple scattering of the electrons were taken into ac-

'~ It is important to note, with regard to the spectrum, that
while the Mufller scattering cross section depends strongly on
the energy, .the asymmetry (or equivalently the ratio 0'p „ I.' &/

0, &-,p„r„. II,1) is quite independent of energy above p =10 in the lab.
This fact is demonstrated by Bincer LRef. 13, Fig. 1, and Eq.
(19}g.This is a fortunate circumstance due to the fact that the
bound-state spectrum corrections for p decay in carbon are not
well known.

count. A single Gaussian was used for multiple scatter-
ing and the Landau curve" was used for ionization loss.
The radiation loss was assumed to be exponential with
path length.

Those Monte Carlo runs which were used to obtain
the asymmetry (as opposed to the energy and angle
distributions) calculated the scattering from polarized
foil electrons only (i.e., f= 1).The resulting asymmetry
Lsee Eq. (8)j was then multiplied by f, given by Eq. (4),
to obtain the desired comparison with the experimenta]

See, e.g., E. L. Goldwasser, F. E. Mills, and A. 0. Hanson.
Phys. Rev. 88, 1137 (1952).
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value. The use of this procedure made the statistical
errors in the data and the Monte Carlo as~mmetries
equal when the ratio of the number of Monte Carlo
events to the number of actual events was f'= 00065
(see Appendix I).

The efFiciencies of the DMSC were used in the calcu-
lation since the over-all eKciency depended on the
orientation of the plane determined by the two particle
tracks relative to the vertical and horizontal planes in
which the wires of the DMSC lay.

V. DATA ANALYSIS

All the spark-chamber photographs (about 120 000)
were digitized with the cHLoE automatic film scanniog
system" at the Argonne National Laboratory and the
data were processed on an ASI-210 computer (part of
the cHLQE system) and a CDC-3600 computer.

A general purpose program for the ASI-210, called
the LIBERATOR, was used to control the cHLoE scanner
and to provide preliminary noise rejection and data
consolidation. The details of this program and of the
cHLoE system are given elsewhere" " so only a brief
d.escription is presented in Appendix III. (See Fig. 5.)

The reproducibility of the cHLoE measurements was

more than adequate. Measurements of fiducial separa-
tions were maintained to within 0.4% and this error,
when combined with the spark measurement errors al-

lowed the coordinates of the centers of the sparks to be
determined to within 5 to 8 p, on the film. The demagnifi-

cation of the optical system in the experiment was

95.4+1.0 so the resulting positions of the sparks in real

space were known to about &0.7 nim. The resulting

radius of confusion about the vertex from this error
and from scattering in the 8 section spark chambers

(see Fig. 2) and the DMSC was about 3.0 cm.
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The data produced by the cHLOE system were used as
input data, for the analysis program CHLoERAMA which
was run on the CDC-3600. A simpliIIied Row diagram of
this program is given in Fig. 6. The cHLOERAMA program
provided most of the event selection and data processing
for the experiment.

To process an event, the program erst performed tests
on the number of sparks appearing in each chamber to
determine whether the picture had too many or too few
to be a, scattering event. Approximately 17% of the
pictures were rejected at this point. Next, the spark and
fiducial coordinates were transformed into a standard
coordinate system. As the transformation was being

CHLOE
Y Axis

Boundary of
Dark Area

Coordinates
Measured (typ. )

I
VERTEX TESTING

CALCULATE ENERGIES
AND C. M. QUANTITIES

.I
"

3I--——
!maginary line

/. . - Segments Drawn

, e;-. by Computer

, I

il;:. &„'.",
& . . ..

1~- --I I - ---—
$ ~

I CHLOE Unit ~
CHLOE
X Axis

FIG. 5. Response of the CHLOE system to a dark area on the 61m

"D. Hodges, Argonne National Laboratory-Applied Mathe-
matics Division Technical Memorandum No. 61, 1963 (unpuh-
1ished); R. Clark arid %. F. Miller, Methods iri Computational
Physics (Vol. 5) (Academic Press, New York, 1966), p. 47.

"D. Hodges, Argonne National Laboratory Applied Mathe-
matical Division Technical Memorandum No. 100, 1965 (unpub-
lished).

Fro. 6. Simplified f1ow diagram of the cHLoRRAMA
data analysis program.

performed, each spark was tested for shape and position
relative to the chambers. The scale factors obtained
from the 6ducial coordinates for the two 90 stereo views
were tested independently and required to be within
0.5% of the known (average) values. A least-squares fit
to a straight line was then performed on the sparks in
the A chamber (see Figs. 2 and 7). The trajectory of the
incoming track was required to intercept the 6ducial
area of the scattering foil. Another 14% of the pictures
were rejected here, most of which had more than one
track in the A chamber and some of which were the re-
sult of ineS.ciency of the anticoincidence counters sur-
rounding the foil.
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The foil impact point determined by the incoming
track was used as a pivot for a "sorting" line (see Fig.
7) drawn through it and through a best Gt to the average
x's (y's) of the sparks in the two 8 chambers and the C
chamber. A special section of the program allowed for
a full or partial overlap of the tmo outgoing tracks in
either view since it was possible for the plane of these
tracks to be parallel. to the optical axis in one view. After
sorting the sparks into two tracks for each view an
attempt to fit lines was made. Failure to obtain good fits,
due either to too many or too few sparks, caused the
picture to be rejected. About 25/o of the pictures were
rejected because of bad fits in the 8-C chambers. These
rejections were due partly to spark chamber ineKcien-
cies and spurious sparks caused by old tracks. Some
rejections here mere the result of noise on the film. In
some cases noise, extra sparks or tracks, or missing
sparks in the A chamber gave an incorrect track fit there
and therefore an incorrect foil impact point causing the

«$45XIO ~

I t I 1 I ~ I I I I I I
I

~ I I
I $ I i I I
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0 2 4 6 8 IO I2 I4 I6 18 20 22 . 24
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FIG. 8. Figure-of-merit histograms for Supermendur
foil data and for no-foil data.

the opening angle between the outgoing tracks. Histo-
grams of Ii for data taken with Supermendur foil and no
foil are shown in Fig. 8. One unit in F corresponds to
a radius of confusion about the vertex point of about 0.5
cm. The large size of the vertex region was due to the
multiple Coulomb scattering in the 8 chambers and in
the DMSC, which averaged several degrees for the
electron energies involved.

The experimental counting-rate asymmetry a, was
plotted against the value of Ii above which all processed
events were rejected. This plot is shown in Fig. 9. It is
seen that a, rises about 20%%uq as the events corresponding

04045 i I I I e i I I
I

I
I I I I

FIG. 7. Computer-produced plot of some typical events.

sorting line to be misplaced. This produced faulty spark
sorting and resulted in a bad fit, .

The tracks were correlated between the two views by
counting the sparks in each track or, if necessary, by
forming a correlation number involving the widths
(intensities) of the sparks. Hand scanning of about 500
fully processed events revealed only one case of incorrect
correlation by the program. Failure to correlate caused
the program to reject about 2 to 5 pictures out of each
run of 1500.

Four quantities were used for vertex testing. The 6rst
two were the distances (R~ and E2) of closest approach of
the two outgoing tracks to the foil impact point. The
second pair involved 6nding the length I.of the shortest
line joining the two outgoing tracks and the distance 5
from its midpoint to the foil point.

From these four quantities, a figure of merit F given
by

p= (gp+Ee'+I. '+S' tan'0, ~, )'Ie

was calculated for each event. In this formula, 0,~, -
~ is
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0 1'
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Fio. 9. Plot of asymmetry versus figure-of-merit cutoff for
copper foil and Supermendur foil data. The copper-foil plot shows
that the asymmetry is consistent with zero and is independent of
figure-of-merit cutoff. The Supermendur foil plot shows that the
asymmetry is more than three standard deviations away from
zero and that it rises by about 20'Po as the background events with
large figures of merit are rejected.
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to the no-foil data (see Fig. 8) are rejected. This shows
that the foil-independent background (20% of the foil-in
event rate) has no measurable asymmetry.

Because of the multiple scattering in the foil and B
chamber, it was impossible to obtain meaningful in-
formation about the scattering events from the meas-
ured lab scattering angles so only the range data were
used (see Appendix II). The program followed each
track into the range chambers and calculated the range
and energy allowing for the unknown penetration depth
into the last carbon plate in the track by means of a
random number. Thus the uncertainty in energy of the
particles was about 15—30%. Nevertheless, the range-

energy information was sufficiently good, when averaged
over many events, to produce useful center-of-mass
scatter plots and histograms (see Fig. 10) which could

be compared directly with similar plots for the Monte-
Carlo events.

It was found that about 40% of the good events were
rejected and that these were rejected because of noise
on the film, chamber inefficiency, spurious sparks, or
missed fiducials. These factors were independent of the
magnetization direction in the scattering foil and there-
fore the measuring could not introduce a significant bias
into the asymmetry.

VI. RESULTS

The experimental counting rate asymmetry u„', cal-
culated from unprocessed sealer counts, was found to be

a„'= (E~—Eg)/(Eg+Ei) = —0.0178+0.0028,

where E~ (E~) is the number of pictures taken with the
foil magnetized parallel (antiparallel) to the electron
beam direction divided by the candidate count accumu-
lated during the interval of parallel (antiparallel) mag-
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FIG. 1 1. Spectra of the incident electrons at the scattering point
in the foil. These spectra indicate that some of the electrons have
an energy higher than the end point of the p spectrum.
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FIG. 10. (a) Scatter plot of c.m. scattering angle versus c.m.
momentum for the data and the Monte Carlo events. (b) Histo-
grams of the plots in Pig. j.0(a).

netization. The error quoted is the statistical error in
the asymmetry based on a total (E2+E&) of 80000
events. Hand scanning showed that approximately 35%%uo

of the pictures were background events with no asym-
metry, so it may be concluded that the asymmetry for
the Mpller scattering events a.,= —0.0274&0.0045.

Figure 9 shows that the asymmetry obtained from the
cHLoE processed data depends on the figure of merit
cutoff chosen. The variation is caused by the fact that
a certain number of background events, having for the
most part large figures of Inerit, have not yet been re-
jected. Figure 8 shows that the data taken with no
scattering foil have a fjLgure of merit distribution with a
very broad peak at large figures of merit. This plot is of
data which has been processed in the same manner as
the data with the foil in place. Thus if we subtract an
equal number of events N(F), corresponding to the
foil-out event rate at each value of the 6gure merit F
from N1(F) and N2(F) (the number of events with the
foil in for the two directions of magnetization), the
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the variation of the absolute rate of scattering per inci-
dent electron with E,. The absolute rate is also essen-
tially independent of the spectrum as can be inferred
from Fig. 1.

The Monte Carlo program was used to calculate an
effective cutoff energy E, by allowing for the distribu-
tion of lab scattering angles, multiple scattering, and
range-energy straggling and to determine the detection
eII6ciencies for the scattering events for each direction of
foil magnetization. One would expect the asymmetry of
the detected events to be only slightly higher than that
given by Eq. (10) at a given L'„i scne the asymmetry is
most pronounced at 0, =90' which produces outgoing
particles of equal energies and at the minimum opening
angle in the lab. Figure 13 also shows the Monte Carlo
results for asymmetry and absolute rate as a function of
E,. It is seen that for E,,(6.0 MeV the Monte Carlo
asymmetry remains constant as expected.

The exact value of E, is subject to some uncertainty
because the details of efIIiciency of the hodoscope scin-
tillation counters versus energy for stopping electrons
are not known. The exact amount of energy which must
be lost by an electron stopping the first few millimeters

of the counter in order for it to count is determined by
such factors as scintillator saturation, light. -collection
efficiency, and photoelectron statistics which are difficult

to evaluate precisely in a threshold situation such as
this. So we must include systematic errors in the Monte
Carlo asymmetry and absolute rate calculations corre-

sponding to an uncertainty in 8, of about ~0.5 MeV.
The effect of the depolarization of the electrons in the

target and in the foil can be estimated from the work of
Olsen and Maximon. "They show that one can define

a "depolarization length" similar and related to the
radiation length for a material. For longit, udinally
polarized electrons, the formula is

(12)

'4 H. Olsen and L. C. Maxiinon, Phys. Rev. 114, 887 (1959).

for depolarization by bremsstrahlung. The muon decay
electrons pass through 0.$9 radiation lengths of material
(target, D counter, A section spark chambers, and the
first half of the scattering foil) which gives a depolariza-
tion length of 6.3%.~e correct for this effect by multi-
plying the Monte-Carlo asymmetry by 0.937 before
comparing it with the experimental value.

It has been shown"" that depolarization due to rnul-
tiple Coulomb scattering is negligible compared to the
bremsstrahlung effect discussed above.

With regard to the event rate calculation, the ab-
solute double coincidence eKciency of the hodoscope,
which was assumed equal to unity in the calculation,
was certainly less than unity in the experiment because
of the detection threshold problem discussed above and
so the absolute scattering rate calculated by the program
should be somewhat higher than that actually measured.

The final results for the asymmetries and absolute
rates are given in Table II. From these numbers, we
obtain the experimental result that the helicity is—a,/a = —0.89&0.28. The ratio of the experimental
to the calculated absolute rates is 0.80&0.1.

VII. SYSTEMATIC ERRORS

Contributions from several types of systematic errors
are possible in this experiment. Each of the possible
sources of systematic error has been considered, and the
results are listed below:

A. Errors Built into the Apparatus

(i) Since different scalers were used to count candi-
dates for the magnetization directions, there could have
been a difference in the thresholds which would inHuence
the asymmetry. This error was eliminated in two ways.

~'C. Bouchiat and J. M. Levy-LeBlond, Nuovo Cimento 33,
193 (1964); C. K. Iddings, G. L. Shaw, and Y. S. Tsai, Phys. Rev.
135) B1388 (1964).
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TABLE II. Final asymmetries and absolute rates.

Data
based on 28 639
processed events)

Monte Carlo
(he1icity = —1.0)

Absolute rate
Asymmetry (detected events/

= (N2 —N1) /(N~+N1) incident electron)

—0.0342~0.0095 0.0045~0.0005

—0.0384+0.0030 0.0054+0.0002

B. Measurement Errors

(i) If the transistor bridge circuit driving the, energiz-

ing coils for the scattering foil were unbalanced, there
might have existed different magnitudes of the:field in

the two directions. This effect was rendered negligible

by using a current-regulated power supply for the cir-
cuit. The driving currents were measured to be no more
than 5% different for the two directions. Moreover, the
foil was so nearly saturated that the resulting difference
in its magnetization was less than 0.5%.

(ii) The systematic bias in event rejection during the
data processing was negligible. It was found by hand
scanning that good events were rejected only for reasons
which were independent of the magnetization direction.

(iii) The magnetic field in the scattering foil was

ineasured using a search coil wrapped tightly around the
foil and a Tektronix type 555 oscilloscope. %hen the foil
iiiagnetization was reversed, the induced voltage ap-
pearing across the coil was displayed as a function of
time on the oscilloscope and the waveform was photo-
graphed. The vertical and horizontal scales of the oscil-

loscope were calibrated using standard cells, precision
resistors and the 60-cps line frequency. Photographs
were made of the calibration traces and a, set of scales
was made for use in measuring the areas under the mag-

First, the two sets of scalers were set up to count iden-

tical groups of pulses and the results were equal to 1
part in 104. In addition, the roles of the two sets of
scalers were reversed every 1500 events ( 2 h).

(ii) The counting rates of each individual counter
were tested and found to be independent of the direction
of the foil magnetization to within 1 part in 104.

(iii) All known biases of a purely geometrical nature
were included and therefore accounted for in the Monte-
Carlo program.

(iv) There was a systematic bending of the electrons
both in the scattering foil and in its fringing field and
this could render the detection efFiciency different for
the two magnetization directions. This effect was not
included in the Monte-Carlo program for two reasons.
First, the angles of bending, on the average, were less
than one-half of the average multiple Coulomb scatter-
ing angles. Second, and more important, the apparatus
was symmetric about the horizontal plane in which the
magnetic field vector lay thus tending to cancel any
small systematic up-down bending eQect.

netization reversal pulses. Several independent measure-
ments were made. It was estimated that the maximum
possible systematic error in the measurement of mag-
netic Aux introduced by scale variations, Gnite trace
widths, and measurement errors was 3%.

(iv) The errors in the measurements of the density of
the scattering foil were no more than 2%.

C. Other Systematic Errors

(i) The value of the magnetomechanical ratio g' used
in Eq. (4), was obtained as a linear interpolation" be-
tween the values reported" for Fe and Co. The value
g'= 1.900&0.005 was used, giving a 0.25% contribution
to the systematic error.

(ii) The most important systematic errors have al-
ready been discussed, namely the uncertainties in the
cutoff energy and in the background electron rate. A
possible source of high-energy background electrons was
investigated. (tr,y) res, ctions" in the Cu moderator
with conversion of the p rays in either the moderator,
2, or T could produce background electrons. Permitting
a small 1 or 12 inefFiciency, the electron rate could have
been in the region of 1—10 per second. Thus the previ-
ously given estimate (based on the spectra and the range
curve in Fig. 12) of 20%%10% (i.e., 10&5 per second)
is not unreasonable. This effect contributes the principal
systematic error in the experiment, &0.12 in the helicity
result.

Another opportunity for systematic error is the pos-
sible presence of a spin-dependent background in the
scattering events. Estimates were made of the rates of
several processes relative to the Mililler scattering rate.
The backgrounds investigated were as follows:

(i) Bremsstrahlung in the target or D counter fol-
io~ed by (a) conversion of the p ray in the foil and the
detection in the DMSC hodoscope, of the e+ or e in
addition to the original electron. The rate of detection of
this type of event was 10 '/initial electron. (b) Compton
scattering of the p ray in the foil with detection of the
Compton electron. The rate ratio was 2&(10 '/initial
electron.

(ii) Bremsstrahlung in the foil with (a) and (b) as
above. The rates were (a) 10 '/initial electron (b)
3&&10 '/initial electron. Thus it is seen that the spin
dependence of these processes could not significantly
influence the measured asymmetry since the absolute
total rates are so small compared with the measured
rate of 4&& 10 '/incident electron.

Vrn. COmCLUSrOms

The data have been analyzed both by using sealer
counts and by the det,"iiled processing of 120 000 spark

"S.J. Barnett and G. S. Kenney, Phys. Rev. 87, 723 (1952).
2' G. G. Scott, Rev. Mod. Phys. 34, 102 (1962).
'SH. Davies, H. Muirhead, and J. ¹ Woulds, Ngcl, Phyg,

(Neth. ) ?8, 673 (1966).
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chamber photographs. The results for the experimental
asvrnmetry are, in both cases, consistent with the asym-
rnetry calculated by Monte Carlo methods with the
assumption of 100% electron polarization. A detailed
analysis of the data and of the experimental errors in-
volved produces a measured value of the helicity of the
electrons from muon decay of —-0.89+0.28. The n~eas-

ured and theoretical absolute event rates agreed within
20%.
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APPENDIX I. STATISTICAL ERRORS
IN THE ASYMMETRY

Ke define 0. to be the counting rate asymmetry in the
case that all the electrons in the scattering foil are
polarized (f= 1). In general the observed asymmetry a
is given by a= fn

If E, and EM~ are the total numbers of scattering
events in the experiment and in the Monte-Carlo com-
putations, respectively, the corresponding relative sta-
tistical errors in the asymmetries are given by

Ag
&e=

/1(/V )1/2

Ao. 1
~MC= ——

~(NMc)1/2

If these two relative errors ar- to be equal, we must
have

NMO= f'/V, .

APPENDIX II. ERRORS IN CENTER-OF-MASS
VARIABLES FOR INDIVIDUAL EVENTS

We are interested in the center-of-mass momentum
(of each electron) P. and the cosine of the center-of-
mass scattering angle, coso, In the present experi-
ment, it is possible to measure four relevant quantities
for each event: the lay system energies of the two out-
going electrons, Ej and E2, and the lab system scattering
angles 0~ and 02. The question of which lab quantities
to use is answered by a simple error analysis as follows.

The c.rn. momentum as computed from the lab en-
ergies and lab angles, respectively, is given by

P, E= L12. 2/1, (E1+E2—22/2, )]'/2,

Pg. ,». g= 2/2~(cot81 cot.82—1)

(A1)

(A2)

where m, is the electron rest mass. The relative errors in
these quantities are given by

hI', g

P, I', g

/8P 2 /8P ~
2- I /2

X( ~E, +~ ~E,
f

8E1 aE2

and sirnilarily

SSe

L~E 2+~E22j1/2 (A3)
4I', g

~~0.m.-~ me

I', g 2 sin8i sin82E. .~. g

E/P. E——0.12,

cos 82 cos 81
X — 6812+ a822

~
. (A4)

sin'8, sin 28, )
Let us consider a typical scattering event. Let E&=20
MeV, E2=10 MeV, or, 0~=0.2425, 0~ ——0.3415. We ob-
tain, using (A1) or (A2), P. =2.64 MeV/c. The width
of the Landau straggling curve for energy loss is ap-
proximately 20% of the energy loss. Furthermore, there
exists an uncertainty in the stopping point of the aver-
age scattered electron in this experiment of about ~2
MeV. So a reasonable random energy error is given by
DE=0.3 E, or 30% error. One-half the scattering foil
contains about 0.08 radiation length which gives 60~0.2
rad and b,8~0.4 rad for the rms multiple Coulomb
scattering angles. Substituting these values into (A3)
and (A4), we obtain

g(N )1/2 ~(NMO) 1/2 ~Pe.m.—A/Pa. m.—A = 0.30.
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For the c.m. scattering angle cosine, we have

COSOc.m.
Ei+E2—2nz,

(AS)

and

( cot8i —cot8~ (

COS|c.m.—A )
cot8i+ cot8g

(A6)

2 cose,

COs8c. m. I
Ei—E2 ( (Ei+E.—2m.)

XL(E2—1)'AEi'+(Ei —1)'AE2']'" (A7)

which gives coso, .„, ~=0.357 and

6 cosHc. m. g
--—=0.56,

COSOc. m. E,

6 COS~c.m.—A = 12.30.
COSOc. m, -A

Thus it is clear that the use of the lab energies is the best
method of calculating the c.m. quantities in this
experiment.

APPENDIX III. DESCRIPTION OF THE
CHLOE SYSTEM

The cHLoE system is a programmed Qying spot 61m
digitizer. The spot provided by a cathode ray tube
(CRT) is stepped across specified areas of the film and
the light transmitted through the film is viewed by a
photomultiplier tube. The coordinates of the spot are
sent to the ASI computer whenever a black-white
boundary is encountered. The intensity of the spot of
light produced by the CRT can be set to any one of
1024 values. Thus if there is a dark area on the film (a

6 cos8, 2

cos8, ~ sin8i sin82
~

cot8i' —cot8.'
~

(cos 82 cos 8i
Z8, y a8, (, (A8)

(sin'8i sin'82

spark image) the scanner will produce the coordinates of
the two edges of the area on each pass. A line segment
(imaginary) is drawn between each pair of points so de-
termined (see Fig. 5) and the Lra ERA ToR program corre-
lates these segments by requiring a minimum number of
segments each of a minimum length and each having a
minimum overlap with its neighbor for a given spark
image.

'When the requirements have been satis6ed, the
LIBERATQR performs a series of calculations. For ex-
ample, in the case of sparks, the average x and y coordi-
nates (see Fig. 5) for the dark area, the first x and y and
the last x and y coordinates, and the area (i.e., the sum
of the lengths of all the line segments) are computed and
these numbers are written on the output magnetic tape.
In the case of an indicator light, only the number of line
segments obtained is written out. By setting these re-
quirements to values appropriate for the sizes and
shapes of sparks, a satisfactory level of noise rejection
was attained.

The LIBERATOR program was set up for almost fully
automatic operation of the measuring machine. Since
the film was not prescanned, every picture was digitized.
Under normal conditions, operator intervention was re-
quired only when the machine missed the initial refer-
ence Mucial or encountered a blank frame. These
failures occurred for less than 0.5/& of the pictures.

The measuring sequence began with the machine
searching a preset area on the frame for the first refer-
ence fiducial. %hen this 6ducial was found, a prelimi-
nary sweep of part of the frame was made at low point
density and the number of line segments was counted.
If this number was within specihed limits, the sequence
continued; otherwise the intensity of the CRT light was
adjusted appropriately and another sweep of the frame
made. This procedure corrected for long-term drifts in
the discriminator and phototube circuits. The next step
was to normalize all the scanning areas to the coordi-
nates of the reference fiducials. Then 12 spark chamber
areas, 6ve fiducial areas, and nine indicator light areas
were measured as described above. The scanning condi-
tions were adjusted for best signal-to-noise ratio in each
area. Approximately 350 pictures per hour were rneas-
ured in this manner.


