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I‘}ELICITY OF THE ELECTRON AND_POSITRON IN MUCN DECAY
Pierre C, Macq, Kenneth M. Crowe, and Roy P, Haddock .

- Radiation Laboratory
University of California
~ Berkeley, California

July 29, 1958
ABSTRACT
The helicity of the. electron and positron from muon decay has been _
measured by determining the sease of circular polarization of their brems- -
strahlung by the method of absorption in iron magnetized agalnst or along
the direction of motion of the particles. The positron is found to be right-
handed and the electron left-handed, - ' _ o
The results are consistent with the two-component neutrino theory,.

which assumes V, A interaction, conservation of leptons, ‘and left-handed
neutrinos, ' | '
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1. INTRODUCTION

Since Lee and Yang advanced the hypothesia of the vxolation of the

parity-conservation law in physical phenomena proceeaing from weakly inter-

acting particle fields, l, vigorous theoretical and experimental efforts have been
made to clarify understanding of weak {nteractions, This hypothesis of parity

nonc_onaervatibn doubled the already large number of iridependent parameters

- required to gﬁeséribe weak interactions, Landau, Lee, Yang, and Salam have

reinvestigated the old and appealing two-component neutrino theory and have

ghown on the basis of this-theory that the number of parameters is halved once

we are'able'to determine the helicity of the neutrino, ,2' In the following dis-
ussion we assume that the two-component theory applies, |

The eyperiments on the electron distribution from orieated beta snurcﬂ S
on polariza&mn measuremente, and on the absence of interference effects in the
spectrum ahape lead to two posoxbilities for p decay: '

- {a) it is of the V and A form of interaction. and emits left-handed
neutrinos (the neutrino is defined as the neutral particle emitted in the bound- ‘.
proton decay), or. : o
{b) it is of the S, T, and P form of interaction. and emits right-handed

neutrinos,

A clear choice between these two classes for f§ decay has beea made by
Goldhaber et al, 4 They have measured the polarization of the neutrino in electron

K capture by the method of resonance scattering of the y ray. The neutrino iss

lestt‘-handed therefore. the beta interaction is of the V and A form.
_ -The study of it decay throws additional light oa the weak-interaction
phenomena. For we may now ask: Is the hypothesis of lepton conservation

consistent with the experimental data of muon decay if we accept a universal

% v ' o ' .
Work done under the auspices of the United States Atomnic Energy Comraission,

Yon Ieave of absence from the University of Louvairx.- Belg{um.
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reymi interaction, i.e., a left-handed neutrino with a V and A
interaction? v

From the shape of the u*-decay spectrum we knov&that the p*-decay
interaction i8 of the V and A type and that the neutral particles are distinguish-
able. i. e.,
' 'M"'-— Q++ v + V. | (1)
ﬁ“neréfore, the p+ {s an aatilepton (p."'. v ve+, andv’v are antileptons), Theh
- we can conclude from ' /

e Wty - “(2)

that the neutral pru'hcle is a neutrino. .

Lees givea a gualitative argument that relates the eign of the polariza-
tion of the po and the p particle, which is repeated here, P '

At the high—energv end of the beta apcctrum the neutrino and auntineutrino
are emitted together in the opposite direction from the beta particle.
Because the neutrino and antineutrino spin in opposite directions their net spin
is zero, therefore the g particle has the same spin as the muon,  From the
- asyrametry in the beta distribution it is known that those states are mtrongly

favored im which the B-particle momentum is antiparallel to the muon momentum .

in the pion rest frame.ﬁ If the P particle is right-handed then the muon is
left-handed, and vice versa. This result can be shown to hold for“yall electron
energies, and the quantitative result is given in.the comparison with the data in
Section III D, ’I‘I’ién it follows from Eq. (2) that the uf" is left-handed, and -
from Lee's argument that the high-energy et is right-hinded. Similarly the
p” i3 right-handed and the high-energy e~ is left-handed. - '

Preliminary'experimental results reported‘by Coffin et al, 7 disagree
with the expected value., Their results were only tentative and subscquent
vesults were inconclusive.7 o o o |

We undertook a new experimental determinatiorx of the polarization for
both the electron and the positron from p decay. Meanwhile, Culligan et al.
obtained a result for the positron polarization in agreement with the V-A
interaction and left-handed neutrmo. 8 | o

. In this paper we present our results for both positron pelarization and
electron polarization in the p decay. _

- The reversal of the sense of polarization of positron and electron is of

intercst both from experimental and from theoretical points of view.

€9 .
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1. Experimentally some of the systematic errors that may be present
in this type of measurement will be eliminated if the'inagnitudes of the
ohserved asymmetries are equal. The difference between the observed
asymmetries is insensitive to errors, which are often difficult to eliminate
with complete certainty. |
‘ 2. Itis frequently stated that the parity-nonconserving experiments
have also demonstrated that charge-conjugation invariance is violated. Actually ,
'it is P and the product P T that are not conserved; therefore, cither ¢ or
CPT is not conserved, 4 Since CPT invariance follows frum extremely general
principles, it would be difficult to accept a contrary result (i, e,, that the senae
of polarization was the same for both electrons and positrons) within the frame-
work of the present theories, However, relatively independent of such theories,
a change in sign of polariza‘tio'n' for electron and .‘positron coming via unpelarized
muons from negative and positive plous clearly demonstrates the failure of the
invariance of the weak decay processes under charge conjugation.

1L ,E}{PEMMENTAL ARRANGEMENT AND Mmmm

The t@mniqu@ used to determine the polarization of high-euerg y B particlem
from p decay is an extension of that uged by Goldhaber et al. 10 Mg dfapa,ndq
on two phanomena. (a)  the bremsstrahlung radiation from a lonfsi@umnahly
polarized f§ ray is circularly polarized, and (b) the Compton transmission of
circularly polari_éed y rayg through magnetized iron depends on the field
direction and magnitude, As helicity is strougly conserved in the bremsstrahlung
process, determiningthe direction of the polarization of circularly polarized
Yy rays also determines the direction of the B-ray polarization.

Beta particles from both p.+ decay'and p decay were studied. The {Z;i
particleg arose from dacay at rest of p megons from a meson beam stopped
in carbon, The p “mesons are produced by the decay of stopped n'+; the p° by
decay in flight of v~ mesons. '

A, Meson Beam.

Mesons are produced by the 740«Mev circulating beam of the 184 inch
synchrocyclotron striking a 4-by-4-inch 2-inch-long beryllium target. These

mesons are momentum-analyzed by the cyclotron field and then enter the

‘magnetic cbanuel shown in Fig. 1. The beam of positive mesgons is menitored

~and degraded in emergy in the range telescope before being brought to rest in 2

carbon stopper, which serves as the p-particle gource,
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£ momentum of 210 % 12 Mev/c was accepted by the magnetic channel.
This channel consists of (=) a 24_—in'ch‘-lon.gv quad'rufpolevniagnet set, placed between
the cyclotron tank and the cyclotron shielding wéll.’ (b) an 8-by-12-in 8-ft-long. Q '
iron collimator through the shielddng wall, (c}) a strong-focusing 30° bending
magnet, (d) a second quadrupole puir mou'xted in a 4-ft- thick shielding wall, and :
{e) a 45° kending magnet. L ) :

Additional shielding was placed as shown between the counters aud the
cyclotron along the direction of spray from the cyclotron pole pieces,

The arrangement for moﬁitoring énd stoPpin’gbthe mesona is shown in
Fig. 2. A l-in-thick carbon slab was placed in front of the first counter to
eliminate protons in the beam. The counters were 8-3/4 X 8.3/4 X 1/4 -in
plastic scmtxllatmr viewed by RCA»@BIO A photomult:.plicrs.

For the p. experiment, at mesons were brought to rest in the sswp er. |
Fion decay at rest gives unpolarized muouns, " "

In the @’ ésgiﬁefimeht p.“'é were stopped. These are obtained by
. rever siﬁg the cyclotron field and all the magnet fields, and using additional
absorber. Then thg'u‘ {which have a longer range) are brought to rest in the |
carben stopf:er. The p~'s are depolarized, oWing both to the stopping material
and to tha“c}‘r'c—lotron residual field of ~ 50 gauss present at the absorber,

The intensity of the wt beam, which comes off the target in ihe dlrectmn
oppn‘sxte to the bombardin protons, was ~6 X l()6 partmles/mmute. The ==
‘ beam, which comea off in the forward direction, was ~3 txmea as intense, bhut
because only 10% of this beam is .p,"'s, the rate .for,the " experiment was lessg
than half that for the nt expdrixnedt; The range curve for the positive pion '
eam is shown in Fig. 3. |

' B. Polarization Analyzer

Figure 2 shows a scale sketch of the"ana'lyz,er'.axv'r.a.ngement. A vertical
‘alignment of the analyzer axis was chosen in order to rerhove the B and y
detectors from the plane of the meson beam and the medié,n plahe of the’cyclo‘tron.'
The rays coming from the meson. stopper are monitored by the B telescope,

The counters Bl, ‘32, and p3 are ~--in~thick plastic scintillators viewed
~ through 3-ft-long light pipes by RCA 6810A photomultxpliers. Long light pipes
were required to minimize the effect of the analyzer field on the eensitivity of
-the photomultiplier.’ Concentric soft iron and mu metal cylinders shield the photo-
tube from the residual field. The g rayé produce y fadiati_on in ihe target, in
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the (51 Q counters, and in the }-in. lead converter, Tha mixture of ghotons _
and clm*tx on-positrons strikes a 6-in, ~thick iroa cylinder magnetized to
saturation, and those emerging are couated in the vy counter. A differential
range curve of the stopping mesons obtamed with the ﬁx {32 counters is pfwc.n
in Fig. 3. '

The magnetized iron cylinder, 6 in. in diameter and 6 in. long, cemplewd
the magnetic circuit of an H-type mag,net. which wag driven near saturation by
30 amps through 500 turns, Figure 4 is a map of the field component in the

z direction, The avcrage field B, is about 15.7 kilogausrs for 6 in. Measzure-~
ment of the photon cire ular polariaation is made b‘y rc,giwmrinw the tmnsmiwimn
through the iron when the magaetic field pointa toward the lead converter

{up) = and gpposite to it (down), '

A third count“r (@3) between the iron core and Nal crystnl is umefl in part

of the ex perimcm to detect charged particles commg_g out of the iron. '
 The gamma radiation was detected by a NaeI{Tl) Harchaw crystal, 4 in,
in diameter and 4 in, thick, viewed by an RCA 6810A photoraultiplier. The
pbo‘“emultiplier tube: wa 8 mlnelded from the analyzer field by four concentric
magnetic shields, e wo s0ft- iron shields, and two mu metal shieldg. - Tha&;lemeﬁrgy
determination 1s obtained from the amplitude of the signal taken frem the fourth '
dynode. This oua{mf for an anode voltage of 1800 v is kreqmmd to obtain ‘-
linearity over the energy range we used; Fig. 5 shows the resolution measured
for y-vay energiees of 1.16 and 1.33 Mev from Cob? and for 14.8~ and 17.5-Mev |
y raya resulting from the Li7 (p, y)‘Be7 reaction uasing 450-kev protoné. The
ér{eff (y scale i linear within 10% and the resolution has a full width at half

" maximum of <€ 10/0;

C . Flectronics

The elcctrcmcs shown in I‘ig 6 consists of a ten-channel puimedwmht '
lyzc;r gated by a Ql {”3& y lor [3 Qz {33 y{ coincidence formeu in a coincidence
cuit with a resolving time of ""Z X 1077 sec, , '
_ The pulse-height analyzer measured the amplitude of the Ji?'n;;l from the
fourth dynode of the Nal photcmul%iplier tube with an integrating time constant
of several microseconds,

The B p coincidence rate was registered independently in 2 fast-counting

. channel and wzs used for relative normalization of the data., We also counted the

number of y rays (mLhout the pl ﬁz y-coincidence gate ru;mrcmcm) wi.&h pulse
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heights greater than the minimum analyzer channel, Thesé counts, which were
mainly background not aesociated with the B~y events, provided us with a
censitive indicator for any small {nfluence of the analyzer field on the y detector,

The AL colncidence rate provided a continuous monitor on the meson
beam, and 2a fonization chambeyr within the cyclotron vault monitored the

cycletr on internal beam.

D, Cperation and Calibration of Electronics

Fhotomultiplier voltages and coincidence discriminators were adjusted
to optimize the signal-to-accidental ratio without sacrificing stability.

The § telescope was adjusted well up on its sensitivity plateau to reduce
- drift and minimize any changes in tube gain due to the analyzer fringe field.
The signals to the fast coincidence channel are voltage-limited before
- the coincidence requirement ia met, ‘

The pulse~helght analyzer was calibrated with a Co
intervals during the experiment and variations of the pulse height were less
than 2%. We define the signal as the sum of the counts in the ten-channel pulse-
f:might analyzer, and by accidentals we mean the corresponding sum when the
v channel has been delayed by 16 X% 10‘8 sec with respect to the f channel of the
fast-coincidence circuit, ‘

During most runs, tho pulse-height analyzer channels, 3 Mev wide,
covered energies from 2 to 28 Mev. Tables I and 11 show the signal and

60

source af regular

accidentals rates in different energy intervals for the experiments,

Some of the background in the pulse-height analyz.er signal'comea from .
accidental coincldences in the fast channel that ppéna the gate of the pulse-height
analyzer, These are mainly accidentals between real (51 B, eveats and random
v pulses, which are far more numerous when pulses are small than when they
are large (as shown in Fig. 7). |

The arnplitude of the y-ray signals (which is differentiated and used for
the B § y coincidenre) is adjusted so that there will be reasonably high
sensitivity over the entire pulse-height interval corresponding to 2-to-28-Mev
y-ray energieé in the pulse-height analyzer. If the y-ray sensitivity is set for
too low a pulse-height amplitude the number of accidental gates increases
rapidly. In practice the y-ray sensitivity was adjusted for each run to give a
satisfactory signal-to-accidental ratio in the 8-to-28-Mev region. This some-
times resulted in a loss of sensitivity in the lowest energy channel, The

sensitivity for the low-energy channel varied from a minimum of ~30% to ~80%,
depending on the shielding conditions, beam level, etc.



January Runs October Runs

March Runs

k3 s =
Table I. Data for various p+ mesons. (See text).
Numbers of events observed in each pulse-height channel -
+ j ' i : : i : '
e { Number | Total time ! Number | Channels (pulse energies, in Mev)
| of coin- of obser- i of y i
icidences ! vations  |. rays : ] ] 4
‘plp% At i (x1024) 7 2-313-5 {5-8 |{8-11 |11-12| 12-14 | 14-16 | 16-17 {17 -20 | 20-22 | 22 - 25 | >25
, x 10°) (min) . i
Total Coinc. (M) 324.4 646 9,654 242,915 |. 95,354 12,986 5,612 . - 5,347
Total Goinc. (M% 324 641 - i 9,519 ) 233,093 | 92,646 12,237 5,260 ‘ 5,048
Background (1) |  93.8 64,083 | 20,613 905 . 332 500
Background (). 93.6 ‘ 65,693 | 19,795 893 333 463 ‘
5 ( %) +1.1 | +7.2 +8.7 2.9 + 8.5 £ 3.7
+2.8 + 2.0 ’
Total Coinc. (M} 176.1 438.9 2,352 : 17,627 5,963 | 4,272 1,784 1,196 1,207 740 652 794
| , o . |
Total Coinc. {}); 173.3% ! 439.7 | 2,297 : 16,621 . '5,804] 4,002 1,582 1,146 1,104 686" 570 744
i ) . .
Background (M) | 53.4 | ! 1,826 512 320 42 37 4 30 .45 11C
i i : . )
Background () 53.1 ; 1,642 474|346 48 ) 24 32 20 45 92
5 (%) +1.6 | +3.2 | 6.3 +7.2 £3.0 +9.4 + 3.4
+ 2.4 +3.3 | £2.4
Total Coinc. (1)1i 396 604.4 i 2,841 20,735 | 31,641 15,5461 6,664 3,212 2,830 2,179 ]1,000 l 540 {570
! : ‘ v : l i
i | i |
Total Coinc. ()! 338.3% | 588.9 ;2,751 | 20,417 | 30,136 | °14,729{6,215 2,969 2,569 2,116 | 937 i 474 662
i ! : « | i
Background (1) 71.9- Po1,595] 2,274 323 58 27 : 24 34 | 22 | 27
Background (§)  77.7 1,617 | 2,264 | . 337] 36 VIR 27 34 1 14 116
........................................ J. .’...
5 (%) N j to42.53 % 1.26 +3.83 5 +5.23 +6.90 £2.0 +3.73 £ 2.8 |
; : : £1.37 £1.89 !
Total & (%) +0.63 | +217x1.01 +3.301  +6.20 T +7.30 £ 1.42 +6.64 £1.87
. £1.15 0 =117 v

2These runs were.made with different ‘weight; i.e., the accumulated charges on the beam integrator were unequal.

£€978-T149 DN



Table II. Data for various y mesons (See text. )
Numbers of events observed in each pulse-height channel.

—0'[.

£978-1¥9ON

_ T ! !
e | Number : Total time Number - .
! ¢ of coin- of obser- of oy i Channels{pulse energies, in Mev).
 cidences vations ‘rays ; ; N T
By B, Lt (X 1024) © 2-73 3-5415-818-11 11-14 14 - 17 |17 -20 20-22 22-25: >25
oy ] o ¥ | S
: ~ f z : z
: ; i ; I 1
AL h ! H H i . :
ITotal coinc. (T): 353 610 1,23 ! 78,989 | 22,147} 4,721 | 1,842 {1,384 1,048 . | 1,741 © 985
i i | “ N ) i !
E | Total coinc. {}). 368” 641 Looh28s - 78,626 | 23,681] 5296 | 2,215 1,469 1,073 |- 1,851 [ 986
g Background (]): 155 : g 28,300 | 4,560| 770 427 | 395 351 584 369
. . . : . B i - i
5 : : : |
Z |Background {}): 171% i - : . 129302 ; 50941 811 465 442 384 | 596 394
S e S I O AP SOOI (NS SN L A L S A
- : {-.4.84
| 5 (%) i P21 j —13.1813.38_ _1f30t7'55
Total coinc. (1) , 1475 862 7,204 L1106 831 - 1,659 1,393 761 E 789 655 - ] 501 560 1,227
. i . v 1 .
1 : HN Lt H H
Total coinc. {{) ; 148.7 865 7,134 94 i 736 | 1,582 1,401 779 | 812 703 ! 514 572 1, 286
> : : ‘ : ; ! :
% iBackground (%) . '15.7 : 4 27 37§ 4 3 i 1 5 ; 8 5 16
g o : : g : ‘ | |
S iBackgrouad (}) | 15.7 3 22 | 34 ¢ 6 2 } 3 z - 6 7 29
I . 1 ! i ! H
S PN NN R P I L T
! ;
& (%) i +10.5 56 | -0.91.% 2.85 - 3.65 % 4.31
t
i : : ? : % - S !
Total coinc. {T) ;1549 671 6,525 i 2,137 11,492 © 4,811 1,956 ° 960 ; 793 681 ! 340 348 i 685
: { i ! S i . . o b
>iTotal coinc. (\LH 155.2 . 662 6,418 . 2,339'} 11,159 4,865 ; 1,824 - 992 756 745 1I 336 378 {764
- i * ¢ . : f : :
o i : ‘ i - : : . :
S |Background (1) | 38.6 127. 1,366 . 304, 38 19 28 35 l 37 44 P65
a ‘ . ! : i !
o Background ({y | 37.2 ] bo1s2; 1,246 276§ 43 27 26 ¢ 44 | 34 53 7
R . A Y R, Fovin e S Lo PR AU S ST e
+3.28+2.59 | +4.88 £3.15 -9.61%7.7
1 (%) : - ;
R H : 1 T N T
Total coinc. (1) : 147.6 245 2,413 Y1414 11,549 | 3,562 1,242 627 579 516 © 315 : 326 i 640
[ [ . ;
Total coinc. (}) 147.6 - 243 ‘ 2,377 '1,386 ;11,233 ° 3,561 1,316 633 P66 : 537 306 349 ¢ 643
; ; ! : ; ;
5 Background (1) | 28.8 ! io121] 1,220 176 28 14 1 23 24 P20 17 i 80
o i H : : . : ‘
q j ! B : i - , . i 3 v
S Background (})  23.9° LT sl . 13l a9 17t o4 a5 iz |36 {69
: o i L T U T S PO R S
R R R b | . i
! | : ; +3.9122.78 ! -7.6 £3.58 ; -4.31£7.5
: . i : : :
' 5 (%) ; "+ 1.65 : +0.91 % 1.37 -3.71 £ 1,61 ; -4,28 +3.10
) i ' ’
%These runs were made with different weight; i. e., the accumulated charges on the beam integrator were unequal.
4 {3
- d x
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E, Experimeutal Procedure

To cancel out any effects due to equipment drift or variations in the
operation of the cyclotron, we made alternate runs of about 10 minutes each,
first w1th the field up (toward the lead radiator) then with the field down, The.
length of the run was determined by the accumulated charge from an ioniza-
tion chamber placed near the meson port of the cyclotron. Measurements
were made to show that runs of equal accumulated charge produced the same
total number of ﬁl ﬁz coincidences over a chnnge of at least a factor of 10 in
the {31 532 rate. "Accidentals' runs with field up and field down were takcm
about every fifth cycle, ' ’

I, RESULTS AND DISC USSION

A, Data

The data takcm over scveral days running time were reducezd as fcnows.
{a) The aumbers. of ﬁl [32 coincidences and counts in each channel of the pulse—
height analyzer were added torvether for all runs with field up and with field ‘
down, (b) The totals for field down were normalized to the fmme total numbor of
ﬂl @2 coincidences’ as with field up, (c) All accidentals- measuring runsg (field. up
and down) were totaled together and normalized in tha gsamae way. Then the
quantities we call Ni(“ and Ni(l.) {where { is the channel nmnber) are obtained
by subtracting accidental counts from the signal, ’ '

Table I and II show the data for each run. _ . ‘

'I'igure ghows the pulse-~height spectrum 'fur the y rays with the 6 in.
of iron in place. The central curve f)l [32 Y is our maiun signal. ‘

The variable & used to intcrpret the result of these experxmcnts is

derived fx'Om the expemmentally measured quantities by the fc;n::r:mzla.lz

I (1) =N (] /3IN () +3, (] . (3)
Figm-e 9 shows a plot of §, where different energy channels have been groupacl
~together so'that each group has roughly the same net number of counts in it, the
errors shown are based on the counting statistics only,

The numbers indicated in the figure have been corrected from 'lablne 1 and

II for a small shift in the zero. (See Section LI B.)
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B. False Asymmetfy Due to Field Dependence of the y-Ray Counter

Examination of Tables I and Il shows that the number of ungated y rays
thh pulse heights greater than the minimum analyzer c!:&nnel {y) was con=
sistently larger with field up than with field down for both et and e runs, In |
' fact, there was an asymmetry of +1. 5% when all runs were averaged. We
beheved th1s effect was due to magnetic-field effect on the photomultiplier
_ benmuvnty. To test this hypothesis we went to a different geometry where we
computed the instrumental asymmetry and then checked it by a direct
measurement of the asymmetry.

Figure 4 showas the field distribution for two different geometries, On
the left side is the "'usual geometry" used for the polarization measurements,
while vc_m the right side is the "hollow geometry" used to check instrumental
agymmetries, In the hollow geometry the excitation of the ahalyzer magnet
pxoduées approximately the same field at the photomultipliers as the usual
geometry, but w;th only 2 inches of magnetized iron in the path of the Y rays.
Ag a res {zlt.’ owing, to the reduced length of the magnetized iron the residual
amymmetry was about 10% of that for the usual geometry, i.e., instead of 3.5%
to 6.3% the residual asymmetry is 0.35% to 0.63% for 100"’ polarxze& 8 rays,

To simulate the kind of asymmetry introduced by a magnetic field effect
on the Nal phatornultiplicr sensitivity we attanuated the y—ray signal amplitude.

We experimentany determined the curve, § (E.), ‘ 7
§E;) = (N - N'V/3 (N + Ni Yoo (4)

where Ni and N ! represent the numbers regmtered in channel "i' without and
with aﬁtenuation.‘ The attenuation factor was adjusted to give the same average
asymmetry in the ungated ;y-ray channel as that produced by reversing the
magnetic field direction., ‘This §(E) curve is reported in Fig, 10 (Curve b).
We see that, combinihg it with the hollow geometry (Curve a for right helicity,
Curve c for left helicity), we are able to explain within statistical accuracies
the origin of the experimental points found with this geometry. Therefore, we
use the gsame procedure to calculate the known instrumeantal as}?mmetry in the
usual geometry. " | , .

Owing to the existence of this instrumental asymmetry it probably would
have been desirable to further improve the magnetic shielding of the y couater.

However, we chose to stop when thie asymmetry was of the order of the
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statistical limits. In fact, the procedure used to corréct the asymmétries
introduces an error that can be neglected., The whole effect is sufficiently
s:m>a11’so that, for example, one might asgign a constant zero shift of 1.5% to
the empirical result in' Tables I and II. If one applies this directly to the
result in Fig, 9, the agreement between the points and ‘the‘cu:ve is perhaps
even better, However, to justify the constant: shift procedure one would have

to assume a different (but as yet unidentif ied) source of the false asymmetry,

C. Enumeration of Possible Sources of Asymmetriecs

Before compariug the observed results With the theory we will desgcribe
some of the sources of asymmetriea that come from spurious effects. We will
divide these effects into two cla&ses. : Claas A effects are in the same direction
for either plus or minus muons, Class B effects reverse with chang@ in sign
of the particle being studied; that is, they behave in the same ivéy as the signal.

- Class A: Sign of Asymmetry Indevpendent of Sign of Particles

1, - Field effects on the gamma counter
The one effect that we are sure is preaent is associlated with the fringe .
ficld of the analyzer magunet on the y-ray counter, The lack of cylindrical
syrarnetry in the phototube construction gives rise to different sensitiviti¢s for _
emz1l fields in different directions. The size of the effect is due to'the conﬁbimtion”

of the cyclotron frmge field with the analyzer field so that it is not necesa&rily of

the same maguonitude when the cyclotron field is rcversed
2. Field effects on the beta counter _‘
The P counters also are-sensitiﬁe to the fringé field of the analyzer, It
was found that the only positive way to elirninate these effects was to add a 3-

ft lignt pipe on these counters. In the final geometry. less than 10 guuss was

preseut at the exterior of the magnetic shield and no asymmetry in f counts was
seen {to an accuracy of ~1%), as shown in Tables 1 and II. '
3. Compton component in the shower _ o
~The shower that develops in the iron includes Compton-scattered electrons.

If these elecii‘ona are deflected by the field of the analyzer in such a Way as to

inc_rease (or decrease) the transmission through the iron, the effect will be the

~same for both signs of mu mesons. We believe that such an effect is eliminated
- by the geometrical symmetry of the detection system, as discussed dxrcctly '

below.
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“iass B1 Sign of Asymmetry Dependent on Sign of Particles

1. Deflection of the Shower Particles

Orbits of the shower particles excluding the Compton-scattered componeant i
are deflected by the magnetic field. When the aign of the primary B particles is
~* wnged the orbits of the shower particles are then interchanged, i.e., field-up .
orbits for positrons are the same as fleld-down orbits for electrons, If the detector
or the source is located on the axis of the analyzer the deflections with field up and
with field down are mirror images. Therefore any deérease‘ (or increase) in trans-
mission 18 the same for the same magnitude of field, If the centers of the source
and of the detector can be connected by a line that passes through the center of the
analyzer, the sarne argument applies, The only geometric case for which there
can be an asymmetry is that where in both source and detector are off the axis of
symmetry of the analyzer, and then only the coxnlponents separated by 90° in azimuth
-are affected, In our geometry the analyzer is built with an axis of symmetry and the
detector is on th‘e akis.' The source is broadly illuminated and centered on the axis,
The radiator is also located on the axis, |
 Cune would expect that such orbit effects would persist and be exagbarated in
the lowest-eénergy gamma channels. No such effect is indicated in the data.
It does not appear to us that there are any orbit effects of a size comparable
to the effects being observed here. '
24 Compton component in the detector :
Another method for measuring the polarization of y rays is to measure a
change in the yield of Compton electrons from magnetized iron, If the attenuation
of Compton electrons is small this asymmetry is in the opposite sense from the
abgorption technique used here, To eliminate the possibility that our asymmetry
might be cancelled or reversed by such processes, we performed an experiment
more sensitive to this effect, In Fig. 2 the counter No. 63 was added to detect
those events with a charged particle leaving the iron absorber. The spectrum in
Fig. 8 shows that the fraction of these events falls off toward low-energy vy rays,
varying from 10% at the upper end to 3% at the lowest energy, and the asymmetry
was measured with this as a signal. The results were in the same direction as
the usual asymmetry, The Compton yield would drop off at higher pulse heights -
in the detecting Nal counter. We conclude that the largest fraction of these
events {8 pairs made immediately before the detector, and their asymmetry would not

be distinguishable from the parent y rays.
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), Comparicon with Theory

The spectrum for u decayl' 2 11 with the two-componeut theory is

~given as

N{x)dxd ® = 2x° [3-2x% {&(1- 2x)cos 0] (dxd Q) [4n
where x = E/XW W is the maximum energy of the spectrum {(~Mp c?"/Z) = 52.8

Mew,

and @ is the angle betweﬁen‘the electron momentum and the p spin. The
polarization of the electrons for the parallel and antiparallel unpolarized muoas

is

' Np & L’V - -g‘fx.._‘ i- ?: :
R YN T

. The § parameter has becn estimated from the asymmetry experiments,

R gl= 0.87 £ 0.12,

where R represents the depolarizing effects, polarization of muon beam, etc..
The percent of polarization of the electrons is '
N -N_

a : =
mﬁ— § = 0.87.

Therefore within the tw-o-ccmponént theory the asymmetry experiments establish
a l'ow‘z'er limit of 0.74 for the polarization. Clearly to improve this limit requires
a measurement of accuracy better than 10%, which it will be seen is not possible

at this stage by this experimentl The polarization has been czlculated by

. 2 ~ o " 1 - ! ‘ . ’ ’ . T .
Binoshita and fm_rlml for the four-component theory. There are, however, no

restrictions on the polarization. The relation between the polarization of the
+ + ! - - . .
m -~ p decay and w - p decay was shown to be 2 consequence of the CPT

theorem, ?’ 11

The scattering of circularly polarized photons by an electron with its

spin polarized along the photon direction has a cross section

o= 00:5:0'1,-

where the positive siga reférs to photon e¢pin along its momentum,



216- " UCRL-8263

. | +4y+5y° 14 |
Ty %‘ G [l 22 --—-%-‘zv dn(le2y) |,

v (1+2y)*

’ %o is the non-spin-dependent total Comp_to'n cross section, O is the Thomspou
- cross section, and y = EJme'cz is the initial gamma energy in electron rests
mass unita..“’_ ‘ ‘ o .

In the attenuation of a line gpectrum for gdod geometry, the 'abymmetry
for the transmitted intenmty. with iron of length L in which ¥ electruus per
atom are polarized along or against the photon direction, is

=4 2tan L (N Vo, L)

where the negative sign refers to a photon with its spin along its momentum,

- - Nis the number of aﬁoms per unit volume,

= . (B-H) S
V_ﬂ'- v,o —-—--E-‘;—- A | Lo
Yo = 2.02 at room temperature, and By ~ 21.4 kg, 1_5 - SR
The polarization of the shower incident m the analyzer is not known, I
we assume the McVoy and Dyson cross sectibn316 we find that for a 100% . '
forward polarizat_foq Qléctron, the pplarizétion P of the photons with an energy -

k = n 'Ep is"

P = Neorward ~ Nbackward = (r - _.3/4;-‘ ) L

forward +N‘b.ackwar'd B ars n + 3ﬂ2/_4
Wq.héve calculated polarization for photons produced by the bremsatrﬁhlung-

- of the u-decay beta particles, including the energy loss up to the beginning of the

- radiator. If we assume that the radiator is thin and neglect the shower in the

radiator and the iron, we cbtain as estimates for the photon polarization the
values given in Table III, .

A calculated spectrurn {summed over the y polarization after passing
R through the 6 inches of iron) is given in Fig. 8, corrected onl.y for attenuation.
- At low energy this spectrum appears to be low, presumably owing to neglect of
the cascade effects. | |

The actual polarization will be different from this simple model, and work
is in progress on a detailed calculation of such cascade effects, 17 It does not
seem unreasonable to us that in the cascade shower for photons near the critical
energy (7 Mev in lead), the polarization might be strongly enhanced over that calculat
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The ﬁ'reliminary Monte Carlo results for the y-ray polariiationobtained
by Cook and Williams!7 for a shower made in 0.5 cm of lead by 30-Mev
clectrons already indicate several points. |

(a) The polarization below 5 Mev follows the McVoy- Dyson reault and is
approaching zero as indicated in Fig. 9. ‘

- (b). Above 15 Mev there were no backwards photons and 46 forward phmona
(.:00 incident electrons were followed). ' ' ' ,

(c) In the region between 5 and 20 Mev the statistics are not auffic.iem; to
establish any deviation from the McVoy-Dy@on results. ‘

These results as applied to this work can be interpreted as folloWs. The
McVoy- Dysoh pdlm‘iz'at'ion is a good approﬁdméﬁon to the actual polarization,

- although for photons with energy of about one- hali the incident energy, the
: inlication is that it underestimates the polarization. ‘

To obtain an upper limit for the asymmetry meamurement. we can assume

100% polarization. Thia ia plotted in Fig. 9.

l

TABLE III. Calculated asymmetries: §, is calculated on the
assumption of good geometry, P is the gamma-~ray polarization
calculated by using the McVoy-Dyson results, and 8¢ is the

expected asymmetry with this assumption. The measured ‘
asymmetry is expected to fall between these two results, = DR

E (Mev) 2.5 5.0 10 15 20 25
a‘i/ 93 9.0 1.2 6.0 51 4.5
P 12  _24' 45 64 718 £8
“n.'. 1.1 22 32 38 40 4.0

'In order to obtain a best value for the obser‘}ed asymmétry, wa must
combine the data, correcting for the known instrumental asymmetries. We
have done so in Table IV for both chargéd muons. The y-ray energy iz cut
off 2t 8 Mev to reduce tha uncertainttes in the expectad asymmetry due to.

 possible shower effects.
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‘I‘M"}L,m, IV Results combined foz‘ ynray @uerg,ws greater t‘mm '

8 Mev,
snpticle 8 Zero = - Corrected . Calculated
' ' ' correction . = & . . asymmetries
6.6 + 0,8 +0.540,2 4614 0.9~ '#3.5<5<46.3 (R.H.)
o -39%l4 410204 .=49n&13 e 6.3<5<.3.5 (L)

combined. {5|=« 5.6 50.7
‘calculated & 35<'8| <63

. CDNCLUSIONS

» The results, as shown in Table IV and’ Fig. 9 indicat@ that ﬂ is right-
 handed and §” is left-handed. For the_two~compouent thegry, u iz left-
handed, and p” i8 right-haunded. 18 The results are in agreement (Br, more
i accurately, not in disagreement) with the assumption of {2) the two-»component
'theory with left- handed neutrinos, {(b) conservation of lept&ma, (c) universal
ﬁ decay thcory with v and A {nteractions,  (d) complete polarization of both ﬁ and
ﬁ". B E .. .
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18. The sense of asymmetry for p” decay is known from counter data only.
'Cne assumes that the p_o_:larizi'ng mechanism--~decay iu flight--is the
“game for }1* and p'.’ The plon spectrum is of course different although |

Telegdi reported no changé in the i1~ asymmetry coefficient for du?ferent
pionuenergy beams [Proceedings of the Seventh Annual Rocheater ‘
Ccnference on High-aEnergy Physics (lnteraciance. New York 19;7), :

P vm 33]
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FIGURE 'CAPTIONS

Fig. 1. Plan view of the 184-inch cyclotron meson-beam facility., Beams
of n~ mesons are obtained by reversing the cyclotran field and the
beam-forming magnets. : -

¥ig. 2. Details of the analyzer. wt (or u1”) mesons stop in the tilted

carbon stopper. '
Fig. 3. Range curves for the at beam. The ' rate and B rate are in the
| - same units plottea on different scales, _ _ ,

Fig. 4. The analyzer magnet core, showing at the upper left the configuration
of iron. The 1ower left shows the measured ﬁeld distribution. - The
upper right shows the "hnllow gcometry" and the lower right shows the
field in this geometry. _ ‘

Fig. 5. The pulse-height spectrum observed for Gméo gamma rays and Li;(py)ﬂe'?
gamma rays. The background for the 14 y rays has not been subtracted.
The puls@-hewht channel numbers are proportional to the voltage. The

~arrows on the puls.e helght scale mdicate the expected positionu of the
gamma-ray peaks. o . ‘

Fig. 6. 'Ihe electrenic block diagram, Lonmsting of the w t@lescope (Iower left)
'and the § telescope {upper half) of the fast-coincidence circuit. The .

(31 ﬁz ((:33) Y coincidence (cénter)-gates the y-pulse-height anaiyiner.—

‘Fig., 7. The y background present in the p.+ experiment’, Notice the raxpid

variation between 5 and 10 Mev. Also shown is the accidental spéctrum
'gates by delaying the y pulse in the 10°8 sec coincidence cxrcuit. There
is no evidence of any y pile-up in the slow-y chunnels.

' Fig. 8. The observed spectra of pulse heights for pt=p =y eveats. _The

;31 52 Y curve (tpp) .-‘mows the spectrum cip'.-whu.,h the asymmaetry measure-
ments are b'a'ged.' The By ﬂz ﬁs vy spectrum (bottom) ehows the relative
sizes of events in which a B particle leaves the iron absorber. The
dashed curve is the gamma-ray intensity calculated at the counter (cascade
effects in the lead and iron neglected). For the transmission in the iron

the total y-absorphon cross section is used, | o

Fig. 9. Asymmetry measurements obtained for B's from p. and po decwy The

data have been corrected for a measured shift in the zero line duc to the
influence of analyzer magnetic field on the y counter. The curves are
‘calculated asymmetries; 61 would be expected for 100% polarized photous,

611 is calculated by assuming 1009 polarized electrcns make
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bremstrahlung ia the lead radiator but by neglecﬁing‘ multiplicative
shower effects. The top curves are for -rigthhanded particles and
the bottom curves for left-handed ones, To chan‘g'e the assignment Of_
the leit- and right-handedness it would be necessary to x'eflect both '
expected curves above the zero line. :

Fig. 10. Aaymmetry measurements made with the "hollow" geometry of
 ¥ig. 4. The curves a and ¢ reflect the emall expected asymm eh'y
due to the 2 in of partidlly magnetized iron, The curve b represents

the asymmetry e*{pected due to the residua! analyzer field on the y countex
for unpolarized gamma rays. The zero shift as applied to Fig. 9--the
asymmetry- resu&ts«—is sornewhat smaller (X 2/3) than &he b surve for

positive particles and l/?» as large i’or nega%\r@ particles,

—

Inforniatioa ‘Divizion
br
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