Lawrence Berkeley National Laboratory
Recent Work

Title
THE ENERGY SPECTRUM OF THE POSITRONS FROM Mu-MESON DECAY

Permalink
https://escholarship.org/uc/item/39b50012|

Author
Gardner, William Lester

Publication Date
1951-05-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/39b50012
https://escholarship.org
http://www.cdlib.org/

CALIFORNIA — BERKELEY

UNIVERSITY OF

RA

UCRL-~- 1281

-1

-

TWO-WEEK LOAN COPY

This is.a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

DIATION LA

L

T

SBORATORY &

)

~
')



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL 126 1

The Energy Spectrum of the Fositrens from Mu-Meson Decay

: By

William Lester Gafdnef, Jr.
A.B. (Xavier University, Cincinnati) 1942

Vo ey 1950

DISSERTATION

Submitted in paftial satisfaction of the requirements for the degree of
DOGTOR OF PHILOSOFHY- " |
in
Physics
~ in the
GRADUATE DIVISION
-of the

UNIVERSITY OF CALIFORNIA

Appr0ved;

‘Date _ v . Librariah



K

11

III

VI

CVII

-2~

TABLE OF GONTENTS

INTRODUCTION

a.

B'

Background and History

General Outline of the Experiment

APPARATUS

a.

E.

Spiral Orbit Spectrometer

Scintillation Detection of Farticles

Electronic Circuits

Background Determination

Operational Frocedure

EXPERIMENTAL RESULTS

A.
E.

C.

MESCN DECAY PROCESS AND OUTLINE OF MESON THEOKIES

~ ACCURACY OF THE MEASUREMERTS

Magnetic Field and Orbit Determinaticns

Evaluation of Additional Eackground Effects
and Energy Corrections

1.

2.

3
4.
5
6

Energetic Beta-Rays

Electrons from u-Decay

.. First Crystal as Source of Fosittrons

Scattering of Electrons

Energy Loss

Miscellanecus Sources

" Resclution Curve of Spectrometer

CONCLUSIONS

ACKNOWLEDGMENTS |

» Fege

-3

12
13

)
1/+

20
21

21



Py

-3-
I INTRODUCTION.

4. History and Backgrbund

The existence of mesons was predicted by Yukawa in 1935 and these
most recent additions to the elementary particles ¢f physics were first
observed by Ardderson in 1937. Cosmic rays were the first and for many
years the only aVéilable source of these mesons. Notwithstanding‘the
low intensity of tﬁis source, many .of the fundamental properties of the
mesons were defined in very striking experiments.

Conversi, Pancini, and Piccioni1 by deflecting the incoming cosmic-
rey particles in a magnetic field obtained evidence which suggested
more than one‘type of meson. Soon thereafter Lattes, Mﬁirhead, Qcchia-
lini, and Powellz-establishéd the existence of two species of mesons by
observing events in nuélear emulsions wheréin a w- (heavy) meson decayed
intc a p- (light) meson. They were also able to determine that the
ratio of fhe masses mﬁ/mu would be about 1.5.  An early determination
of the.mass of the u—meson'by-its range and curvature in a cloud chamber
was made by}“ret‘ter3 and he arrived at a value of about 200 electron
masses, Cloud chamber evidénce also indicated the charge of the mesons
to be the electronic charge e.

. With the availability of high energy accelerators aé a source of

_mesons, many more of the meson characteristics have beccme known.

n-mesons are produced in high energy beams, and are the mesons which
have the strongest interactions with nuclei. p-mesons appear to be

created only in a decaey process of the w, and they react only weakly

1 Conversi, Pancini, and Ficcioni, Fhys. Rev. 71, 209 (1947)
2 Lattes, Muirhead, Occhialini, and Powell, Nature 159, 694 (1947)

3 W. Fretter, Phys. Rev. 70, 625 (1946)
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with nuclei. 1In the ﬁresent experiment, only the positive mesons are of
interéét, and experimeﬁtal date indicate that the decay écheme is as
follows: n'-mesons stoppiﬁg in métter undergo w*—> u* + neutrino
decay with a mezn life of 2.5 X 10'8'sec.4- The u+—mesons are monoener-
getic, with an energy close to 4 Mev. The u'-meson in turn decays with
the characteristic mean life of 2.15 x 1076 sec.lj"6 The u'-meson decay
of uf——>e+ + 2 neutrinos aé wi}l be discussed-in a later section, is
the most generally accepted‘process, and the entire decay scheme might
be summarized as follows: | ’

2.6 x 1078)

n*~—§ pt o+ v (Tt

pt— ef +2v  (v=215x ld;é)

The positrons of the u+4meéon decay have energies up to the region
of 55 liev, and it is the spectrum of these energies that‘wé are con-
cerned with. |

Previous investigatiohs of this pbsitrop épectrum have employed
various methods, but all have one roint in common -- the use of cosmic-

' : ’ 7
ray mesons as a source. The method of Steinberger involved absorption

of the positrons, i.e. a réngefana]ysié. This is a difficultﬁabproach'i'

A Eecause of the large straggling'of the positrons of this momentum raﬁge.

‘Leighton, Anderson, and Seriff, . employing a cloud chamber in a magnetic

fiéld, obtained 75vpictures of p decay particles, both electrons and

positrons. This small number of points when spread out cover the energy

4 0. Chamberlain, R. Mozeley, J. Steinberger, C. Wiegand, Phys. Rev. 79

3% (1950) |
5 N. Nereson énd B. Kossi, Phys.'Rév.‘éé, 199 (1943) |
61, Alvarez, A. Longacre, V. Ogren, R._Thomas, Phys. Rev. 77, 7524 (1950)
737. Steinberger; Phys. Rev. 75, 1136 (1949)

8 R. Leighton, C. Anderson, A. Seriff, Phys. Rev. 75, 1432 (1949)
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spectrum_result in an appreciable probable_error in the final curve.

. Another investigation, conducted by Davis, Lock, and Muirhead,g'used

the relationship between the mean square scattering angle and the

energy of the particles.- This method is subject to the large fluctua-

tions of scattering, and the difficulﬁies of" the measurements in an-

emulsion.

B. General Outline of the Experiment

An investigation -of the energy of the electrons resulting from the .
decey of p-mesons has‘been conducted.using a relatively new technique.

Mesons produced artificially by protens from the 184-inch cyclotron are

" used as the source of positrons, and the energies of these positrons

are measured in a “Splral Orblt Spectrometer "

10
Thls type of spectrometer has been studied and developea in Japan

,since 1940, The spectrometer employed in this experiment embodies the

principles learned in those studies, and is constructed on a somewhat

larger scale then any of its prototypes.

The combination of the cyclotron beam and the Spiral Orbit Spec-
trometer has enabled us to conduct a controlled ekperiment on the
energy spectrum. The relatively high counting rate and eoergy resolu-
tion permit a considerable exiension in the accuracy of the epectrum as
giveo by orevious :t‘esearcl'l.’?’&9 This accuraoy will be of appreciable

assistance_in the consideration of various meson theories and their

correlation with w-meson decay. The precision of measurement of the

? J. Davis, W. vLock H. Muirhead, Phil. Mag. 40, 1250 (1949)

10 G. M:Lyamoto, Proc. Phys. Math. Scc. Jap. (1942)
" Proc. Fhys. Soc. Jap. 17, 587 (1943)
M. Sakai, J. Phys Scc. Jap. 5, 178 (1950) :
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energy also opens up the posSibility of an accurate and distinctly
différent approach to the mass of the p-meson.

The external deflected beam ofIBAO Mev protons from the cyclotron

produces n-mesons of both + and - variety. We are interested primarily

in the n*-meson production. The cross section for ' production by
protons, snd energy loss of the n*, in various elements has been inves-

11 = %
tigated by Richman  and others. Within the limitations of the spectrom-

 eter, the target is’designedvto nmeke maximum use of the known daté, ‘The

: target of the cyclotron beam is located at the source_ﬁosition of the

spectrometer. 7" -mesons which stop in the target give rise tc p'-mesons

through the nt——p* +v decay process. The 4 Mev energy of the pt-

‘meson is absorbed in approximately 0.2 gram/cm2 of carton and therefcre

almost all of the mesons remain in the target. Their decay gives rise

to the positrons, and the magnetic field of the spectrometer is employed

- to define a particular.ehergy interval of the energy spectrum present.

. The positrons are detected by four scintillations crystals and associated

photomﬁltiplief tube in quadruple coincidence. .

11 ¢. Richmen and H. Wilcox. Phys. Rev. 78, 854 (1950)
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IT AFPPARATUS

A. BSpiral Orbit Spectrometer

The "Spiral'Orbit" spectrometer has been given this name because
of the manner in which £hé particles of a particular momentum, emerging
from the center, spiral outward and approeach thévso-called "steble
orbit,": Particlesiof a 1owef‘momentumvwili be turned back before
reéching the orbit, énd will return ﬁb.the origin. Particles vaa
higher momentum will go out, pass th;ough the orbit, and be lost. The
rapidity ﬁith which a particle of the‘correét'mOmentum reaches the
orbit is. of course dependent éh the pafficular magnetic field distribu-
tion employed. For a fie.id distribution similar to that labeled "B" in
‘Figure'l it has been'demonétratedlo that a particle of a momentum to be
focused.in fhevofbit is already cloée tq the orbit after it has turnéd
- through iess than 180° from its original angle of emission. And, a
particle of momentum oﬁly 10'perceﬁt lower will have a maximum travel
'out-from the centér of less than 6/10 of the radius to the orbit, and
is then.deflected back to the‘origin. A critical stability éxists for
_particles in the["stable"_orbit. .After a few traversals_bf the circular
orbit they eventuaily are losﬁ.

An.outstahding:advantage of this type of spectrometer is that it
focuses particles emergiﬁg.in any direction from the center, confining
‘Our'diScussion'to the médian plané, This feature combined with a
relatively large vertical focusing (ﬁhat is, along the z direétion)
resﬁlts in a iarge "luminosityg".or transmission coefficient, which is
alwayé a figure of prime importanée in a beta-ray spectrometer.

| Let the axis of symmetry of thermagﬁetic field be coincident with

the axis of cylindrical coordinetes, and take the median plane of the
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pole gap as the plane z = 0. Then the magnetic field equations are
Hy = Hp(r,2z) = -Hp(r,-2)

0

jay
@
il

Hy = Hz(;,z) = Hy(r,~-2)
Excépt for the incremental change in magnetié'field getting when a
diffefent‘momentum interval of the positron flux is being observed {—
tﬂe magnetic field'of the spectrometer is constant in time.

"It might be of advantage to employ the Vector Potential 4 wherein

)

Hp = - o4 Hg =0 _ Hy

Py (ra)

Sl
or

énd‘A(z,r) = 4(-z,r), since the plane z

0 is a plane of symmetry.
Then the motion of a charged particle of charge-e and mass m can be

expressed as follows:

‘ QST - - o
dt dt : :

and multiplying by %%’,

SF .
dat

18
H
]
o

Q,

=l

: o

lwn
b
ol

| I |
"
)

Then since

dF . dr _ do¥ , 5o 1d@d) . 5. 1 d(n¥ -+ nv)
dt - dt  dt m dt . 2m  dt
therefore . :
| (mv )2 |
-lf'd V. =0 and Qﬂ =0
. 2m dt ‘ _ -dt

The velocity is constant in the nagnetic field, and all equations are
relativistically valid.

Expressing the equation of motion in its three components,
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' Teking the initial conditions r = r, 4
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md2r _ ;. (48 2 -ve 48 3 (rp)
at< \dt/ - dt 3

4 (R de) C o 4
at (mr. dt) ° g r4)

md2z = - op 89 A
dtz _ dat 2z :

integrating (2)

, : ) '
mr %% =erf +GC . . (C' = Const)

[}

Equation (4) can be expressed

m(o2d0 _pfae))_
P {? at rg (dt .. = Th - Tghg
er
mde 4, C_
edt r * rl where

Inserting (4) in (1) and (35

Rr 2 &% _
at? Jr at? dz

where ‘ \2 2
; 2 1 de
. , - & ey .1
- S8 o (A ’ rj -2:<r dt)

~

then combining these equations we get

ar? , (a2 _ 2 _ o2 o[, g8\
(&Y (&) -2 (5]
\ | .

A, 98 . (g8
©* gt \dt),

(1)
(2)

3)

(4)

(5)

)

In particular, for the case of the particle emitted from the center and

moving on the plane of symmetry, then C = O, 2 = 0, dz/dt = 0, and
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3A/3r = O and the equation of motion becomes,

%_]E = y2 - eiAz and mr % = el (7)

In order. to have a spiral orbit, an@ the qharged_particle approach
to a circle pf.fadius r = p, the following qonditions should be satis-

fied at r = p:

‘gf = 0 . and vubagg =0
The first condition can be»eiﬁresséd as
Y#ETA.p | | - (&)
and the secondyéondition as
| mxrze,éHr=,o.

From‘ﬁhe relationships-
p-§B5 -3 =i @

it follows that

1 (P
A==—fﬂhhm (9)
B A | |
~ and therefore v
Hr=’a PP = [’0 H(r) rdr o (10)
' o .

It might also be noted that from Equations (1), (8), and (9) the Vector
Potential 4 is an extremum at r = P i.e., Gg%) = 0 and in this case

r=p0

it is a maximum.
) ' ' ' 10
Therefore, as indicated by Iwata, Miyamotc, and Katani,  Equations
(8) and (10) are the definition of the stable orbit, and of the momentum
of a charged particle in that orbit. A salient feature of this equation
is the feét that the pésition of the stable orbit is determined by the

shape of the magnetic field distribution, and is completely independent

of the absolute magnitude of the field. (This is true as long as the
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- field shape dces notvghange when Hpgxs i,e. the curfent setting, is
.changed.-,fhisvfeqﬁirement cen usuélly be fulfilled.)
Examﬁles of the field distributions employéd are given in Figure 1.
The B field distribution (associated ﬁith a 3-1/4-inch pole gap) was
used in the early stageé of the experiment. It has the advantage bf
quite large Vertical focusing, with a resultant increase in the detec-
tion efficiency. .The field distribution labeled A (assdciated with a
gap.of_2v5/8 inches) has practiecally no verticai:focusing, as can be '
seen from the graph, exCept in the vicinity of the orbit; But it has
the advantage of an HP value at the orbit 1arge enough to‘cover the
uppef end of the spectrum (> 50 Mev electrons). The presence of a
'hombgeneoﬁs magnetic field in a major part of the gap also pérmits the
employment of the‘proton moment nuélear fluxmeter fof an accurate
ebsolute calibration of the field,
A plan‘view‘of the cyclotron, deflected‘beam, ana positioning of
“the spectrometer,is shown in Figure é. The proton beam is collimated
"with a 4-foot long brass collimator of 1/2-inch internal diameter.- The
targets ﬁsed were: Ee 1-1/S—inch.diameter x 3-1/4 inches long; C 1-
inch diameter x 3 inches long; Al l-inch diameter x 3 inches long.
1-1/4 inch holés were located in each‘of the pole pieqes% cocincident
‘with the axis of‘the‘magnetic field, for the passage of the beam.
Figure 3 is a photograph of the spectrometer, and Figure 4 a
' closé up view cf the pole gép. The iron pole pieces were added, as
were the iron\bars andvplates of the flux return path, in order ﬁo give
an efficient shape-tovthe.field distribution in the gap, as well as to
increase the absolute magnitude of the field and thus extend the upber

“energy limit of the spectrometer. Currents as high as 800 amperes were
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used with peek fiélds of about 20,000 gauss. The pole pieces are 20
inches in diemeter, and the. total weight of the épectrometer is about

4 tons.

- B. Scintillation Deﬁection éf Particles

For the detection of particles in the orbit, scintillation erystals
and photomultiplier tubes were used. Figuré 5 shows the arrangement of -
the detecting appafatus in the spectrometer. Quite ciear anthracene

crystals of dimensions 1 1/4 inch x 3/4 inch x 3/16 inch were placed on

- one end of Lucite light pipes. Crystel and pipes were enclosed in

reflecting aluminum foil, aﬁd the whole was wrapped with black tape.
The photomultiplier tubes (1P21) were encased in a close-fitting mag-

netic shield of 1/2 inch iron, slotted for insertion of the light pipe.

"These shields, as sketched in‘Figure 6, were effective in the somewhat

large field gradients present at the flux cross-over region. Tests
indicated that the phototube efficiency variation as a function of
magnetic field setting was less then 3 percent over the entire range.

The final crystal and rhototube mount is shown in the photograph of

.Figure 7. TFour crystal detéctbrs were used, with a central angle of

15° between crystals. A4 particie moving in a straight line will be

unable to traverse the four erystals.

C;' Electronic Circuits

t

The electronic counting arrangement is presented in Figure 8.

Signéls from the phototube go into a discriminator and pulse former

‘circuit (of resolving time 0.2 p sec.). At maximum sensitivity a 40

millivolt or larger pulse will trip these circuits and the output pulsé

is a uniform 30 volts. These pulses are then fed into a quadruple
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Figure 5. Spirval orbit spectrometer.
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coincidence circuit (of resolving time 0.2 u sec.). The high voltage on
‘the phototubes was usually in the vicinity of 1250 volts.

In order to identify these quadrupie coincidences with the posi-
.trons of u decay, it seems reasonable to requlre that they have the .
characterlstlc half-life. For this reason the quadruple coincidence
signals_are again fed into coincidence with Z?Q‘Séc} gates so that the
counting rate decay over 2 W seé. interveals may be observed. The cyclo=-
tron beam has a repetitioh réte of ~ 60 pulses per second, and each
‘pulse of the electrlcally deflected beam has a duration of less than
0.3 4 sec. The deflector pulse triggers the gate forming units. 'The '
position'of the start of these tandem gates cen be varied, and it was
usually fdund*desirablevto delay the counting until about 5 u sec.

' after the beam pulse. With a mean life of 2.15 u sec., this obviously
1nd1cates a large loss in total counts obtalnable But the high singles
countlng rate dur;ng and immediztely after the beam resulted in a
ratherbhigh acdidentgl quadruple background counting raté, which could
be effectively eliminated'only by the insertion of this delay.

The sburce of this iarge singles counting rate 1s not very well
understood. A lerge heutron flux is known to exist in the shielded
cave of the external beam port. Recoil protons and neutron induced
activities are undoubfedly.a mejor factor, Any intense short-lived v
aétivity of the target itself might contfibute to accidental quadrurles.
‘In-addition the disproportionately large signal due to the actual beam
flux is.occasionally capable of rendering-the electronic detecting

apparatus ‘inoperative for several microseconds.

"D. Background Determination

 Several methods of determination of the backgfound counting rate
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were investigatéd, and the two most unambiguous methods are éketched in
Figure 9. In the test labeled A, a 4-inch thick piece of lead -- large
ienough to completely cover the cfystal,.was placed in thé orbit imme-
diately above the top crystal. It aid not block the crystals from any
radiation from the target, nor in-general from any other direction
except that of the orbit. The test labeled B consisted of removing
alternate crystais radially back‘ouﬁ of the orbit lrinch. The crystals
vwere 3/4 iﬁch wide (dimension along the'radius) éo that this travel made
it impossible for & particle in the orbit to give a quadruple coincidence.
&nd yet the exposure of the crystals to all general background radiation
was hot diminished.

Because of fhe uncertainty of the source of the background, and
the likely possibility that it would vary in an unknéWn manner. with
the countiﬁg rate of the particular pérﬁ of the spectrum under observa-
tiOn,‘it.was deemed necessary to feduée the background effectively to
Zero. The above tests were considered quite valid as to whether or not
this condition was being met. As further assurance that the observed
counts were real counts, another pericdic check was made by observiﬁg
the response of the counting rate as the cyclotron beam intensity was

lowered by a factor of 1/2 and 1/4.

- E. Operational Procedure

The integretion of the cyclotron beam was aécomplished by the use
"of. an ion chamber coupled iﬁto an integrating elect.rometer.l2 The ion
éhamber was filled to 100 cm of Argon—COz mixture, and was checked for
linearity wifh beam intensity. 

Under normal operatiﬁg conditions thé/magnet current setting
correébonding to & particular momentum intervel would be maintained

17 . .. . R
‘2 R. Aamodt, V. Peterson and R, Phillips, UCRL Report No. 526.
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BACKGROUND TESTS

ALTERNATE CRYSTALS MOVED
1" OUT OF ORBIT

MU 1812

Figure 9. Background tests.
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until a convenienﬁ'charge-was indicated on the electrometer. The expo-
sure time would be of the order of 5.minutes. The electfometer was then
cleared and a new momentum intervai observed for the same total beam
charge. In this manner the total momentum spectrum was covered in a
relatively short period, and then the entire proceés would be repeated,
usually aboﬁt four times. This method served to eliminate long term
drift effects as wellvas to permit a constant chéck on the reproducikil-
- ity of the data. The background tests mentioned above would be-conducted

several times during the run.
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IT1  EXFERIMENTAL RESULTS

The results of.tﬁe severasl experimental runs with the cyclotrbn
“are embodied in the graphs of Figures 10 and 11. In Figure 10 the
experimental data are plotted as actually observed -- ﬁaking only the
initial correction of I = EQ@ﬁ%BEEQ for a specﬁrometer. In Figure 11
these data have been corrected ?Qr the energy resclution peculiar to
‘this instrument. The shapé of the'resolution curve is also included
on thg éréph. 4 discussion ofbthe accuracy of this correction is
incorporated in‘the followiﬂg section.

A tofal of abéut 4,000 coﬁnts_were obtainéd for this spectrum
determination. Some idea_of the counting raﬁe can be given by the data
ffom é receht run.wherein the counting rate, for a magnetic field
setting corfesponding to p = 70 mge, @omentﬁm in units of élecﬁron mass
times ¢) was in the vicinity of 7 céunts/minute.
| The agfeement of the décay of the observed counting rate with that -
for u+-meson_decay is portrayed in Figure 12. All of the counts for
the run considered are. totaled for each successive gate and the count-
ing rate,given‘is the individual total for the respective gate. The

. slope of the line 1s arbitrarily dfawn for v, = 2,15 u sec. as given

ean

by Nereson and Rossi.
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IV ACCURACY CF THE MEASUREMERTS

A. Megnetic Field'and orbit Determinations
| The measurements of the ébsoluﬁe intensity of the magnetic field

were done with a nucleaf fluxmeﬁgr-which is sufficiently accurate that
the error in these detérminationsis negligible. The magnet current, was
adjusted by the use of»a cﬁfrent regulator attached to the generator.
'Repetition.df the measurements for the same settiﬂg of the magnet
~current has shown that the reproducibility is better than 1 percent.

The change in field distribution against radius with different magnet
currents was checked to be ieés than the error of the flip coil measure-
ments which ié of the order of + 1 to 2 percent.

The position of the-"sfable orbit! was determined by numerical
integration over the given field distribution. A systematic érror may
possibiy exist in the evaluation of the momentum of the charged parti-
.cles to be focused in the spectrometer; However the error is estimated
to be no more than + 1,5 percen£ from the absolute calibration and és
for the relative value for.any given’set of magnetic fields the error
should be less than 1 percent. It should be poihted out that if one
‘can make the field distribution clqse to a 1/r dependence near the
orbit, then the error.in the evaluation of p by numerical calculation

gives very little change in the Hp*value.

B. ’Evaluation of Additional Background Effects !
Other types of errbrs,are aiso to be considered: -

1. Very energetic befa-réy activity prodﬁced at the target.

2. Electrons from u~ décay. | ‘

3. 'Superpqsition_of-positrons produced at the first crystal due to

' -mesons stopping in the first crystal and giving rise to v — pt



e
- it

decay aﬁa utse® deeay.

Effect.of scattering of the electrons at the crystals and also
during flight in 1 atmosphere pressufe over a path length of 2 to

3 feet. |

Effect_of_eeergyvloss ef the.electrone going through matter both at
the target, and at ﬁhe crjstals, .

Fortunately, all these errors have been checked to be small in the

region of the momentum epectrum, i.e. from 40 to 110 mec. The method

1'

of investigation of each effeéct was as follows:

Since the spectrometer is symmetric to charged particles of either
sign,:it is possible to haVe Quadruple coincidences from negative
particlee of the same‘momentum’ae thet of the pesitrong under
observatien.' Therefore any beta activity in this»mementum range
would give rise to real counts; However, theoretical considerations
indicate that beta act1v1ty w1th a beta energy > 20 Mev is extremely

unllkely. Owing to the dlfflculty of measurement there is not

i

.much experlmental data on this subject. It is apparent, however,

that our experimental arrangement was 31mu1taneously a fea81b1e

method of making such_an investigation. The magnitude of such

‘possible contaminetioh wes shown to be guite small Ey these tests:

e) 5y counting with reduced energy of the proton beam. The yield
of n* mesons‘is sﬁpposed to be very sensitive to the proton
eneigle while the beta-ray activity is expected to be aeout the
same, 1.e. relatively_independent of the proton energy in the |

 region of 300 to 340 Mev; »

b) by counting with targets ef different elements. The energy

spectra for Be, C, and 41 were almost the same, and one w0u1d

135, Jones and s. Whlte, Phys. Rev. 78, 12 (1950)
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expect that the energies and intensities of any contaminating
‘beta activities would be quite sensitive to the target element,

2. A4gain because of.the acceptance of tho spectrometer of both + and -
'chérgéd partioles any W~ —>e” decay would be included in with the
ut—> e decay. .Of course because of the large capture probability
of the #~ in the ta;get material this effect was expected to be
'quite émall. This faot was corroborated by plgcing a 4-inch FDb

~ absorber below the bottom crystal, (similaf to the baokground test
_discussedvearlier as applied to the top crystél) and-the relatively
smail change in.the counting rate could be accounted for by the
'slight decrease in the transmission solid angle of the spectrometex"°

3. 'Effect of n* stopping and.décaying in the first‘ofyStal. Itoshouid
be noted that the Spectfometer focuses n-mesons of a corresponding
ﬁp.' In@eed, this pfoperty was employed in an earlier experimen£

" for a detefmination ofbthévﬁ+/ﬁ' ratio in a single emﬁlsion. " The
n* energy corresponding to an'%p of p= 100 mge is 12 Mev. Appfoxi_
mately 1.2 gm/cm2 of Cu will stop these mesons, and such.an absorber
was placed in the orbit ébout 8 inches from the first crysﬂal. Any
real counfs due to:this source would drop off by approximately the
ratio of the solid angle subterded by the crystals forlihe old and
new positions of the meson absorber. The counting rate change was
éligﬂ;, so evidently the original small solid angle kept this effect
small,

4. Scattering of electrons. This was tested by pﬁtting an additional
cryétal, /8 inch‘thick in front of the first one. It is calcu- |
lated that this will exaggerate the scattering by a factor of three.
The counting réte indicated however thaf even this accentuated

14°R. Sagane and P. Giles, Phys. Rev. 81, 6534 (1951)
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éffect is quite smgll, so that the actual effect of scattering in
the regular crystalsvshouldvnof be anQimpoftant factor. Thevﬁole
gap enclosure was not evééuated s0 that the average 2 or 3 foot
trajectory of the parficlejwasvthrough'that amount of normal atmos-
'phere.A The loﬁé_path magnifies the effect.éf the scattering, but
the émall amount of matter.traVersed (~0.03 gm/cn?) together with
the particle enérgies involved (K135 llev) are the basis for the
estimate thaﬁvthe-air sca&teriné is less than that‘in thé crystals
jﬁhich was tested to be small.

.Energy loss in cfystals.and in.tafget. The energy loss\due to-
idﬁization per crystal is calculated to be close to‘O.S Mev o&er
the momentum raﬁge-cdnsideredf The main.effect of this loss is the
- tendency for the particie to léave‘the orbit due to the lowered
ﬁbmehtuﬁ; However, this mbﬁentum change.isIrelatively‘small, (for
a 40 Mev pqsitron; this corresponds to al2 percent mbmentum change) .
Morecver, sihce this‘energy.loss rer crystal is relatively constant
fof a 30-50 liev ﬁositron, the net effect of thisvmomentum shift will
"be a slight decrease in the detection efficiency which will not
change'the shape or position of thé spectruﬁ. The mean radiation
losses over this moméntumbzahge for carbon, (main constituent of
the_scintillation“cfystals) is less than 1/5 the ionization losses
S0 this\effect can‘be éonsidered as ﬁegligible.

Energy losses in the target3'though, are more importaﬁt; The mean
thickness of tafget:matefial traversed by'the positrons is calcu-
lated by cdnsidering: 1)Ithe'efficiency of the spiral orbit spec-
trometer for sources ma&e'up cf cylindrical shells of varying

redii, and 2) the radiel density distribution of u' decay in the
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target. For the case of a berjllium targgt; the radiation loss
'compared to the ionization loss is relativeiy smaller than for the
césé of carbon mentioned above. These considerations lead to an
_Iestimate of O;25Iinch as”thé mean target thickness traversed with
'an'overall aﬁérage energy lbss of 2 Mev., This correction is in-
~ cluded in Both‘spectfumkplots. |
6. Miscelleneocus éoufqes. is fof the electrons due to the yY-rays
produced; by capture of % or w° decay, thesé are elimiﬁated by.
starting the couhting‘oﬁly éfter a delay of several microseconds.
'The pérbentége of n*-meséns'which decay directly into positrons is
,_extremely small,15 and any suchlpbsitron counts are similarly elim-

inated by the use of delay gate circuits.

c. Resolution Curve of Spectrometer

One of the most impqrﬁant_points that shouldbbe discussea‘here is
the resoluticn curve of fhexspectrometer} There will be a gpread in
the resolutibn'curve dﬁe to the effect of the comparatively large
diametef of the target and élsé added td this will be the electron
contribution of the‘pOle surfaces{ .This latter effect may be appreci-
able, especially in the.region:close to.the axis hecause the density of
w-mesons ébsérbed in this regioﬁ is expectéd to be rather high; The:
.jﬂ—mesons thus absorbéd_may result in a moderate electron emission from
the pole surfaces. |

The'ratio of the targe£ radius to the radius of the critical orbitv
éhould be less than C;OB,'aﬁd for maximum energy resolution as low as
0.0i.: Iﬁ order.to obtain a.resonable counting rate a rather.large

target was used for which the.ratioIWas 0.05. However, the effective

155, Friedman and J. Rainwater, Phys. Rev. 81, 644 (1951)
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ratio is smaller than this due to the collimation which results in a
higher beem density at the center of the'terget " The ratio should be
‘close to O. 04, and for the aetector system used, this corresrponds +o
an energy resolutlon of about 10 percent. The resolutlon of the spec-
'trometer‘is father sensitive to the central angle subtended by the
~detector systeﬁ. In this apparatus fhe eﬁgle was 450 which is suffi-
.eiently large that it helpe'to‘offset the spreed due to the large
diameter'tefget; Thevretio of crystel detector width te the radius of
the orbit is 1/15. The ehergy'resolution is relatively dinsensitive to
ﬂhe cryéstal width in this region (e.é. a 50 percent increase in detector
width would affect the energy resolutionylese than loepercent). Since
en incfease in the crystel width would increase the overall detection
efficieecy, such a:possibility had been considered. But the drop‘in
“light col}ection‘efficieney for such a crfefal would probably offset
most of this gain. - ‘v | '

vIn order to study the spread due to electrons from the pole sﬁr-
faces, two tests were conducted, as sketched in Figure 13.. In the
test labeled A, tﬁo Be targets were employed, both of 1 1/8-inch diam-
eter. 'The first’one? i inch long, was positioned‘such that it was
forward of the gap with its rear surface flush with the gap. The
second oney 3 1nches long, was back of the gap, and with 1ts front
surface flush. With this arrangement the number of mesons absorbed by
the‘pole piece surfaces in questien is estimated to be of the order of
1/2 of normel, and of course the counts due to electrons from the
~target will be coﬁpletely missing. The iest-labeled B consisted of
taking dats with the terget in its .normal position and with removable

cones as shewn, first-in position -- and then with them completely out
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of the gap. The electron contribution of the pole pieces should be
considerably decreased by the.absenoévof these particular pole suf—
faces. The information obtained frem these tests is that the back-
| ground counts due to thié effeét of the pole surfaces is less than 1/10
of the total aréa of the_resolution.éurVe.

Thebproton‘beam denéify at the targef is also an importanf factor
in tﬁe shape of the resolution'cufve.. The usual”bgam collimator em-
plcyed was 4 feet long and 1/2-inch internal diemeter. This resulted
in a faifly'homogenebus beam‘ofv3/4 inch at the target, and considerable
time ﬁas always given for‘the'precise.adjustment of this beam on the
target center. This giﬁes a denser population of w-mesons close to the
axis of the 1 1/8-inch ‘fdi‘ame'ter .target.. which tends to diminish the
-otherwise éxpeéted resolution épread. So from the combined results of
..,both palculations.and,tests.mentioned above the resolution curve as
_given in Figure 11 is considered to be the most likely one.

The cbrrectioné‘due.fé_this resoiution_cﬁrve are'very small for
the‘momentﬁm'spedtrum arouﬁd the'inteﬁsity maximhm, but are large for
points close to_theﬁmomentum maximﬁm.v So it might be péinted out that
the error in the”éstimation of the resolﬁtion curve.does not affect the
momentum value.of Imax‘pvef 1 to 2 pefcent -- but may affect the momen-

tun value of_EmaX about 3 to 4 péfcent.
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V- HESON DECAYvPROCESS AND OUTLINE OF MESON THEORIES
The nature of the u—mesqn'and its décay‘products are discussed»in
some detail in Tiomno, Wheeler, and Rau,lé and more recently by Miéhel;l
As stated eafliér, the decay procéss u+-——>e+'+ 2V is the fevored
reaction, for thevfoilow1ng reasons. “
Méson decay prbcessesvresulting_in two emitted particles, for
eiamplé,‘
wt—s e* + neutrino
wr—s ¥ + photon
'u*-—4>e+.+ @O‘<ﬁeu£ral meson)
would yieid.a line speétrum fbr'the éle@tron energy, and are thus
'ingonsistent with observation. ProcesseS'yielding four or more décay
particies are also untenaﬁlevbecause the méan energy of the positron in
such a proceés would,be,only-l/A of theiufmeson fesf,mass energy or
1esé; andvﬁhis is'coptfadicted by observed spectra.
The three pa;tigle.decay proceéé is:therefore most logical. Three
 e1ectr0n_emission is exéludéd by ploud chamber evidence. Absorpﬁion
‘ experiments rule 6ut:the emiSsion:of photons. Therefore
f | uff—>e+ ;.neﬁtfiho + o (neutral meson of spin 142)
or the special case where
| | Ro—> neutrino
u+f——>e¥ + 2v are the favored pfogesses,
But the reaction jielding a ﬁeutral meson results in a-positron
spectrﬁm'which has its»maximum'inténsity»shifted toward the high mcmen-

tum limit. In.addition,-there is a corresponding lowering of the

16 ;. Tiomno, J. Wheeler, and R. Rau, Rev, Mod. Phys. 21, 144 (1949)

17 L. Michel, Froc. Phys. Soc. England, 63, 514 (1950)
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positron mementum maxiﬁum for heavier~aésumed masses of the neutral
meson.‘ This latter effect is large enough that ény néutra; meson ﬁass
gréater than 20 mg is inqompatible with the obsefved spectrum. The
g former_effect, that of a shift of the intensiﬁy maximum téwards higher
‘momentum vélﬁes, is still a gseful index for assumed values of the Ho
mass Qf‘less than 20 ng. And comparison of these curves with the ob-
served épectrum indicatesjthaf while a finite neutrélbmeson mass cannot
be ruled out, the mosp likelj'caée is thét of zero mass. Therefpre, a
highly probable énd‘also'simple'procesé is the pt—e* + 2v decay
scheme. o | |

Beta decay theory is applicable to both nuciéar beta decay and to
u—meson.deéay.‘ The fiﬁe simplé forms of coupling: scalar, pseudoscalar,
vécﬁon pseudovector, and £ensof are investigated by Tiomno, Wheeler, and
Rau, and the theofetically expected curves for u;meson decay are pre-

- sented. The:choice of the form of'qoupling hasJa noticeable effect cn
the shape of the positrbn energy spectrum. This is not true in nuclear
beta decay. vThis is é relativistic effect and afises_becauSe the recoil
mqmentﬁm of the positron is iaken up not by a residual nucleus, as in
nuclear décay; bﬁt by sméll'or zero rest mass particles which must
-therefore trQVel close ‘to or at.the velécitjiof light.

As in beta décay, it is convenienfvfor the mathematical treatment
to adopt the'conventipn tﬁat the meson.décay proéésé be represented as
the destruction of two partiCles; and the création of two other parti-
cles. Thus.the prdcess

ut—se* + 20
may_be described as

p,+ + 7 —a V+V
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or ) _ . ;J,++!-—)e+ +V

‘where the underline denotes a negative energy state.

There are several weys to describe each of the decay~proéesses
resulting from a study of a pérticular one of the five forms of coup-
ling listed above. ‘Because the end products are all light particles;

there is no way to decide whether the W" goes into a neutrino, or a

positron. 4nd for the case of creation of two identical neutrinos, the

antisymmetry of the wave function must be taken into account. When
all of the various'alternativesiare considered, it can be shown that
each: is equifalent ﬁo cne or the othér of thé follewing possibilities,
as-shqwﬁ in Table I. (4 u*—>v isbconsidered an exchange of charge,

+ . '
whereas a ut—se’ is not.)

Tgble I
Deseription of | Exchange - Naeture of neutral |  Name used to
pr—s et + 20 of charge | ‘perticles describe theory
(u\—>/ : Yes - Identical Antisymmetrical
\e”)—slv 3 ~ Neutrinos ~ charge exchange
pf)——é v\  Yes " Neutrino Simple charge
v /—s\e? Anti neutrino exchange
phl——>fe* ~ No . Neutrino Charge
\y /—>\V ' ' &nti neutrino Retention

Each of the five simple forms of coupling will then yield three
différent energy spectra, corresponding to each ¢f the three alferné=
tives listed above. It should Be.pointed out that there 1s no theoret-
iCal ébjection to & linear combination of the different forms of coup-

1ling.
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VI CONCLUSIONS
The momentum spectrum obtdined“is shown in Figures 10 and 11. ‘The

aCe. The momer-

momentum value for the inteﬁsity max imum is.p =74 %+ 3 m
tum maximum is p ='110 % 5 mgc. For a @ decay scheme of pt—s e’ + 2y,
and aSsuming the nem:ri.mcimassg C, then the u-meson mass corresponding
~to this mbmentum maximum is 220’1 8 mee.

In an examination. of the expériméntal.spectrum as compared to the
theoretical curves16 fér,simple'types of coupling, the following con-
clusions can be drawn. Of the_l5 theoretical interactions (different
inﬁeracﬁions_occasionélly jiéldvsimilar curvesvso that the:number cf
distinet Spectra is less than 15)ball but 4 may be rejected quite com-
pietely.lg The four‘remaining'are" '
| ) Tensor, anfisymmetric with’charge exchange

) Ténsor, simple chargevexchangé |
(3)  Scalar, charge retenticn

) Pseudo scalar, charge retention

The curves reéulting from iﬁteracticns (1), (3), and (4) are

identical,and'in good agreemeﬁt with the observed épectrum, as shown

in Figure il.’ Due to.the breadth of the energy resclution curve (as
shown in Figure 11) the'interaction (2) sbove still retains a certain
probabiliﬁy. The agreementvof this theoretical-curvg with thé-observed
spectfum is sensitive-ﬁo the actual;kmeéminass. Thet is, calculations-
indicate Fhat while for a-@esoﬁ mass of m, = 220 me”iﬁteraction (2) has
negiigible probability, this pfobability increases-with decreasing
,mesdn mass ﬁntil for the case of my = 210 mg, its agreement with the

data is 0.7 as probable as that of the thecries (1), (3), end (4).

18 . i
. T. Green, Private communication
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This simulteneously defines the probability of a finite upper limit fof
the epectrum. That these possiblities are to be considered is emphasized
by a recent‘determinatioﬁ:of'the'pfmesen mass by Bimnbaum, Smith, and
Ba’rkasl9 of my = 210‘1 2 méc.‘ |

By"combiﬁing several ef the simple types of coupling, theorefical
spectra result whlch range over mlde latitudes. Therefore if complex
comblnatlons of more than one of the 1nteract10ns are to be considered
rcssible, then the experimental curve will still leave a considerable
amount of embiguity in-tme identification>of the combination.

An examinaﬁionvof themdata of previous;investigetdrs with reference
‘to_the.reeults ef this ex?erimehfaljsﬁudy enabie these comparisons to
Ee me@e: The wofk of Steinbergef,7 whiie'containiné a.large totel :
number of events, suffe;s from the various contributions to range
-straggllng, The data does not permlt a p031t1ve indication of the
presence of a continuous'spectrum, as opposed to several unique ener--
gies. The mppefelimit of thevspectrum is rathef indeterminate. The
- investigation of Davis, Lock, amd»Mmirhead;g gave indication that a
continuoue spectrum wes,quite likely. Only 81 tfacks were studied
thomgh, and scatteming fluctﬁations resulted in calculated decay elec-
tron energles as hlgh as /O Mev, which appear considerably too hlgh
The cloud chamber datea of Lelghton, Anderson, and oerlfPS enable them
to make a meson-mass,determlnatlon of 217 + 4 mge. They obtained only
- 75 traeks though, and these, portionEd,euf over the range of the spec-
tmum, result in a lafge statistical error‘in'the spectrum.v

The present work then has resultea in a much more accurate spec-
.trum. Moreover, the technlque of the. measurement the’ employment of

19 §. Birnbaum, F. Smith, and W. Barkas, to be published
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the spectrometer and counter detection methods; is an interesting con-

tribution to the éxperimental study of this problem,
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