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ERRATA

Line 11, date 1948 should be 1949.

Add to footnote in proofs "Alvarez has checked the validity of his technique

by measuring the helf-life of the p* meson, He has kindly permitted the use

of his remarkable curve which shows the counting rate vs. time straight over

& factor of 3000 on semi-log paper." (Ref. Bul, Am, Phys. Soc., M-8, No. 9,

1949) The statistical accuracy of each of the points is good to 1 percent,

but the absolute value of the delays has not been accurately calibrated.

Last paragraph, last sentence., "As the number of mesons would decrease

linearly with the distance betweén target and plate in the best arranger.ent

while the background would decrease as the square of the distance, etec,"

First sentence at top of page, should read "type of exposure requires long

bombardments since at present the intensity per unit area in the deflecied

beam is only about 10~6 of the available current in the internal beam."

Second paragraph, delete "90°" after "emitted at,"
Middle of page, explanation for "e" should read: "e = charge on the meson,
expressed in e,s.u."

After Equation 6,112(5) delete everything down to the paragraph begimning

"The mass measurements, etc."

Section 6,12 should be: "Pfeiiminary.results(z) on NTB=3 and G-5 emulsicns
show that, of 184 stars,.there were 4 prongs whose ionization oorrespondgd
to that of a proton between 50 to 80 Mev. Since this ionization may be
beyond the limits of sensitivity of C=2 emulsion, it follows that about

2 percent of all emitted heavy particles may be missed in C-2 emulsion.

2 .2 .
Equation 6,15(2) should readg—l-g——g—-(ﬂfg)zo Line 6 from bottom should
: 2 mc _
read: ze = (0,99 :.0005)60 ' -
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Third paragraph, last sentence, should reads "At the time of this writing
it seems possible that the.mesons with uneventful endiqgs=%ré spurious,

and thet all " mesons at rest decay to pt mesons,“ o

Second paragraph, sentence beginning "The r unit etc," should read : L

. 5 - :
" o o 1 r per hour corresponds to sbout %ga electrons per pulse at 2 o o "

(o)no

4

At bottom of page add new sentence following the word "heufrettb ugp
the p meson had integral spin, oneimight expect negati%e p mesons té make
stars," | |
Teble 8(1l) in column entitled "SPIN" chenge third number &own to read
wo (1
Just above mumber "2" insert new sentence "In the case of neutral T mesons,
the postulated decéy_into two photons impliés that the é?éﬁ is zeré,“ Llso,
after number "4" sentence should read "1T+‘meéons at réstlalwa§s;déééy e o o
Line 11 fr&m Bottom should read: "Since the neutral parficie given off in
TT+ﬂi+ decay appears to have a véry smail rest mass, if.ié appealing %o
conclude that it is the same particle, and that both aré.the samé as the
neutrino encountered in B decay. (New paragraph) It is“nﬁt necessary, of
course, to draw this conclusion, and the neutrai barﬁicie-of 1T+ﬂl+ decay.
could be a 'meson' with zero spin, whiie the w4 of-pn decay has'sbih l/é."

Reference 6.12(2): add also "F. Adelman, privéte communication.”
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REVIEW OF WORK ON ARTIFICIALLY PRODUCED MESONS

Hugh Bradner

October 19, 1949

1. Introduction

Artificially pfoduced mesons were detected for the first time at the University
of California Radiation Laboratory in February 19480(1> The mesons were created
by bombarding s carbon target with the 390 liev alphawpartiéle beam of the 184-inch
synchrocyclotron(z) and were detected by the characteristic tracks which they nade
in going through the emulsions of special photographic plates,

Shortly bhefore Gardner and Lattes announced the production of mesons by the
cyclotren, Sak&ta(s)s Tanikawa(4) and Bethe and M&rsh&k(5) had predicted the

ht and heavy mesons on the basis of cosmic ray svidence and Powell

gxistence of lig
| (). . - L B
and coworkers had established the existence of mesons of two masses by studies

of nuciear pleotes exposed to cosmic rays and had deduced scme properties of the
particles, They concluded that the 1ight8>or fbo meson had a mass of approximately
200 electron masses; while the heavy meson, which they termed T or ¢ had approxi-
nately 200 to 400 electren masses, They did noé\knOW'hOW'many of the heavy non-
star forming,mesons were positive; though they inferred that most or all of the star
foerming, or ¢, msgons were negative, It was deduced that T and ¢ mesons had
strong interaction with nuclei and that the heavy mesons had a mean lifetime bebtween
1075 and ‘J.,Om11 seconds, The decay in flight ¢f T and © mesons formed at high
altitudes was presumed to give u mesons, the particles ordinarily seen at sea-level, -
O nmesons pfoduced nuclear explosions upon coming to rest in light or Heavy
elements, while positive T mesons were thought always.to produce positive p mesons

upon coming to rest in matter. From the fact that the positive u meson always wes

produced with the same kinetic energy of approximately 4 lMev, Lattes et al,
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concluded that a single neutral particle was alsqrpf9duced_during the decay. »:he_»
prelimina?y egtimates of Ttmesonrang.p* meson massesa_howeverg_led_to tbele?roﬁeous
conclusionwthgﬁithe neutra}_particle had about the seme mass as the_p,+ meson,

The producﬁion of mesons in the'Berkgley cyclotron opened the’possibility of
gtudying the mesons under aonditions of 108 times higher intensity, with nagnetic
éorting to sepéfate the particles>of'different charges. Two immediate results were
the recognition ?@at approximately qneefhird of the heavy‘negative (") mesons dg
not produce stars, and the assigmment of a mass value of 313 + 16 electron masses

to thg‘ﬁ'“ meson. (Both of these observations were further refined in later experi;
mentso)

The present review_is concerned with the investigation of properties of_heavy
and light mesonés performed with the émpgrticle beam of the Berkeley cyclotron
during the pericd frem February, 19450 to»Eebruaryg 19499 and with the proton beam
of the machine from February to July, 1949, A short account of the results thus
far obtaipedwwith the 335 Mev Berkeley synthotron(7) will be given near the end of
the paper.

It is the purpose of fhis pa@er té*gssemble the pest values availgble at the
present time on meson production and meson properties., The material is arranged
for eagy reference and fubure additions, rather than cohérent_reading, It appears
difficult to present a detailed account of the investigationsg and at thé seme
time to show clearly the development of current views concerning mesons. Therefore,
the main body of the text will treat the individual experiments in considerable .
detail, while a summary of present concepts of meson propefties will be given in
the last section of the paper. |

Wofk thet has been reported only in Am. Phys, Soc. meetings will be treated -
in greater deteil than those researches which have been publishedo. The experimi

mental work presented here is the result of the Jjoint effort of a number of people

| 3
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most of whom have comprised the Film Program Group* of thevUnimersity of California
R;diation Lab_orad’;oryo This summary report was begun by C.M.G. Lattes during his

stay in Berkeley, and many of the_sections“on éxperiments with'ﬁ‘; mesons were
drafted by him. Seotions 4,11, 4,14 and 6,12 were written by S, Jqﬁes and part of
Section 4,12 was wriﬁten by H. Wilcox, V. Z. Peterson and H. Wilcox made the cross
section éalculations° D. Sherman has compiled an extensive bibliography to accompany
this paper, but because of its length it has been assigned a separate report number,
UCRL 487. The rest of the text was assembled by'Ho_Bradngr, end he assune; responsi-s
bility for opinions not attributed to other experimenters, The sequence Qf»topics
follows closely the out}ine submitted by W. H. Barkas to theAEcho Lake Cosmic Ray
Symposium in June, 194?0 There are a number of ?opics.for which détgiled information
has been obtained directly from the experimenter, énd in these cases, credit for

the contributions will be given in the text, N ‘

All the work except that described in éectigg 4,3 was done with Eastman Kodak
"NTB" or Ilford "Nuclear Research" plates, sin;; the meson intensity and ratio of
mesons to background wes so low that other methods of detegtion such as cloud
Qhambers and scintillation counters failed to_shOW'thevpresence of mesons. A
very few cloud chanber‘photegraphs_have”been'QBtained which show mesons produced
by neuffohs—and X=TaYyS, gnd some success has just recently been achieved by

L. W, Alvarez in using counters to detect positrons from the decay of positive p

* The group_WOrking with mesons produced by the‘cy§lotron heas ;nc}uded.Mr°>Fo

Adelman, Dro'W} Ho Barkas, Mr, A:.»So Bishop, Mr, Ko Bowker? Dr, HorBradner,vErovq.
Burfening, Mr. P, Carnahanger,'WQ_Conover9 Dr? E,_Gérdner9 Miss-Eo-Grunwald, Mr./
8. Jones, Dr. COM?G0 Lattes, Dr. Eo Mart;nelli, Mf; E. O, Megls, Mr, D,"OVQonnell?
lir, A, Oliver, lr, V. C. Peterson, Dr. R. Richardson, Miss'F, Smith, Mr. So White,

Dro C. Richman, Dre Ho Wilcox, Mr. M, Weissbluth, and others.
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mesons,

A brief report on pair spectrometer investigations by York and Moyer on high
energy photons is contained in Section 4.3 since their work implies the possible

existence of neutral mesons.

2. General Background

’

Before describing the experimental arrangement used for the production and
the detection of mesons in the cyclotron it is worthwhile to point out & few ob-
servations which served to guide the search for artificially produced mesons,

\ (1)(2
a, At the beginning of 1948 two types(l)( )

of mesons with masses of the
order of 200 and 300 e.m. were known to exist, It was assumed that such mesons
didrbt exis# inside nuclei, so that if they were to be produced under nuclear
bombardmentg their mass would have to be provided at the expense of the kinetic
energy of the incidgnt par'tj.cles° Furthermore, it was believed that if mesons
were created at all, they'wou}d be produced in single nucleon-nucleon collisions.
If*this assumption is correct, it W;uld appear at firstAsight that alpha-particles
of approximately 400 Mev would not have enough energy to produce either y or T
mesons;**at least‘100.Mev would be_geeded in the center of mass system to make a
(o meson and 150 Mev for a fﬂ"meSOngwwhile each neutron_or prqton in the alphg

particle beam would carry only 100 Mev and therefore have only 50 Mev available

in the center of mass system for meson production,

* Note added in proof: Preliminary data suggest that J., Steinberger is also ‘
successful in detecting positive mesons by delayed coincidences, and there
are indications that H, Bradner, M, Dazey, and J. Steinberger have detected

W™ meson stars in transtilbine, ’LXJX Faq

** For the remainder of this paper the symbol =T will refer to either positive or

negative heavy meson unless a superscript designates a specific sign.
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The situation is not so discouraging, as was pointed out by McMillen and
Teller(g) and substantiated by Horning and Wéinstein9(4) when one takes into
accountvthe intgrngl kinetig energy of the_nucleopg»in the auparticlés and in
the target nucleus, The nucleons are assumed to oscillate within the nucleus,
with a Fermi energy of approximetely 25 Mev., Under favorable conditions the im-
pinging nuclecn can be moﬁing within its nucleus in the direction of thg beam,
while the nucleon in the target can be moving in the oéposite direction; The
momentum at impact is thus increased by the factor

ZV_E;, + \iEa/4

Ea/4

where E_f is the Fermi energy, and Eé is the §wpartic1e energy. The calculations
of these three writers implied that T mesons could be produced By'the a-particle
‘beam, but that.7T meson production in the ;éo Mev deuteron %egmbwould be negligible,

b, The experiments of Conversi et alo(s) on the absorption of cosmic ray
mesons in heavy and light materials clearly indicated that y mesons do not interect
strongly with nucleons, as would be expected if they were responsible for nuclear
forgeso(e) An estimate of ﬁhe cross section for y meson proddctiop in the cyclo=-
tron, based on these results, shows that it ig ﬁoq small tqueteoto On the other
hend, the direct production of TT mesons in cgsmic ray stars(7) and the frequent
occurrence of stars at the end of.their rangés indicated that these heavier mesons
participate in a strong nuclear interaction and copsequently might have a re&songbly
high cross section for production in the cyclotron., It was, therefore, clear that
in lookiﬁé for artificially produced mesons one should try to arrenge the experi-
ment ip a way most favorable for the detection of T rather than p mesons.

c. The most obvious way to look for artificially produced.mésonS‘Was to ex-
pose the plates_to the full-energy a-particle beam and search for stars produced

in the emulsion, It was known from plates exposed to cosmic rays that occasionally
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mesons are ejected in addition to the usual heayy particles from the center of
the star, An experiment of this type was tried, The exposure was arranged as -
shown in Fig, 2(1) and about 5000 éfparticleuinducéd stars were observed under
500 dismeters magnification, No mesons were found, but this negative result was
expected from & theoretical estimate of the_probability of the process and the fact
that only mesons of energy up tg a few Mev'would be registered in.the insensitive
plates which were usedo' It was, therefore, clgar that an arrangement must be de~
vised torseparate the mesons from the much larger number of heavy particles which
were also produced under émparticle bombardment.

It seemed than an arrangement most suitable for detecting mesons Would be
one sllowing the separation of negative from positive particles, since mesons were
the only negative particles expected to be recorded in Bl and C2 plates, E.

Melillan suggested the simple and convenient method described in the next section.

3. Experimentsl Arrangement

3,11 Negative mesons from alpha-particle bombardment

The experimental arrangement that has been used repeatgd}y for prgducing and
dgtecting negative mesons produced by a-particles in the cyclotron is shown in Figs.
3.11(1) and 3,11(2). The exposureS'ﬁere made inside the machine in order to make
use of the full béan intensity and at the séme time to take advantage of the
cyclotron megnetic field to separate the negative mesons from the main bulk of
heavy positive particles produced during the bombardment,
| Figo 3.11(1) gives a general view of the exposure set-up. The plate holder
is supported by a probe which can be moved in and out radially by remote control
in order to obtain the desired energy of the bombarding a=-particles, The incident
ions follow the orbit shown., Negative mesons produced at the target afg deflected
by the magnetic field and focused roughly at the position of the plates, as shown

by the orbits drawn in broken lines., Positive mesons and heavy particles are

~
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deflected in the direqtion away from the'plates, as indicated by the orbits
dravn in dotted lines, | |

Fig, 3,11(2) gives a larger view of the actual plate holder. The téfgét
was usuglly a solid piece ofvgraphite or beryllium with dimensioﬁs i.in, x 1 in, x
1/16 in,, the smallest dimension béing parallel to the a-particle beam, ‘The main
dey of the plate holdsr was made of copper with sufficient thickness in all direc-
tions to stop ions originating in tﬁéufarget or scattering téwafd thé piateé’ffdﬁ“””'
vafious places in the interior of the cyclotron,

The distance between the tip of the target and the photographic pldféS”ﬁas
adjusted so that mesons of mass 300, describing semicircular orbits aé indiéated,
would have an energy from 2 to 4 Nev, depending upon the point of entrance in the
plate. Mesons of such energy have a range of approximately 150 to 500 microns in
the plates qf the type dsed and their complete path through the emulsion can easily
be followed, The dimensions of the plate holder nay be inferred frém the scale
provided in Fig, 3,11(2). TFige. 3,11(3) is an actual photograph of the standard
plate holder used in most of the exposures, M

For most of the exposures. the pla%es were stacked with emulsion side up and
the mesons allowed to enter the emulsions through their "1eading".edgé, This

arrangament is convenlent mainly for getting a large conoentrationdof meséﬁ tracks
near the leading edge of the plate,

The plates were genefally wrapped in ordinary photographic blacklpaper
1/10 mm thick to permit handling in daylight. Unwrapped plafes were used when
it was important to have an accurate measurement of the range or of the initial
direction of the mesons in the emulsion., The plates were then exposed singly and
tilted 3 to 5 degrees, so that the mesons entere& through the uppér surface of
the emulsion, Eeasurements on meson tracks near the edge of a'pléte are not re-

liable because the emulsion suffers a considerable distortion during processing.
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Furthenpore the emulsion often peels from the glass for the first 100 to 200
microns.

Lost of the exposures were made with Ilford type C2 Huclear Research plates.
When a greater. grain density in the tracks was desired, as in the study of T
decay or in follpwing thg tracks of mesons of energy greater than § iev, more
sensitive plates, such as Eastman Kodak "NTB" or Ilford C3, were found moré suitable.
For wprk in which a high discrimination between meson and protons tracks was neces-.
sary, less sensitive plates, such as Ilford Zl and F3, were employed. Very scnsi-
- tive plates, such as Bastman Kodak 1TB3, Ilford G5, and Xodak Ltd, HT@, have been
used recently, but a large background of Low energy electron tracksg 1imits their
usefulness, The usual thicknéss of the platqs has bgen 50 to ZOO'microns and a
.standard proces;ing technique(l) has been used for most experiments,

Ofdinarily, observation and measurement of thé meson tracks is made using
'microscopgs with 6X to I0X eyepieces and 90X oil immersion or 40X apochromatic
objective, ﬁnder these conditions an experienced observer can easily recomize
thé‘chdracteristic tracks left by mesons in the photographic emulsions. Oaly in
a few instances has grain counting been used as & means of identification of
the mesons. The appearance of a plate under the microscope is much like Fige
3.11(4); which is a simple photamicrograph* of a meson amidst a background of
randonm grains and heavy particle tracks, leson tracks ordinarily scatter‘too
muéh to permit this type of récordingg so ordinary eventé are sketched, and par-
ticularly interesting tracks are_photographed stepwise to bring successive short
sections of the track into focus., Completed mosaics of typical T~ meson tracks
photographed with 90X oil immersion objective are shown in Figs. 3.11(5) and

3.11(6).

*
The photomicrographs used in this paper are the work of lr., A.J. Cliver,

[y

[ <
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) The_plgtes’exposed in the cyclotron during thg early steges of the work,
when examined under the microscope, showed a very great mumber of tracks of
protons, deuterons, alpha=partiglesgietco,”stemming'presumably from nuclear ex-
-plosions produced by fast neutrons in the shielding, -in the glass, and in the
emnlsion“gtselfo Thg orientgtion of the baokground_tracks wes random, and it was
clearﬂthat most of the neutrons did not originate in the target. A few mesons were
founda_bu§ the ratio of meson tracks to bgokgrgund_was of the order of 1:10,000.

During the first few months.after'the mesons were detected; a great deal of

efforg!was spent in reducing the neutron backgfoundn‘ In the final arrangement it
wes possible to show that about half of the néutron baékground originated directly
in the target, In the very best exposures the number of béckground tracks de-
creased nearly as the square of the distance from the target,

, The exact origin of the neutrons coming from places other than the target
is not yet completely understoodo Cr the variogs devicgs tried for reducing
the neutron background the only ones found definitely to be effective weres

a) Reducing the deuteron contamination of the a-beam, It was found that,
as expected, deuterons of 190 Mev did not pfoduce o detectable number of mesons.
As it is not poésible to obtaip an alpha-particle beam free from deuteron contemi-
netion, even by first 1§ttingvthe vaqgumrtank down to atmogphericApressureﬂbefqre
running the cyclotron fof amparticlesp and‘as these dsuterons served only to in-
crease the background to meson ratio, a device suggested by W. K. H, Panofsky
was designed by Robert Watt for minimizing the deuteron‘q_on’ca.minat-ion° Such &
mechanism is mede possible by the fact -that the afpgrtigles begin their accelera-
tions at a different time in the frequency modulation cycle than do the deuterons.
Pulsing ghe ion source arc on at precisely the correct time gave a 98 percent
pure beem of alpha-particles. The pulsing time was determined experimentally on

each group of exposures by reading a special double probe which measured the
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a=particle current end the deuteron current simultaneously.

b) Beeam "clipper." Originally most of the background due to alpha-particles
came from ions which scattered from thg.target° AThese could subsequently strike
the dee near the plate holder and produce neutroné, or could spiral outward in the
reduced magnetic field beyond the ?ea@ radius and actually strike the plate holder.
A "clipper" shaped as shown in Fig. 3,11(7) was placed on the opposite side of the
cyclotron from the target in order to stop the b?am which had been scattered
from the target at small angles upward, downward, or radially outward, The‘back
of the clipper ordinarily was set at 1/2 incﬁvlarger radius than the targeto

" When the two devices were used, it was possible to obtain occasional ;mbeam )
exposures with a ratio of meson track§ té background tracks of approximately 1/'50°
Usually the ratio was nearer to 1/100, With the normel beam intensity of l/iO'of
a microampere9 a ten minute exposure provided a convenient density of tracks for
study. In exposures of stacks of plates there were about 300 mesons eptering the
eﬁulgion of each plate through the "leading" edge. (1QO microns thick, 3 inches
~long.) Single plates exposed at a érazing angle of Abgut 5 degrees showed about
4000 mesons distriputed over the 3 inch by 1 inch area.

It is possible to eliminate practically all the background except that
coming directly from the target, by making the bombardment outside the cyclotron
- with the Qefleoted.begmg_ Co Rig@man is using the deflected proton beam to study
the energy distribut%on»of mesons up to 150 Mev_from a carbon target. By using
an auxiliary magnet of & few kilogauss to sort out the negative mesonss-it is
possible in principle to reduce the background still further, since mesons of a
given enefgy could be focused to a position farther away from the farget than is
possible with the cyclotron magnetic field, As the number of mesons would de=-

| anithe.hael
crease linearly with the distance between target and plateAwhi}e the backgrounq

would decrease as the square of the distance, the adventages are obvious. This
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type of exposure is-mebt-prac “cabie—at—pfesen$g sincerthe intensity per unit
area in the deflected beam is only about L&™ of that—in the—eirculatingbeam—and;
$heTe£e¥e;—%he;bem%afdmeﬂ%—%&mﬁs—wvu%&be—mnvh—tﬁﬁ"Tﬁngx

3,12 Positive mesons from a-particle bombardment

An importgnt difference betwegn exposures for negative mesons and for positive
mesons is that, in theﬂlatter case, ions leaving the target curve in the same direc-
tion as the ﬁesons and, therefore, cannot be eliminated by shielding, Tracks of
mesons are approximately 100 times as long as tracks of protons with the same momentum,
and hence the lattgr'will not be confused with meson tracks if a good channel is
employed, However, they do contribute seriously to the‘background on the plates.
Exposures suffer further because of the sﬁall yields of low energy positive mesons
as indicated in the Section 40215

The most common ?ype of plate holder for the detection of positive mesons is
shown in Fig, 3,12(1),* Note that it differs from the holders described in Section
3;11 in that it accepts only mesons ejected from_the target in a backward éirection
in order that the plates may be placed at a redius larggf than the beam,

For experiments such as comparison of positive T to negative f7r yields, in
which positive mesons ejected in the forward direction were desired, it was possible
to use plate ho}der such as shown in Fig. 3,12(2), Bgcgground was very sever in
this type of holder because stray particles ffom the“cyclotron beam struck the
rear of the holder and the thickness of the holder is limited by the size of the
airlock opening into the cyclotron. (Since the range of the proton beam is greater
than that of the alﬁhawparticle beam, this type of holder_éannot be used in con~

nection with the 345 Mev proton beam., A larger airlock now being designed should

improve the situation,)

* E, Gardner has kindly permitted the use of this and other figures from a forth-

coming paper on meson mass measurements,
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3.2 Meson production in the proton beam

The main diffiqu}ty_in using the 345 Mev_grgton beam comes from the inqreased
vrange of stray protons and the increased energy of neutrons from the target. This
makes it desirable to increase the shielding around the plates, and, in particular,
to place as mﬁch shielding as poés%ble b?#weeq the plates and the target, It has
not been possible to use a plate holder of the type of Fig, 3,12(2) with the proton
beam, Howeverg’holders shown in Figs, §°2(1) an Sulz(l) are satisfactory,

New types of holders shown in Fig§ov332(2)3'(3)? (4}9 are being used to study
mesons of energies from 20 Mev toAthei;NuPpgr limit of approximately 150 Mev,
Mesons leaving the target with high energy at approximately 90° to the beam are
slowed down to abogﬁ 10 Mev by an absorber of copper or another material before
entering the plates, B

The chennel of the holder in Fig. 302(2) is designed to pass mesons of a nomi -
nal energy of 50 Mev, but becqusg>of‘its small total‘length will pass mesons Wi?h
energies from 40_M¢v to 80 Mev emitted.atJQO?Ai 5? to the prdton beam direction.

A copper sbsorber placed at the exit end of the channel immedi§tely in front of
the plates reduces the 50 Mev meson energy:?p_approximately‘14°5 Meve Mesons
with initial energy betweenJéG and 66 Mev stop in the plate., This arrangement
thus has'good angular resolution, and moderately good energy resolution,

The holder shown in Fig. 3.2(3) is designed ﬁo siow the mesons down before
they enterAthe chennel, The distance beﬁweenmtarget_and plates is smaller then
in the holder of Fig, 3.2(2), and improved meson yield is achieved &t the expense
of angular resolution, Different energy regions are selected for study by using'
different absorbers at the entrance to the channel, ) _ )

The type‘of holder that is shown in‘Figo_§°2(4)'was originally proposed by
Co. Richman for use with'the‘dgfleqteéhqyo%otronrpgamo Itmdoes po?(take advantage

of megnetic separation of ions, but simply interposes a copper absorber between

El
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the target and the plates. Plaﬁgs grevplgcgdﬁin'§19t§~in the\qqpper_blqg? end
meson energies are estimated from the thickness of copper between the target and
jﬁhe terminus of the meson. Exposures ggdemWéth“ﬁgié type of holder show pro-
~;ibitively high backgrqgnqlfgr mgggng_g?Alqssﬂﬁhgg ?Q(MGV at QQ? to ﬁhevproton
bean, but are very satisfactory for meson energies above 50 Mev, Plates exposed
in the forward quadrent show progressively more background,while those in the
baclwerd quadrent give better exposures then tose in the 90° position. Positive
and négativg mesons drift in opposite‘@ifeqtiqgg‘gpdermtyqlénf}gggge:qf”the“mgg-
netic field, so that T * and T~ mesons ending in the same region of & plate
414 not leave the target in the same direotion, V. Peterson') has csleulated
the drift of meso#sq and finds that they end approximately 7 1/2o awey from their
initisl @ire_ction» rogardless of their initial energy.
| Richman and Wileox's present arrangement for obtsining mesons from the 345
Mev external proton beam is shown schematically in Fig. 3.2(5), which they have
kindly given permission %o use, In their method, the external beam from the cyclo-
tron goos though a target snd is subsequently collected and integrated, The posi-
tive and negative mesons produced in the target enber the essentially infimite
blocks of absorber material, where they come to rest after traversing a distance
' as;umed to bg appropriate“tonﬁhe‘%nitial ﬁpergy?“acgorQing ﬁg'the\ordinary ?uclear
stopping law, During this process the mesons scabter somewhat, but in the ab-
sorber the volume density_of'stopped'm§§qns_atba‘giyeg”depthhof_pengtfgtiqp is
wehsnged and measures the number produced in the terget with the corresponding
energy. MNuclear emulsions are buried in these ebsorbers in order to sample the

meson population, and in %his way the energy dependence of the differential

1

7

‘meson cross section at a given angle of observation in the laboratory is measured.

No magnetic separation technique is used; positive and negative mesons cen, how-

ever, be distinguished by the fact that the T* mesons decay into observable p*
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mesons, whereas the W mesons are captured and in 73 percent of the cases give
~ rise to an observable star in the emulsion.

3.3 'Meson production by neutrons

Then 345 Mev protons strike a target, charge exchange tekes place, producing
high.energy neutrons in the forward direction as shown in Fig, 3.3(1). The energy
spectrum of the neutrons has been shown by Crandall and Hgdiey(l) to have an average
value of approximately 270 Mev with a half-width at half-maxim;m’of approximately
50 Mev, The yield of neutrons 40 ft. frama 1pa beam of'345 Mev protons striking
& 2 inch thick Be target is approximately 104 neutrons em=? secml° Nuclear track
plates placed in this beam show recoil tracks snd nuclear stars with occasional,
directly produced meson tracks.

‘Plates have also been exposed by Richman and by Bradner to obtain tracks of
mesons produced in a carbon target by neutrons, The érrangement wes somewhat
gimilar to the one described above for use with the deflected proton beam, Twenty

hour exposures were required to obtain a few mesons per cm? of emulsion, and longer

exposures could not be used becauss of background,

4, Meson Production

4,11 Excitation curve for a-particle beam

Since the possibility of producing TWmesons in the cyclotron depended upon -
the available internal energy of nuclei, and since calculations using this quan-
tity;were'open to question, the early experiments were designed to gather only
easily obtainable informetion that would be most useful later for making bombard-
ments to observe mesons in restricted regions of meson energy and angle of emission - -
from the target, The excitation curve and the energy spectrum for the production

(1)

of negative mesons in carbon were measured by Jones and White and the cross

section was measured by V, Petersono(z)
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For the excitation curve, the standard plate holder described in - Section 3.1l
was put at different radii inside the cyclotron, Exposures were mede with a carbon
target 1/16 inch in thickness, Those mesons were counted which stopped in a strip

2mm  deep along the leading edge‘of the emulsion. This region contained mesons
which had left the target at angies up to about 45 degrees from the forward direc=-
tion of the‘ambemn andAwhich had energies from about 2 to 10 Mev:
, The number of & mesons observed versus the bombarding beem energy is given
;n Table 4011(1)0* Column 1 contains the energy of the bombgrding a;particles;
cbiﬁmn 2, the nﬁmber of starwfdrming mesons actually counted; column 3, the rela-
tive area scanned; and column 4, the number of mesons relative to the number at
390 Mev, corrected for beam current and the relative emulsionrthickness9 and aresa
l;scannedov The cross section for the reaction Glz(qpan)cll is coﬁstant within the
' statistical error throughout the range of amparticle'énergies usedo$4?

It is evident from the excitation function, as well as from energy considera=

tions; that T mesons are not normally made in pairs by the 390 Mev a-particle beam.

4,12 Cross section for production of T mesons by the g-particle besm

A differential cross section measurement for meson production by the full

(1)

energy a-beam was made by V. Peterson' ’ for mesons of energy 2 to 5 Mev emitted
within 45 degrees of the forward direction., A standard plate holder was used
with a one-quarter inch thick carbon target, and the intensity of the beam was
monitored by means of a thip polystyrenes foil fixed to the front of the targset.
One-quarter inch thickness of target was chosen in order that the a~beam would
scatter enough in a single passage through the terget to hit the clipper and thus

fail to meke a second pass through the polystyrene, The total beam current was

- calculated by measuring the 20-minute positron activity in the polystyrene due to

* The data and curves for this section and for Section 4,13 have been teken from

an article by S, B, Jones and R, S. White, submitted for publication in the

Physical Review,
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Table 4.11(1)

a=-particle Number of ¢ Rélative Area . Relative Yield
Energy(Mev) Mesons Observed Scanned (Corrected)
390 241 1.42 100
342 109 1,00 54.0
304 24 1.00 , | 6.7
366 4 . 1,00 C.5

These date have been plotted in Fig. 4,11(1), which also includes data
of Section 4,14 for the proton beam. ‘Ig additiéﬁ, the absolute minimum
thresholds calculated in Section 9.12 By the method of Barkas(g) have been

indicated.
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the Clz(a,an)cll reaction whose cross section is known(1> for 390 Mev aaparticles.
Correction wa.s mede for the differences in solid angle subtended by the plate for
the various trajectories., No correctiop was made for target thickness. The dif-
ferential cross séction was based upon the measurement of 71 mesons which.ended

in the emulsion., Peterson has kindly recalculated his results, using 1.37 x 10-8

sec, for the half life of the ™ meson (cf. Section 6.33), The calculated dif-

32 1 1

ferentialvcross section under these conditions is,S,O‘i 0;8 x 10° em® Mev ~ ster”
per carbon nucleus. The value is expressed in terms of the carbon nucleus rather
than the nucleonvsincé the relative contribution of proton end neutron is not known,
The accuracy of the cross section caloulatioﬁ is impaired by the small number of
mesons observed, and by the fact that the 1/4 inch carbon target is thick for the
energy of the observed mesons, In'féét, the half-thickness of the target would

indicate that the observed mesoné were produced with a mean energy of 10 Mev.,

4,13 Energy spectrum for mesons produced by the a-particle beam

The energy spectrum of 1T~ mesons prbduced by 390 Mev anparticles on & carbon

(1)

targef wa.s measuréd by Jones and White. The plate holder, shown in Fig. 4.13(1),
was designed to allow the simultaneous exposﬁre of four stacks of plateé to mesons
at distances of from 1 to 13 inches from the target, The mesons originate from the
extreme left side of the 1 in, x 1 in, x l/l-é"in° carbén target attached to the
plate holder as pictured in Fig, 4013(1).

Fig. 4.13(2) is a composite map of all the plates, showing the point at which
each meson stopped in the emulsion. The blocked-in areas designate the areas
scanned, Star-forming mesons are indicated by a cross and non=-star-forming ones
by a circle, Only star-forming mesons were considered in this experiment, Theré
is & unique relationship between position of a d;son terminus and the angle en
energy with which it left the target, provided that straggling and scattering are
neglected,

N an o
The energy spectrum is defined by Eac ? where dN is the the number of
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mesons'which leave the target in the energy interval dE an& in the solid angle
df2, since the plates were located in the horizontal plane the element of solid
angle'was_taken as dﬂﬁ@ where dﬁ is the vertical angle subtended by the elements .
of &nulsioﬁ iﬁ question at the target and d@ is the corresponding horizontal angle.
40 1s measured from the forward direction of the a-beam,

The number of mesons that end in a particular energy and angle interval mey be
fouﬁd by a direct count of the numbers in the corresponding areas, The sets of
curves for the analysis were found by constructing graphically the aﬁproximatgly
semicircular orbits of mesons of various energies and angles, Graphicel plottigg
WE.S necessary because of the rapid rate of change of the magnetic field of the
cyclotron with increasing radius at the position of the plates.

The solid curve in Fig, 4.13(2) represents the calculated positions on the
plates of mesons which leave the target in the direction of the a-beam.

The non-star forming mesons found nearer to the emulsion edge then the solid
ourve‘are probably = mesons formed by the decay of T~ mesons in the immediate
vieinity of the plate, the decay being in a direotion which favors sa 10w7p“ meson
energy., Calculations show that the region of 8-10 inches from the target‘iS'esm
pecially favorable to this situation, |

The data obtained by counting the number N of O mesons observed in the
various areas are plotted in Fig, 4°1$(Sjo N is plotted versus E for mesons. en-
tering the plate at angles upito 30° froﬁ the perpendicular,

The data were corrected for the relative plate thickness, relative areas
scanned and solid angle subtended, FCorrection was also made for vertical focusing
due to the radial decrease of the magnetic field, and for decay in flight., From

]

Fig. 4.13(3) it appears that the peak of the energy distribution has not yet been

reached at 12,5 Mev,
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4,14 Excitation function for mesons produced by the proton beam

Jones and'White(l) have made a study\bf the variation of v~ meson yield
with proton energy, using a techniqﬁe similar to that described in Section 4.11
for excitation'by‘a-particléé;: The proton study was limited to ¢ mesons with
energies from 3-10 Mev emitted béﬁween 00-4_5o of the beam direction from a 1/32 inch
thick carbon target, Eastman type NTB plates with 100 (. emulsion were used to record
the mesons., The rgsults are prééented in Teble 4014(1)o The last column gives the
relative yiela, corrected for.integrated beam currenﬁ,‘areé scanned, and thickness
of plete, The relative integraﬁed beam current was found by measuring the relative
target activities at a fixed time after bombardment, and using the cross section
for the C12(p,pn)ctl reaction for protons of 170 to 340 Mev measured by Aamodt et
alo(z) The data are plotted in Figure 4.11(1).

4,15 Cross section for the production of T ~ mesons by protons

An experiment similar to the one described in Section 4.12 has been perfor&ed
by Peterson(l) in order to determine the differential cross section for the pro-
duction of T~ mesons by a beam of 345 Mev protons on carbon. The differential
cross section for the production of mesons with energies ranging from 11-13"Mev
and emitted at angles between 0°-30° with the direction of the proton.beam from
a 1/16 in, cafbon target was foundﬂto be 1.0 x 10“"39 cm2 Mev~1 s’ceradian"'1 per
carbon nucle\%s° The results cannot be compared directly with the cross secfion
measﬁrements on mesons produced by a-particles except by means 5f the energy dis-
tribution, discussed in‘Section 4,13, This indicates that the differential cross
section for the production of 11-13 Mev mesons by 345 Mev protons is approximately
12 times as large as the differential cross section for the production of similar
mesons by 390 Mev a-particles,

A more comprehensive experimenf on cross section_and energy spectrum is

being carried out by C. Richmen and H. A. Wilcox who have extended the observations
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to meson energies above 100 Mev. They have kindly permitted the use of their
preliminary date, and & schematic view of their apparatus, shown in Fig. 3.2(5).
Thus far, their arrangement has been used only to observe mesons emitted at 90°

to the beam direction (in the laboratory system) from a carbon target bombarded

by the deflected proton i)eam° The preliminary'data on the differential cross sec-
tion for meson production versus meson energy are exhibited in the graph of Fig.
4,15(1). It should be emphasized that in addition to statistical uncertainties,
the value of the cross section suffers an uncertainty érising from the possibility
that fast mesons ha&e a large cross section for interaction with nuclei of the

absorber,

4.16 Préduction of mesons by neutrons

Eo‘Gardner, F. M. Smith, H, Brgdner, and C. M. G. Lattes have made brief
exaﬁinations of plates exposed directly to the 270 lev neutron beam., rGardner(l)
hes found a total of 5 mesons originating in stars, compared with approximately -
50,000 ordinary nuclear stars in the same area scanned, One of the meson events
is pictured in Fig., 4.16(1), which shows a negative meson coming from a star,
and terminating in a star. Many such events have been reported in studiéé of
plates exposédigo cosmic rays;(z) No accurate cross séction fér meson production
by neutrons can yet be estimated;

H. Bradner has placed plates near a carbon target bombarded b& the 270 liev
neutron beam. A very rough preliminary cross section for production of 50-70 Mev
 mesons at 90° to the neutron‘beam has been calculated by Bradner gnd Wilcox(s)tq
be between 0,2 and 0.5 x 107%0 cm2 ster-l Mev-l carbon nucieus.l°

4,21 Ratio of cross sections for production of low energy positive and

negative ¥ mesons

Mesons produced in the nucleus must traverse the electric field of the nucleus '

in escaping to the point at which they are detected. Thus, & positive meson formed
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with energy less than the Coulomb barrier height would have a reduced probability of
escaping from. the nuc}eus. If the spectra of positive end negative mesons wore
identical when created, the observed spectra should be different,. particularly in
the low energy region. This effect should be more profound‘the higher the atomic
nunber of the nucleus from which they are produced. The result; on this hypnthesis,
would be to reduce more and more the nuaber of low energy positive mesons reiative
to thé low energy ﬁegativeﬂmesons as-the atomic number of the target is increased.

To study the anticipated effect Barkas(l) counted the mumber of positive and
the regative ™ mesons produced by 380 lev a-particles in identical (2-3 iev) onerzsy
intervals, largets of Be, C, Al, Cu, In and Ib 1/64 inch thick werec uscd, Llford
c2 and C3 nuclear emulsion plates were-employed to observé the nicsens. The detecting
plates were placed symmetrically on opposite sides of.the target in th: 1d4-inch
cyclotron as shown in Fig. 3.12(2). Both the positive and ncgative :esons were
enitted in the forward direction. )

Fig. 4.21(1) shows the ratio of positive to uesotive mesons found au @ function
of atomic nuaber., The ratio falls steeply with nuclear charge; indead, no positive

, .
mesons were observed.from In or Pb, although the yicld of aegutive nesons Was obe
served not to change rapidly with atomic number.

4,22 DRatio of cross sections for production of high cner:v pogitive and

negative T mesonsg

If mesons of energy as high as 50 Nev are studied, the effect of the Coulomb barrier
ghould be small, and it would be expected that the ratio of ™% to T~ mcsons wouvid
. A+Z - . . . " - , . 5 P the tor
be approximately i-z° wvhere A is the atomic weight and Z the stonic number of the tor-
gete This formula is derived by the following simplified arsument: I the inconing
proton interacts with a vproton, then either onc of tham may change into & zeutron and
a nositive meson., If the incoming proton interacts with a ncutron, then th=z proton
may change to a neutron plus & positive meson, or the neutron may change to a proton

plus a negative meson, Thus if the target nucleus contains N neutrons end P protons
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and if p-p and p-n interactions are considered roughly equal, one would expect

a positive T to negative T ratio of (2P + N)/N., Since A =P + ¥ and Z = P,

s as

it follows that the ratio of positive to negaéive mesons should be as ? *;é}
e

stated above., For carbon the ratio should be 3:1.

H, Bradner is investigating the positive and negative W ratio, using the
arrangements shown in Figs. 3.2(2), (3), and (4). C. Richman and I, Wilcox are
obtaining data in platés exposed outside the cyclotron shielding., Preliminary
résults indicate a ratio of abproximateiy 5:1 for b0-70 Mev mesons emitted at ﬁ@g’

90° i.50 from the 345 Mev proton beam striking a carbon target.,

4.3 Neutral lesons

(1)(2)

Experiments have been cénducted by H; York et al. using a pair pro-
duction spectrometer to investigate the high eﬁergy photons produced when nuclei
are bombarded with 345 Mev prétonéo Their findings are consistent with the assuap-
tion that a shortnlived ﬁeutralvmeson it © ié prodﬁced in a manner sizilar to the -
positive and negative T ‘mesons and that the decay of the neutral meson into two
photons gives rise to the observed photons.

They-hﬁve observed:

1) A peak at épproximately 125 lev in the energy distribution of the photons
emitted in the forwardvdirecfion, while the energy distribution in the backward
direction shows a maximuﬁ at about 70 lev., The positions of these two maxima
correspond to the Doppler shift which would édcur if photoﬁs were emitted spheri-

'cally symmetrically by the decay of a T° meson in a system moving with v = 0.32¢

in the forward direction;

7 for the absolute cross section for

2) A velue of approximately 0.5 x 1072
producing a pair of high energy photons., This is in rough egreement with estimates

of the total cross section for producing charged mesons by the proton beams

3) The following relative yield of the quanta as a function of proton cnergy:
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EP(Mev) Rel, Yield
345 1.0
290 : 0.35
230 0,07
180 0.01

The yield at 180 Mev is consistent with bremsstrahlung yield.

The extremely close agreement betwéen these yields and the excitation function
for “W ~ mesons (Section 4,14) must be taken as fortuitous, since the experiments
on T ~ meson yields were made in a very restricted energy and angle interval, and
are not necessarily representative of the absolute cross section for T?_;meson
production,

4) That the yields of the photons increase more slowly with atomic number of

the. target than do the inelastic cross sections, as shown in the following table:

Be Cu Ta
Relative yield of high l.b 2.8 4.0
energy photons -
Relative inelaétic éfoss
sections for 270 Mev
neutrons 1.0 4,0 11,0

5) fhat the yield of phdtons by bombardment wita 120 Hev deuterons does
not show a high energy gamme peak and that it is less than 1 percent of the yield
from 345 Mev protons. The yield and energy distribution of photons from deuteron
bombardment appear to be heavy particle bremsstrahlung.

6) That the photons originate within 1/8 inch of the target, This fact,
coupled with an estimate of the velocity based upon the Doppler shift, permits an
upper limit of 10711 sec, to be calculated for the half-life of the particle pro-
ducing the radiafidn,

The possibility that the photors result from an excited nucleon has not been
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ruled out,

5, Production of y Mesons

5.1 Source of p~ mesoﬁs

The éxperiments with‘the chanﬁel plate holder to be déscribed in Section 6,112
showed that very few if any‘p- mesons come directly from thé target, Less than
1/2 percent of the meson tracks seen in‘such fn exposure are p~ mesons, and those
which are obggrved usually do not have the‘carrect range to have passed through the
channel. It‘is therefore concluded that u~ mesons are not produced directly by the
proton bean's striking a target and arise only from decay in flight of 7~ mesons.
This is‘confirﬁed by the very fare occurrence of T = p’ meson decay tracks in.
the emulsion (Section 6,13) and is in agreement with the:view th;t the Tr méson
is the stromﬂy'interacting particle involved in nuclear forces, while the W meson
interécts only slightly and hénce has a small cross section for production.in fast
nucleon-nucleon collision.

5,2 Production of p+ mesons

The work of Buffening, Gardner, and Lattes(l) with positi%e mesons in an
opén plate ho}der showed thét p+ mesons with a maximum energy of approximafely

4 Mev do come ffom the target., Since this maximum energy of the p* meson is equal
to the kinetic energy given to it in 1r+ decay, u* mesons ére assumed to come

from decays of TT+ mesons which have stopped in the target, The large yleld is

accounted for by the fact that low energy W mesons stop in the target and decay,
A few higher energy“v+ mesons are returned to the target by 3600 focus1ngp and

both emit p mesons after coming to rest there.

6. Properties of Mesons

6,111 General discussion - Mass of T~ mesons

When mesons were first observed in the cyclotron,(l) it was found that most

of them gaverﬁse to stars at the end of their renge in the emulsion. As it was
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known from cosmic ray experiments that light mesons very rarely if ever give
rise to stars, while heavy negafive mesons generally do, it was concluded that
most of the mesons observed were heavy., A preliminary study éf the mass o£ the
mesons was made by estimating their radius of curvature in the magnetic field end
measuring their range in the emulsion. The results indicated that moét of the mesons
had é mass of 313 i_léveom. The mass measurements deécribed later in this section
give a more accurate value for the mass of the heavy meéon° The experiments are
described rather fully, since ﬁo account of the mass measuring methods has yet
been published, and also because it is hoped that somé of the confusion from
widespread quotation of different mass values can be eliminated by this.presentation
of old and new mass values,

If the charge of the mesons observed in the photographic emulsions is known,
the mass may‘be obtained by any one of three indepéndehﬁ methods: a) measuring
the radius of curvature of the orbit in a magnetic fiéld and the rahge in emul-
sion; b) measuring the relative grain density of meson and proton tracks; c¢) meas-
uring the small angle scatiering due to Coulomb interactions,

Oniy the first two methéas-hévéﬂ£eeh"ﬁééd .in‘Berk‘eley° By coméaring the re-
sults obtained it will be shown in Section 6.15 that the charge of the meson is
equal within théee pércent to the electron charge. |

6.112 Mass measurement by radius of curvature and range

Sections 6.112 and 6,311 contain information and drewings which Barkas,
Bishop, Gardner and Lattes have kindly furnished from the draft of their forth-
coming paper(l) on mass measurements., The discussion of this section will cover
their experimental method, but the mass‘values have been recalculated by Frances
‘Smith, using the latest values of the range -energy relation and of the cyclotron

magnetic field.

The plate holder used in the exposure for the mass measurement of negative

e R i e
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mesons is shown in Fig, 6.112(1), The mesons originate from a "ribbon" target

of dimensions 3 1/2 in. x 1/32 x 1/16 in. and are collected in the plates, which are
exposed without wrapping and inclined at an angle of 5° relative to the plane of
the beam. .

In order to obtain an accurate result the following procedure was used:

a) The dimension in the plane of tﬁe beam of a slender target defined the
radius of the point of origin of the mesons to within 1/%4 in, If a s0lid target
of the type described in Section 3,11 had been used, the origin of the mesons would
not have been known since the beam undergoes multiple passages through this target
and in doing so may strike it in regions other than the very edge.

b) The distance from the target to a reference point in the emulsion was
measured to a high degree of accuracy by placing a fiducial mark on the plates.at
the time of exposure, The fiducial mark is put on by means of a "marker" as shown
in Fige 6.112(2), When the foint (¢) contacts the target, the globe behind the
slit lights, leaving a deveiopable‘fine line in the plate. The distance from the
target to this fiducial mark is known to .00l inch. The poéition of the meson
track with respect to this line is found with the micfbscope by measuring the
coordinates of both within limits of error of 100 microns.

¢c) The channel was used in order to obtain mesons with a small energy spread,
and to eliminate some mesons produced in places other than the target, such as T
mesons produced by stray beam and y mesons arising from T mesons that decay in
flight, The channel was designed to admit into the plate only those mesons ejected
within an angle of 14° relative to the incident beem, since the error in the cal-
culated value of the mass increases for higher angles, as will be shown by Eg,
6.112(5).

d) The angle at which mesons entered the plate was measured, licroscope

eyepieces were fitted with rotary cross-hairs and protractors graduated in degrees.
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With these it was possible to measure the entrance angle with respect to the
plate edge with an error less than 1 degree, At 14° this corresponds to maximum:-
» 30 . o o ' -
error in radius of curvature of —oo 13 cos 14 or 0.4 percent.
cos 14°

e) The ranges of the mesons in the emulsion were measursd under high magni-

fication by compafison with a calibrated scale placed in the microscope eyepiece,
The characteristic wandering of the tracks associated with the small angle sca+ﬁering
makes i1t necessary to ﬁeaéuféwéﬁénggggé ih s%égs,'éividihg each track into rela-
tively straight segments, and adding these lengths together, For the highest accufacy
the Z or depth component of each segment was alsc measured and compounded with the
projected length, This Z component can be measured by the focusing adjustment of
the microscope and it amounts, after allowsnce is made for the shrinkage of the
emulsion, to about 1 percent of the range in the experiment described hers,
f) The intensity of the megnetic field along the line. from the targetvto

the photographio'plate was measured by means of a flip ooiL(2> and by the method
.of proton moments(g) under standard conditions of the cyclobron magnetic field,

4

The results obtained are plotted in Fig, 6,112(3) and the absolute values ar

@

believed to be correct wiéhin 0,03 pércent up.fo 80 inches end 0.3 porcent at
larger radii, As the measurements to which the present mass calculations apply
were made with the target at the 81 inch position (full energy bsam), and as the
magnetic field is not uniform over the region where the mesons travel (81 inches
to 87.5 inches), fhe orbits are not perfect circles. In the calculationsg.the.
2dius of curvature was first éalculatedvunder the assumption of a uniform mage

netic field of strength

rd

i dR

H = E.m‘_.._ : 6,112 (1)
) AB

and the orbit assumed to be a circle of radius 2 =7?_w~f%§w~m~-
' : : - cos € cos

--  as 1llus=
a.
trated in Fig. 6.112(4)., Here a is the angle between the plane of the emulsion
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and the plane of the beam, Henricﬁ has calculated that the error in o intro-
duceu by using the average field is approximately 0.3 percent,
g) The renge-energy relation Eq. 9.2(6)
B - K nlv® 420 go , 6,112(2)

with z = 1, was combined with the classical formula for the energy of a charged

particle in a magnetic field:

E . (F5)2 6 112(35
- 2mcz v/D ? . °
where .
E =

energy of the meson
e = charge on the meson, expressed in e.f.u.

m = mags of the meson

n

]

Hpo = megnetic rigidity of the meson
¢ = velocity of light
to give a first approximation to the mean mass
v 1
. ) — 2 - 1
mz%%ﬂgﬂ]

6,112(4)
2¢%K RO

A reletivistic correction (of approximately 0.8 perbent)'was then epplied
to give the rest mass of the W meson.

Fig, 60112(5) displays a histogram of the mass valueé obtained with the
channel arrangement deséribed'aboveo After all corrections sre applied, the
mean value obtained for the mass of heavy negative mesons is 280.5 + 6 e.m. The
main sources of errér were uncertainties in the valﬁe of the magnetic field, which
is falling off rapidly, and in the range energy curve, Section 6,312 will describe
a way of minimizing the error due to uncertainties in the magnetic fisld and the
range energy curve; By measuring the mass of the protons with an arrangement

similar to that used for mesons,

When Alvarez(5) plotted trajectories for the mesons, he found that the few
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badly scattered masses could be attributed to T mesons which had struck the wells
of the channel or originated in the shielding., The histogream of Fig. 6.112(6)
displays his results, This procedure of reconstfucting & meson trajectory by use
of the measured range and radius of curvature does not rule out the possibility of
mesons with different masses, but simply discards some spurious tracks if it is
assumed that only one mass of meson is present.

The importance of considering only the mesons of nearly normal incidence to
the plate is indicated by the graph, 8.112(7), of meson mass values obtained
with an open plate arrangement of the type described in Section 3,11 above, It
will be noted that the mass values have a wider spread for large angles of inéidence,
as would be expected from the calculated error in the measurement of A as a

function of incident angle:

.%f& = tean 6 d& . 6.112(5)
<?; this graph a few masses are shown with values below 200 e.m. Since these- |

«/#alues lie far outddethe raunge indicated by the probable error, they aré interpreted

as being due to ™~ mesons arising from ;ﬂj' mesoné which decayed in flight, BEvi-
dence in support of this view lies in the wide spread of masses calculated for
these light mesons, as would be expected if they originated at places other than

the target.

The mass measurements described above were made by bombardment with full
energy (390 Mev)'a-particles° Measurements made with 340 Mev a-particles, with
345 Mev protons, and other arrangements with different types of target gave essen-
tially the same results.

6.113 Mass measurements by grain counting

leasurements of the mass of mesons produced in the cyclotron have been

made by Barkas, Gardnér and Lattes,(l) by Van Rossum,(z) and by Bowker,(s)

following the method of grain counting described by Lattes, Occhialini, and



267 MESONS (TT-)

M =280.5 + 07
$=59%

I

200 .

I—jl .F'lrl‘—ll—] !‘Iﬂ

1
220 240

t
260

T
280°

HJ'L”I! rrl -

360 320 340

FIG. 6.112(5)

360

T
300

400

14277 -1



i=9L2v|

0]0) 4

(9)211'9 914

00¢

1

082

|

Om_wN ONN 022

002

U

% 62 =S
€0 F 96.2=W

(_1L) SNOS3IW 8+2

f

i




I-G 22 ¥!

(Y29 914

d430710H N340 H1lIM d3NIVLE80 S3INTIVA SSVIN

|- 002~ o

0¢ o Ot o 0O¢ 002 o Ol (0] o0 oOY - o 0G-
| | | | _ | | | 00¢
| |
x | |
x L
% % x xx © X X X xxWMx Ox W h
X X o Xy ox Jx 7% wx X5 Xx X x X0
X M o) X X x~ 8 o¥x x X x
. X (o] - WM xxx X
— . x . X | x 8 — 00€
- XX y
,x x (o]
o |
| | | _ * oob

(S3SSVW NOYLO3TM3IW



UCRL 486

35w

Powello(%)

It can be easily shown that the number of grains in the residual range R of
a particle with mass m and unit electrpn charge is given by a relation

¥N=mnF (R/n) 6,i13(1)

where F is some undetermined function. In principle, Eq. 6,113(1) coupled with the
genefél renge energy relation (9.2-5) (for z = 1) R =m f (E/m) permits the deter-
minatién of fhe ratio of masses of two particles by comparing the grain density of
their tracks. One method ;f computing the mass ratio is to form a plot of the
logarithm of the number of grains in the residual range vs., the logarithm of the
residuai fange for each particle,

The function f (E/m) may be rewritten g(v), where f and g are related, though

undefined, functions, Hence from 9.2(4)
g_ = a(v) | 6,113(2)

and 6,113(1) may be rewritten

N .
— = g(v) ' 5,113(3)
m : . ;

and therefore by dividing

R aK) - 6.113(4)
N

it follows that a 45° line on a plot of log N vs. loz R represents a line of
constant v, | -

Relation 60113(2) shows that theAratio of the massequf two particles ié
equal to the ratio of their ranges provided that they both move with the same
velocity. Hence the intersection of a 45° line with the two curves of log I vs.
log R gives two abscissae, whose values.éive the ratio of the masses.

The above‘method of plotting was employed in thg experiment of Bowker, He
has kindly furnished the representatiﬁe plot of Fig, 6,113(1). One disgdvantage of

the method is the small angle between the curves of grain count and the 45° line
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which causes a 1 percent error in grain count to result in approximately 5 percent
error in computéd mass,

In Bowker's study the meson tracks were obtained in 100 micron thick Ilford
C-2 plates expésed successively to mesons and then to protons coming from targets
in thg cyélotron in such & manner that the particles were traveling nearl& parallel
to the pléne of the emulsion and therefore had a high prcbability of remaining in
“the emulsion for their. entire renge. Most of the meson tracks observed entered the
edge of the emulsion and had a range of 400 to 200 microns.

In meking grain counts on tracks, the number of grains in a clogged length
of track was assumed to be equal to the clogged length times the average grain
diameter in unclogged portions of the track, Tracks were rejected which had large
angle scattering, or which had any part of their length within 10 microns of the
top or bottom of the emulsion, Only meson tracks of length greater than 400 nicrons
end proton tracks of length greater than 2000‘microns were accepted, These con=-
ventions were adopted to reduce subjective errors and errors caused by non-uniform
development, The angle of dip of the tracks in the emulsion was considered in the
calculations, eand corrections were made for the approximatsly 50 percent shrinkage
in thickness of the emulsion during development.

The results showed that the method was moderately satisfactory for ' mesons
of as small a range as 200 microns, and correspondingly, for protons of range as
little as 1200 microns, The variation of the lcgarithm of the number of grains
with the logarithm of the'range'was found to be linear in C-2 emulsioné for pro-
ton lengths greater than 600 microms, However, it was found that the emulsions
showed a striking non-uniformity in senéitivity in an area extending 2 to 4 mm in
from the long edges of the plates, so that mesons near the edges showed large
errors in calculated mass., Much of this effect was laterrfound to be due to aging,

since freshly cut edges on plates were more uniform,
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The result of the grain count of 18 mesons and 7 protons by.Bowker gave a

+26
-22

employed similar conventions for clogging but did not take as great care in con-

value of 264 electron masses for the mass of the T~ meson. Barkas et al.
sidering particle location., They report a mass value of 305 electron masses fér
the 7T = meson and 202 electron masses for the y~ meson. Van Rossum reports a
mass of 286.1 15 electron masses based on 17 pfoton and 13 mésoh tracks in C-2
plates_exposed to the cyclotron,

The method‘of grein counting furnishes the only value obtained in this labora-
tory for the mass of the u~ meson. It does not provide as accurate a value for

the mass of the other mesons as the ﬁethod of H’@ and range desribed in Section
6.112 above., However, as will be shown in Section 6,15, the combination of grain
cbunting with H 0o and range permits & calculation of the charge on the meson,
6,12 Stars produced by ¢ mesons pa7$€ a-
Are ¢

It has been found(l) at Berkeley that (73.2 + 2) percent of the T mesons
which end in the emulsion inifiate stars.of.one or m&re prongs. Thisvfraction
does not vary beyond statistical limits with.any emulsion sensitivity from C2 to
G5, Preliminary resulté(z) on NTB3 emulsions show that, of 64 stars, there wqré
no prongs whose ionization corréébonded to that of a proton of 40 Mev or greater,
Since this ionization'is well within the.limits of sensitivity of C2 emulsion, it
follows that less than 1 percent of all.emitted heavy particles will be missed
in C2 emulsion., The meson is always spproximately at rest when the star is formed,
so that only the rest energy of tﬁé meson is resﬁonsible for the nuclear disinteg-
ration, In the (2608 :}2) percent of the mesons which do not show en observable
star prong, it is presumeé that thé-energy given to the nucleus has been lost
through the emission of one or more fast neutrons. Adelman ahd Jones have made
a tabulation of the number of prongs per‘star for 512 T~ mesons'in:CZ emulsion

(Fig. 6012(1).)* The following conventions were used:

* Adelman end Jones have kindly given permission to use Figs., 6,12(1) and 6.12(2)

from their forthcoming paper in Science.
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a) Mesons initiating one or more fragments of definite direction are said
to produce a star,

b) If a star prong is shorter than 5 microns but has a definite direction,
it is considered to be a nuclear recoil. For example a star with four fragments,
one of which is a recoil, is called a 4épfong star, but is accounted for in the
‘notched portion of the graph. |

c) Some mesons stop in the emulsion without giving rise to ony frégment and
are recorded in the column of O prongs. (38,7 1_5) percent of these mesons exhibit
a club, a group of grains at the terminus, with no definite direction. These mesons
are represented by the shaded area in the column of O prongs.

Fig, 6.12(2) is a collection of typical meson stars. Fig. 6.12(3) shows a
highly enlarged meson ending with a typical club; it has not been possible to
ascertain in every instance whether the club is due to a short recoil or to scat-
tering very near the end of the meson range. Fig. 6.12(4) shows a meson causing
hammer tracks. Such tracks, which indicate that a heavy fragment rn.zes o rest
ig.the emulsion and splits into two equal lighter fragments, are 1nterpretéd as
being due to Li8 nuclei which decay aécording to the following schenme:

1% — 863 8
Y
2a

These "hammer tracks" are found in about O.é»percent of the meson induced
stars.observed at this lanra’coryo

Ho detailed energy balance has been made for any particular star since it
is generally impossible to distinguish the a-particle tracks from those of heavier
nuclei or to estimate the energy of the neutrons emitted from the star, The use
of very thick eﬁulsions should make it possible to obtain occasional particularly
favorable cases of the type in which all tracks end in thc emulsion, and then a

complete measurement of the energy may be obtained by simple momentum analysis.
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A statistical study of the energy liberated by the meson when captured in -

nuclei of the emulsion has been made by Heidmann and LePrince-Ringuet,(s)

6,13 Decay of M~ mesons

There is little evidence to indicate that ™~ mesons ever produce y~ mesons
after coming to rest in the emulsion. Only two cases(l)(2> which could possibly be
interpreted as Tr’ -y~ decay have been seen in more thnn 4000 meson tracks studied;
but the time rquired for a 4 lMev qTrmeson to stop in emulsioﬁ is approximately

1.3 x 1073

seco, or 10-% half-lives, so that decay during passage through the emul-
sion would be expected in about 10"’3 of observed mesons, The two cases noted could
also be due to T mesons which scettered into the emulsioho

It is thought, therefore, that the ™~ meson which comes to rest is captured

by a nucleus in a time short compared with the ~10"8 sec. half-life for spontaneous

decay and hence that T” mesons decay only in flight.

60,14 Half=life of ™ T mesons

The first estimates of the half-life of artificially produced mesons were
made by Lattes(l) in conjunction with mass measurements, by looking for a difference
between the number of mesons entering platés at +30° and =300 from the normal to the
edge. Fig. 6.112(7) shows the number of mesons as a function of angle © for mesons
observed in plates exposed in the -arrangement described in Scction 3,11, The time
of flight for the +30° orbit is 3 x 10“9‘56003 while that for the ~30° orbit is
6 x 10=2 sec, Since no significent difference in the number of mesons was obtained,
it was concluded that the half=life for decay of the T mesons is larger than
5 x 1077 sec,

A direct measurement of the half-life of the T~ ncson was made by Richardson(z)
with the apparatus shown schematically in Fig. 6.14(1) and in the photograph of
Fige 6014(2)o Mesons formed at the target and traveling initially in approximately
the same direction as the beam could pass throughithe central channel. Those with

the correct vertical componént of motion could spiral downward through the central

channel and the lower channel as shown, Photographic plates were placed opposite
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the exit of the channel to record mesons which described 1/2 revolution and 1 1/2
revolutions,

At the radial distance of 76 inches from the center of the cyclotron, where
the target.was placed for most of the experiments, the vertical focusing of mesons
is negligible compared with the statistical uncertainties of the éxperiment. Tence,
if no decay took place, it was expected that the ratio of mesons iﬁ the two plates
would be 3 to 1, A direct experimental check of this geometrical ratio was made by
lartinelli and Panofsky by substituting a plutonium a-particle source for the tar-
get and determining the ratio of the number of a-particles going through the two
channels under conditions identical to those of the exposure except for a rever;ed
magnetic field, The ratio of 3.2 to 1 which they obtained was used for the cal=-
culations of the meson half<life,

Only star-producing mesons were counted to assure that heavy -Ivr ~ mesons alone
were being considered. 254 mesons were observed in the 180° position and 48 in the
540° position for the same area of scamning, If there had been no decay, 92 mesons
would have been expected in the 540° position, Richardson used a mass of 286 m
for the meson ﬁnd calculated the time for one revolution to be 7,2 x 1079 second;.
The current value of 278 m,, would alter the time for one revolution to 5.95 x 10 .
By assuning that the abnormal decrease was due to the decay in flight of the e

.2 -8
mesons, Richardson obtained the value of 0.77 ig 1; x 10°° seconds for the half-

£

life, or 1.1 x 10-8 seconds for the mean life. <The values based on a mass of

+0,21
-0.15 *

for the mean life. The value of the mean life depends heavily on the nimber of

276 m, are 0.74 10_8 seconds for the half-life, and 1,06 x 10"8 secconds

mesons in the 540° plates. Background was high and Richardson found only about
two mesons per plate in this position.

"6,15 Charge on the T meson

Cloud chamber studies of cosmic ray mesons have indicated that the charge on

the p meson is equal in magnitude to the electronic charge. This result implies
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that the charge on the T meson is also equal in megnitude to the charge of an
electron,

By combining the equations for meson mass obtained by the two methods of
Sections 6,112 and 6,113, it can be shown that the charge on the AT meson is indeed
very close to that of an electron.

In the equations of those sections, it was assumed that the charge on the meson
is equal to that of the electron. If the charge is ze, then equations 6.,112(2) and
6.,112(3) become: ' ‘

B =Kmli™ R ;%8 and 6.15(1)

=
n

| 2.2 »
1/z\z/m§§ (Hp)? 6,15(2)

It is seen that ﬁ;; and range actually permit calculation of the quantity

2§nm1)
mg < rather than m itself.

Similarly, by inserting z and combining Equanz;ions 6.15(1) and 6.113(1) it is
n )]

seen that grain counting involves the quantity mz rather then Mo

From the results of Section 6.113 and Section 6,3119* we have

zZéf;l}

276.i 6
2n = T 126
zI—n 264 22

Putting in the value of 0,58 for n, and solving these two equations for z
gives for the charge on the meson
Ze =(O°99 + O.,OS)e
The calculated value of z is not very sensitive to changes in n or the mass values,

although a change of z from unity causes the mass calculated according to two

N .
The mass of the positive meson is used here since it is felt that this value is

more reliable than that of Section 6,112 due to uncertainty in the cyclotron.

magnetic field,
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methods to change in opposite directions., It is clear that the charge of the W
meson is not much different from the charge'of an electron,

6.2 Star production by p~ mesons

The measurements of Conversi et alocngcnon the half-lives of y~ mesons in
medium heavy elements show that a majority of these mesons are capéured by nuclei
before decaying, It might be expected offhand that some of the captured p~ mesons
would give up their rest energy to produce nuclear stars as the 7r~ mesons do,

No experimental arrangement yet tried for cyclotron bombardments has produqed
(. mesons in & plate without T ~ mesons also being present. Accordingly, investi-
gations of star formation by y” mesons have employedordinary holders of the type
shown in Fig, 4015(1) and plates have been searched for mesons with direction and
range different from the T~ mesons coming from the target. Different observers(6)
have made cursory studies using plates at approximately 7 ineﬂes from the target,
At this distance, M ~ mesons have approximately 4 mm range in the emulsion, while
i~ mesons emitted within approximately 30° of the backward direction by these ™~
mesons are expected to have a sufficiently shorter range to be distinguished frdm
the M ~ meson endings, The points marked by an x, and lyipg_belpW'the line of
minimum renge in Fig. 4015(2)9 represent star-formig mesons; however, their ranges
are in no instance sufficienfly Shorg to permit their assigmment tc HG mesons,
Lattes used a 'similar arrangement to observe y mesons which had been emitted in a
forward direction and hence had greater range than the TT mesons, Barkas(7) ob-
tained emulsions containing en increased proportion of p ﬁesons by ﬁlacing plates
on top of the normal target holder so that particles ooﬁing directly from the tar-
get could not reach the emulsion. However, light mesons formed by decay of upward
spiraling T mesons could reach the emulsion., It is theoretically possible to

reconstruct the trajectories of the y mesons on the basis of a knowledge of their

mass and paths in the emulsion; and, in many cases, to fit these trajectories to
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the paths of T 7 mesons coming from the target,

The results of all three methods are inconclusive and the most that can be
said is that none of the workers found any definite cgseé of 95 stars, in a total
of approximately 30 events, This is in agreement with the conclusions of Chang§8)
who found no charged particles associated with the endings of 53 .~ éosmic ray mesons,
A brief discussion of Chang's results is contained in Section 8,1,

6,311 Mass of the positive meson by radius of curvature and rangce

The mass of the T’ meson was measured by Barkas‘et alo(lr who used the same
method of H/o and range that was described in éection 6,112 for the T~ meson,

The plate holder, shown in Fig, 3,12(1), had a chennel of smeller radius than the
holder of Fig, 6,112(1), in order to accept p* mesons of just under 4 Mev, When
ranges were measured two distinct groups were found as shown in Figo 6,311(1),

| These two groups correspond to two types of mesons of mass approiimately‘aéuél to

285 end 215 electron masses, The origin of the light mesons was discussed in Section
5,20 Frances Smith(z) has reoélculated the mass values, using the latest magnetic
field measurements and range-energy relation. The results are 278 + 8 e.m, for the
mass of the T meson snd 212 i,é e.m, for that‘of the H+ Me SO,

A £lightly more precise caloulation(z) of the T * meson mass has been made
from new range'measuremen%s on mesons trévéling in the more uniform cyclotron
field between"74 in, and 80,5 in, radius, After all corrections are applied, the
mean value obtained for the masses of 85 heavy positive mesons is 276 ﬁ,é electron
masses., The probable error quoted arises mainly from systematic errors. The

probable errors (not probable errors of the mean) are: !

Uncertainty in the range=-energy curve 3,9 mass units
Finite size of the target 1.9 mass units
Straggling in the range of mesons 1.7 mass units

Angle of entrance of mesons in plates 0,6 mass units
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Fig. 6.311(2) shows arhistogram of the calculated masses, \

6,312 Maas'measurements by comparison with proton range

Preliminary experiments have been made by Bishop et alo(l) with a mass
measuring technique(z) which does not require & knowledge of the absolute value
of the cyclotron magnetic field or a precise knowledge of the range-energy relation.

Consider the Equation 6,112(4) for the mass of a meson in terms of the magnetic

rigidity <H7°)Tt in a magnetic fiéldp and the range Rar in emulsions

- ,
i .
o = ( ’°) 6,312(1)
ZczKR,,r -
where
1-n .
B =Kumq R.é‘ s 6.312(2)

and a similar equation for the mass of a proton:

S, 2 2=n
e*(F )
m = | P . 6.312(3)
2¢°K R B
P

Dividing and rearranging terms shows that

2
— — Ten
m (o) / (Eo) R ‘
T, R ar L'p o 6.312(4)
Ty R.“./Rp | Rp o

Now let us see under what circumstances the term in the parentheses is
equal to unity:
The ranges of two ions having the same charge and velocity but different

mess are comnected by the relation:

R (E) -__-R < > 6.312(5)
m,“. .-
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which is independent of any specific range-energy curve,
Therefore we can conclude that protons and mesons which have the seme initial
veleeity will have ranges obeying the relation

R ;nl (7o) o 6,312(6)
P P P’p :

Fquation 60512(6) may.be derived in a relativistically correct menner without
assuning eny spgcific form of rangéuenergy relation.

In order to perform this mass comparison a plate was exposed to obtain protons
of 27 Mev and mesons of_4 Mev which were known to satisfy the relation 6o312(6) to
the first approximation., It has been found ppssible to obtaiﬁ plates in which.the
protop tracks are very cloée together and thus have accurately the same energyo
Hence, it is permissible to average proton ranges. The ratio of each meson range

Yo this average proton range was calculated, and a piot was made of In _ T vs,

Qn.ggfi?T_o The intersection of the straight line through these poiﬁts.with a
45?‘1529 Through the origin gave the correct mess ratio. Such a plot is shown in
Figo 60312(1)° The resulting meson mass agrees with the value of 276 + 6 given
in Section 6,311 above.

A new mass determination is now being made, by using a method of mass comparison
to avoidvdependence on abéolute magnetic field and renge-energy data, Improvements
are being made at the same time in the mechanical details of the experiﬁent to per-

mit more accurate measurement of target-to-plate distance.

6,32 Decay of T " mesons

(1)

A study of ™% mesons obtained with a channel shown in Fig. 3,12(1) indicated
thet more than 95 percent of % mesons decay into p* mesoné after coming approxi-
metely to rest, The ranges of the p* mesons were all equal within the limits of

+
straggling, Lattes@)obtained a value of 595 + 9 microns for the range of 14 y
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mesons at Berkeleys and abqut 614 + 5 mic?ons for the range of 31 cosmic ray mesons
at Bristel, These values correspond to 4,13 + 0?04 Mev'and 4921 + 0,02 Mev for'
the energy of a meson of mass 212, A value of 4?18 i.0004 Mev has been arbitrarily
chosen for the calculations of the present paper. Further range measurements are
being made by S, Jones. ,

There is no apparent correlation(s) between the'direction of the 7* aﬁd the
p* meson for plates exposed in the magnetic field of the cyclotron° Egperiments
to test the theory of Wentzel(%) have been made by Richmen, Weissbl_uth,andwilcox( )
with maaoﬁs produced in a low magnetic field area outside the cyclotron, Prelimi=-
nary results do not show any angular correlation,

The 4 to 5 percent of the " mesons that are seen not to produce p* mesons.
cannot be accounted for by assuning that they end near the surface of the emulswn9
since there are uneventful endings near the center of C3 and NTB emulslonso( 6) The
possibility that thg non-decaying particles are p mesons instead of MW" mesons is
being explored by L, Alvarez and F. M. Smith, who in their experiments are using
channels with 4 inch radius to eliminate | mesons from decay of T mesons at
rest in the target, and to produce widely different M- and p-ranges of any‘H+

. 3 o
mesons produced by decay in flight, Cét the time of this writing it seems possible
that the mesons with uneventful endings are T * mesons that decay directly to
neutrinos and electrons which are not seen ?n the emulsions used.

N o + & .
There is no good evidence that T ', u", or o~ mesons ever produce stars,

6,33 Half-life of W * mesons

Martinelli end Panofsky(l) have measured the half-1ife of positive mesons by
using a_modification of Richardson's W~ half=life apparatus as shown in Fig.
6,33(1), In the experiment with pésitive mesons the geometry of the appafatus_ )
was calibrated by using & strong thick alpha source (Am241) with a thin covering,

- o
Alpha-particles were emitted with energies up to 2.5 Mev. Exposures were made in
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the proton beam rather than in the ampartiele bean in order to teke adventage of
the high cross sections for meson production, The target was placed at 65 inches
from the center of the cyclotroﬁ and_the qhanﬁel accepted mesons with a radius of
curvature between 4 1/2 and 6 @nchesox Thus, the entire meson trajectory was in a
region of fair}y ugi?orm figld?ﬁ‘Tff”m 9+ decays were counted in Ilford C3 plates
placed at 180°, 540o, apd 900°, Upon applying the geomeﬁrical cofrectioﬁsg a half-
+o

life for the meson of 1,37 -

o

ig x 1078 sec. was obtained, The date are plotted in
Fig, 6,33(2)." |

Approximately 50 percent of the error is statistical, and approximatély 50
percent is due to background from high energy mesons that penetrate the chamnel.
Blank runs were made in order to establish the size of the background,
] Although Martinelli end Panofsky's value is higher than that of 0074 iiié’x
107% sec. obtained by Richardson for the helf-1life of the T~ meson (Section 6,14),
the difference does not seem large enough to imply that there is a difference between

the half-lives of positive and negative 7T mesons.

6.41 Masses of the u+ and 1~ mesons

The measurements discussed in Section 6,311 gave a value for the mass of
the p* meson of 212 + 6 e.m., The meager information from grain counting(l)‘of
p” mesons indicates that the mass of the p~ meson is approximately the‘smneo

Fig, 6041(1) is a histogream of mass #alues obtained for 9+ mesons,

6,42 Tr+ = yw* decay and the mass of the neutretto

The uniformity of range of p+ mesons, &s well as the lack of angular cor-
relation of T and p* tracks, implies that the w* meson has essentially come to
rest before it decays into & p* meson of approximately 4 Mev kinetic energyo(l)

Another particle must also be given off during the decay in order to provide momen=

tum balance, Conservation of charge requires this particle to be uncharged,

* Martinelli has kindly given permission to use the figures from his thesis,



UCRL 486

8=

When the kinetic energy and momentum given to this neutral particle are
eliminated from the equation of conservation of energy and momentum, the following

expression for the mass of the neutral particle is obtained:

g\ 2 ey E 1/2 o
m =m 4{—] = 2— + 042(
bo [1 (mp) sz<1 —“-*znpcﬂ 6.42(1)

where Ep is the kinetic energy given to t}‘1e Y meson, ' A
)4 pigt of m, as a function of m.w//"irrp is given in Fig, 6.42(1), The values
of B, = 4.18 3 0,04 Mev, and m = 212 + 6 eom. wore used in plotting thT curves,
The_solifi curve is _d;awp for’ -«Ep e_—=;.4,18s % = 2123 and the dashed curves;for E}L =’4ol4,,
m, = 218, and ELL = 4?229 m, = 206, For the ratio m»n-/xr‘;‘r‘L the experimental range of
values of m,n./np = 1,31 .i 0,02 is'shown, Values of m,, between zero and 25 elect_:;'on
masses are thus consistent with the av* and p*‘ nass velues quoted in Sections 6,311
and 6,41, o

The graph of Fig. 6.42(1) shows that the calculated mass of the r;eutretto is’
quite sensitive to changes in the assumed values of m—rr/_mp' and EP‘ and therefore
that very accurate mass measurements and p,* decay enérgy values are needed in
order to establish the neutretto mass even within a literal error interval of &
few Mey‘o

6,43 Decay of the p,+ meson

Very few observations have been made at Berkeley on positron tracks emanating_
from the ends of p,“*';meson tracks, Three such events have been seen but the electron
background in plates exposed to the cyclotron is so severe that positron tracks
were not detected to come from the ends of 20 other known p* meson tracks, Cosmic

(1)(2)(3)(4),

ray evidence indicates that nearly every P,"' meson track endingis janed by

an associated electron track,
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7 Prqduction of Mesons by X-rays from the Synchrotron

7ol Introduction»

Eo McMillen and J, Peterson have graciously permitted the abstracting of
' data and the use of figures from their forthcoming paper in Science. All the
following information'on synchrotron exposures comes from the paper or from help-
ful discussion with J, Peterson and W. K. H. Panofsky,
The 340 Mev circulating electron beam of the Berkeley synchrotron(l) contracts
because of radiation and magnetic field increase until it strikes a 20 mil platinum
target within the machine, The x-ray beam produced by the impact if the electrons
on the target has a half-width at half maximum of 0.0067 radisn, and the number
of x=-rsy quanta in equal energy intervals is approximately inversely propqrtionaicz)
to the quantum energy up to the upper limit of 335 Mev as would be expected theo=
reticallyo(3> The x-ray inten§ity measured behind 1/@ inch of lead at one meter
from the target is ordinarily about 1000to 1500 r pér hour, The r unit has been used
for conveﬁience to designate beam level; a calibratioh by Blocker et alo(4) of
the unit in terms of the circulating beam of the synchrotron shows that 1 r per:
hour correspon@s.to about;kgé.electroﬁs per pulse at a repetition rate of 3 5/4
pulses per sec., They hav;Ldetermined that one r corresponds to 4.9 x 107 guanta
traversing a 1 inch diemeter target, where the number of quanta is defined as
the integrated x-ray energy divided by the upper limit energy,

Mesons are produced by this x-ray beam in passing through a carbon block, end
are recorded in‘nuclear emulsions. In the best exposures, ylelds of 100 mesons
per square centimeter of 100 micron I1ford C-2 plates have been obtained by 2000
r runs on a carbon target 1 inch in diameter and 3 inches in length located 6 feet
from the internal target, The length of runs is limited by random grain background

due to x-rays' and electrons' striking the plates,

Plates placed out of the x-ray beam, but near the internal Pt target showed a
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very low meson yield., This result implies that the mesons are produced mainly by
x=rays rather than by electrouns,

7.2 Experimental arrangements

T?e two most important methods of exposure that have been used are the
followings

1) A stack of plates is placed directly in the x-ray beam, with the emulsion
surface parallel to the beam direction. In this arrangement many single grains are o
developed by the x-rays, and it is necesséry to use Ilford Fs plates, the least i
sensitive emulsion which will record mesons. Even with théée plates the exposures
that are permissible before plate blackening becomes too severe are low (“450 r)f‘
An average of one to two mesons per square inch can be obtained with this arrange-
ment, The ratio of mesons to heavy particle tracks cause by. photonuclear reactions
is approximately one or two per thousand.

2) The x-ray beam passes through a carbon block and the stacks of'plgtes are
placed approximately 2 inches from the core of the beam as shown in Fig. 702(1)e
This arrangement has been used for studies of meson production in carbon and will
be used for other target elemen#sov A primary lead collimator 6 inches thick with a
1 inch diemeter tapered hole, and a secondary brass collimator 2 inches long with
al 23/34 inch diameter hole shield the photographic plates from the direct x-ray
beam., JIlford C2 élates are placed radially around the.cylindrical carbon block tarf
get, with different thicknesses of lead absorbers between the plates and the carbon,
so that different energies of mesons can be studiedgA In this arrangement the plates-.
have as many as 500 mesons in a 1 inch x 3 inch area, and theﬁratio of meson to
heavy particle tracks is approximately 1/100, Only one Y meson was found in a
plate exposed without the carbon target,

7.3 Experimental results - Calculation of positive and negative T vields

No magnetic sorting of positive from negative mesons has been employed for

mesons produced by the synchrotron and, therefore, the problem of distinguishing
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A7 ~ mesons from»’rr"‘ mesons must be treated differently than it was in connection
with internal cyclotron bombaz_'dmen’gso p,'f' meson tracks can be confused with non-
star forming Ty~ meson tracks. Similarly it may be impossible to distinguish a
o+ ==_p,+ event from a 7y~ star which has & single high energy proton if the emitted
par"t_:icle leaves the emulsion within 50 to 100 microns, In this case, however, the
previous observations (Section 6;12) on magnetically sorted mesons in the cyclotron
show that high energy slf}:irigle prong stars elmost always show a "club®™ from s recoil
of the residual .nucieus. .

It is known also (Section 6,12) from cyclotron observations th_at approximately
73 percent of all T mesons stopping in the emulsion produce stars, and that ot
least 95 percent of all ’\T‘_+ mesons decay intq p* mesons,

Therefore in the computation of numbers of mesons of different types stopping
in Ilford C-2 plates the total nmnbér ,Of.ﬂnt-’.' mesons was taken to be equal to the
number of e decays observed with questionable events that showed no "elub” on
the T track ending being counted as - p decays, It was thus assumed than no pf
meson begimning in the emulsion would be missed, & reasonably valid assumption in
the synchrotron exposures vr.';th C-2 emulsions. The total number of T “ mesons was
talien to equal 1/0,73 of the number of meson stars ( o"mesons) seen, Computetions
of yields with Ilford F-3 emulsions are subject to error bec_a_.ﬁsg of the sextreme .
difficulty in tracing yp mesons back to their ori_gin. Therefore, the following
discussions of résults will apply only to observations'on C-2 plates.

7.4 Ratio of positive and negative T meson yvields

| Since there is no statistically significant variation of the T "“/qr‘“ ratio
with meson energy between 30 and 150 Mev, all the data have been 1mnped together
to provide the following totals, where ¢ are star forming mesons, M - y are
decays seen, and ,O are uneventful endings of meson tracks,

d '-'-'403 ‘Tr~p.=327 /O=323
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The ratic 4r+/HT° is then calculated to be 1/1079 with a statistieallstandard
errof of 8 percent,

Brueckner(l) has made a theoretiqal investigation of the ratio 'I'F"F/”!"r‘= to
be expected at 90° from an x-ray beam, and finds that a value of the order of l/?,
independent of méson energy, is reasonable, He considers that the coupling»to the
photon field is }arger for 7~ + p than for_‘t‘r+ + n because of the current con-
tributed by the recoil proton, This effect, which increases with meson energy,
balances the Coulomb effect on the meson wave function, which decreases with energy.

7,5 Energyv and angular distributiors and cross section

The experimental arrangement does not permit accurate determinations of the
engle of emission of the mesons, However, an estimate of the angular distribution
may be cbtained by noting the direction of the high energy portions of the T meson
tracks., The result indicatés that the mesons are emitted with roughly spherical
symmetry in the laboratory system.

A calculation of meson yleld as a function of energy has been made by apélying
total area and stopping power vs, energy corrections to the numbers of tracks
counted, The calculation assumed that the mesons were produced by a line source
in the middle of the carbon cylinder, and neglected scattering or absorptions as
well as the change in path length for mesonstraveling at an angle through the ab-
sorber, A preliminary curve of the computed yield is shown in Fig, 7.5(1)., The
apparent lower 1limit to the energy ar;ses from the treatment of the target as a
line source of mesons. The dotted line is an estimgte of the low energy distri-
bution used for calculating the total cross section, The ordinates are expressed

o . " o
in terms of the r" unit,

The total cress section for meson production, calculated on the basis of

2 1 1

4,9 x 107 quenta per Y unit, is 5 x 10“28 cm” quantum”™* nucleus . The result

is believed correct within a factor of 2.
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8, Summary of Megon Properties

The characteristics of the a:?ifiqiallyﬂproduced‘mesons described in the
previous sgctions of this_pape;vgre consisﬁent_with the observations_on cosmic
ray mesons, Some of the extgnsive literature on cosmic ray mesons is included in
the bibliography of UCRL 487&46 .

The properties which appear reasonably well established are given in Table 8(1).
The values of the cross section for production are estimates based on admiftedly
incomplete éheory and are abbreviated in order to simplify the table, In the decﬁy
schemes the definite modes are indicated with an arrow and an estimate is indicated
of the lower limits of the percentage of decays going by this sohemeo- Uncertéin
modes of decay are indicated by an arrow with a question mark and an upﬁer limit
is indicated for the percentage decaying by this scheme.

8.1 Notes on Table 8(1)

Fo W

i ﬁi;;ﬂSpins of the mesons are deduce@ from conservaﬁionvof spin in the following
postulated reactions among neutrons (n), neutrino (v ), protons (p), electrons (g)
end photons (Y'), and mesons () and (u), Other éamﬁinations are possible, but
the ones givep below érg favored as being the simplest,

Leighton, Anderson, and Seriff(l) have shown that the B spectrum from the
decay of p mesons is continuous from O to approximately 55 Mev as would be ex=
pected if ‘the decay of the p meson went according to the scheme

p(i/z) ———913(1/2) , 2v/2) 3.1(1)
where the parentheses indicate épins. ' |

The shape of the spectrum implies that there are onl& three particies
emitteds The equation is writtem with neutrinos rather than ¥ -ray photons on

2) . ..
the right hand side since the experiments of Piccioni( ) indicate that no photons

appear in p meson decay. It is possible, though less appealing, to write

p(o)———aﬁ(l/z) + 1f(;/%) + neutretto<°)vﬁkp(4zkf



TABLE a(i)

CROSS SECTION
FOR PRODUCTION
HALF-LIFE  NUCLEAR BY 345 MEV _ ‘
PARTICLE MASS CHARGE SPIN (sec,) INTERACTION | PROTONS (ew”) DECAY SCHEME AT REST IN MATTER
{2 : ;
e | a1 | oa® [0t swme® oot | woet ey ®) 5 e
Trese et 4y < 5%
- 1 +0, C , 073 ' :
r 276+6 a ] oo, 1557:80;:20_:::10 81/ strong®) |~4521072703) | pe_smuclear starkS) 73,2+ 2%
T "—> Tneutron 26,8 :?%
emission
b = -
/;K W T Y <T0,B%
() T° ~280 ~ o | o,V 1M < ~0,5 x 1027 | +°_y% 2ny
(probable) B » A o ﬂ
9 (1) (6) - . 7 (1 o
ut 210;5( ) +1 1/2 1,49+0,05x 10 61 weak << 10751 (7) u+_.9€+ + zv( ) > 992 ®
9 . 8)(10) _ : 21 (7) - 8
T ~21_o( ) -1 1/2{1) 1,498 ;clo 8 weak <<10731 0" + p> wy (8
for low At, No, ' - (1j
absorbers pT— &7+ 2V
~0475 x 1076 . e n(8)
for Z = 10, u"—s?nuclear "star® <237

98% TYON
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The monoenergetic g in ‘rr+ - p* decay, requires that only two particles be

given off, If the neutral particle is taken to be the same as the neutrino of

beta decay, then the simplest equation is

,,T(g)_, W2 V(1/2) 8,1(2)

The thresholds and cross sections for T meson production in the cyclotron
imply that only a single new particle is created in nucleon-nucleon collision, so
that ] _ ‘ :
L/ )y, G/ (D)

oA

2o The W meson interacts strongly with the nucleus, as evidenced by production

of stars, etc, It is probably the particle responsible for nuclear forces according

(3)

to the(th;ory of Yukawao

3. The cross section presented in the table is an approximation to thg total
cross section for the production of M mesons by 345 Mev protons on carbon, based
on measurements in a restricted region of energies and angles,

The same_typé of approximations give the total cross section for production
of TT? mesons by 390 Mev anparticles_on carbon.

40 AT * mesons always decay at rest, to give a monoenergeticAp meson with a
renge of approximately 600 ﬁicrons corresponding to an energy of 4018 iﬁoooé Mev
(see Section 6.32),

5. Both negative and positive T mesons may degay in flight to p mesons.
The table gives only decay schemes for mesons at rest,

6, This velue comes ffom experiments of Nereson and Rossi(4 ) on oosmic ray
mesons.

7o Cross section for direct production via nucleon-nucleon collision is too

small to be detected in the cyclotron,

: 6 _
8, Experiments by Conversi et alo(s) and by later w0rkers( )(7)(8) showed that
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p+ mesons decay in all absorbers., On the other hand {4, mesons decay before being
qapturéd by nuclei of 1ight elements, but they have a‘significantly high probability
of being captured by nuclei of heavy elements., Cosmic ray evidence<9)‘02)implies that
an electron is always associated with y meson decay. The captured p~ mesons might
be expepted to give nuclear stars like those seen in ~- 73 percent of 1t~ meson
endings. However, it has been shown by Chang<;3)that charged particles are rarely
ifvever emitted when u~ mesons are stopped in nuclei from Al to Fb, The experi-
mental conclusion was based on only 53 cloud chamber pictures and henée star pro=
duction by pw~ mesons cannot be completely ruled out, Chang reports some evidence .

for low energy gamma-rays associated with p= meson capture, although Sard et a1°(14)

have found no high energy gamma~-rays connected with the capture, Wheelercls) ,
interprets the low energy gamma-rays as being due to transitions of captured p~
mesons between Bohr orbits, and concludes that the p meson reacts with a proton
to form a neutron and a neutral particle.

B P—>10 4,
This closes the cycle begun by n—>p + ﬂr-;'w‘-—ap“ o+ Qo

ZA;P V' Since the neutrgl particle given off in w* - p+ déCay appears to have a
very small rest masés it is,appealing_tovconclude that the Hé above is the same
neutrin§ which is encountered in B decay,

It is not necessary, of course, to draw this conclusion, and the o could
be a fmeson" with zero spin;

9, The mean value of-?lo for the y meson mass is used in the table, although
the best méss measurements give a value of 212 + 6, This latter number is proba- .
bly too large, as evidenced by the imaginary values déduced for the mass of the
neutral particle in T - decay.

10, Nuclear capture or nuclear charge exchange 15 of u~ mesons affects

 the apparent helf-life. Yor absorbers of low atomic number the apparent half-life
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is the same as for p* mesonsfie)The nuclear charge exchange becomes more important
with increasing atomic number. It gives an apparent half-life of 0,75 x 106 sec.,

for 2 = 10,

9, Auxiliary Dats,

9,11 Energy available in the laboratory system for meson production

It was first pointed out by McMillan and Teller(l) that the momenta of
nucleons in an a«particle and in the target nucleus may be compounded with the
momentum of the g=particle to make aveilable an increased energy for production
of mesons in the nucleon=nucleon collisiono‘ Their argument essumed that the
available momentum was proportional to the sqﬁare root of the Fermi energy of
approximately 20 Mev, While their calculations have perhaps some validity for
high mess number targets,they are not correct for carbon and for other low Z targets,
since they predict thresholds lower than the calculations of Barkas in Section 9,12,
For deuterons, the binding energy is only 2 Mev and hence theAconsiderations of
McMillan and Teller and Horping and Weinstein imply the 7 mesons would not be proe-
duced by 190 Mev deuberons,

(A more cbmplete discussion of available energy was originally;contemplatedv
for this section; but at the present time the above paragraph represents the only
pertinent information known the writer,)

9,12 Absolute threshold

An entirely different approach has been used by Barkas(l) for calculating
thresholds for meson production, If one considers thé process of meson production -
in the same manner as an ordinary nuclear reaction, a rigorous lower limit for the
lenergy of the incident particles required for meson production iss

. IR
21




where T' is
m is
M is
Mee is

Ml is
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the kinetic energy of the bombarding ion, in the laboratory system
the mass of the bombarding ion

the mass of the target nucleus

the mass of the meson

the sum of the masses of the other reaction products,

- Table 9,12(1) gives some valuss of threshold energies calculated from 9,12(1)

by using a meson

mass of 276 electron masses.

9.2 Range-energy relations in nuclear emulsions

A range-energy relation for particles of arbitrary mass m and charge z may be

obtained provided that a range-energy relation is known for some other charged

particle. This may be shown readily as follows:

An equation

giving rate of loss of kinetic energy g% or a charged particle

in passing through matter may be written(l)

dE
dx
where

ez =

This may be

mvz

=4'W( )2 2 2
- ze) X {z [n T - (1 - %) - P - g 9°2$1)

charge of the incident particle
atomic number of the absorber

velocity of the incident particle

. number of atoms per cubic centimeter of stopping material

average ionization potential of stopping material

electron mass

v/cy ¢ the velocity of light

a corrective term which must be applied in case v is comparsble
with the velocity of a K=electron of the stopping material but

large compared with that of ény other electron of the material.

written in the general form
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TABLE 9,12(1)

Absolute thresholds for Meson Production

(Using a value for the 7T meson mass of 276 e.m.)

Bombarding ' Type of Other Products Threshold

Particle Target Meson of Reaction Energy(ilev)
P cl2 o 13 150
b 12 - §l2 + p 173
; ct2 - 16 194
a cl2 - pl6 200
a o cl? ’“’* cl4 ~ 154
d | cl2 = . ol 158
N o2 r+ Cplz+n 167

n | cl2 - S opt? 148
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dE

&= " szh("), - 9.2(2)

where the function h(v) and the functions g(v) and f(gb which follow are related,
though at present defined only by relation 9,2(1),

Now since E = m Y (v),

d
=T SO | 9.2(5)

where m, is the rest mass of the particle, Therefore,

X m )
o Y(v) o .
R = d_x = —_— E cm— ° o
| § Z S’ vy &7 =z elv) 9.2(4)
It is sometimes convenient to rewrite this as a function of the energy E of the
particle:s
Mg B
= — P (2 9,2
3 &) (5)

It has been found empirically that the relation between R and E can be
approximated very closely by a power law for protons of 10 to 30 Mev, It follows

from 9,2(5) that such an expression has the form

E=k mlmn R™ zzn 9,2(86)
The relations above are not va}id for electrons, for which scattering has a;
large effect on measured range, but they have proven satisfactory for mesons., The
equations iﬁply that a proton and "W meson of thg same velocity have ranges in.
the ratio mqr/%bo. Now if a meson has energy Eap, the proton having the same
Iy .

— s 9
M v

ﬁelocty will have energy and hence by 9,2(5) we may write for the range -

of a T meson of energy E

My m
Ry (E) = -m;Rp(}_niLWE 9.2(7)
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m m

where R (%fl ) is the range of a proton with -—Betimes the meson energy,
N v ‘ ’ o Map )

According to these considerations, for example, & T meson of energy 5 Mev has a

range approximately one-sixth that of a 30 Mev proton.

A range~energy relation was obtained by Lattes, Fowler, and Cuer(z) for protons '

up to 13 Mev in Ilford Bl emulsion, Their data were extrapolated by Canerini and

3) . . . ' 1
Lattes( ) to give ranges with estimated accuracy of + 8 percent in the 30 “ev region,

(4)

Bradner et al, have recently made a direct experimental determination of the

range-energy relation for protons up to 39 Mev in Ilford C2 emulsion., A plot of

 their deta along with that of Lattes is shown in Figo 9,2(1)s The curve is be-

lieved to give the energy accurate to 2 percent for protons’in dry C2 or C3 emul=-

sion. Fig. 9?2(2) shows.an empirical fit to the experimental relation for dry

" emulsion in the region of 17 to 39 Mev, according to the equation:

E 251 0.581 9.2(8)
(ev) = O? ) ' °

9,2(8) is indistinguishable from the original extrapolation of Cemerini gnd;Latﬁes
for protons of 4000 p renge. Monoenergetic protons for the recent measurement
were obtained from the circulating beam of the cyclotron in the arrangement shown
in Fig. 9.2(3). Protons gﬁfiking the 1/8 in, x 1/16 in. x 3 in. copper ribbon
target produced protons scattered in all directions with a variety of energies.

A nuclear track plate placed behind & short chamnel at the 80 inch radius
recorded protons which left the target in the backward direction with the approp=-
riate momentum, With an accurate knowledge of the magnetic field it was possible
to caloulate the energy of a proton entering along the normal to the edge of the
plate., Plates were put at the 80 inch radius for all exposures and the target
radius was varied to obtain different prgtbn energies, ‘

An approximate value for the range of protons in the glass backing of C2
plates was found by measuring the lengths of tracks which had traveled most of

their range in the glass, The range of protons in the region of 30 lMev energy was
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found to be (18‘: 4) percent larger in glass than in dry C2 enulsion,
By'gpplying the methods of this section to ranges of p* mesons in NTB and C2
emulsions, the range of 36 Mev protons in NTB emulsion was calculated to Ee (8 + 1.5)

percent larger than in C2 emulsion,
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