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REVIEW OF WORK ON ARTIFICiilLLY PRODUCED MESONS 

Hugh Bradner 

October 19~ 1949 

1., · Introduction 

Artificially produced mesons were detected for the first time at the University 

of Califor~ia: Radiation Laboratory in February 1948 .. (l) The mesons were created by 

bombarding a carbon target with the 390 Mev alpha-particle beam of the 184-inch 

syncl:irocyclotron( 2) and were detected by the characteristic tracks which they made 

in going through the emulsions of special photographic platese 

Shortly before Gardner and Lattes announced the production of mesons by the 

cyclotron, ·sakata(3):~ Tanikawa(4) and Bethe and Marshak(5) had predicted the ex-

istence of light and heavy mesons on the basis of cosmic ray evidence and Powell and 

co~workers<6~ had established the existence of mesons of two masses by studies of 

nuclear plates exposed to cosmic rays and had deduced some properties of the particleso 

They coiwluded that the light., or.ff) meson had a mass of approximately 200 electron 

masses; while the heavy meson., which they termed ;r or d"had approximately 300 to 400 

e~ectron masseso They did not know how many of the heavy nonstar forming mesons were 

posi~ive; though they inferred that most or all of the star forming9 or C(, mesons 

It was deduced that1rand ~mesons had strong interaction with 
I 

were negative., 
-6 -11 

nuclei and that the heavy mesons had a mean lifetime between 10 and 10 seconds., 

The decay in flight of rr-and cr mesons formed at high altitudes was presumed to give 

~ mesons, the particles ordinarily seen at sea~level. ef mesons produced nuclear 

explosions upon coming to rest in light or heavy elements, while positive 1r mesons 

-·~re thought always to produce positive }l mesons upon coming to rest in mattero 

From the fact that the positive~ meson always was produced with the same kinetic 

energy of approximately 4 Mev~ Lattes et ale concluded that a single neutral particle 
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was also produced during the decayo The preliminary estimates of 1r" meson and fl4 

meson masses~ however~ led to the erroneous conclusion that the neutral particle had 

about the same mass as the ~ mesono 

The production of mesons in the Berkeley cyclotron opened the possibility of 

studying the mesons under conditions of 108 times higher intensity, with magnetic " 

sorting to separate the particles of different charges. Two immediate results were 

the recognition that approximately one-third of the heavy negative (17'-) mesons do 

not produce stars:> and the assignment of a mass value of 313 :t 16 electron masses to 

the 71-meson. (Both of these observations were further refined in later experiments.) 

The present review is concerned with the investigation of properties of heavy 

and light mesons, performed with the Gl ~particle beam of the Berkeley cyclotron 

during the period from February9 1948 to February, 1949~ and with the proton beam 

of the machine from February to July9 1949. A short account of the results thus 

far obtained with the 335 Mev Berkeley synchrotron(?) will be given near the end of 

the papero 

It is the purpose of this paper to assemble the best values available at the 

present tiine on meson production and meson propertieso The material is arranged for 

easy reference and future additions 9 rather than coherent readingo It appears diffi

cult to present a detailed account of the investigations, and at the same time to show 

c:learly the development of current v·iews concerning mesonso Therefore!' the main body 

of the text will treat the individual experiments in considerable detail, while a 

summary of present concepts of meson properties will be given in the last section of 

the paper.* 

Work that has been reported only in American Physical Society meetings will 

*The table has been revised to April 9 1950o 
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be treated in greater·detail than those researches which have been published. The 

experimental·work presented here is the result of the joint effort of a number of 

... people most of whom have comprised the Film Program Group of the University of 

California Radiation Laborator.y. This summary report was begun by C.M.G. Lattes 
Lt 

during his stay in Berkeley, and many of the sect~ons on experiments with~-~· 

.. 

q 

mesons were drafted by him. ·sections 4.11, 4.14 and 6.12 were written by s. Jones 
'' 

and part of Section 4.12 was written by H. Wilcox. v.z. Peterson and H •. Wilcox 

made the cross section calculations. D. Sherman has compiled an extensive bibli

ography to.accompanT 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 H~ Bradner, 

and he assuines responsibility for opinions not attributed to other experimenters. 

The sequence of topics follows closely the outline submitted by W.H. Barkas to the 

Echo Lake Cosmic Ray Symposium in June, 1949. There are a number of topics for which 

detailed information has been obtained directly from the experimenter, and in these 

cases, credit for the contributions will be given in the text. 

All the work except that described in Section 4.3 was done w:tth Eastman Kodak 

11 NTB" or Ilford "Nuclear Research" plates, since the- meson intensity and ratio of 

mesons to background was so low that other methods of detection such as cloud 

chambers and scintillation counters failed to show the· presence of mesons. A very 

few cloud chamber photographs have been obtained which show mesons produced by 

neutrons and x-rays, and some success has just ·recently been achieved by L.W. Alvarez 

*The group working with mesons produced. by the cyclotron has included Mr. F., 
Adelman, Dr'! W.H. :aarkas,- Mr. A.S. Bishop, Mr •. K. Bowker, Dr. H. Bradner, Mr. J. 
Burfening, Mr. P. Carnaham, Mr. W. Conover, Dr. E. Gardner, Miss E. Grunwald, Mr. 
S. Jones, Dr. O.M.G. Lattes, Dr. E. Martinelli, Mr. E.O. Meals, Mr. D. O'Connell, 
Mr. A~ Oliver, Mr. V.C. Peterson, Dr. R. Richardson, Miss F. Smith, Mr. s. White, 
Dr. C~ Richman, Dr. H. Wilcox, Mr. M. Weissbluth, and others. . ·' . .. 
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in using counters to detect positrons from the decay of positive~ 

UCRL-486 

* 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 a few ob-

servations which served to guide the search for artificially produced ~esons. 

a. At the beginning,of 1948 tw~ types(l)(2) of me~ons with masses of the 

order of 200 and 300 e.m. were known to exist. It was assumed that such mesons 

did not exist inside nuclei, so that if they were to be pro~uced under nuclear 

bombardment, their mass would have to be provided at the expense of the kinetic 

energy of the incident particles. Furthermore,_ it was believed that if mesons 

were created at all, they would be produced in.single nucleon-nucleon collisions. 

If this assumption is correct, it would appear at first. sight that alpha-particles 
I 

of approximately 400 Mev would not have enough energy to produce either )t or 1i 

** mesons; at least 100 Mev would be needed in the center of mass. system to make a 

1' meson and 150 Mev for a t,r meson, while each neutron or proton in the alpha 

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

in the nucleon-nucleon center of mass system for meson production. 

The situation is not so discouraging~ as was pointed out by McMillan and 

Teller(3) and substantiated by Horning and Weinstein,(4) when one takes into 

* Note added in proof: Preliminary data suggest that J. Steinberger is also 
successful in detecting positive mesons by delayed eoincide'"ees, and there· 
are indications that H. Bradner and M. Dazey have detected ;r-meson stars 
in transtilbine. ' 

**For the remainder of this paper the symbol 1f will refer to either positive or 
negative heavy meson unl~ss a superscript designates a specific sign. 
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account the internal kinetic energy of the nucleons in the ~-particles and in 

the target nucleus. The nucleons are assumed to oscillate within the nucleus 1 

with a Fermi energy of approximately 25 Mevo Under favorable conditions the im-

pinging nucleon can be moving within its nucleus in the direction of the beam~ 

while the nucleon in the target can be moving in the opposite directio~ The 

momentum at impact is thus increased by the factor 

2vr; tl(i;!4 

VEcJ.. 1
4 

~· .. ··L::. 

where Er is the Fermi energy, and Ect is the ct -particle energyo The calculations 

of these writers implied that 1r mesons could be produced by the a(-particle beam9 

but that Tr meson production in the 190 Mev deuteron beam would be negligibleo 

b. The experiments of Conversi et al.(5) on the absorption of cosmic ray 

mesons in heavy and light materials clearly 'indicated that){ mesons do not interact 

strongly with nucleons, as would be expected if they were responsible for nuclear 

forces. (6) An estimate of the cross section for)( meson production in the cyclo= 

tron, based on these results, shows that it is too small to detecto On the other 

~ hand, the direct production of 1r mesons in cosmic ray stars(7) and the frequent 

~ occurrence of stars at the end of their range, indicated that these heavier mesons 

participate in a strong nuclear interaction and consequently might have a reasonably 

high cross section for production in the cyclotron. It was, ·therefore, clear that 

in looking for artificially produced mesons one should ~ry to arrange the experi

ment in a way most favorable for the detection of tr rather than }f.. mesonso 

c. The most obvious way to look for artificially produced mesons was to ex= 

pose the plates to the full-energy ~~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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meso~s are ejected in addition to the usual heavy particles from the center of 

the staro An experiment of this type was triedo The exposure was arranged as 

shown in Figo 2(1) a.r+d about 5000 ~=particle induced stars were observed under 
. ..-

500 diameters magnific~tiono No mesons were found, but this negative result was 

expected from a theoretical estimate of the probability of the process and the fact ~· 

that only mesons of energy up to a few Mev would be registered in the insensitive 

plates which were usedo It was, therefore, clear that an arrangement must be de-

vised to separate the mesons from the much larger number of heavy particles which 

were also produced under a(=particle bombardmento 

It seemed that an arrangement most suitable for detecting mesons would be 

one allowing the separation of negative from positive particles9 since mesons were 

the only negative particles expected to be recorded in Bl and C2 plateso Eo 

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

~o Experimental Arrangement 

3oll Negative mesons from alpha=particle bombardment 

.. Tl,J.e~ experimental arrangment that has been used repeatedly for producing and 
,. f~ •• ~· ~ • I .... 

detecting negative mesons produced by ~-particles in the cyclotron is shown in 

Figso 3oll{!) and 3oll(g)o The exposures were made inside the machine in order to 

make use of the full beam intensity and at the same time to take advantage of the ,, 
• 

cyclotron magnetic field to separate the negative mesons from the main bulk of 

heavy positive particles produced during the bombardmento 

Figo 3oll(l) gives a general view of the exposure set=Upo 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 ~=particleso The inci~ 

dent ions follow the orbit showno Negative mesons produced at the target are de-

fleeted by the magnetic field and focused roughly at the position of the plates, as 
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shown by the orbits drawn in broken lines. Positive mesons and heavy particles are 

deflected in the direction away from the plates, as indicated by the orbits drawn 

in dotted lines. 

Fig. 3.11(2) gives a larger view of the actual plate holder. The target was 

usually a solid piece ·of graphite o-r beryllium with dimensions 1 in. x 1 in. x 1/16 

in., the smallest dimension being parallel to the ciJ -particle beam. The main 

body of the plate holder was made of copper with sufficient thickness in all di-

rections to stop ions originating in the target or scattering toward the plates 

from various places in the interior of the cyclotron. 

The distance between the tip of the target and the photographic plates was 

4 in. to 7 in., so that mesons of mass 300, describing semicircular orbits as indi-

cated, had an energy from 2 to 4 Mev, 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 of the type used and their complete path through the emulsion can easily 

be followed. The dimensions of the plate holder may be inferred from the scale 

provided in Fig • .3.11(2). · Fig • .3.11(.3) is an actual photograph of the standard 

plate holder used in most of the exposures. 

For most of the exposures the plates were stacked with emulsion side up and 

the mesons allowed to enter the emulsions through their •leading" edge. This 

arrangement is convenient mainly for getting a large concentration of meson tracks 

near the leading edge of the plate. 

Xhe plates were generally wrapped in ordinary photographic black paper 1/10 mm 
• . 

thic~ to permit handling in daylight. Unwrapped plates were used when it was im

portant 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 entered through the upper surface of the emulsion. · 

Measurements on meson tracks near the edge of a plate are not reliable because the 
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emulsion suffers a considerable distortion during processing. Furthermore the 

emulsion often peels from the glass for the first 100 to 200 microns • 

.. , Most of the exposures -were made with Ilford type C2 Nuclear Research plates. 

When a greater grain density in the tracks was desired, as in the ~tudy of~~~ 

decay or in following the tracks of mesons of energy greater than 5 Mev, more 

sensitive plates, such as Eastman Kodak "NTB" or Ilford G3l' were found more suitable. 

For work in which a high d1scrimination between meson and protons tracks was neces-

sary, less sensitive plates, such as Ilford El and F3~ were employed. Very sensi-

tive plates~ such as Eastman Kodak NTB3, Ilford G5 9 and KQdak Ltd. NT4, have been 

used recently9 but a large background of low energy electron tracks limits their 

usefulness. The usual thickness of the plates has been 50 to 200 microns and a 

standard processing technique(l) has been used for most experiments. 

Ordinarily, observation and measurement of the meson tracks is made using 

microscopes with 6X to lOX eyepieces and 90X oil immersion or 40X apochromatic 

objective. Under these conditions an experienced observer can easily recognize 

the characteristic tracks left by mesons in the photographic emulsions. Only in 

a few instances has grain counting been used as a means of identification of the 

mesons. The appearance of a plate under the microscope is much like Fig. 3.11(4), 

* which is a simple photomicrograph of a meson amidst a background of random grains 

and heavy particle tracks. Meson tracks ordinarily scatter too much to permit this c 

type of recording~ so ordinary events. are sketched, and particularly interesting 

tracks are photographed stepwise to bring successive short sections of the tracks 

into focus. Completed mosaics of typicall!-meson tracks photographed with 90X 

oil immersion objective are shown in Figs. 3.11(5) and 3.11(6). 

The plates exposed in the cyclotron during the early stages of the work~ 

*The photomicrographs used in this paper are the work of Mr. A.J. Oliver. 
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when examined under the microscope!/ showed a very great number of tracks of 
,: .. .., ···\ t~ 

, protons~ deuteZ:ons, alpha=particles, etco, stemming presumably from nuclea;r ex-=: 
,._ .j 

plosi'oris produced by fast neutrons in the shielding, in the glass, and in the 
, '' I 1' • ~ • • ! .... ' j' '' ,•, ' l 

: t 
emulsion itselfo The orientation of the background tracks was random, and_it was 

·,Clear· that most of· the neutrons .did not originate in the targeto A. few. mesons were 

'"' .. f.oti.nd; but the ratio of meson tracks to background was of the order of l:lO.llOOOo 
: ~ .. 

·During the first few months after the mesons were detected, a_great_deal of 

effort was spent in reducing the neutron background. In the final arrangement it 

was possible to show that about half of the neutron background originated directly . . .. . ' 
t 

in'the target. In the very best exposures the number of background tracks de= 
:- ... ·· 

.creased nearly as the square of the distance from the targeto 
- .. , 

i1. · Th~ exact origin or' the neutrons coming from places other. than the targe~ 
'' 

is not yet completely understood. Of the various devices tried for reducing 

the neutron background the only ones found definitely to be effective were: 

a) Reducing the deutermi contamination of the o( =beamo It was .. found that~ 
'"r.·: 

as ·expected, ·d~uterons ofl90 Mev did not produce a detectable number of rnesonso 

A:s it _is not possible to obtain an alpha=particle beam free from deutero~ contami= 
. 

nation, even by first letting the vacuum tank down to atmosph~ric pressure before 
<_•~(·~· I,>J .:: 

~ning the cyclotron for '(~particles, and as these deuterons served only to in= 

crease the background· to meson ratio~ a device suggested by W.KoHo Panofsky wa_s 

• designed by Robert Watt for minimizing the deuteron contaminationo Such a mecha"' 

nism is made possible by the fact that the q..:.particles begin their accelera= 

tions at a different time in the fre'quency modulation cycle than do the deuterons. 
·:.t~~ --~ ... 

Pul$ing the ion source arc on at precisely. the correct time gave a 98 percent pure 
\• .. 

' ' ~ '· 

The pulsing time v•as determ;j..ned experimentally on each 
.'-':•"'\'. > 

group of exposures· by reading a special double probe which measured the a; ~parti~le 
,. 

~ ... 
current and the deuteron current simultaneouslyo 
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b) Beam "clipper." Originally most of the background due to alpha-particles 

came from ions which scattered from the target. These could subsequently strike 

the dee near the plate holder and produce neutrons~ or could spiral outward in the 

reduced magnetic field beyond the beam 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 beam 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 inch larger radius than the target. 

When the two devices were used, it was possible to obtain occasionalQ(·beam 

exposures with a ratio of meson tracks to background tracks of approximately 1/50. 

Usually the ratio was nearer to 1/100. With the normal beam intensity of 1/10 of 

microampere, a ten minute exposure provided a convenient density of tracks for 

study. In exposures of stacks of plates there were about 300 mesons entering the 

emulsion of each plate through the "leading" edge. (100 microns thick, 3 inches 

long.) Single plates exposed at a grazing angle of about 5 degrees showed about 

4000 mesons distributed 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 

deflected. beam. C. Richman is using the deflected proton beam to study the energy 

distribution of mesons up to 150 Mev from a'carbon targeto By using an auxiliary 

magnet of a few kilogauss to sort out the negative mesons, it is possible in princi

ple to reduce the background still further, since mesons of a given energy could be 

focused to a position farther away from the target than is possible with the cyclo

tron magnetic field. As the number of mesons would decrease linearly with the 

distance between target and plate in the best arrangement while the background 

would decrease as the square of the distance~ the advantages are obvious. This 

type of exposure requires long bombardments since at present the intensity per unit 
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a.rea in the deflected beam is only about 10•6 of the availabl~ c1..trrent in th~ internal 

' beam. 

J.l~ )'osi tive mesons from a· -particle bombardment 

An important difference between exposures for negative mesons and for positive 
. ·.'. 

mesons is that, in the latter case, ions leaving the target curve in the same dirac• 

tio_n. as the mesons and, therefore, cannot be eliminated by shieldi11g. Tracks of 

mesons are. approximately 100 times as long as tracks of protons with the same mo-

mentum, an~ hen~e the latter will not be Confused with meson tracks if a good channel 

i~ emp~oyed •. However, they do contribute seriously to the background on the pllites. 
I> ,. 

Expos~res.~uffer further because of the'small yields of low energy positive mesons 

as indicated in the Section 4.21. 

The most common type of plat.e holder for the detection of positive mesons is 

. * shown in Fig • .3.12(1). Note that it differs from the holders described j_n Section 

.3.11 in ~hat it accepts only mesons ejected from the target in a backward direction 

in orqer that .the plates may be placed at a radius larger than the beam. 

For experin1ents such as comparison of positive tr to negative TI""Yields, in 

which positive mesons ejected in the forwacl d:trection were desired, it was possible 

to use plate holdel"' such as shown in F:i.g • .3.12(2). Backg1•ound was very severe in 

this type of' holder because stray part:i.cles frotn the cyclotron beam strock the 

i'ear of the holder and the thickness of the holder is limiteq. by the size of the 

'~' airlock open:i,ng into the cyclotron. (Since the range of the proton bea1n is greater 

t han th···a~t. o·/:0 th al·h p·rt·:t·cl· b .... -m t~h1."' ty···p··e· of holder cannot be used in con-.l. e ~p a- a. . . -e ·"'a , ., 

nection with the 345 Mev proton bea.rn~ A larger airlock 11ow beitlg desig11ed should 

improve the s~tua.tion.) 

*E. Gardner ha.s kindly permitted the use ar this a.nd other.figures from a. forth• 
coming paper on meson rna.ss measurements. 
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3.2 Meson production in the proton beam 

The main difficulty in using the 345 Mev proton beam comes from the increased 

range 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 ~uch shielding as possible between 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 

beamft However, holders shown in Figs .. 3o2(1) and 3.12(1) are satisfactory. 

New types of holders shown in Figs. 3 .. 2(2), (3), and (4) are being used to 

study rr.esoils of energies from 20 Mev to their upper limit of approximately 150 Mev. 

Mesons leaving the target with high energy at approximately 90° to the beam are 

slowed do\vn to about 10 Mev by an absorber of copper or another material before 

entering the plates .. 

The channel of the holder in Fig. 3 .. 2(2) is designed to pass mesons of a nomi-

nal energy of 50 Mev, but because of its small total length will pass mesons with 

energies from 40 Mev to 80 Mev emitted at 90° fo 3° to the proton beam direction. 

A copper absorber placed at tte exit end of the channel immediately in front of 

the plates reduces the 50 Mev meson energy to approximately 14.,5 Mev. Mesons 

with initial energy between 46 and 66 Mev stop in the plate. This arrangement 

thus has gOodangular resolution, and moderately good energy resolution., 

The holder shown in Fig. 3o2(3) is designed to slow the mesons down before 

they enter the channel.. The distance between target and plates is smaller than 

in the holder of Fig. 3.2(2), and improved meson yield is achieved at 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 Fig. 3.2(4) was originally proposed by 

Co Richman for use with the deflected cyclo.tron beam. It does not take advantage 

of magnetic se~aration of ions, but simply interposes a cop~er absorber between 
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the target and the plates. Plates are placed in slots in the copper block and 

meson energies·. a:re· estimated froin the thickness of copper between the target and 

the terminus of the meson. Exposures made with this type of holder show pro-
.· .· . . 0 

hibitively high background for mesons of less than 20 Mev at 90 to the proton 

bea.in, 'but 'are· .J.ery satisfactory for meson energies above 50 Mev. Plates exposed 

.,. in 'the forward quadrant show progressively more background while those in the 

backward ·'quadrant gi~e better exposures than those in the 90° posi tiono Positive 

and negative mesons d:dft in opposite directions under the influence of the mag-· 

netic field; so that tf- +and 11"" lnesons ending in the same region of a plate 
:r 

did rtbt l~a:ve:;lhe tal-get in the same direction. v. Peterson (1) has calculated 

the ·~:i:'irt' 'or 'mesons, and finds that they end approximately 7 1/2° away from their 

ini tia.l direction, regardless of their initial energy. 

Richman and fv:llcox' s present arrangement for obtain:tng mesons from the .345 

Mev external proton be'arn is shown schematicaliy in Fig • .3.2(5), which they have 

kindly given, permission to use. 
. . 

In their method, the external bearr: from the cyclo-

tl:·on 'goes through a target and is subsequently collected and integrated. The posi-

tive and negative mesons produced in the- target enter. the essentially inf:tnite 

blocks of absorber material, where they come to rest after traverfdng a d:tstance 

assumed to be appropriate to the initial energy, according to the 01~inary nuclear 

stopping law •. During this process the mesons scatter somewhe.t, but in the ab· 

-~ sorber the volume density of stopped mesons at a given depth of penet,r.ation is 

unchange~ and measures ~he number produced ~n the target with the corresponding 

energy. Nuclear emulsions are buried in these absorbers in o:rder to sa,rnple the 

meson:population, and in this way the energy dependence of the dif'ferenUal meson 
. . . . 

cross.,section at a given angle of observation in the laboratory is measv.red. No 
. ' ~ . 

magnetic separation technique is used; positive and negative mesons can, however, 
', . .· ~ ' . ' ' ' 

be distinguished by the fact that the ..,.,.-+mesons decay into observable, JC.. +mesons, . 
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whereas the .,.,.--mesons are captured and in 73 percent of the cases give rise to 

an observable star in the emulsion,,' 

3.3 Meson production bv neutrons 

When 345 Mev protons strike a target, charge exchan~e takes place,,producing 

high energy neutrons in the forward direetion as shown ~n Fig. 3.3(1). The energy

spectrum of the neutrons has been shown by Crandall and Ha,dley (1) to have an 

average value of approximately 270 Mev with a half~width at half maximum of ap

proximately 50 Mev.. The yield of neutrons 40 ft. from a 1 ~a_, beam of 345 Mev 

protons striking a 2 ·inch thick Be target is approximately 104 neutrons cm·2 sec -1. 

Nuclear track plates placed in this beam show recoil tracks and nuclear stars with 

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 neutronso The arrangement was somewha.t 
> ~ ' L 

similar to the one (iescribed above for use with the deflected proton:· beam. Twenty 

hour exposures were required to obtain a few mesons per cm2 of emulsion, and longer 

exposures could not be used because of background. 

4o Meson Production 

4oll_.Exci tation curve for ci -particle beam 

Since the f'lSSi bili ty of producing tr mesons in the cyclotron depended upon 

the available internal energy of nuclei, and since calculations using this quantity 

were open to question, the early experiments were designed to gather only easily 

obtainable information that would be most useful later for making bombardments to 

observe mesons in restricted regions of meson energy and angle of emissioL from 

the target. The excitation curve and the energy spectrum for the production of 

negative mesons in carbon were measured by Jones and White(l), and the cross 

. (~ 
sectlon was measured by Vo Petersono 
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For the excitation curve, the standard plate holder described in Section 3.11 

was put at different radii inside the cyclotron. Exposures were made with a carbon 

targ~t 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 angles up to about 45 degrees from the forward direction 

of the 't-beam and which had energies from about 2 to 10 Mev. 

The number of ~lliesons observed versus the bombarding beam energy is given 

* in Table 4.11(1). Column 1 contains the energy of the bombarding aC-particles; 

column 2, the number·of star~forming mesons actually counted; column 3, the relative 

area scanned; and column 4, the number of mesons relative to the number at 390 Mev, 

corrected for beam current, relative emulsion thickness, and area scanned. The 

cross section for the reaction c12(G(, <(n)c
11 

is constant within the statistical 

error throughout the range of £i -particle energies used. (4) 

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

tions, that 1r" mesons are not normally made in pairs by the 390 Mev (X. -particle beam. 

4.12 Cross section for production of 1t- mesons by the a:; -particle beam 

A differential cross section measurement for meson production by the full 

energy OC-beam was made by V. Peterson( l) 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 thin polystryrene foil fixed to the front of the target. One-quarter 

inch thickness of target was chosen in order that the 0( -beam would scatter enough 

in a single passage through the target to hit the clipper and thus fail to make a 

second pass through the polystyrene. The total beam current was calculated by 

* The da~a and curves for this section and for Section 4.13 have been taken from 
an article byS.B. Jones and R.S. <'ihite, submitted for publication in the 
Physical Review. 
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Table 4oll{l) 

G!~particle Number of ~ Relative Area Relative Yield 
Energv(llllev) Mesons Qbserved , Scanned (Corrected) 

390 241 lo42 100 

342 109 loOO 34o0 

304 24 1 .. 00 6.7 

266 4 loOO o.5 

These data have been plotted in Figo 4oll(l) 9 which also includes data 

of Section 4ol~ for the proton beam" In addition~ the absolute minimum 

thresholds calculated in Section 9el2 by the method of Barkas(3) have been 

indicated a 
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measuring the 20-minute positron activity in the polystryrene due to the c12(q:,t(n)c11 

reaction whose cross section is kno;m{1) for 390 Mev oc -particles. Correction was 

made for the differences. in solid angle subtended by the plate for the various tra ... 

·. jectories. No correction was made for target thickness. The differential cross 

section 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 1i- meson ( cf. Section 6.33). The calculated differential cross section 

under these conditions is 3.0 ~ 0.8 x 10-32 cm2 Mev-l ster-
1 

per carbon nucleus. 

The value js expressed in terms of the carbon nucleus rather than the nucleon since 

the relative contribution of proton and neutron is not known. The accuracy of the 

cross section calculation 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 fact, the half-thickness of the target would indicate that the observed 

mesons were produced with a mean energy of 10 Mev. 

4.1.3 Energy- spectrum for mesons produced by the ct. -particle beam . 

The energy spectrum of 1r- mesons produced by 390 Mev <X -particles on a carbon 

target was measured by Jones and Whiteo(1) The plate holder, shown in Fig. 4.13(1), 

was designed to allow the simultaneous exposure of four stacks of plates 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 1/16 in. carbon·target attached to the. 

~ plate holder as pictured in Fig. 4.13(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. There 

is a unique relationship between position of a meson terminus and the angle and 

energy with which it left the target, provided that straggling and scattering are 

.. 
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neglected., 
dN 

The energy spectrum is defined by .---
dE d.fl

~ where dN is the number of mesons 

which leave the target in the energy interval.dE and in the solid angled~ .. Since 

the plates were located in the horizontal plane the element. of solid angle was taken 

as d¢d9 where d¢ is the vertical angle subtended by the elements.of emulsion in 

question at the target and dQ is the corresponding horizontal angle. dQ is measured 

from the forward direction of the ac-beamo 

The number of mesons that end in a particular energy and angle interval may 

be found by a direct count of the numbers in the corresponding arease The sets of 

curves for the analysis were found by constructing graphically the approximately 

semicircular orbits of mesons of various energies and angles.. Graphical plotting 

was 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 c(. ~beam .. 

The non~star forming mesons found nearer to the emulsion edge than the solid 

curve are probably fi-mesons formed by the decay of~- mesons in the immE!diate 

vicinity of the platell the decay being in a direction vrhich favors a lowP, -meson 

energy., Calculations show that the region of 8-10 inches from the target is es-

pecially favorable to this situation., 

The data obtained by counting the number N of ~ mesons observed in the 

various areas are plotted in Fig. 4 .. 13(3)., N is plotted versus E for mesons 

entering the plate at angles up to 30° from the perpendicular., 

The data were corrected for the relative plate thickness~ relative areas 

scanned and solid angle~subtended., Correction was also made for vertical focusing 

due to the radial decrease of· the magnetic field 9 and for decay in flight. From 

Fig., 4ol3(3) it appears that the peak of the energy distribution has not yet b.een 
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reached at 12.5 Mev. 

4.14 Excitation function for mesons produced by the proton beam 

Jones and White(l) have made a study of the variation of1f-meson yield 

·. with proton energy, using :a technique similar to that described in Section 4.11 

· for 'e:Xci ta:Hon by d. -particles. The proton study was 1imi ted to rr mesons with 

energies from 3-10 Mev emitted between 0° - 45° of the beam direction from a 1/32 

inch thick carbon target 1 Eastman type NTB plates with 100 )'( emulsion were used 

to record the mesons. The results are presented in Table 4.14(1). The last column 

gives the relative yield, corrected for integrated beam current; area scanned, and 

thickness of plate. The ralative integrated 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)c
11 

reaction for protons of 170 to 340 Mev measured 

by Aamodt et al. (2) The data are plotted in Figure 4.11(1). 

4.15 Cross section for the production of 17' -mesons by protons 

An experiment similar to the one described in Section 4.12 has been performed 

by Peterson(l) in order to determine the differential cross section for the pro-

duction of Tr-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 

0 0 
• and emitted at angles between 0 -30 with the direction of the proton beam from a 

1/16 in. carbon target was found to be 1.0 x lo-30 cm2 Mev-l steradian-1 per carbon 

nucleus. The results cannot be compared directly with the cross section measure-

ments on mesons produced by c:( -particles except by means ,of 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 ~-particles. 

A more comprehensive experiment on cross section and energy spectrum is being 
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Table 4.14(1) 

Proton Energy: Number of Relative Area . Relative Yield 
Mesons Observed Scanned (Corrected) · 

345 75 .86 100 

306 126 .69 47 

269 46 .63 
/ 

22 

233 19 .so 8 

201 3 .86 1 

167 0 1.00 0 
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carried out by C. Richman and H.A. Wilcox :vrho have. extended the observations to· 

meson energies above 100 Mev. They have kindly permitted the use of_ their pre 

liminary data, and a 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 beam. The preliminary data on the differential cross section 

for meson production versus meson energy are exhibited in the graph of Fig. 4.15(1) • 
.. :. t.~ • _... •• • -

It should be emphasized that in addition to statistical uncertainties, the value of 
.. 

th~ cross section suffers an uncertainty arising from the possibility that fast 

' 
mesons have a large cross section for interaction with.nuclei of the absorber. 

4.16 Production of mesons by neutron~ 

E. Gardner, F.M. Smith, H. Bradner, and C.M. G. Lattes have made brief exami

nations of piates exposed directly to the 270 Mev neutron beam. Gardner(!) has 

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 studies of plates exposed to cosmic 

rays.( 2) No accurate cross section for meson production by neutrons can yet be 

estimated. 

H. Bradner and B. Rankin(4) have placed plates near a carbon target bombarded 

- by the; 270 Mev neutron beam. A very rough preliminary cross section for production 

0 of 50-70 Mev mesons at 90 to the neutron beam has been calculated by Bradner and 

Wilcox(.3) to be between 0.2 and 0.5 x 10-JO cm2 ster-l Mev-l carbon nucleus-
1

• The 

yield of' Tr -mesons is 12.6 ± 1.5 times as large ·as the yield + of 1r mesons. 

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

negative a: mesons 

Mesons produced in the· nucleus mus~v traverse the electric field of the nucleus 
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in escaping to the point at which they are detected. Thus, a positive meson formed 

with energy less than the Coulomb barrier height would have a' reduced probability 

of escaping from the nucleus. If the spectra of positive and'negative mesons were 

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 

number of the nucleus from which they are produced. The result, on this hypothesis, 

would be to reduce more and more the number of low energy positive mesons relative 

to the low energy negative mesons as the atomic number of the target is increased. 

To study the anticipated effect Barkas(l) counted the number of positive and 

the negative1(mesons produced by 390 Mev Q!-particles in identical (2-5 Mev) 

energy intervals. Targets of Be~ 09 Al, Cu, In and Pb 1/64 inch thick were used. 

Ilford 02 and 03 nuclear emulsion plates were employed to observe the mesons. The 

detecting plates were placed symmetrically on opposite sides of the target in the 

184~inch cyclotron as shown in Fig. 3.12(2). Both the positive and negative mesons 

were emitted in the forward direction. 

Fig. 4.21(1) shows the ratio of positive to negative mesons found as a function 

of atomic number. The ratio falls steeply with nuclear charge; indeed, no positive 

mesons were observed from In or Pb, although the yield of negative mesons .was ob-

served not to change rapidly with atomic number. 

4.22 Ratio of cross sections for production of high energy positive and 

ne~atiye 1r mesons 

If mesons of energy as high as 50 Mev are studied, the effect of the Coulomb 

barrier should be small, and it would be expected that the ratio of~+ to~ mesons 
AtZ 

would be approximately----
A-Z, where A is the atomic weight and Z the atomic number of 

the target. This formula is derived by the following simplified argument: If the 

incoming proton interacts with a proton, then either one of them may change into a 

neutron and a positive meson. If the incoming proton interacts with a neutron, 
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·: ::·-t;.hen the proton may- change to a neutron plus a positive meson.~ or the neutron may 

change to a proton plus a negative meson. Thus if the target nucleus contains N 

neutrons and P protons ?-nd if p-p and p-n interactions are considered roughly equal, 

one would expect a positivel#to negative 11"' ratio of (2P + N)/N. Since A: P + N 

and Z :: Pll it follows that the ratio of positive to negative mesons should be as 

A+Z · A _ Z ~ as stated above. For carbon the ratio should be 3zl. 

H. Bradner is investigating the po.si ti ve and negative 11 ratio, using the 

arrangements shown in Figs. 3. 2(2), (3) ~ . .;~.nd (4). C. Richman and B •. 'Nil cox are . . . ' .· 

obtaining data in plates exposedoutside the cyclotron shieldin~. Preliminary 

. results indicate a ratio of approximately 5:1 for 50-70 Mev mesons emitted at 

90°-± 5° fron1 the 345 Mev proton beam striking a carbon target. 

4.3 Neutral Mesons 

Experiments have been conducted by H. York et al. (l) (2) using a pair pro~· 

duction.spectrometerto.investigate the high energy photons produced when nuclei 

are bombarded with 345 Mev protons. Their findings are consistent with the assump

tion that a short-lived neutral meson?r 0 is produced in a manner similar to the 

positive and negative 1t" mesons and that the decay of the neutral meson into two 

photons gives rise to the observed photons~ 

They havB observed: 

1) ·.A peak at approximately 125 Mev in the energy dis_tribution of the photons 
:•, 

. ·emitted in the forvvard direction, while the eJ:lergy distribution in the backward 

.direction showsa maximum at abo'tlt 70 Mev. The positions of these two maxiilil corre~ 

spend to the Doppler shift which would occur if photons were eini tted spherically 

symmetrically by the decay of a 1("0 meson in a system moving with v : 0.32c in the 

forward direction; 

2) 
2" 

A value of approximately 0.5 x 10- ' for the absolute cross section for 

producing a pair of high energy photons. This is in rough agreement with estimates 
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of the total cross section for producing charged mesons by the proton beam; 

3) The following relative yield of the quanta as a.function of proton energy: 

E (Mev} Rel. Yield 
p 

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 between these yields an9 the excitation function 

for~-mesons (Section 4.14) must be taken as fortuitous, since the experiments 

on 1( -meson yields were made in a very restricted energy and angle interval, and 

are not necessarily representative of the absolute cross section for~ -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: 

Relative yield of high 
energy photons 

Relative inelastic cross 
sections for 270 Mev 
neutrons 

Be 

1.0 

Cu Ta .' 

2.8 

11.0 

5) That the yield of photons by bombardment with 190 Mev deuterons does 

not show a high energy gamma 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 bremsstrahlungo 

6) That the photons originate within 10 mils of the targeto This fact, 

coupled with an.~stimate of the velocity based upon the Doppler shift, permits an 

-13 upper limit of 3 x 10' · seco to be calculated for the half-life of the particle 
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producing the radiation. 

The possibility that the photons result from an excited nucleon has not been 

ruled out. 

5o Production of ft. Mesons 

5.1 Source of~ -mesons 

The experiments with the channel plate holder to be described in Sectiqn 6.112 

showed that very few if any!(. -mesons come directly from the target •. Less than 

1/2 percent of the meson tracks seen in such an exposure are ,1-{ -mesons~ and those 
. 

which are observed usually do not have the correct range to have passed through the 

channelo It is therefore concluded that ,1<- mesons are not produced directly by the 

proton beam' striking a target and arise only from decay in flight of t.r -mesons. 

This is confirmed by the very rare occurrence of -n---:./(meson decay tracks in the 

emulsion (Section 6.13) and is in agreement with the view that the~ meson is the 

strongly interacting particle involved in nuclear forces, while the/( meson inter-

acts only slightly and hence has a small cross section for production in fast 

nucleon-nucleon collision. 

5o2 Production of I"+: mesons 1 

Tbe work of Burfening, Gardner., and Lattes (
1

) with positive mesons in .an open 

plate holder showed that f< + mesons with a maximum energy of approximately 4 Mev 

do come from the target. Since this maximum energy of the~~ meson is equal to 

the kinetic energy given to it in -rr+decay, /'f. +mesons are assumed to come from· 

decays of ~+mesons which have stopped in the target. The large yield is accounted 

for by the fact that low energyflr+mesons stop in the target and decay. A few 

higher ener~r Tr+mes~ns are returned to the target by 360° focusing, and both emit 

~~mesons after coming to rest there. 
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6.. Properties of Mesons, 

6 .. 111 General di scussj on - Mass of -r:r- mesons 

When mesons were first observed in the. cyclotr:on, (l) it,was found that most 

of them gave rise to stars at the end of their range in the emulsion. As it was 

known from cosmic ray experiments that light mesons very rarely if ever give rise 

to stars~ while heavy negative mesons generally do, it was concluded that most of 

the mesons observed were heavy., A preliminary study of the mass of the mesons 

was made by estimating their radius of curvature in the magnetic field and measuring 

their range in the emulsiono The results indicated that most of the mesons had a 

· mass or 313 ± 16 e .. m. The mass measurements described later in this section gi.ve 

a more accurate value for the mass of the heavy mesono The experiments are de

scribed rather fully, since no account of the mass measuring methods has yet been 

published, and also because it is hoped that some of the confusion from widespread 

quotation of different mass ·values can be eliminated by this present~tion of old 

and new mass valueso 

If the charge of the mesons observed in the photographic emulsions is known, 

the mass may be obtained by any one of three independent methods: a) measuring 

the radius of curvature of the orbit in a magnetic field and the r~nge in emulsion; 
~ ·~ 

b) measuring .the ralative grain density of meson and proton tracks; c) measuring 

the small angle scattering due to Coulomb interactions .. 

Only the first two methods have been used in Berkeley.. By comparing the results 

obtained it will be shown in Section 6.,15 that the charge of the meson is equal 

within three percent to the electron charge .. 

6.,112 Mass measurement by radius of curvature' and range 

Sections 6.,112 and 6.,311 contain information and drawings which Barkas~ Bishop, 

Gardner and Lattes have kindly furnished from the draft of their forthcoming paper(l) 

on mass measurements.. The discussion of this section will c.over their experimental 



method~ but themass 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 

mesons is shown in Figo 6.112(1) o 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 

. Q) 
exposed without wrapping and inclined at an angle of 5 relative to the plane of 

In order to obtain an accurate result the following procedure was usedg 

a) The dimension in the plane of the beam of a slender target defined the 

radius of the point of origin of the mesons to within 1/64 in. If a solid target 

of the type described in Section 3ell had been used, the origin of the mesons would 

not have been known since the bemn undergoes multiple passages through this target 

and in doing so·may strike it in regions other than the very edgeo 

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 Fig. 6.112(2). When the phint (C) contacts the target~ the globe behind the 

slit lights, leaving a developable fine line in the plate. The distance from the 

target to this fiducial mark is known to oOOl incho The position of the meson 

track with respect.to this line. is found with the microscope 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 1T 

mesons produced by stray beam and/'< mesons arising from 1r 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 beam9 since the error in the cal

culated value of the mass increases for higher angles 9 as will be Sho'vn by Eqo 

6.112{5). 
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d) The angle at which mesons entered the plate was measured.. Microscope 

eyepieces were fitted with rotary cross~hairs and protractors graduated in degrees. 

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 error 
cos 13° ~ cos 14° 

in radius of curvature of cos 14° or 0.,4 percent., 

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

fication by comparison with a calibrated scale placed in the microscope eyepiece. 

The characteristic wandering of the tracks associated with the small angle scat-

tering makes it necessary to measure the range in steps, dividing.each track into 

relatively straight segments, and adding these lengths together.. For the highest 

accuracy the Z or depth component of each segment was also measured and compounded 

with the projected length.. This Z component can be measured by the focusing adjust-

ment of the microscope and it amounts~ after allowance is made for the shrinkage 

of the emulsion~ to about 1 percent of the range in the experiment described here. 

f) The intensity of the magnetic field along the line from the target to . 

the photographic plate was measured by means of a flip coil( 2) and by the method 

of proton moments(3) under standard conditons of the cyclotron magnetic field., 

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

believed to be correct within 0.,03 percent up to 80 inches and: 0.,3 percent 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 beam)~ and as.the 

magnetic field is not uniform over the region where the mesons travel (81 inches 

to 87.,5 inches) 9 the orbits are not perfect circles .. In the calculations~ the 

radius of curvature was first calculated under the assumption of a uniform mag-

netic field of strength 

H: I H dR 6.,112(1) ) AB 
AB' 

and the orbit assumed to be a circle of radius /l - cos Q cos of_ 
as illustrated = 2 
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in Fig. 6.112{4). Here ~ is the angle between the plane of the emulsion and the 

plane of the beam. Henrich (4) h~s calculated that the error in~ introduced by 

using the average field is approximately 0.3 percent. 

g) ThE. range-energy relation Eq. 9.2(6) 

E K 1~n 2n Rn 
: m z . . 9 6.112(2) 

with z :: 1, was combined with the classical formula for the enrgy of a charged 

particle in a magnetic field: 2 
E : e . (H /)2.9 

where 
2mc2 

E energy of the meson 

e - charge on the meson~ expressed in e.s.u. 

m :: mass of the meson 

H; ;: magnetic rigidity of the meson 

c: velocity of light 

to give a first approximation to the mean mass 
.. 1 

6.112(3) 

6.112(4) 

A relativistic correction {of approximately 0.8 percent) was then applied to 

give the rest mass of the 1r meson. 

Fig. 6.112(5) displays a histogram of the mass values obtained with the 

channel arrangement described above. After all corrections are applied, the 

mean value obtained for the mass of heavy negative mesons is '280.5 ± 6 e.m. The 

main sources of error were uncertainties in the value 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 field and the 

range energy curve, by measuring the mass of the protons with an arrangement similar 

to that used for mesons. 
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. When iu~~z(5) plotted· t.rajectories· for the.mesqns, he found. ·t):iat- th!3 ·few· ba~ 

scattereci maSses could be attributed to 1/ mesons. which had struck the w8.lls·:of 
' . i . . . ~ .. 

~' < I 

the channel or originated in the shieldingo · The. histogram,· of Fig. 6.112(6) displays 

his resultso This procedure of reconstructing a meson trajectory by use of the 

meas_ured 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 presento 
"· 

·z .. 
·The importance of considering only the mesons of nearly normal incidence to 

the plate is indicated by the graph, 6oll2(7), of meson mass values obtained with 

an open plate arrangement of the type described in Section 3oll aboveo It will 

be noted that the inass values have a wider spread for large angles of incidence, 

as would be expected from the calculated error in the .measurement of ,1' as a 

function of incident angle: 

~ tan Q d@ 
= 

6oll2(5} 

The mass measurements described above were made by bombardment with full 
.:·· 

energy (390 Mev) tf=particleso Measurements made with 340 Mev £(~particles, with 

345 Mev protons, and other arrangements with different types. of target gave essen~ 

ti~ly ·'~he same resul tso 
... 

6oll3 Mass measurements by grain counting 

Measurements of the mass of mesons produced in the cyclotron ha~~ been'm~de 

by· Barkasll Gardner and Lattes, (l) by Van Ros~uro» (2) and by Bowk~~»t3) roilowing 

. the method of grain counting described by Lattes~ Occhialini, and Powello (
4

) 

It can be easily shown (cfo 9o2) that the number of grains in the residu~ 

rangeR of a particle. with mass m and unit electron charge is given by a relation· 

N :; m F (R/m) 6ollJ{l} 

where F is some undetermined functiono In principle,. Eqo 6,113(1) coupled with the 
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general range energy relation (9o2~5) {for z~l) R: m f (E/m) permits the deter-

mination of the ratio of masses of tv1o particles by comparing the grain density of 

their, tracks. One method of 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 

residual range for each particlee 

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

undefined, functionso Hence from 9e2(4) 

.!. ~ g(v) 
m 

and 6.113(1) may be rewritten 

N -:: G(v) 
m 

and therefore by dividing 

~=- =r{v) 

6ell3{2) 

it follows that a 45° line on a plot of log N vso log R represents a line of 

constant v. 

Relation 6.113(2) shows that the ratio of the masses of two particles is 

equal to the ratio of their ranges provided that they both move with the same 

velocity. Hence the inters~ction of a 45° line with the two curves of log N vs. 

log R gives two abscissae, whose values give the ratio of tJ:le masses. 

The above method of plotting was employed in the experiment of Bowkero He 

has kindly furnished the representative plot of Fig. 6.113(1). One disadvantage 

of the method is the small angle between the curves of grain count and the 45° line 

which causes a 1 percent error in grain count to result in approximately 5 percent 

error in computed mass. 

In Bowker's study the meson tracks were obtained in 100 micron thick Ilford 

0~2 plates exposed successively to mesons and then to protons coming from targets 
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in the cyclotron in such a manner that the particles were traveling nearly parallel 

to· the plane of the emulsion and therefore•had a high probabili~y of remaining in 

the emulsion for their entire range. Most of themeson tracks observed entered the 

edge of the emulsion and had a range of 400 to 900 microns. 

In making 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 gtain 

diameter in unclogged· portions or" 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· th~. 400 ~crons 

and proton tracks of length greater tha1. 2000 micr~ns were acceptede 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, and corrections were made for the approximately 50 percent shrinkage 

in thickness of the emulsion during development. 

The results showed that the method was moderately satisfactory for "1r mesons 

of as small a range as 200 microns, and correspondingly, for protons of range as 

little as 1200 microns. The variation of the Jo5arithm of the number of grains 

with the logarithm of the range was found to be linear in G~2 emulsions for pro-

ton lengths greater than 600 microns. However, it was found that the emulsions 

showed a striking non~uniformity in sensitivity 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 later found to be due to aging, 

since freshly cut edges on plates were more ulliform. 

The result of the grain count of 18 mesons and 7 pr~tons by Bowker gave a 

value of 
+~ -264 _22 electron masses for the mass of the 71 meson. Barkas et al. 

employed sim~lar conventions for clogging but did not take as great care in con-

sidering particle location. They report a mass value of 305 electron mas.ses for 
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the 7r mesor. and 202 electron masses for the _,P- mesono Van Rossuin reports a 

mass of 280 ± 15 electron masses based on 17 proton and 13 meson tracks in C-2 

plates ~xposed to the cyclotron. 

·The method of grain co'Unting on· mesons obtained as described :Ln Sec. 6.21 

furnishes the only value obtained iri this laboratory for the mass of the?' -

meson. It does not provide as accurate a value for the Iila::>s of the other mesons 

as the method of H f and range described in Section 6.,112 above.; However9 as 

will be: shown in Section'' 6.15, the combination of grain counting with H f and 

' .• range permits a calcula tiori. of the charge on the mesono 

6.12 Stars produced by 7(- mesons 

It has -been found(l) at Berkeley that (73o2 + 2) percent of the 7T -;esons 

whfch ·end in the emulsion initiate stars of .one or more prongs. This fraction 

does not vary beyond the .. above limits with any emulsion sensi ti vi ty from C2 to 

G5o .SU:rveys(2) o·r NTB3 and G5 emulsions show that, of 184 stars, there were 

4 prongs whose ionization corresponded to that of a proton·of between 50 and.SO 

Mev. Since this ionization may be beyond {he limits of sensitivity of·C2 emulsion9 

it follows that about 2 percent of all ami tted heavy pa:·ticles may be missed in 02 

emulsion. The meson is al~ays ·approximately at rest when the star is formed~ so 

that only the rest energ\r of the mespn .is responsible for the nuclear disinteg~ 

ration. In the (26.8 ·+ 2) percent of the mesons which do not show an observable 

star prong, it is presumed that the energy given to the nucleus has been lost 

through the emission of one or more fast neutronso Adelman "nd Jones have made. 

a tabulation of. the number of prongs per star for 51~ n =mesons in C2 emulsion 

* (Fig. 6.12(1).) The following conventions were used8 

* Adelman and Jones have kindly given permission to use Fi[lSc 6ol2(1) and. 6ol2(2) 
from their forthcoming paper in Scienceo 
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a) Mesons initiating one or more fragments of definite direction are said 

to pro~uce 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 whi ·-:h is a recoil, i~ called a 4-prong star, but is accounted for _ip the .. 

hatched portion of the graph. 

c) Some mesons stop in the emulsion without giving rise to any fragment anc1 

are recorded in the column of 0 prongs. (38. '7 + 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 0 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 p~ssib1e to as-

certain in every instance whether the club is due to a short recoil, to scattering 

ver,y near the end of the meson range, or to ionization from the mes~n and associ

ated electrons. Fig. 6.12(4) shows a meson causing hammer tracks. Such tracks, 

which indicate that a heavy fragment come~ to rest in the emulsion and splits ~nto 

two equal lighter fragments, are interpreted as being due to Li8 nuclei which depay 

according to the following scheme:-

L.s 
l. ~ 

These "hammer tracks" are found in about 0.3 percent of the m~son induced 
;' <·~.· 

stars observed at this laborator.y. 

No detB.i1ed eher:gy balance has been made for any particular star since it is 
•:. 

generally impossible to' distinguish thE~ o( ~pJ.lrticle tracks -from those of heavier 

nuclei or to estimate the energy of the neutrons emitted from the star. The use 

of very thick emulsions should make it.possible .to obtain occasional particularly 

favorable cases of the type in which all tracks end in the emulsion, and then a 
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complete measurement of the energy may be obtained by simple momentum analysis. 

A statistical study of the energy liberateq by the meson when captured in 

nuclei of the emulsion has been made by Heidmann and LePrince=Ringuet.(3). 

6.1.3 Decay of 1T' mesons 

There is little ~vidence to indicate that 11' "lesons ever produce? mesons 

after coming to rest in the emulsion., Only two cases(l)(2) which could possibly 

be interpreted as 1r~~-decay have been seen in more than 4000 meson tracks studied~ 

but the time required for a 4 Mev 7r meson to stop in emulsion is approximately 

1.3 x.1o-11 sec., or 10-3 half~lives~ so that decay during passage through the 

emulsion would be expected in about 10~3 of observed mesonso The two cases noted 

+ could also be due to tr mesons which scattered into the emulsiono 
__ ,/-

It is thought, therefore, that the 'tr-meson which comes to rest is captured 
_8 

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

decay and hence that '1t'- mesons decay only in flight. 

6.14 Half-life of 'lt"- 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 
0. . 

between the number of mesons entering plates at + 30° and ~30 from the normal to 

the edgeo Fig. 6.112(7) shows the number of mesons as a function of angle @ for 

mesons observed in plates ex}Josecl in the arrangement described in Section J.llo The 

time of flight for the +.30° orbit is 3 x 10~9 sec., ~n1ile that·for the =.30° orbit 

-9 is 6 x 10 sec. Since no significant difference in the number of mesons was 

obtained, it was concluded that the half=life for decay of the 1r- mesons is larger 

-9 
than 5 X 10 SeCo 

A direct n:easurement of the half-life of the 'Tr- meson was made by Richardson(2) 

with the apparatus shown schematic:"lly in Figo 6.14(1) and in the photograph of 

Fig. 6.14(2). Mesons formed at the target and traveling initially in approximately 
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the same direction as the beam could pass through the central channel. Those with 

the correct vertical component of motion could spiral downward through the cei1tral 

channel and the lower channel as shown. Photographic plates were placed opposite 
. ' 

the exit of the channel to record mesons which described 1/2 revolution:and·l 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 experiment. Hence, 

if no decay took place, itwas expected that the ratio of mesons in the two plates 

would be 3 to 1. A direct experirllental check of this geometrical ratio was made 

by Martinelli and Panofsky by substituting a plutonium .. ot.~particle source for the 

target and determining the ratio of the number of o{~particles going through the 

two channels under conditons identical to those of the exposure except for a re-

versed magnetic field. The ratio of 3.2 to 1 which they obtained was used for the 

calculations of the meson half~life. 

Only star-producing mesons were counted to assure that heavy 1r-mesons alone 

were being considered. 254 mesons were observed in the 180° position and 48 in the 
0 540 position for the same area of scanning. If there had been no decay, 92 mesons 

would have been expected in the 540° position. Richardson used a mass of 286 m 
e 

for the meson and calculated the time for one revolution to be 7.2 x lo-9 seconds. 

The current value of 276 m would alter the time for one revolution to 6.95 x 10~9• 
e 

By assuming that the abnormal decrease was due to the decay in flight of the ~ 

+ 0 21 ~8 
mesons~ Richardson obtained the value of 0.77 _0:

15 
x 10 · seconds for the half-

~8 
life, or 1.1 x 10 seconds for the mean lifeo The values based on a mass of 

/ 0 74+0o2l 1o=8 ' f h half l"f d 1 06 lo-8 . d 27o m6 are • _0•15 x seconus or t e = ~ e~ an o x secon s 

for the mean lifeo The value of the mean life depends heavily o~ the number of· 

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

6.1.5 Charge on the '11 meson 

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

the y. meson is equal in magnitude to the electronic chargeo This result. implies 

that the charge on the '1't' meson is also equal in magnitude 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 ~meson is indeed 

very close to that of an electron. 

In the equati9ns 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: 

E: 
1-n n 2nn 

K m R z • and 6ol5(1) 

E: 1/2 (H f )2 

It is seen that H p and range actually permit calculation of the quantity 
2(n-l) 

rather than m itself. mz 2-n 

In grain counting~ it is found that the plot of log N ~ log R approximates 

a straight, line,· hence a power law approximation of equation 6oll3(1) :i.s valido. 
· f!:n , . 

and the relation between grain count and range involves the quantity mz 

rather than m. (cf Section 9.2)o 

* From the results of Section 6oll3 and.Section 6o311 9 we have 

. .. ·-·-~---

. * The mass of the positive meson is used here sinee it is felt that this value is 
more reliable than that of :.Section 6oll2 due to uncertainty in the cyclotron 
magnetic field. 
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Putting in the value of Oo58 for n, and solving these two equations for z 

gives for the charge on the meson 

ze :; 0.99 + Oo03 e 
The calculated value of z is not very sensitive to changes in n or the· ttiass -'values, 

although a change of zfrom unity causes the rriass calculated according to two 

methods to change in opposite dir:ect1onso It is clear that the charge of' the· :"1'( 

meson is not much different from the cha.rge of an electrono 

6o21 Star production by ,tJ. -mesons 

The measurements of Conversi et alo (l)-(5) on the half~lives of p'-mesons in 

medium heavy elements show that a majority of these me.sons are 'Captured by nuclei 

before decayingo It might be expected offhand that some of the captured p.,.. mesons 

would give up their rest energy to produce nuclear stars as the ,.-mesons do. 

No experimental arrangement-yet tried for cyclotron bombardments has produced 

p-mesons in a plate -without 11' mesons also being presento · Accordingly, investi-

gaUons of star formation by jJ mesons have employed ordinary holders of the type 

shown in Figo 4ol3(1) and plates have been searched for mesons with direct:i.bn·and 
:. ": ..... " 

range different from the rr-mesons coming from the target. 
. .. 

have made cursory studies using plates at approximately 7. inches from the target. 
. . 

At this distance~ 1T'- mesons have .approximately 4 mm range in t~e emulsion, while 

· ·· _,)~.- mesons emitted within approximately 30° of the backward directi~n by' these 'TT'

mesons are expected to have a sufficiently shorter range to be distinguished from· 

the 7r-meson endirigso The points marked. by an·x~ and lying beiow the line of 

minimum range in Figo 4ol3(2), represent star~forming mesons; however~ they could 

be scattered rr mesons' their ranges are in no instance· sufficiently short to permit 

their assignment to Jf mesonso Lattes used a similar arrangement to observe )k 

mesons which had been emitted in a forward direction and hence had greater r9.nge · 

than the 1T mesons. Barkas('7) obtained emulsions cont8:.ining an increased propo:~tion 
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of .ft mesons :by-"pla~ing plates on top of the .normal' ta~ge:t ).!.olqer .s.o that partic~es 

coming directly from the targ~t could_ not reach. the emulsion. ljowever, light mesons 

formed by decay of upward spiraling 1:f mesons could rea,ch the ~mulsiqn. .It is 

theoretically possible to reconstruct the trajectories of the Ji. mesons on the 

basis of a knowledge of their mass and paths in the emulsion; and,_ in many cases, 

to fit these trajectories to the paths of 11 mesons coming from the ta~get. 

The results of all thre_e methods are inconclusive and the most that can be 

said is that none of the .workers found any definite cases of p- stars, in ~ 

total of approximately· .30 events. This is in agreement with the conclusioJ?-S of 

Chang(S), who :found no charged par1Tcles associated wi tl1 'the endings of . 53 y.-_ 
cosmic· ray. mesons. A: brief discussion of Chang9 s results is ,contained in Section. 

6 • .311 ·.Mass of the posi ti've meson by radius of ,curvature and range 
. + (1) . . 

The mass of the 1T meson wa~ measured by Barkas et al. who used the same 

method of Hp and range that was described in Section 6.112 for the 'tr meson • 

. The, plate holder, shown in Fig. ,3.12(1), had a channel of smaller radius than the 

rolder of Fig •. 6.112(1), in order to acqept jJ.. t' meson~ of just under 4 Mev. When 

ranges were measured two distinct groups were found as shown in Fig. 6.311(1). -

· Th~se two groups. correspond to two types of mesons of m~ss approximately equai to 

285 and .215 electron masses. The origin of the light me~ons was. discussed ip. 

Section 5.2. Frances Smith(2) has recalculated the mass values, using the latest 

magnetic field measurements and range-energy relation~. The results are 278:::!: 8 a.m. 

for the mass of the 1'r' ...f-meson and 212 :!:. 6 e.m. for that of the ~+meson. 

A slightly more precise calculation( 2) of the 11'+ meson mass has been made 
. . ; . 

from new range measurements on mesons traveling in the more uniform cyclotron 

field between 74 in. ahd 80.5 in. radius. After all corrections are applied, the 

mean value obtained for the masses. of 85 heavy positive mesons is 276 :!:: 6 electron 
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masses. The probable error quoted arises mainly 'from systematic errors. · The·:· 

probable ~rrors (not probable errors of the niean) are: , .... ...... .·~~· ~~ ; .•.. ~·. ·:~fe>:..-· .. 

Uncertainty in the range-energy curve 
i 

Finite ~ize of the target 

Straggling in the range of mesons 

Angle of entrance of mesons in plates 

.3. 9 mass units 

1.9 mass units 

1. 7 mass units 

·· 0.6 mass units 

Fig., 6.311(2) sho:ws a histogram of the calculated masses. 

6 • .312 Mass measurements by ·comparison with proton range 

Preliminary experiments have been made by Bishop et al. (l) ·vd th a· mass 

me~sur.ing· technique (2) which does not require a knowledge of the absolute value .. 

of the cyclotron.magnetic field or a precise knowledge of the range-energy relation. 

Consider the Ecpation 6.112(4) for the mass of a meson in terms of the magnetic 

in a magnetic field, and the range R 'l1' in emulsion: 

1 
2-n 

t
2- 2 

_ e (Hp )1r' 

- n 
2c K R1T' 

~ > :. , • 

' 
.,) 

where .... ~.. . ,_ .. 

1-n n 
: K m'lr' · R'TT' , . 6~·.312(~) 

and a simi1ar equation for the mass of a proton: : .t.. : -~· .. 

_L 
2-n 

6 • .312·(.3) 

·,. 

Dividing and rearranging terms shows that 

. ·. .. 
2 

mtr (H p )11" I (H-. -} ?-n, .. · . .. R. 
. f' E ____jL 

R1T ;Rp R • 
~ p 

.. 
6 • .312(4) 
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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 

mass are connected by the relation: 

, 
R1T' (E) 

which is independent of any specific range=energy curve. 

Therefore we can conclude that protons and mesons which have the same initial 

velocity will have ranges obeying the relation 

R'lr: m1"( - (Hf )tr - 6 • .312(6 ) .. 
~ m C'Hf' )p p 

Equation 6 • .312(6} may be derived in a relativistically correct manner without 

assuming any specific form of range-energy relationo 

In order to perform this mass comparison a plate was exposed to obtain pro-

tons of 27 Mev and mesons of 4 Mev which were known to satisfy the relation 

6 . .312(6) to the first approximation. It has been found possible to obtain plates 

in which the proton tracks are very close together and thus have accurately the 

. same energy. Hence, it is permissible to average proton rangeso The ratio of 

this average proton range was calculated~ and a plot was made 

The intersection of the stTaight line through 

each meson range to 

of .Jn ~ vs. 

these poi~s with 

1 (tr,o hr 
n (1rp) • 

p 
a 45° line through the origin gave the correct mass ratioo Such 

a plot is shown in Fig. 6.312(1) o The resulting meson .mass agrees with the value 

of 276 .:!:.. 6 given in Section 6. 311 aboveo 

-A new mass determination is now being made 9 by using a method of mass com-

parison to avoid dependence on absolute magnetic field and range~energy datao 

.Improvements are being made at the same time in the mechanical details of the 
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experiment to permit more accurate measurement of target-to-plate distance. 

+ . 6.32 Decay of '7r · mesons 

A study of '71'+ meson.s obtained with a cha:q.nel shown in Fig. 3.~2(1) i~~icat.ed (l) 

that· more than 95 percent~ .of 11" +mesons decay ~nto y-+mesons ~after coming approxi-

+ mately to rest. The ranges of the _)I' mesons were all equal within the limits of 

straggling. Lattes (g) obtained a value of 595 ~ 9 microns for the range of 14 JL + 

mesons at Berkeley, and about 614 ~ 5 microns for the range of 31 cosmic ray 

mesons at Bristol. These values correspond to 4.13 :!: 0.04 Mev and 4.21 + 0.02 

Mev for the energy of a meson of mass 212o A value of 4.18 .:!. 0.04 Mev. has·· been 

arbitrarily chosen for the calculations of the present paper. Further range 
I • 

measurements are being made by S. Jones • 

. There is no apparent correlation(3) between the dire~ti9n of the 1r+and the 

~~meson for plates exposed in the magnetic field of the cyclotron. Experiments 

to test the theory of Wentzel (4) have been made by Richman; Weiss~uth, and''Wilcox(5) 

with mesons produced, in a low magnetic field area outside the cyclotron. Prelimi-

nary results do not show any angular correlationo 

The 4 to 5 percent of the 1r+mesons that are seen not to produce JA-+mesons 

cannot be accounted r-or by assuming that they end near the surface of the>emUision, 

since there are uneventful endings near the center of 03 and NTB emulsions.(6) 

The possibility that the non=decaying particles are }«-+mesons instead of·1f+mesons 

is being explored by Lo Alvarez and F.M. Smith~ who in their experiments· are using 

channels with 4 inch radius to eliminate jJ- meso~s from decay of 1T ... mesons\ at rest 

in the target, and to produce widely different 11'- and .}J-- ranges of any y.+ mesons 

'produced by decay in flight. At the time of. this writing it seems possible that 

the mesons with uneventful endings are spurious,- and that all 1f~mesons at rest 

decay to jJ-~ mes·ons. 

There is no good evidence that 11+~ y...Jr 9 or p-- mesons ever produce ·stars. 
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6.33 Half-life of 1T+ mesons 

Martinelli and Panofsky(l) have measured the half=life of positive mesons by 

using a modification of Richardsonn s .,.- half~life apparatus as shown in Fig. 

6.33(1). In the experiment with positive mesons the geometry of the apparatus 

was calibrated by using a strong thick alpha source (Am241) with a thin covering. 

Alpha-particles were emitted with energies up to 2.5 Mev. Exposures were made in 

the proton beam rather than in the Ol =particle beam in order to take advantage 

of the high cross sections for meson production. The target was placed at 65 

inches from the center of the cyclotron and the channel accepted mesons with a 

radius of curvature between 4 1/2 and 6 inches. Thusll the entire meson trajectory 

was in a region of fairly uniform field. 11+ -_}L+ decays were eounted iri Ilford 03 
0 0 

'plates placed at 180° , 540 , and 900 o Upon applying the geometrical. corrections, 

a half ... life for the meson of 1.37 ~:~~ x 10=8 sec. was obtained. 

* plotted in Fig. 6.33(2). 

The data are 

Approximately 50 percent of the error is statistical, and approY~mately 50 

percent is due to background from high energy mesons that penetrate the channel~ 

Blank runs were made in order to establish the size of the background. 

Although Martinelli and Panofskyns value is higher than that of 0.74~:~ x 

10-8 sec. obtained by Richardson for the half=life of the 1(-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 1T mesons. 

6.41 Masses of thej)-+ and,}.)-- mesons 

The me~surernents discussed in Sec~ion 6.311 gave a value for the mass of the 

ft -t- meson of 212 ~ 6 e .. m. The meager information from grain counting(l) ,of 

_JL- mesons indicates that the mass of the JL- meson is approximately the same., 

Fig. 6.41(1) is a histogram of mass values obtained for y +mesons. 

*Martinelli has kindly given permission to use the figures from his thesiso 
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+ + h 6o42 '11" - y.. decay and the mass or t e neutretto 

The ur.dformity of range of y~mesons9 as well as the lack of angular cor= 

relati~:m of _If~ and ,y:+ ~racks 9 implies t~at the_"!'!'+ meso:qhas es~e~tially ,O()ffie to 

rest before it decays into a y..-+ meson of approximately 4 Mev kinetic e~ergyo (l) 

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

tum.balanceo Conservation of charge requires this particle to be unchargedo 

When the kinetic energy and momentum given to this n.eutral particle are 

eliminated from the equation of conservation of energy and momentum9 the following 

expression for the mass of the neutral particle is obtainedg 

[ .fm~ ~, 2 m7r'(. ~ ~ 1 
~ my . . 1'\~/ = 2 ~ \+- a}j 
energy given to th~ meson a · ~ 

mv 6o42(1) 

w)here ~ is the ldnetic 

A plot. of m,1 as a function of m1'1( /mY- is given in Figo 6o42(l) o The 

values of' ~- ~ 4ol8 ± Oo04 Mev.? and ~ ~ 212 ±. 6 eomo were Used in plotting 

the curveso The solid curve is drawn for~_ ~ 4.,18 9 ~ : 212~ and the dashed 

curves for ~.M- :;;: 4.,149 ~ = 21~ 9 and ~ ;; 4o22 9 ~- ~ 206o For the ratio 

Q / m'lff /~ the experimental range or values or m'tr m.P- :;; 1 .. 31 .:_ 0.,02 is shQWno 

Values of m~ between zero and 25 electron masses are thus consistent with the 
-

~+and )L~ mass values quoted in Sections 6o311 and 6o4lo 

The graph of Figo 6o42(1) shows that the calculated mass of the neut~etto 

is quite sensitive. to changes in the assumed values of m1t /m)-t.. and ~ and 

therefore that very accurate mass measurements and y!" decay- energy values are 

needed i.n order to establish the neutretto mass even within a literal error in= 

_terval of a few Me~r., 

6, 43 Decay of ·the e_+ meson 

Very few observations have been made at Berkeley on positron tracks emanat~. 

ing from the ends of y_'f··meson trackso Three sucn ev·ents nave been seen but the 
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electro"n background in plates exposed to the cyclotr-on is so severe that positron 
. . 

:t:r~cks WerE? not detected to come from the ends· of 20 other known.)'-'+ meson trac.ks. 
. (1)(2)(3)(4) 

Cosmic ray evidence . · indicates· that nearly every _y..+ meson track ending 

is joined by an asso"ciated electron track. 

7,. Prod·u.ction of Mesons by X=rays from the Synchrotron 

' 7.1 · Introduction 

' ··.Eo Mclllillan,. J o Peterson and RoSo "White bave graciously permitted the ab

stracting of data and the use of figures from their( 5)paper in Scienceo .All the fol-

lowing information on synchrotron exposures cumes from· .'the pape'r.Qr from helpful 

diScussion with J.-Peterson and .W.K.H. Panofsky. 

The 340 Mev circulating electron beam of the Berkeley synchrotron(!) con-

tracts 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 of the 

electrons on the target has a half=widtn at half maximum of 0 0 0067 radian, and the 

number of x-ray quanta in equal energy intervals is .approXimately inversely pro-

(2) . - . . . . 
portional ·· ·to the quantum energy· up to 'the upper limit of 335 Mev as woUld be 

expected theoreticallyo(3) The x-ray intensity measured behind 1/8 inch of lead 

at one meter from the' target is ordinarily about 1000 to 1500 r per houro The 

r unit has been used for conv·enience to designate· beam level; -a calibration by 

Block~r et al.,(4) of·the unit in terms of the cir6ulati:rig beam of the synchrotron 

\;shows that 1 r per hour corresponds to about 106/250 electrons per puis~ at a 

repetition rate of 3 3/4 pulses per sec.- They have determined that one r cor.,. 

responds to-4o9 xlo7 quanta traversi-ng a 1 inch "diameter target9 where the 

number of quanta i·s defined as the integrated. x=ray energy divided by the upper 

limit energy 0 

Note added l2/7/49g' The-normal beani level is-now given in units of R,- which 

is 250 times the r unito 
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Mesons are produced by this x-ray beam in passing through a carbon block, 

and are recorded in nuclear emulsions. In the best exposures., yields of 100 mesons 

per square centimeter of 100 micron Ilford C-2 plates have been obtain~d 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 th~ plates. 

Plates placed out of the x-ray beam, but near the· internal Pt target showed 

a ve_ry low meson yield. This resUlt implies that the mesons· are produced mainly 

.. by x-rays rather than by electrons • 

. 7e 2 Experimental arrangements 

The two most important methods of exposure that have been used are the 

following: 

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 developed by the x-rays, and it is necessary. to use llford F 3 plates, the . 

least· sensitive emulsion which will record mesons. Even with these plates the 

exposures that are permissible be.fore plate blackening becomes too severe are 

low (_,50 r) o An average of one to two mesons per square inch can be. obtained -. 

with this arrangement. The ratio of mesons to heavy particle tracks causa:iby photo-

nuclear reactions is approximately one or two per thousand •. ., . ·. f ~' . 

2) The x-ray beam passes through a carbon block and the stacks of plat_es-. 

are placed approximately 2 inches from the core of the beam as shown in Fig. _7.2(1). 

This arrangement has been used for studies of meson production in carbon and, will 

be used for other target elements. A primary lead collimator 6 inches tpick_wi th 

a 1 inch diameter tapered hole, and a secondary brass collimator 2 inches lo~g with 

a 1 23/64 inch diameter hole shield the photographic plates from the direct x-ray 

beam. Ilford C2 plates are placed radially around the cy],indrical carbo:Q..· block 

.. -
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target, with different thicknesses of lead absorbers between the plates and the 

carbon;· so that different energies of mesons can be studiedo In this ·arrangement 

the plates have as many as 500 mesons in a 1 inch x 3 inch areap and the ratio of 

meson to heavy particle tracks is approximately 1/lOOo Only one 71"" meson was 

found in a plate exposed without the carbon targeto 

7.3 Experimental results - Calculation of positive and negativeJZ: yields 

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

mesons· produced by the synchr.:.>tron and~ therefore, the problem of distinguishing 

7J-- mesons from~+ ~esons must be treated differently than it was in connection 

with internal cyclotron bombardmentso ./'(+meson tracks can be confused with n~n.~ 

star forming ..,...-meson trackso Similarly it may be impossible to distinguish a 

1r +- /(+event from a .,...-star which has a single high energy proton if the 

ami tted particle leaves the emulsion within 50 to 100 microns a ·In this case, 

however.!' the previous observations (Section 6ol2) on magnetically sorted me_sons 

in the cyclotron show that high energy single prong stars almost always show a 

Hclub" from a recoil of the residual nucleuso 

It is known also (Section 6ol2) from cyclotron observations that approximately 

73 percent of all,....-mesons stopping in 'the emulsion produce stars~ and that at 

least 95 percent of allf1"" +mesons decay into ..-A' t-mesons o 

Therefore in the computation of numbers of mesons of different types stopping 

in Ilford G-2 plates the total number of -q-+ mesons was taken to be equal to the 

number of "fl'::-~ decays observed with questionable events that showed no "club" on 

the 7r- track ending being counted as ...,-r"-,/'4 decayso It was thus assumed that no /A. 

meson beginning in the emulsion would be missed~ a reasonably valid assumption in 

the synchrotron exposures with C=2 eJ.rulsionso The total number of 11'" mesons was 

taken to equal l/Oo73 of the number of meson stars ( a-· mesons) seeno Computations 

of yields with Ilfo'rd F=3 emulsions are subject to error because of the extreme 
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difficulty in seeing the beginnings of/'( mesons at their origin in theJr~decay. 

There.f9re~ the follow:!-ng discussions of; results will· apply· only to observation~ 

on C=2 plateso 

7o4 Ratio of positive and negative 1t meson yields 

Since there is no statistically significant variation of the ~+/~ratio 

with meson energy between 30 and 150 Mev, all the data have been lumped together 

to provide the following totals, where t:r are star forming mesons~ 1{'-/t are 

decays .seen.? and .~ are uneventful endings of meson tracks. 

cr : 403 1/-/< = 327 

The ratio 7j-+;~is then calculate(i to be 1/1.7, with a statistical standard 

er~or of 8 percent. 

Brueckner(l) has made a theoretical investigation of the ratio ~/~to 

be expected at 90° from an x-ray beam, and finds that a value of the order of 1/2, 

independent of meson energy, is reasonable. He considers that the coupling to the 

+ photon field is larger for 7r+ p than for 7r- t n because of the current con-

tributed by the recoil proton. This effect, which increases with meson energy1 , 

balances the Coulomb effect on the meson wave function? which decreases with energy. 
I 

7o5 Energy and angular distributions and cross section ,; 

The experimental arrangement does not permit accurate determinations of ;the: 

angle of emission of the mesons. However, an estimate of the angular distribution 

may be obtained by noting the direction of the high energy portions of the ~meson 

tracks., The result indicates that th~ mesons are emitted with. roughly ·spherical 

symmet~y in the laboratory system., 

A calculation of .meson yield as a function of energy has been made. by applying 

total area and stopping power v~. energy corrections to the numbers of ~racks 

counted., The calculation assumed that the mesons were prod:uced by a line so~rc,e 
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in the ~iddle of the carbon cylinder, and neglected scattering or absorption~ as 

well as the change in path length for mesons traveling at an angle through the ab-

sorber., A preliminary curve of the computed yield is shown in Fig" 7,5(1). The 

apparent lower limit to the energy arises from the treatment of the target as a 

line source of mesons., The dotted line is an es-timate of the low energy distri= 

bution used for calculating the total cro.ss sectiono The ordinates are expressed 

in terms of the "r" unite 

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

7 28 2 =1 ~1 4.9 x 10 quanta per "r" unit, is 5 x 10= · em quantum nucleus ., The result 

is believed correct within a factor of 2. 

8., Summary of Meson Properties 

The characteristics of the artificially produced mesons described in the 

previous sections of this paper are consistent with the observations on cosmic 

ray mesonsG Some of the extensive literature on cosmic ray mesons is included in· 

the bibliography of UCRL /J37., 

The properties which appear reasonably well established are given ii'). T<..ble 8(1). 

Th'e values of the cross section for production are estimates based on admittedly 

incomplete theory and are abbreviated in order to simplify the table., In the decay 

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 schemeo Uncertain 

modes of decay are indicated by an arrow with a question mark and an upper limit 

is indicated for the percentage decaying by this schemeo 

8.1 Notes on Table 8(1) 

1, · Spins of the mesons are deduced from· conservation of spin in the following 

postulated reactions among neutrons (n) J neutrino ()) ) 9 protons (p) v electrons. (~) 

and photons ( y) 9 and mesons {-n-) and (/-f) o Other combinations are possible9 but 

the ones given below are favored as being the simplesto 
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Leighton, Anderson~ and Seriff(l) have .shown that the~ spectrum from the 

decay of/(. mesons is continuous from 0 to approrlmately 55 Mev as would be ex-

pected if the decay of the ,/Y meson went according to the scheme 

~ (1/2)----.~> 4(1/2) 

where the parentheses indicate spinso 

(1/2) 
+ 2)) 8.1(1) 

The shape of the spectrum implies that there are only three particles 

emitted. The equation is written with neutrinos rather than 1r -ray photons on 

the right hand side since the:-experiments of Piccioni(
2

) indicate·that no phc;>tons 

appear in fi meson decay. ~t is possible, though less appealing, to wri~e 

)A(o) ~ )1/2) + Y(l/2) + neutretto (o) o If the_/1' meson had integral 

spin, one might expect negative ~ mesons to make stars. 

The monoenergetic./"'( in .,-t-... A decay, requires that only two particles be 

given of£. If the neutral particle is taken to be the same as the neutrino of 

beta decay, then the simplest equation is 

8.1(2) 

The thresholds and cross sections for 1r meson production in the cyclotron 

imply that only a single new particle is created in nucleon-nucleon collision, so 

that 

p (1/2) + P (1/2) ~ P (1/2) + n (1/2) 
0 

( 1 ) 
+1r 

In the case of neutral n- mesons 9 the postulated decay into two photons 

implies that the spin is zeroo 

2. The .,.- meson interacts strongly with th;e micleus 9 as evidenced by 

production of stars; eteo It is probably the particle responsible for nuclear 
' ' ' (3) 
forces according to the theory of Yukawae 

3. The cross section presented in the table is an approximation to the total 
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cross section for the production of~ mesons by 345 Mev protons on carbon, based 

;· on measurements in a restricted region of en~rgies and angles,. · · · · 

· • · The same .type of approXimations give :the total cross section:•f.or -pFoduction-
. . . . ' ' . . . . -~ . ' . ~ 

of 7r ~ ;nesons by .390 Mev c::( ... particles on carbon. ' ·. . ·.: '.) ~ ... " '' 

4o -g- +mesons at rest ~ways decay to give a-monoenergetic./( meson with a 

range of approximately 600 microns corresponding to an energy of 4.18 i 0.04 Mev 

{see Section 6o32)8 
j :' 

5.. Both negative and positive 11mesons may decay in flight to~ mesons. 
'. 

The t13;ble gives only decay schemes for mesons at rest. 

6 .. 
. (4) 

This value comes from experiments of Nereson and Rossi on cosmic ray 

mesonso 
: •.. 

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

small to be detected in the cyclotron. 

8., Experiments by Conversi et al.(5) and by 1fter workers(6)(?)(S) showed 
i 

that/< + me.sons decay in all absorbers. On the other hand/'f mesons decay before 

'· being captured by nuclei of light elements, but they have a significiantly high 

' probability of being captured by-nuclei of heavy elements., Cosmic ray evi-

kence(9)~(l2) implies that an electron is always as.sociated Vt.rith~meson decay. 

The 'captured../'" -mesons might be expected to give nuclear stars like those seen in 

,....._; 73 percent of ?]'--meson endings\, However, it has been. shown by Chang(lJ) · thatma~ 
charged particles are rarely if ever emitted when/'(-mesons are stopped in nuclei • 

from Al to Pb., The experimental conclusion was based on only 53 cloud chamber 

pictures and hence star production by,)'-< mesons cannot be completely ruled out. 

Chang reports some evidence for low energy gamma-rays associa~ed with~-meson 

capture, although Sard et al. (l4) have found no high energy gamma..;.rays connected 

with the capture., WheeleJ[:~l5)_ inte-rpre:ts the low el?-ergy-.gamma-rays ,as being · 
. . 

due to transitions of cap~ured ~- mes~ns between Bohr orbits, and concludes that 

t.he tl- meson reacts with a proton to form a neutron and a! neutral particle. 
I 
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This closes the cycle begwf-by n~p +1r-~ 11~~-+flo 

Since the neutral particl~ given off in g-+-_/"< +decay appears to have a very 

small rest mass, it is appealing to conclude that these particles are the same as 
. . . . ~ -

the neutrino which is encountered in ~ decay. 

J:t is not necessary, of course, to dra~ this conclusion, and the neutral 

particle. of tr ~- ./'<+decay could be a "meson" with zero spin, while the fi
0 

of 

/<-decay has spin 1/2. 

9.. The mean value of 210 for the./"l meson mass is used in the table,~~ although 

the best mass measurements give a value of 212 ±: 6o This latter number is proba-

bly too large, as evidenced by the imaginary values deduced for the mass of the 

neutral particle in 17"'-./'f decay~ 

lOo Nuclear capture or nuclear .charge exchange(l5) of~-mesons affects 

the apparent half-life. For absorbers of low atomic number the apparent half-life 

is the same as for/'< +mesons. (l6) The nuclear charge exchange becomes more im• 

portant with increasing atomic numbero It gives an apparent half-life of 0.75 x 

10~6 sec. for Z : lOo 

llo This number is from Panofskyn s .,.,--capture experiment, April 1950. 

9. Auxiljary Data 

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 nuc-

leona. in an.~ -particle and in the target nucleus may be compounded with the 

momentum of the ~-particle to make available an increased energy for production 
.~· F 

of mesons in the nucleon~nucleon collisiono Their argument assumed that the avail-
-

able moment~ was proportional to the square root of the Fermi energy of approxi-

mately 20 Mev. While tbeir calculations have perhaps some validity for high mass 

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. 
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For deuterons, the binding energy is only 2 Mev and hence the considerations of 

McMillan and Teller and Horning and Weinstein imply the 1Y mesons would not be 

produced by 190 Mev d~uteronso 

(A more complete discussion of available energy was 'originaliy ~ontemplated 

for this section; but at the present time the above paragraph represents the only 

pertinent information known to the writero) An article is being written by ToB~ 

Taylor for publication in the Physical Reviewo 

9ol2 Absolute threshold 

An entirely different approach has been used by Barkas(l) for calculating 

thresholds for meson productiono If one considers the process of meson production 

in the same manner as an ordinary nuclear reaction~ a rigorous lower limit for the 

energy of the incident particles required for meson production is: 

2M 

21 2 
(m + M) J c . 9.12(1) 

where T0 is the kinetic energy of the bombarding ion, in the laboratory sy$tem 

m is the mass of the bombarding ion 

M is the mass of the target nucleus 

m,r is the mass of the meson 

M1 is the sum of the masses of the other reaction productso 

Table 9ol2(1) gives some values of threshold energies calculated from 9.12(1) 

by using a meson mass of 276 electron masseso 

9o2 Range~energy relations in nuclear emulsions 

A range~energy relation for parti.cles of arbitrary mass m and charge z may be 

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

particle.o This may be shown readily as followsg 
dE: 

. An equation giving. rate of loss. of kinetic energy dxfor a charged particle 
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Absolute thresholds for Meson Production 

(Using a value for the 1T meson mass of 276 eomo) 

Bombarding Type of Other Products Threshold 
Particle Target Meson of Reaction Energy (Mev) 

p 012 -rrt cl.3 150 

012 1r - Nl2 + p p 17.3 

rJ.. 012 11+ Nl6 194 

cl 012 rr ~6 200 

d 012 rr+ 014 154 

d cl2 11 Ql4 158 

l'l'A 012 + 
11' Bl2+ :n 167 

Jiil 012 1r' r3 148 
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in passing ~hrough matter may be written(l) 

dE 
= 

dx 

where 

ez : charge of the incident particle 

Z : atomic number of the absorber 
' 

v : velocity of the incident particle 
.. j 

N : number of atoms per cubic centimeter of stopping material 

I : average ionization potential of stopping material 

mf : elect~on mass 

)1: v/c, c the velocity of light 

UCRL-486 

\ 
' 9.2(1) 

CK: a corrective term which must be applied in case v is comparable with 

the velocity of a K-electrcin of the stopping material but large com-

pared with that of any other electron of the material. 

This may be written in the general form 

dE 2 dx :: z: h (v) 9.2(2) 

E 
where the function h(v) and the functions g(v) and f'(m) which follow are 

related, though at present defined only by relation 9.2(1). 

Now since E : m~ f (v), 

dE 

dx 
:: m 

0 
"' dv • (v)rx , 

where m
0 

is the rest mass of the particle. Therefore, 

~ m 
"""1i"{VT dv : -1- g(v). 

z 

9.2(3) 

9.2(4) 

It is sometimes convenient to rewrite this as a function of the energr. E of' the 
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particle: 
m 

R =-1 f (.L) 
z mo 

9.2(5) 

It has been found empirically that the relation between R and E can be ap-
... . " 

proximated 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 

9.2(6) 

The ·relations above are not valid for electrons, for which scattering has a 

~arge effect on measured range, but they have proven satisfactory for mesons. 

The equations imply that a proton and~ meson of the same velocity have ranges 

in the ratio 

velocity will 

m~mp· No~_if a meson h~s energy E~, the proton having-the same 
m 

have energy ..:E En- , and hence by 9.2(5) we may write for the · . . m,... 
range of a rr- meson of energy E 

R-nJE) !:; 7 R~' 9.2(7) 

wh~re R ( mp_~is the range of a proto: with~ times the meson energy. According . P\mrt'/ m1f' 
to these considerations, for example, a 11 meson of energy 5 Mev has a range ap-

·_ proximately one-sixth that of a 30 Mev proton. 

1 1 .. (2) A range-energy re ation was obtained by Lattes, Fow er, and Ouer for 

protons up to"1.3 Mev in "Ilford ""Bl emulsion. -~heir data were extrapolated by 

Oamerini and Lattes(3l to give ranges with estimated accuracy of + 8 percent in .; 

the 30 Mev region. Bradner et al.(4) have recently made a direct experimental 

determination-of the range-energy relation for protons up to 39 Mev in Ilford 02 

emulsion. A pl_ot of their data along with that o:f Lattes is shown in Fig. 9.2(1). 

The curve is believed to givE:) the energy-accurate to 2 percent for ·protons in dry 

C2 or 03 emulsion. Fig. 9.2(2) shows an empirical fit to the experimental re ... 
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lation for dry emulsion in the region of 17 to 39 Mev, according to the equation: 

E : 0.,251 R 0.581 
(Mev) ( tJ. ) 

9.2(8) 

9o2(8) is indistinguishable from _the original extrapolation of Camerini and Lattes 

for protons of 4000 11 range. 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 striking 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 a short channel at the 80 inch radius 

recorded protons which left the target in the backward direction vdth the appro-

priate momentum. With an accurate knowledge of the magnetic field it was possible 

to calculate the energy of a proton entering along the normal to the edge of the 

plateD Plates were put at the 80 inch radius for all exposures and the target 

radius was varied to obtain different proton 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 glasso The range of protons in the region of 30 Mev energy 

was found to be (18 ! 4) percent larger in glass than in dry C2 emulsion. 

By applying the methods of this section to ranges of tJ.+ mesons .in NTB and C2 

emulsions, the range of 36 Mev protons in NTB emulsion was calculated to be 

(8 !. 1.5) percent larger than in C2 enru.lsion. 

Grain Density 

An expression for the grain density of.singly charged particles in photo

graphic emulsions can be obtained assuming only that the grain density dN is . dR 

a function of the rate of loss of energy. of an ionizing particle passirig through 
\ 

the emulsion: 
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But from 9.2(5) dE 2.tR g2) --=SJ-dR m 9.2(10) 

Hence if' S = 1, 
N = mF ( :~ 6.11.3(1) 

If the ion stopping in the emulsion has a charge S, a relation can be ob-

tained by assuming a power law connection between N and R. This is valid, since 

plots of' log N vs. log Rare found to be very nearly straight lines. (cf'. Fig. 

6.11.3-1). 

Then 
2n(l-£X) 

N = a ~ 1-n ~(1-o() R~ 9.2(11) 

Since the grain density of' meson and proton tracks has been found to var,y 

as 1/v over a large range of' velocities it
1
follows from 9.2(6) that 

. • n • 
o( = 1-~ = 0.71 9.2(12) 

Equation 9.2(11) implies that the relation between grain count and range 
2n 

involves m and g in the form mB I=n • 
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