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Mesons Produced by the Cyclotron

Eugene Gardner, Walter H. Barkas,*
F. M. Smith, end Hugh Bradner

Radiation Leboratory, Department of Physics
University of California, Berkeley, California

Jenuary 16, 1950

Lo Introduction

- The nature of the forces thgt hold the protons and neutrons of an atamic_ )
nucleus together has interested physicists for many years. Clearly these forces

are not the same as the electrostapic'fprces which are ordinarily demonstrated _

with pith balls. Electrostatic theory would say that since protons are posi-

tively éharged they should all repel one another and the nucleus should fly

apart. Actually, of course, the protons and neutrons are so tightly bound

together in the nucleus that it tekes millions of electron volts 6fvenergy to

knock one out.l The exect nature of tﬂe nuclear force is net at all well under-

* gstood; however, an attack on the problem has been made on the basis of the

meson theory of nuclear forces as proposed by YUkawal in 1935, According %o

1 H. Yukews, Proc. Phys. Math. Soc. Japan 17, 48 (1935)

this theory, each proton and neutron is accompanied by‘a‘"meson cloud". The

mesons are thought of as being something like the quanta of an électrémagﬁetic

field, except that mesons may carry a charge end they have a finite rest mass.

Nucleer forces are not explained in terms of "action at a distence" but rather 'Hi

by the interaction of protons and neutrons Wifh the meson cloud. 3
Under some conditions it is possible to dislodge a meson from a nucleus and

study it as an independent particle. lesons as components of cosmic rays are _».'”

produced when high energy particles strike atomic nucleil in the atmosphere. 1In |

the process of creating a meson, the incident particle loses a quantity of energy

* QOffice of NWaval Ressarch, San Francisco
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in the kinetic form; th;s quantity then reappears in the form of the rest mass
energy of the meson. lMesons are produced in the same menner in the cyclotron «-
by bombarding a target with protons, elpha-particles, or neutrons. The mesons
from the synchrotfon are pr*auced‘vuea hlgh energy x-rays strike a btarget. The

main pocesses of production and decay of mesons were discovered in cosmic ray

experiments,z but contribubtions are ncw beginning to come from experniments on

For references to original papers see "Guide to Literature of Elementsry Pear-
ticle Physics" by J. Tiomno and John A. Wheeler, American Scientist 37, 202,

(1949). For review of both cosmic-ray end artificially produced mesons,
see "lesons 0ld and Wew" by Joseph li. Keller, fmerican Journal of Physics 17,
356 (1949) ' »

mesons produced by cyclotrons and synchrotrons. In this peaper we shall describe
some of the methods used for detecting mesons, and some results obteined with

high energy protons from the 184-inch Berkeley cyclotron.5

© For recent experiments with mesons produced by the synchrobron, see L.

McHillan, J. Peterson, and H.S. White, Science, 110, 579 (1949}

1

Two kinds of mesons, T and W, have been positively identified end studied
extensively.' Both ero unsteble particles with masses intermediate between the
electron mass and the proton mess. They ere ordinarily studied with the same
apparatus, and they freguently ogcur'together in the sazme experiment. But in
spite of these similerities, they are really very different types of particles.
he most striking difference is that W mesons have a strong interaction with
nuclei whereas | mesons have a weask interaction. According to present ideas,
the 1w 's are primery particles which are produced in nuclear collisions, either
in_cosmic rays or in accelerators. Probsbly all of the u's observed in cyclo~
tron experiments are secondary in origin, arising from the decay of the T 's.

Thus it is probable that it is the ™ mesons which are responsible for nuclear

forces. There are hoth positively and negatively charged W mesons. Possibly
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there are also neutral mesons,4 although we shell not discuss them in this

¢y, g, Crandall, B. J. Moyer, and H. F. York, Phys. Rev. to be published; M. F.
Kaplon, B. Peters, and H. L. Bradt, Phys. Rev. 76, 1735 (1549); R. E. Marshak,
Phys. Rev. 76, 1736 (1949)

paper.
When mF and 7~ mesons decay in free space they give rise to u" and w

mesons, respectively. This process, known as T-W decay, will be discussed in a

later section. When a u* or w” decays in free space, it gives off a positron or o )

en electron. The positron and electron energies indicate that in each (L disin-

tegration two nmeutrinos are also given off.5 If T~ mesons come to rest in

5 R. B. Leighton, C. D. Anderson, and A. J Seriff, Phys. Rev, 5. 1432 (1949)
‘matter, they enter nuclei and disappear, their rest energy belng transfofmed :
into nuclear excitation energy. This phenomenon is observed in photographic
emulsion “stars" which occur at the ends of Tr"meson tracks. The'prbngé of the
stars are attributed to charged perticles ejected from excited nuclei. .pf

mosons seldom, if ever, make these stars.6 Low velocit 1r+ and W mesons are
3 3 y

 W. Y. Chang, Rev. Mod. Phys. 21, 166 (1549)

prevented by electrostatic forces from entering nuclei. Thus wher these posi-
tively charged mesons come to rest in matter, they decay in the seame way in

which they’decay in free space.

II. Methods Used for‘Detectinngesons Produced by the Cyclotron

The problem of deéecting mesons producéq by the cyclotron is oﬁe of‘finding
a few mesons producedlaldng'with a great many more protons and other heavy par-
ticles. Wheﬁ me s ons are:produced’by bombarding a target with 345 Mev protons, -
these "background" particles are a thousend times as numerous as the mesons.

Two Ttypes of deteétors which are well-suited to this kind of problem are cloud
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choambers and pholosraphic plates. 'With both of these devices, charged particles
are studied by means of their tracks. If the background of umvanted tracks is
hizh, one mey have to look at large numbers of extraneous tracks before finding.
e - : L O i
a track of *Me particle of 1nuerest; hodover, once the tracL is found, measure-
ments made on 1t ere not affected much by the presence of the other tracks.
Mesons produced by the cyclotron have been detected Ly mezns of photographic

-

PR o ) ‘ 3 . " Lo
plates’ and ula with the cloud chember.® Up to the present time, most of the

T 5. Gardner and C. 1. G. Lattes, Science 107, 270 (1548)

We Fartsough, E. Hayward, and W. 1. Powell, Phys. Rev. 75, 505 (1949)

work with mesons produced by the cyclotron has been done with photograrhic

plates. This is due in part at least to the fact that the early work was done

inside the cyclotron, where operation of the cloud chamber is extremely diffi-

cult. Recently, L. W. Alvarez and his associctes’ have devised a method of

% 1. W. tivarez, &. Longacre, V. C. Ogren, and R. B. TlOumu, ‘Bull. fm. Phys.
Soc. 24, No. 7, 20 (1849). See also J. Steinberger and 4. S. Bishop, Bull.
fm. Phys. Soc., Hew York Meeting, February, 1900. '

debecting positive mesons from the cyclotron by means of scintillation counters.

This offers a prest saving in time and effort, and it is probable that counters

£
will replece phobtographic pletes for meny meson studies.
&£lthough the use of photogrephic plates as cnarged particle detectors has &

O . . s .
long nlstory,l whe special plates now used so extensively have been produced

‘or early use of photographic plates in cosmic-ray studies, see BElau and
embuoner Fature 140, 585 (1837). For review of use of photographic plates,
se.¢ U. ¥y Powell and G, P. 3. Ocohialini, Nuclear Physics in Photographs
(Clarendon Press, Oxford, 1947); H. Yagoda, Redioactive leesurements with
Huclear Zsulsions (John Wiley and Sons, Hew forL, 1949); M. M. Shapiro, Rev.
iod. Fhys. 15, 68 (1941)

w1

. .8
only during the past three or four years. Some of these plates are made by the
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1 . .
workers who use them; however, most -laboratories buy their plates from manu-

1 pierre Demors, Science 110, 380 (1949). This paper gives references to
earlier worlk,

facturers. The Ilford Huclear Research Plates were announced12 in 1946, end

12 ¢. 7. Powell, G, P, S. Occhislini, D. L.Livesey, and L. V. Chilbon, Jour.

Sci. Instr. 23, 102 (1546)

since that time new types of plates have appeared at frequent intervals. Simi-
ler plates, called Nuclear Track Plates, are produced by the Fastman Kodak Com-"" "
pany, and by EKodsk Limited. These special plates used for detecting charged par-
ticles have a highef concentration of silver bromide than ordinary photographic
plates, and the emulsion i1s thicker. If a charged particle passes through the
envlsion it leaves a trail of developable grains of silver bromide. When the
plate isvdeveloped and viewed under the microscope, one sees a track of silver
grains which shows the path of the charged particle. The silver grains have a
dismeter of 0.2-0.4 microns, and the track is viewed under the microscope with a
mégﬁific&tion of from 100x to 2000x, depending on the problem at hand.

One of the adventages of the photographic plate method of detecting charged

e A s

particles is that plates are avalilable with almost any sensitivity one wishes.
Thus, for the study of heavily ionizinhg particles like low energy a-particles or
fission fregments, there are plates which are so insensitive that they‘wili
register only heavily ionizing particles, and the observer does not have to leok
at tracks of electrons or other lightly ionizing particles. On the other end of

the sensitivity scale, there are plates which will register tracks of even the

most lightly ionizing particles. For a quick identification of meson bracks,

3

one uses plates like Ilford C.2 plates, which have a sensitivity such that a
meson track shows e change in grain density in the last few hundred microns of

the meson's range. This gives the meson track a characteristic appearance, and

.
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one cen pick out the tracks by inspection. leson tracks are further identified
by a wandering, assoclabted with small-angle scutterlnc.. This grain density
change and wandering are i1llustrated by the meson track shovm in Fig. 1. &
proton track is shown for comparison. The probon track shows some scabbtering,
but not as much as the meson track; also, the proton track has only a small
rate of change of grain density. The ™ meson whose track is shown in the
Pigure was moving from left to right. After it slowed down end stopped in the
emulsion it entered a nucleus and gave up its rest energy to nuclear excitation
énergy. The excited nucleus then ejected four ionizing particles, which made

the four tracks shown. BEvents of this type are called "stars."

The search for these meson tracks 1s rather time consqn-Aé and every
effort is made to expose the plates in such & way that the ratio of meson tracks
to background tracks will be as high as possible. Two of the arrangements which
have been used for exposing pbotograpnlc plates to mesons ere shovi in ?igs. 2

S ds 2

GlLol 1l

-

and 3. The photogrsphic plates shown in these figures are placed in posi
black pesper wreapping, or left wwrapped with the cyclotron enclosure darkened.

As indicaved in these figures, the mesons are formed when the circulating beam

to

of 345 Mev protons strikes a target inside the cyclotron. Fig. shows one

arrangement for debecting w~ mesons. Those W~ mesons which leave the target
in the forward beam direction are deflected by the magnetic field awey from the
region occupied by the circulating beam of high energy protons. Protons end

heavier nuclear fragments produced at the target in the forward direction are

o
deflmcted toward the center of the cyclotron because of their opposite charge,

.and they do not strike the photographic plate. Neutrons from the target and

W

“q

from other parts of the cyclotron collide with nuclei in the emulsion and pro-
>
diice & background of protvens, alpha-particles, and other nuclear fragments on

Tthe plate. The best exposures made so far have given a ratio of meson tracks to
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background tracks of about 1 to 50. The plates are %tilted so that mesons from
he target enter through the %Lop surface of the enulsion, their trajectories
making en angle of about 5° with the plane of the emulsion. A l0-second expo-
sure gives sbout 1000 W™ meson tracks on one photographic plate of dimensions
1 inch by 3 inches.

Omé method used for detecting " mesons is shown in Fig. 3. The arrange-
ment is similar to that used for T~ mesons except that ﬂi mesons which leave
the target in a direction opposite bto beam direction are recorded. It is true
that protons and other positively charged particles from the target can follow
the same Gtrajectories as the " mesons; however, the heavy particles which
follow these trajectories have such a low energy and correspbndingly short range

that they de not inberfere much with the study of %the mesons.

III., Ueson Hass Measurements

A program 1s now in progress in this laboratory to measure the masses of w
send Y mesons. The system which we are using is similar to that developed by

Brode™® and others in connection with mass measurements of cosmic-ray mesons.

15 R. B. Brode, Rev. Mod. Phys. 21, 37 (1949)

By usihg the apparatus shown in Figs. 2 and 3 we are able to measure the momen¥
tum and range of a meson, and thé determination of these two quantities is suf-

ficient to define the.mass of the meson. If the mnagnetic field.were uniform,

the trajectory'would‘be a part of a circle, and the momentum could be found from
the magnetic field intensity and the radius‘of curvature of the meson tfajectory.
he radius of curvature of the trajectory could be found from the position of

the target, the position at which the meson strikes the photographic plate, and

the angle which the track makes with the edge of the plate. Abtually the magj?‘ﬂ}'

i 2

netic field of the 184-inch cyclotron decreases slightly with increasing radiﬁs,

’

RN CE
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so that the meson trajectory is not exsctly a circle. For this case, the momen-
J o S b
14

ftum must be found by o calculation which takes account of the {ield variation.

9 \
4 w. H. Barkes, Bull. im. Phys. Soc. 24, Fo. 8, 13 (1949)

The range of the meson in emulsion is found by mezsuring the track length under

the microscope.
. L

The equation which makes use of the momentum measurement is an exact rela-

tionship for 2 charged particle moving in a magnetic field.

E(1+ B ): o2 (BP)Z ‘ (1)
2mcé 2me?

where
E = kinetic energy of meson (ergs)
m = rest mass of meson (grams)

£ meson, assumed to be equal to the charge of the electron

@
|

harg

s 0
N
8.5 el

-~~~

5]

¢ = velocity of light (cm sec.” 1)

B = magnetic induction (gauss)

© = radius of curvature of trajectory (cm)
my PR R . . . Sl PR T TS
he equation which uses the range measurement is an empirical relationship which

’ . 5 - g 3 H ; i
has beenufoundlo Lo give a good representation of range-energy values in the

15 H. Bradner, F. M. Smith, Walter H. Barkas, A. 5. Eishop, Phys. Rev., %o be

4

published.

N . _

energy region in which we are working.

<

® = kinl-n g0 (2)

kinetic energy of meson (liev)

n units of the proton mass)

|52

rest mass of meson (
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kyn = constants detsrmined empirically,
nunerical valuesi®: k = G.250; n = 0,581
By combining Equations (1) and (2) it is possible to eliminate & and solve for
1, thelmass of the meson.

In‘thi§ méth§d of méasuring meson masses, we make use of the fact that The
meson trejectories start at the target. Thus the method is applicable to the
measuremént ;f masses of ‘n+ end " mesohs, since these mesons are formed at
the target. M mesons which come o rest in the target decay to give u' mesons;
thus the farget is 2 source of W' mesons which can be used for messuring the w*
A58 . ﬁﬁen T~ mesons come Lo rest in the target they are captured by nucleis

Tthus the target is not a source of W” mesons and our method is not applicable Go

the measurement of the w~ mass.

3

+

We find no difference bebween the masses of ™' and T~ mesons, to the

accuracy with which we have made The measurements. Preliminary mass values are 8

16 7. om, Smith, W. H. Barkas, 4. 5. Bishop, H. Bradner, snd E. Gardner, Bull. Am.
Phys. Soc. 24, No. 8, & (1949)

my = (276 + 6)

|+

il

Tig
4) g

(210

i+

, et
where mg is the mass of the slectron. These valueé were found by applying
Equations‘(l) and (2) as déscribed abévé. " A new measurement is now in progress
in which meson masseé are found by comparison with the proton mass. It is
thoughf that this method will give more accurate values; hcweve;, no results

from this new measurement are yel available.
. L e

e
IV, m-W Decay C

One of the most interesting facts connected with the meson decay process

£ 2%

is that all u* mesons coming from the decay of " nesons at rest seem to have :
£
e

the same energy, about 4 Mev. This was first found in experiments with cosmic
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17 13

rays, ' and was later verified in cyclotron experiments. When T meson

17 ¢. u. 6. Lattes, G. P. 5. Occhialini, and C. F. Powell, Nature 160, 453, 486
(1947)

v

N 3

18 J. Burfening, B, Gardner, and C. ¥, G. Lattes, Phys. Rev. 75, 382 (1949)
tracks ars observed to end in Ilford C.2 plates, or plates of greater sensitiv-

: s . . . . +

ity, it is found that a u" meson begins at the point at which the ™ +track ends.

+ . . . .. . : o
If the (" meson remains in the emulsion for its entire range, the track always

5

nas z length of about 600 microns, except for some variation attribubed to

! B
straggling, i.e., variation due To the statistical nature of the enérgy loss
process. 1% is seen from Equation (2) that this range correspondsiﬁévén;énéfgi
of about 4 Hev. An example of a -t decay as recorded in Ilfbrd C.éveﬁﬁisibﬁif“
is shown in Fig, 4. | -

The fact that (L mesons from w-W decay always have the seme kine{:io enex.r»'gy-'.
is a very strong indication that one and only one other particle is givén.bff in

the disintegration. This other particle does not leave an obéer&ébig:££éé£u;;;£““ :
in the most sensitive emulsion, so that it is thought to be an.éleéffidailyL;."v
neutral particle. From the mass values given iﬁ the preceding section, it is

seen that the U meson is about 66 electron masses lighter than the meson.

This mass difference is eguivalent to about 34 Mev of‘energy, of which 4.Mevvié
accounted for as kinetic eﬁergy of the W meson. It is assumed that the neutral
particle carries off the remaining 30 llev of energy, and enough moméntgm fo |

balance that received by the ( meson. Calculations show that these conditions

IR0

are satlsfied if the neutral particle has zero rest mass.

V. The Lifetime of the 7w Meson

The lifetime of the W meson is so short that some of the mesons undergo

=l decay before they reach the position of the plates shown in Figs. 2 and 3.
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If the mesons were not intercepted by the plates but were allowed to continue in
approximately circular orbits, they would meke, on the average, only about two

revolutions before they decayed. Riohardsonl9 and Martinelll and Panofsky20

19 7. R. Richardson, Phys, Rev. 74, 1720 (1948)

20 1. Martinelli and W. Panofsky, Phys. Rev., %o be published

have made measurements of the ™ meson lifetime by obgerving how meny mesons
disappear from a group of meédns in the time required for the group to travel
through one revolution. A schematic diagram of the arrangement is shown in Fig.
5. One group of mesons, A, spirals upward and strikes the top photographic
plate after traveling one half revolution. A second group, B, spirals downwafd
and travels for one and one half revolutions before striking the bottom plate.
Suitahle shielding (not shown) pfevents mesons from reaching the plates by any
paths other than the ones shown. Numbers of mesons striking the {two plates are
found by counting meson tracks after the plates are developed. After appropri-
ate geomebrical corrections are made, the lifetime of the mesons»is found from
the number 1pst from group B in the time required to travel the extra revolution.

.22
108 sec. for the meen life. Martinelli and Panofsky,zo working with T mesons,

Richardsonlg'workéd with w mesons and obtained a value of (loll +°51) X

found e mean life of é497 +°14) x 108 sec. The values given are not in agree=
. S e T : _
ment within the errors_quotéd; however, this discrepancy is not interpreted as

proving that the mean life of the T~ meson is really different from that of the

w* meson.,
The mean life of the W meson, as found in cosmic-ray experiments, is larger
than that of the 1 meson by a factor of about a hundred. The value of the meen

life of the u* meson is given by lereson and Rossi’l as (2,15 + 0.07) x 106 sec,

21

N. Nereson and B. Rossi, Phys. Rev. 84, 199 (1943)
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VI. Stars Initiated by 1w~ lesons ‘ s o

The photographic emulsion stars initiated by T~ mesons exhibit a wide
variation. They differ in the number of prongs per star, in the orientatien of
the prongs, and in fthe types and energies of the particles making the prongs.

The prong number distribution has attracted inbterest as an aid in the study of

22-24

v

the mechanism by which the T~ meson gives up its rest energy to =z nucleus,

D. H. Perkins, Phil. Hag. Ser 7, Vol. XI, p. 601 (12949)

»
. B, Marshak, Zcho Lake Cosmic Ray Conference, June 22-23, 1949.

24

]

uilmoto, Hayelkaws, and Yamsaguchi, Prog. Theo. Physics (in press}

k'Yl

and as a mebthod of finding out how many W7 @eson tracks are presont in.a mix-
ture of tracks which includes soms it meson traclks. As shown in the prong dis-
tribution table which follows shortly, some of the T meson tracks are not
aecompaniéd by stars, and there is no simple way to distinguish these tracks
from tracks of W mesons. If the prong number distribution is known, however,
the number of sbtar-forming mesons can be counted, and the appropriate number
added for those which do not meke stars. This method has been used by Meiillan,

Peterson, and White® to find the ratio of W~ to w' mesons produced by x-rays

from the 335 Mev Berkeley synchrotron.

In order to find the prong nuwnber distribubtion of stars initiated by "~
mesoné, it is important to have a group of 7~ mesons which is free from contam-
ination of other types of mesons. With the apparatus arranged as shown in Fig.
2, only mesons with a negative charge can reach the photographic plate. 1In
addition %o the 7~ mesons, however, there will be some W~ mesons which come
f;om the decay-in-flight of the w~ mesons. By applying-the method described in
Sec. 111, one can make a mass mesasurement for each individual mesoﬂ}r-The mea-

sured masses of the T~ mesons will form a group whose average value is approxi-
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mately 276 electron masses, but the y~ mesons will not, "in general,-have ranges.

and momenta such that they could be confused with this group. Prong nUmbér

distribution studies can be done with the same mesons used for mass measurements.
The prong number distribution as found from 512 stars initiated by ™"

25

mesons is given by Adelman and Jones™™ as follows:

25 Frank L. Adelman and Stanley B. Jones, to be published

Number of prongs

(includes recoils) 0 1 2 3 4 5. . 6 or more

Percent of stars having S \

this number of prongs 26.8% 21.54 27.0% 15.2% 7.8% 1.87 mnone found
. in this .

study

VII. Yield of Ir Mesons as a Function of Bombarding Ensrgy

The number of mesons prodﬁced by bombérding a target with protons increases
rapidiy as the proton energy is increased. 4 convenient method for studying -
this effect is to move the target and plate shown in Figs. 2 and 3 to different
radii in the cyclotron. In this way one can observe the yield of mesons as a
function of proton energy-from energies as small as desired up to 345 Mew,.the .. ..
maximum proton energy aveilable from the cyclotron. If a carbon target is used,
the integrated beam current can be obtained by observing the positron activity
of the il formgd'invﬁhe Clz(p,pn)cll reaction. The relative meson yields at
the various energies are found by counting meson tracks on the photographic
plates. Appropriate corrections are made for integrated beam currents and rela-
tive volumes of emulsion scanned.

So far meson yields have been measured only for mesons of energy 2-10 Mev.

26 .
C

In a study by Jones and White he relative yields were meassured for T mesons

26 Stanlev B. Jones and R. S, White, to be published
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produced by bombsrding & 1/32 inch carbon target with protons. Their results are
as follows:
Proton Energy (lev): 345 305 270 235 200 165

Relative Yield: 1004 475 22% 8% X, 0%

These results are of interest to workers who are planning the construction of
accelerators which might be used for meson studies.

The work described in this paper was aone under the auspices of the Atomic
Energy Commission.

(This is the first of two papers on the subject of mesons produced by the
cyclotron. The second paper, by Chaim Richman and Howard Wilcox, will aescribe
experiments with mesons produced outside the cyclotron by the deflected proton

bean.)

Information Division
1/18/50 md
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FPiszure Ceptions

Fig. 1.

Fig. 3.

Fig. 4.

Fige 5.

Upper: Photomicrograph showing track of W™ meson. This meson came to
rest in the emulsion and initiated a four-prong star.

Lower: Track of proton for comparison.

Ilford C.2 emulsion,
(Photomicrograph by A. J. Oliver)

Sketch of cyclotron showing arrangement for detecting v~ mesons. (not
to scale)

Sketch of cyclobtron showing arrangement for detecting 7" mesons. (not
to scale)

Photomicrograph showing track of ¥ meson which slowed down and

stopped in the emulsion and then decayed to give w* meson. The pf
meson subsequently slows down and stops in emulsion. The w* meson
track has the characteristic length of about 600 microns. TIlford C.2
enulsion. (Photomicrograph by A. J. Oliver)

Sketch of Garget and plates showing one group of mesons, A, which
travels through one half revelution and another group, B, which travels
through one and one half revolutions. (not to scale)
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