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REVIEW CF WORK ON ARTIFICTALLY PRODUCED MESONS

Hugh Bradner
? u - | October 19, 1949

)
.

1, Introduction
Artificially produced mesons were detected for the first time at the University
| (1)

of California Radiation‘Laborétory in February 1948, The mesons were created by

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

~syhcﬁrOCYClotron(2) and were detected by the characteristic tracks which they made

in*goihg through'the emilsions of special photographic plates.

Shoftly before Gardner and Lattes annouﬁced the production of mesons by the
cyclotron,’Sakata(B)s Tanikawa(4) and Bethe and Marshak(S) bhad predicted the ex=
istence of light and heavy mesons on therbasis of cosmic ray evidence and Powell and
co»wérkers(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 particles,
They concluded that the light, or M, meson had a mass of approximately 200 electron
masses; while the heavy.mesoné which they termed 7 or " had approximately 300 to 400
electron masses, They did not know how many of the heavy nonstar forming mesons were
éQsibive; though they inferred that most or all of the star forming, or ¢, mesons
ggre nega,ti\fre° It was deduced that mand ¢” mesons had strong interaction with
nuclei and that the heavy mesons had a mean lifetime between 10"6 and 10~ 1 seconds,

The decay in flight of Trand ¢ mesons formed at high altitudes was presumed to give

K ‘mesons, the particles ordinarily seen at sea-=level, ¢ mesons produced nuclear

néxplosions upon coming. to rest in light or heavy elements, while positive 71" mesons

—are thought always to produce positive M mesons upon coming to rest in matter,
From the fact that the positive M meson always was produced with the same kinetic

energy of approximately 4 Mev, Lattes et al. concluded that a single neutral particle
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was also produced during the decay., The preliminary estimates of'ﬂP’méson and )44
~meson masses, however; led to the erroneous conclusion that fhe neutral particle had
about the same mass as the yt meson,

The production of mesons in the Berkeley cycloﬁron 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 () mesons do
not produce stars, and the assignment of a mass value of 313 £16 electron masses to
the 77 “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 a-=particle beam of the Berkeley cyclotron
during the period from February, 1948 to February, 1949, and with the proton beam
of the machine from'February’to July, 1949, A short account of the results thus
far obtained with the 335 Mev Berkeley synchrotron(7) will be given near the end of
the paper, !

It is the purpose of this paper to assemble the best values available at the
present time on meson production and meson properties, The material is arranged Ifor
easy refefence and future additionsy, rather than coherent reading° It appears‘diffi-
cult to present a detailed account of the investigations, and at the same time to show
clearly the development of current views concerning mesons, Therefore, the main body
of the text will treat the individual experiments in considerable detail, while a
summary of present concepts of meson properties will be given in the last section of
the paper.* .

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

#The table has been revised to April, 1950, '

L SN
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be treated in'greater'detailvthan those researches which have been published, The
experimental work. presented here is the result of the joint effort of ainumber of
people most of whom have comprised the Film Program Group* of the University of
California Radiation Laboratory. This summary report was begun by C.M.G., Lattes
during his stay in Berkeley, and many of the sections on experiments w1th 1?" s
mesons were drafted by him. Sections 4ell, 4.14 and 6,12 were written by S Jones

ot

and part of Section 4.12 was written by H. Wilcox. V. Z Peterson and H, Wilccx
made the cross section calculations. D. Sherman has compiled an extens1ve bibli-
ography to accompany this paper, but because of its length it has been assigned a
separate report number, UCRL 487, The rest of the text was assembled by H. Bradner,
and he assumes 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 topies for which
detailed‘information has'been obtained directly from the‘experimenter, end in these
cases, credit for the contributions will be given in the text.

Ali the worh except that'described in Section he3 was done with Bastman Kodak -

"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 eloud

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-rais, and some success has just recently been achieved by L.W. Alvarez

#The group working with mesons produced by the ecyclotron has included Wr, F.:
Adelman, Dr, W.H, Barkas, Mr, A.S, Bishop, Mr. K, Bowker, Dr. H. Bradner, Mr. J.
Burfening, Mr, P, Carnsham, Mr. W. Conover, Dr. E. Gardner, Miss E., Grunwald, Mr.
S. Jones, Dr, C.M,G, Lattes, Dr, E. Martinelli, Mr. E.0, Meals, Mr, D. 0'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 Y vmesons.*
A brief report on pair spectrometer investigatioﬁs 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 experimentel 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 sea;ch for artificially produce& mesons.,

a. At the beginningiqf 19/8 tw6 types(l)(z) of mesons 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 produced under}nuclear»
bombardment, their mass would have to be provided at the.expgnse 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 tPis assumption is correct, it would appear at first.sight that glpha-particles
of a%proximately 400 Mev would not have enough energy to produce either M or T
mesons;** at least 100 Mev would be needed in the center of mass. system to make a
M meson and 150 llev for a 1T'mes§n, while each neutron or proton in the alpha
particle beam would carry only 100 llev and therefore have only 50 Mev available
in the nucleon~-nucleon cénter of mass system for meson production,

The situation is not so discouraging, as was pointed out by McMiilan and

Teller(B) and substantiated by Horning‘and'Weinstein,(A) when one takes into

*Note-added in proof: Preliminary data suggest that J. Steinberger is also
successful in detecting positive mesons by delayed coincide~ces, and there-
are indications that H. Bradner and M, Dazey have detected 5™ meson stars
in transtilbine, : ,
**For the remainder of this paper the symbol W will refer to either positive or
negative heavy meson unless a superscript designates a specific sign, :
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account the iniernal kinetic energy of the nuecleons in the g¢ =particles and in
the target nucleus. The nucleons are assumed ta oséillate within the nucleus,
with a Fermivenergy of approximately 25 Mev. Under favorable conditions the ime
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 direction, The

s,

momentum at impact is fhus increased by the factor

where Ep is the Fermi energy, and Eécis the Q =particle energy. The calculations

of these writers implied that fr meséns could be prodticed by the & =particle bean,
but that T+ meson production in the 190 Mev deuteron beam would be negligible,

b. The experiments of Conversi et al.(s) on the absorption of cosmic ray
mesons iﬂ heavy and light materials clearly'indicated'that,q mesons do not interact
strongly with nucleons, as would be expected if they were responsible for nuclear
forces.(é) An estimate of the cross section for M mescon production in the cycloe
tron, based on these results, shows that it ié too small to detect. On the cther
hand, the direct production of Ty mesons in cosmic ray stars(7) and the frequent
oceurrence of stars at the end of their range, indicated that these heavier mesons
participate in a Strqng nuclear interaction and consequently might have a reasonably
high eross section for production in the eyclotron., It was, therefore, clear that
in looking for artificially produced mesons one should try to arrange the experi-
ment in a way most favorable for the detectién of 1y rather than K »mesons;

¢. The most obvious way to look for artificially produced @esons was to exe
pose the plates to the full-energy g=-particle beam and search for stars produced

in the emulsion, It was known from plates exposed to .cosmic rays that occasionally
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mesons are ejected in addition to the usual heavy particles from the center of
the star. An experiment of this type was tried. The exposure was arranged as
shown in Fig, 2(1) and about 5000 &(-particle induced stafs were observed under
500 diameters mégnificgtiono Noc mesons were found, but this negative résult was
expected from a theoretical estimate of the probability of the process and the faét .
that onlj mesons of energy up to a few NMev would be registered in the inéensitive
plates which were used. 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 gg=particle bombardment.
It seemed that an arrangement most suitable for detecting mesons would be

one allowing the separation of negative from positive particles, since mesons were
the only negative particles expected'to be recorded in Bl and C2 plates, Eo

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

3. Experimgytal Arrangenment
| 30,11 Negative mesons from alpha-particle bombardment

f??e%gxg?rimental arrangment thaf has been used repeatedly for producing and
detecting negative mesons produced by @l=particles in the cyclotron is shown in
Figs. 3.11(1) and 3,11(2). iThe_exposures were made inside the machine in order to «
make use of the full beam intensity and at the same time to take advantége of the
cyclotron magnetic field to separate the negative mesons from the main bulk of
heavy positive particles produced during the bombardment.

Fig. 3.11(1) gives a general view of the exposure set=up, The plate holder
is supported by a probe Which can be moved in and out radially by remote control
in crder to obtain the desired energj of the bombarding gy-particles, The inci-
dent ions follow the orbit shownol Negative mésons produced at the target are de-

flected 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 parficles are
‘deflected in the direction away frém the plates, as indicated by the orbits draﬁn
in détfed lineé.

»-Fig. 3.11(2) giveé a larger view of the actual plate holder., The target %as
usually a solid piece of graphite or beryllium with dimensions 1 in, x 1 in, x 1/16
in,, the.smallest dimension being parallel to the al -particle beam, The main
bodyvof the piate 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 placéé 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 aé 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 approximgtely 15O to 500 microns in
,the plates of the type used and their complete path through the emulsion can easily
be folléwed. The dimensions of the plate holder may be inferred from the scale
providéd 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
’ a?rangement is convenient mainly for getting a large concentration of meson tracks
near the leading edge of the plate.

- The‘plates were generally wrapped in ordinary photographic black paper 1/10~mm
thick to éermit handling in daylight. Unwrappedbplates were used when it was im-
portant to have an acéurate measurement of the range or of the initial direction
of the mesons in the emulsion. The plates were then exposed singly and tiltgd
3 to 5 degrees, so thét 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 iOO to 200 microns,
Most of the exposures were made with Ilford typé G2 Nuclear Research plates;
When a greater grain density in the tracks was desired, as in the §tudy of‘ﬂih/(

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

 J

sensitive plates, such as Eastman Kodak "NTB" or Ilford C3, were found more suitable,

For work in which a high discrimination 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, and Kodak Ltd. NT4, have been

used recently, 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 tov10X ejepieces and 90X oil immersion or 46X apochromatic
objective. Under these conditions an experienced observef 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 identificatipn 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

type of recording, so ordinary events. are sketched, and particﬁlarly interesting
tracks are photographed stepwise to bring successive short sections of the tracks
into focus, Completed mosaics of typicalTi” “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 examlned under the mlcroscope, showed a very great number of tracks of

protons9 deuterons, alpha=part1cles, ete,, stemmlng presumably from nuclear exX=

p1051ons produced by fast neutrons in the shleldlng, in the glass, and in the“:L

‘émulsion itself. . The orlentatlon of the background tracks was random,'and 1t was

.&lear that most of the neutrons d1d not orlglnate in the target, A few mesons were
"-found ‘but” the ratlo of meson tracks to background was of the order of 1 10 OOO°

Durlng the first few months after the mesons were detected a great deal of

effort was spent in redu01ng the neutron background° In the flnal arrangement 1t

was p0531ble to show that about half of the neutron background orlglnated dlrectly

in the target°X“In the very best exposures the number of background tracks dew:

creased neerly as the square of the distance from the target°

2T

The exaot orlgln of the neutrons comlng from places other than the target -
is not yet completely understood° Of the various dev1ces tried forlredu01ng
the neutron background the only ones found deflnltely to be effectlve were:

. a). Redu01ng the deuteron contamlnatlon of the a(wbeamo. It was found that
as expected aeuterons of 190 Mev d1d not produce a detectable number of mesonso‘
As it is not possible to obtain an alphawpartlcle beam free from deuteron contamla
natlon, even by first letting the vacuum tank down to etmospher:c pressure before
running the cyclotron for czmpartlcles, and as these deuterons served oni;Mto}dnem
crease the background to meson ratlo, a dev1ce auggested by W K He Panofeky was

* des1gned by Robert Watt for min1m121ng ‘the deuteron contamlnetlono | Such a mechawi'i
nism is made poséible by the fact that the qc=partrcles begxn therr acceleram’
tlons at a dlfferent tlme in the frequency modulatlon cyele than do the deuteronso

Pu.51ng the ion source arc on at preclsely the correct time gave a 98 percent pure 7'
beam of alphe.-pdrtlcles° The puls:.nCr tlme was determlned experrmentally on each
group of exposures by readlng a spe01al double probe which meesured the czumertlcle'

‘current and. the deuteron current olmultaneouolyo
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b) Beam "clipper." Originaliy most of the background due‘to alpha;particles
came from ions which scattered from the target. These could subsequently strike |
the dee hear the plate holder and pré&uce neutrons; or couvld spiral outward iﬁ the
reduced magnetic fieldvﬁeyond the beam radius and aetually sirike the plate holder, -
A ®clipper" shaped as shown in Fig. 3.11(7) was placed on £he opposite side of the
-cyclotron from the target in order to stop the beam which had béen scattered from
the target at small angles upward, downward, or‘radially outward. The buck of .
the ciipper 6rdin§ri1y was set at 1/2 inch larger radius than the target.

When the two devices were used, it ﬁas péssible to obtain occasional g(~-beam
exposures with a ratio of meson tracks to background tracks of approximgtely 1/50,
Usually the ratio was nearer to 1/100, With the normal beaﬁ intensity of 1/10 of
microampére, 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 ﬁhe "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, b& making the bombardment outside the cyclotron with the
deflected beam. C. Richman is using the deflected proton beam to study the énergy
distribution of mesons up to 150 Mev fr§m a ‘carbon target. By using an auxiliary
magnet of a few kilogauss to sort out the negative mesons, it is possible in princi=-
pPle to reduce the background still further, since mesons of a given energy could be
focused tdva 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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area in the deflected beam is only about 10° of the available current in the internal
an, , . _ LT
3,12 uvositiveﬁmesons from ¢ =particle bombardment,

_34n imﬁo;tant difference betWeen exposures‘for negative mesons and for positive
mesons is ﬁhat, in thellatter case, ions leaving the target curve in the same direc=-
Fi99”as the mesons and, therefore, cannot be'eliminated by shielding. Trackslof
- mesons are approximately 100 times as long as tracks of protons with the same mo=-
mentum, a#dhenpe the iattef will not be @onfused with meson tracks if a good channel
ig empicyedﬂ  HQwever, they.dq contribute seriously to the background on the plates.
Exposures suffer further because of the “small yields of low energy_posiiive mesons
as indicated in the Section 4.21. |

The most comron type of plate holder for the detection of positive mesons is
shown in Fig. 3512(1)5* Note that it differs from the holders described in Sectioﬁ
3.11 ;n»;hat'itbaccepts only mesons ejected from the target in a backward direction
in order thét‘thezplates may be placed at a radius larger than the beaﬁ.

fof experiments such as comparison of positive 7 to negative |p*yields, in
Which‘pééitive mesons ejécted in the forward direction were desired, it was ppssible
to use plate holder such as shown in Fig. 3a12(2)i Backgroﬁnd was very severe inv‘
this type of holder because stray partwcleo from the cyclotron beam struck the
rear of the holder and the thickness of the holder is limlted by the size of the
a;rlock opening 1nto the eyclotron. (Since the range‘of the proton beam is greater
thansthat of the alpha=-particle beam, thié type of holder cannot.bé used in cone
néctioﬁ with the 545 Mev proton béam;: A larger airleck now being designed should

improve the situation,)

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

Cleng paper on meson Mass measufémeﬁts.



UCRL=-486
-16=

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 much shielding as possible between the plates and the‘taréet. It has
not been possible to use a plate holder of the type of Fige 3.12(2) with the proton
beam, However, holders shown in Figs. 3.2(1) and 3,12(1) are sdﬁisfactory.

New types of holders shown in Figs. 3.2(2), (3), and (4) are being used to
study mesons of energies from 20 Mev to their upper limit of approximately'l50 Mev,
Mesons leaving the target with high energy at approximately 90° to the beam are
slowed down to about 10 Mev by an absorber of copper or another material before‘
entering the pléteso

The channel of the holder in Fig. 3.2(2) is designed to pass mesons of a nomi-
nal energy of 50 llev, but because of its small total length will pass mesons with
energies from 40 Mev to 80 Mev emitted at 90° # 3° to the proton beam directioﬁ.
A copper absofber placed at the exit end of the channel immédiately in front of
the plates reduces the 50 Mev meson energy to approximately 14.5 Mev. Wesons
with initial energy between 46 and 66 Eev‘stop in the plate. This arrangement
thus has good.angular resolution, and moderately good energy fesolution.

The holder shoﬁn in Fig. 3.,2(3) is designed to slow the mesons down before
they entéer the channel, The distance betwéen‘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 pfbéosed by
Co Richman for use with the deflected cyclotron beam, It does not take advantage

of magnetic separation of ions, but simply iﬂterposes a copper absorber between
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the target and the plates., Plates ere placed in slots in the copper biock and
meson enérgies are estimated from the thickness of copper between the £argé£ and
the terminus of the meson. Exposures made with this type of holder'ehow'pro-)'h
hibitively high background for mesons of less tﬁan.20 lev at 90° to fhebpfotoo
beéﬁ;’ﬁufferejoery satisfactory for meson energies above 50 Mev., Flates exposed
in tﬁé foroerd qoedrant show progressively‘more background while those in ﬁhe
vbackwardﬁquodfaht gi&evbetter'expoSures than those in the 90° position, Positive -
and néggtiﬁe mesons drift in opposite directions underithe influence of £ﬁe mag-
netic field; so that fi- tand 71 “hesons ending in the same region of a plate
&ia fiot ied%ey%heLtéfgetmin the same direction. V.'Petefson(l) hasvoalculated
the “drift of 'mesons, and finds that they end approximately 7 1/2° away from their’
initial direction, regardless of their initial energy.

Richman and Wilcox's present arrangement for obtaining mesons from the 345
Mev exﬁernel proton béam is shown schematically in Fig., 3.2(5), which they have |
kindly éivenApermiesion to use.  In their method, the external bear from the cyclo=
tron ‘goes through a target and is subsequently collected and integrated. The posi~
tive and negative mesons produced in the;target enter the essentially infinite
blocks of absorber material, where they come to rest after traveraing a dLot&nPe
assumed to be appropriate to the initial energy, accordlng to the ordinary nuclear
stopping law, During this process the mesons scatter semowhat, but in the ab—
eorber the volume density of stopped mesons at a giveq depth of penetration ip
unchanged and meosures the number produced in the target with the oorreepondinc
: energy Nuclear emulsions are buried in these eb50rbers in order to eample the
meson population, and in this way the enorgy dependence of the dlfferential meson
croSSvsevtion at a &iven angle of observation in the laboratory is meagured. No
magnetlc separation technique is used, positive and negative mesons oan, however,

be. distlnguished by the fact that the 1r'+heoons deoay into observable /t +mesons,
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whe;eas the ¥ “mesons are captured and in 73 percent of the cases give rise to
an observable star in the emulsion,’ |

3.3 leson gﬁoggction bi neutrons

When 345 lev prqtons strike a target, charge exchange takes place, producing
high energy neutrons in the fOrward direction as shown in Fig. 3,3(1). The enérgy, -
spectrum of the neutrons has been shown by Crandall_and‘Haﬁley (1) fo have an
average value of approximately 270 Mev with a half-width at half méximum éf ap-
proximately 50 Mev. The yield of neutrons 40 ft. from a 1 K @ beam of 345 Mef;
protons striking a 2 inch thick Be target is approximately 104 neutrons_cm'f2 sec ';.
Nuclear track plates placed in this beam show recoil tracks and nuclear stars with
with océasional, directly produced meson tracks,

Plates have alsQ been exposed by Richman and by Bradner, to obtain tracks of
mesons produced in a pgrbon tgrget-by neutrons. The arrangement was scomewhat
similar to the one described above for use with the deflected proton' beam, Twenty

2

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

exposures could not be used because of background,

4o Meson Production
Lell Excitation curve for ;‘:particle beam

Since—thefmssibility of producing'ﬂ4mesons in the cyclotron depended upon
the.available internal energy of nuclei, and since calculations ﬁéiﬁg this quantity )
were open to question, the early experiments were designed to gather only easii&
obtainable information'thaﬁ ﬁould be moét useful léter for making bombardments to
observe mesons in restricted regions of meson eneréy and angle of emission from
the target., The excitaﬁion curve aﬁd the eﬂergy épectrum for the production of

(1)

negative mesons in carbon were measured by Jones and White'"/, and the cross

section was measured by V. Peterson,
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For the éxcitation curve, the standard plate holder described in Sectioﬁ 3.11
was put at different radii inside the cyclotron. Exposures were made with a carbon
targét 1/16 inch in thickness. Those mesons were counted which stopped in a strip
2mm deep along fhé'légding edge of the emulsion. This region contained mesons
which had left the tafget at angles up to about 45 degrees from the forﬁard directioﬁ
of the Gf-beam and which had eﬁ;rgies from about 2 to 10 Mev,

The numbef of 'O~ mesons observed versus the bombarding beam energy is given
in Table 4.11(1).*' Column 1 contains the energy of the bombarding & -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 réaction Glz(ct,cfn)cll is constant within the statistical
error throughout the range of ¢ -ﬁarticle ehergies used.(A) ’

It is evident from the excitation function, as well as from energy considera—
tions, that T~ mesons are not normally made in pairs by the 390 Me§ oL =particle beamn,

412 Cross gection for production of T” ~mesons by the @ -particle beam

A differential cross section measurement for meson production by the full'w
energ& 'a;-beam Waé made by V, Peterson( 1) 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
ineb thickness of target was chosen in order that the o( -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 data and curves for this section and for Section 4,13 have been taken from
an article by S,B. Jones and R.S. #hite, submitted for publication in the
Physical Review,



" UCRL=~486

=220

Table 4,11(1)

o~particle o Number of @~ | Relative Area Relative Yield .
Energx(Mev) Mesons . Scanped S (Corrected)
390 21 - 142 | 100 ”
342 109 1,00 3400
304 . 2, 1.00 e
266 L 1,00 | | 0.5

These data have been plotted in Fig. 4.,11(1), which also includes data
of Section 4.1% for the proton beam, In addition, the absolute minimum
thresholds calculated in Section 9,12 by the method of Barkas(a) have been

indicated,
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measuring the 20-minute pbsitron activity in the polystryrene due to the Clzkzﬂin)Gll
reaction whose cross section is known(l) for 390 Mev ¢ -particles. Correction was
madevfer‘the differencesgin solid angle subtended by the plate for the various tra-
;jeefories. No correction was made for farget'thicknese. The differeﬁtial cross
Seetion was based upon thé measurement of 71 mesons which ended in the emulsion,
Peﬁejéon has kindly recalculated his results, using 1,37 x 10“8 sec, for the half
life of the ™ meson (ef. Section 6.33)., The calcuiated differentlalcross section
under these conditions is 3.0 + 0.8 x 10“32 cm2 Mev-l'ster- per carboﬁ nucleus,
The value is expressed in terms of the carbon nucleus rather than the nueleon 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-thlckness of the target would indicate that the observed

mesons were produced with a mean energy of 10 Mev, .

4.13_ Energy spectrum for mesons produced by the a¢ =-particle beam

The energy spectrum of 77" ™ mesons produced by 390 Mev & -particles eh a carbon
target was measured by Jones and,White.<l) The plate holder, shown in Fig. 4.13(1),
was designed to allew the simultaneous exposure of four stacks of plates“te‘mesons
at disﬁanCes of from 1 to 13 inches from the target. The mesons origihate.from the
‘exfreme 1eft side of the 1 in, x 1 in. x 1/16 in, carbon target aftached tb the. .
plate holder as pictured in Fig, 4.13(1).

Fig. 4.13(2) is a comp051te map of all the plates, showing the p01nt at which
eaeh meson stopped in the emulsion, The blocked-in areas designate the areas
scenﬁed. Star—forming mesons are indicated by a cross and non-sfar-forming ones
by a cirele, Only star-forﬁing mesons were considered in this experiment. There
is a unique relationship between position of a meson termihus and the angle and

enefgy with which it left the target, provided that straggling and scattering are
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neglected, :
dN

The energy spectrum is defined by o where dN is the number of mesons

dE d ST
which leave the target in the energy interval dE and in the solid angle(Lfly Since
the plates were located in the horizontal plane the element of solid angle was taken )
as dfd6 where df is the vertical angle spbtended by the elements of emulsion in
question at the target and d@ is the corresponding horizontal angle., d@ is measured
from the forward direction of the g ~=beam,

The number of mesons that end in a particular energy and angle interval may
be fournd by a direct count of the numbers in the corresponding areas, The sets of
curves for the analysis were found by cdnstructing graphically the approximately
semicircular orbits of mesons of various energies and angles, Graphical plotting
was necessaryvbecause of the rapid rate of change of the magnetic field of the
cyclotron with iﬁcreasing radius at the position of the plates.

The solid curve in Fig, 4e13(2) represents thevcalculatgd positions on the
plates of mesons which leave thg target in the direction of the & ~beam,

The non~star forming mesoﬁs found nearer to the emulsion edge than the solid ‘
curve are probably M “mesons formed by the decay of 17 " mesons in the immediate
vicinity of the plate, the decay being in a direction which favors a low M~ meson
energy., OCalculations show that the region of 8=10 inches from the target is es-
pecially favorable to this situation. o . ' -

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 BOO'from the perpendicular,

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

Fige 4o13(3) it appears that the peak of the energy distribution has not yet been
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reached at 12,5 Mev,

4ell Excitation fﬁngggon for mesons groducéd by the proton beam
Jones and White(l) have made a study of the variation of fI"  meson yield -
" with proton energy, using a technique similar to that described in Section 4,11
for‘exoitation by  -particles. The proton study was limited to o= mesons with
energies from 3-10 Mev‘emitted between 0° - 450 of the beam direction from a 1/32
inch thick carbon tafgéﬁ, Eastman type NIB plates with 100 g emulsion were used
to record the mesons. The results are presented in Table 4.14(1). The last column
gives the relétive yield, corrected for integrated beam current, area scanned, and
thickness of plate. The ralative integrated beam current was foﬁnd byvmeasuring
the relative target activities at a fixed time after bombardment, and using the
cross.Section for the Clz(p,pn)cll reaction for protons of 170 to 340 Mev measured
(2)

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

4el5 Crg%s section for the pfoduction of 47 ~mesons by protons

An experimént similar to the one described in Section 4.12 has been performed
by Peterson(l) in order to détermine the differential croés section for the pro-
duction.of'Tr“mesoﬁé by a beam §f 345 Mev protons on carbon, The differential
cross section for the production of mesons with energies ranging from li~13 Mev
and emitted at angles between 0o -300 with the direction of the profon bean from a

30

1/16 in. carbon tafget was found to be 1.0 x 10- cm2 Mev-l steradian'l per carbon
nucleus, The results cannot be compared directly with the cross section measure-
ments on mesons produced by ¢ -particles except by means ,of the energy dis-
‘tribution, discussed in Section 4.13. This indicates that the differential cross
sectioﬁ for the production of 11-13 lev 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 q-particles,

A more comprehensive experiment on cross section and energy spectrum is being
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Table 4e14(1)

Proton Energy Number of Relative Area . Relative Yield
Mesons Observed ~ Scanned , . {Corrected)
345 | 75 .86 100
30§ : 126 069 47
269 46 .63 22
233 | 19 -80 8
201 3 .86 1
0

167 0 1.00



UCRL -486
=25=

car;ied‘out_by C. Richman.and_H.A, Wileex who have. extended the observations to-
meson energies abeve»lObIMev.‘ They have kindly permitted the use of their pre
1imina£& data, aad 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 (1n the laboratory system) from a carbon target bombarded by
the deflected proton beam. The preliminary data on the differential cross section
for reson productlon versus meson energy are exhibited in the graph of Fig. 4.15(1).
'iIt should be empha31zed that in addition to statistical uncertainties, the value of
“the cross sectlon 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 neutrons

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 beaa? Gardner(l) has
feund 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, 4416(1), which shows a negative meson coming from a star, and terminating in
a efar. Many such events.have been reported in studies of plates exposed to cosmic
rays.( 2) No accurate cfoss section for meson production by neutrons can yet be
estimated. |

He. Bradner and B. Rank1n<4) have placed plates near a carbon target bombarded
by the: 270 Mev neutron beam.' A very rough nrellmlnary cross. sectlon for productlon
of 50-70 liev mesons at_90° to the neutron beam has been calculated by B;adner and
Wileox(B) to.be between 0.2 and 0.5 b4 10-30 cm2 ster-l Mev-lvcarbon nucleusnl. The

yieid of T .mesons is 12,6 * 1.5 times as large 'as the yield of 1T+mesons.

4e2l " f cross.gections fo jon of low ener ositive and

negative f° mesons

* Mesons produced in the.nucleus musi traverse the electric field of the nucleus
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in escaping to the point at which they are detected. Thus,'éxpdsitive meson formed
with energy less than the Coulomb barrier height would have a rediced probability
of escaping from the nucleus. If the spectra of positive and negative mesons were
identical when created, the observed spectra should be different;*particula?ly in -
the low energy region, This effect should be mére profound'ﬁhe higher the afomic
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 térget is increased,

To study the anticipated effect Barkas(l) counted the number of positive and
the negativeqy mesons produced by 390 Mev " -particles in identical (2-5 Mev)
energy :‘Lntervalso Targets of Be, C, Al, Cu, In and Pb 1/64 inch thick were used.
I1ford C2 and C3 nuclear emulsion plates were employed to observe the mesons. The
detecting plates were placed symmetrically on opposite sides of the target in the
18/=inch cyclotron as shown in Fig, 3.12(2). Both the positive and negativé mesons
were emitted in the forward direction. -

Fig..4°2l(l) shows the ratio of poéitive 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, -

4022 Hatio of cross sections for production of high'energf positive and
atj ns | |
If mesons ofvenergy 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 7¥ to1r mesons

A4Z
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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:vthen: the proton may-change to a neutron plus a positive meson, or uhe‘neutron maj
change to & proton plus a negative meson. Thus if the target nucleus contalns N
neutrons and P protons and if p-p and p-n interactions are considered roughly equal,
one would expect a positive fI” to negative‘n? ratio of (2P + N)/No Since A =P 4+ N
~and 4 = P, it Follows that the ratio of positive to negative mesons should be as
—%}{;%7, as stated above, For carbon the ratio shdﬁl&”be'331.”

H. Bradner is investigating the positive,end negativefﬂf ratio, using the
arrangements shown in Figs. 3.2(2), (3), and (4) C. Richman and H. ¥ilcox are
obtaining data .in plates. exposed- outside +he cyclotron uhleldlng. Prellmlnary
.results indicate a ratlobof approx1mately 5:1 for 50=70 Mev'mesons emitted et

9091& 50 from the 345 Mev proton beam striking a carbon target.

4o 3 Neutral Kesons

‘Experiments have been conducted by H. York et al,(l) (2) usingﬁe paifjpfo%-
duction spectrometer- to.investigate the high energy photons producedhwhen ﬁuclei
are bombar@edlwith 345 Wev protons. Their findings are consistent Qith the aesump—
tion that a short-lived neutral mesonfr° is ﬁrodecea.in a maneer similar to“fhe
poéitiVe and negativeIr; mesons and that the decay of the ﬁeutrai meson into two .
photons gives rise to the observed photons.
They have observed:
1) 4 peak at approximately 125 Mev in the energy dlstrlbutlon of the photons
cemitted in the forward direction, while the energy dlstrlbutlon in the backward
udlrection>shows a maximum at. about 70 Nev. The positions of these.two may1m1 corre=
spond to the Doppler shift which would occur if photons rere emltted Spherlcally
symitetrically by the decay of a T °meson in a syctem mov1ng m1th = 0.,32¢ in the
forward directiong

2) A value of approximately Oo5jxv10n 7 for the absolute cross seetlon for

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

3)-5The following relative yield of the quanta as a funetion of proton energy:

E (Nev) Rel, Tield
45 .
290 ‘ ' 0.35
2% 0,07
180 : 0,01

The yield at 180 Mev is consistent withvbremsstrahlung yield,
The exfremely close agfeement between these yields and the exéitation function
for T —mesons (Section 4.14) must be taken as fortuitous; since the experiments
on ' “meson yields were made in a very restricted energy and angle interval, and
are not necessarily representative of the'absolute cross section for T ~meson
production, | | |
"4) That thé yields of the photons inerease more slowly with atomic{ﬁumber of

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

Be Cu Tapw'r
Relative yield of high 1.0 2.8 4O
energy photons : -
. Relative inelastic cross
- .gections for 270 Nev T ' T
neutrons 1.0 440 11,0

| 5) Tha£ ﬁhe_yield of photons by bombardment with 190 Mev deuterons does
not show a high enérgy'gamma peak and that it is less thanvl percent of‘the yield
from‘345‘Mev protons. .The yield and energy distribution of photons from deuteron
bombardmentfappeaf'to'be heavy particle bremsstrahlung,

6) That fhe photons originaté within 10 mils of the target, This fact,
coupled with an estimate of the velocity based upon the Doppler shift, permits an

. ) . 21
upper limit of 3 x 10° 3 sec, to be calculated for the half-life of the particle
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preducing the radiation.

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

ruled out,

5 ' Production of M Mesons

5,1 Source of “mesons

The experiments with the channel plate holder to be described in Section 6,112
showed ‘tk:xat'very few if any/("mesoné come directly from the target. Less than
1/2 percent of the meson tracks seen in such an exposure are M ~ mesons, and.thosé
w'hich are observed usually do not have the correct rénge to have passed through the -
channel, | It is therefore concluded that A ~ mesons are not produced directly by the
pfoton beam® - striking a target and ‘arise only from decay in flight of 777 ~ mesons.
This is confirmed‘ by the very rare .occurrence of = _MTeson decay tracks inr the
“emulsion (Sectiéh 6.13) and is iﬁ agreement with the view that the 77 meson is the
strongly interacting particle involved in nuclear forces, while the A mevson inter-
‘ac’t_,s only slightly and hence has a small cross section for production in fast
‘nucleon=nucleon éollision. |

5.2 Production of t+ S

The work of Burfening, Gardner, and Lattes

(1)

with positive mesons in an open
plate holder showed that M %+ mesons with a maximum"‘energy of approximately 4 Wev
.do come fvrom'.the target. Since this maximum. energy of the/"’" meson is equal to

the kinetic energy given to it iﬁ Tr’*'decay,/{"‘mesons‘are assumed to come from-
decays of ﬂ’+mesons which hax}é stopped in the target, The large yield is accounted
for by the fact that low energyﬂ"'"mes-oné stop in the target and decay. 4 few
higher energv 1T+mes$ns are returned: to the target by 360° focusing, and both emit

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

6,111 General discussion = Mass of "™ mesons

When mesons were first observed in the cyclotron,

(1) itjﬁaé.founa that most ’
of them gave rise to stars at the end of their range in the emulsion. As it wasix
known from cosmic ray experiments that light mesons very rarely if ever give rise
to stars, while heavy negativg mesons generally do, it was coﬁcludéa thét nost of
the mesons observed were heavjo A preliminary study of the mass of the mesons
was ﬁa&e by estimating their radius of curvature in the magnetic field and measuring
their range in the emulsion. The results indicated that most of the mesons had &
"mass of 313 £ 16 e.b. The mass measurements described later in this section give
& more accurate value for the mass of the héavy meson. The experiménts are de-
seribed rather fully, since no account of the mass.measuriﬁg methodszhas'yef been
publishea; and also because it is hoped that some ofvthe confusioh fro& Wideépread
quotation of different mass values can be eliminated by this presenfgtidn of old
and new mass values.

| If the charge of the mesons observed in the photographic emulsions ié knowﬁ,
the mass may be obtained by any one of three independent mefhods; 5> ‘meésﬁring
the radius of curvature of the orbitvin.a magnetic fiéld and the réngé in émulsion;
b) measuring the ralative grain density of meséh'and ﬁr&%on tfécks; c) measuring
‘the small angle scéttering due to Coulomﬁ interactions. | .

Only the first two methbds have been used in Befkéley° By comparing the results

obtained it will be‘éhown in Section 6,15 that the chérge 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 pape:(l)

on mass measurements, The discussion of this section will cover their experimental
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~method, but the mass values have been recalculated by Frances Smith, using the
latest values of the range-energy relation and of the cyclotron magnetic field,

The plate holder used in the exposure for the mass measurement of negative
- mesons is shown in Fig, 6,112(1), The mesons originate from a "ribbon® target
of diménsions 31/2 in. x 1/32 x 1/16 in, and are collected in the plates, which are
exposed without wrapping and inclined at~an angie of 5@ relative to fhé plane of
the beam,

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

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 3,11 héd been used, the.origin of the mesons would
nét have been known‘siﬁce the beam undergoes multiple passages through this target
and in doihg so may strike it in regions other than the very edge.

b) The distance from the target to a reference péint in'the emulsion was
measured to a high degree of accuracy by placing a fiducial mark on thé plates at
the time of exposure. The fiducial mark is put on 5y means- of a "marker® as shown
/in”Fig..6.112(2). When the pbint (C) contacts the target, the globe behind the
slit lights, leaving a developable fine line in the platg.' The distance from the
target to this fiducial mark is known to ,00L inch. - 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 énergy spread,
and to eliminate some mesons produced in places other than the target; such as v/
nesons produced by stray beam and /% mesons arising from 7~ mesons that decay in
flight. The channel was designed to admit into the plate only fhose mesons ejected
Within an angle of 140 relative to the incident beam, since the error in the cal=

culated value of the mass increases for higher angles, as will be shown by Eqo

€0112(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 graduaﬁed 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 140 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 assoclated with the small :angle scate
tering mekes it necessary to measure the range in steps, dividing each track inmto
.relatively straight segments, and adding these lengths togéthero For the highgst
accuracy the 4 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,

£) The intensity of the magnetic field along the line from the target to
 the photographic plate was measured by means of a flip.coil(z) and byﬁthe:method
of protcn'moménts(B) under Standard'conditons.of the cyclotron magnetic field, -

'The results obtained are plotted in Fig. 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

iarger radii, As the measurements to which the present mass calculations appiy -
were made with the target at the 8l:inch.position (full energy beam), and as’ the
magnetic field is not uniform over the region where the mesons travel (8l inches

to 87,5 inches), the orbits are not perfect circles, In the calculatibns, the

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

netic field of strength

He /i—@& | ' 6,112(1)
. AB AB
and the orbit assumed to be a circle of radius A 273 cos 6 cos &

as illustrated
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in Fig. 6.112(4); Here dl is the angle beiween.the plane of the emulsion and the>
»pléﬁe of thé'beam. Henrich(A) h;s'calculated that the error in A introduced by
usiné the average field is approximately 0.3 percent.
g) .Thg range-energy relation Eq. 9.2(6)
| Exkat™ 2R, O 6,112(2)
Awith z =1, was'combined with the classical formula for the enrgy of a charged

particle in a magnetic field: 2
e

E: & 2)° - 6.112(3)

2mc2
where
E = energy of the meson

charge on the meson, expressed in e.S.u,

mass of the meson

=]
]

va = magnetic rigidity of the meson

¢ = velocity of light

-
-

. to give a first approximation to the mean mass
1

- 2 -n o o
. eZ(H,o)z . :
- Tlacfx B® 6.112(4)

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

givé the res£ mass of the ¢ meson,

Fig.‘6.112(5) displays a histogram of the mass values obtained with the 
chéﬁnel érrahgement described_above° After all corrections afél appiied; the
nean 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 magnétic field; which
.is falling off rapidly, and in the range energy curve, Seetibn 6,312 will describe
a way of miﬁimiziﬁg the error due to uncertainties in the magnetic field and the
‘range energy curve, by measuring the mass of the protoné with én arrangement similar

to that used for mesons.
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- When Alﬁéféz(5)plotted'trajectorieS'fOr'the,qesqns, he found ‘that-the few badly
scétteredfmééses could be attributed to 77 mesons which had struck the wallsof
the channel or originated in the shielding.: The,hiéﬁogrém;éf Fig. 6.112(6) displays
his results. This procedure of reconstructing a meson trajectory by use ofAthe
measured range and radius of curvature does not rule -out the possibility of mesons
with different ﬁassés, but simply discards some spurious tracks if it is assumed
‘éhét only one mass of meson is present,

"tyThe importance of considering only the mesonstof nearly normal incidence to
the plate is indicated by the graph, 6,112(7), of meson mass values obtained with
an open plate arrangement of the type described in Seption 3,11 above, It will
be noted that the mass values have a wider spread for large angles of incidénce,
a; would be expectgd from the calculated error in the measurement of/ﬂ as a

function of incident angles

df = tan @ de e 112(5)

The mass measurements dquilbed above were made by bombardment Wlth full |
energy (390 Mev) ¢('=partlcles° Measurements made with 340 Mev &=particles; with
'345'Mev protons, and other arrangements with different types of target gave essean-
tial}y“phe same results,

6,113 Mass measurements by grain counting

Measurements of the mass of mesons produced in the cyclotf§n>have been nade
by Barkas, Gardner and Lattes,(l) by Van Bossumg(z) and by Bowker (3) follow1ng
the method: éf grain counting described by Lattes, Occhlallnl,‘and.Powello(A)

It can be easily shown (ef. 9,2) that the nunber of gralns ‘in the re51dual
range R of a partlcle with mass m and unlt electron charge is clven by a relatlon ‘

N-nF (R/m) | ‘ ‘ | 6.113(1)

. where F is some undetermined function, In pr1nc1ple9 qu 6o 113(1) coupled with the
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general range energy relation (9.2-5) (for zg 1) R = m £ (E/m) permits the deter-
mination. of -the ratio of masses of two particles by,coméaring 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 residuwal range vs. the logarithm of the’
residual range for each particle,

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

undefined, functions, Hence from 9,2(4)

R o= av) 6,113(2)
m \

| and'6.113(1) may be rewfiﬁten »
X.ov) | ~6.113(3)
n o : .

and therefore by dividing

R -~ Yi( | ' . :
- AW 6,113(4) -

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

Relation 6,113(2) shows thét the ratio of the masses of two particles is
equal to the ratio of their raﬁges provided thai they both move with the same
velocity. Hence the inﬁersgcfion of a 450 line with the two curves of 1og‘N’vs;

*

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

The ahove method of élotting was employed in tﬁe éxpefimént of Bowkero'vHe -
has kindly furnished the representative plot of Fig. 6,113(1). One disadvantage
of the method ié the small éngle betwéén the curves of grain count and the 450 line
which causes a 1 percent error iﬁ graiﬁ count to résult in apéroximately'S perceht
error in computed ﬁass, |

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

C-2 plates exposed successively to mesons and then to protons coming from targets



UCRL~-486
=3h=
in the cyclotron in such a manner that the particles were traveling ﬁeérly parallel
to- the pléne of the emulsion and therefore ‘had a higﬁ probability of remaining in
the'emﬁlsioh for their entire range. Wost of the‘mesan’fracksIObsefﬁed enterea the
edge of.the emulsion and had a renge of 400 to 900 micréns, |

In making grain counts on tracks, the number of grains in a clogged lerigth
of track was assumed to be equal to the clogged length times the average grain
diameter in unclogged portions of the track. Tracks were rejected which had large
angle scattering, or which had any part of their length within 10 microns of the
top or bottom of the emulsion. Only meson tracks of length gfeateri@@an_AOQ microns
and proton tracks of length greater thai 2000 microns were acceptea; 'These cone
veﬁtions were adopted to reduce subjéctive errors and‘efrors caused by non=uniform’
development, The angle of dip of the tracks in the emulsion was'consi&ered in the
calculations, and corrections were made for‘the appfoximéteiy 50 percent shrinkage
in thickness of the emulsion during development,

The results showed that the method was moderately satisfactory for'1rtnmsons _
of as small a range as 200 microns, and correspondingly, for protons of range as
little as 1200 microns. The variation of the lozarithm of ihe numbefhdf gréins .:
with the logarithm of the range was found to be linear in.G=2-emulsibﬁs for pfo;‘
ton lengths greater than 600 microns. quever, it was found thét the emulsions
showed a striking non-uniformity in sensitivity in an area extending 2 to 4 mm in SR
from the‘iong edges of the plates, so that mesons near thé edges shbwed lérge'
errors in calculated mass. Much of this effect was later found to be due to aging,
since freshly éut edges on plates were more uﬁiform,

The result of the grain counf of 18.mesons and 7 pr-~tons by Bowkgr gave a
value of 264fi§g electron masses for the mass of the T meson, Barkas‘et.ai.
employed similar conventions for clogging but did not take as great care ih con=

sidering particle location, They report a mass value of 305 electron masses for
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the “JF “mesor and 202 electron masses for the;Aﬁb-'mesono' Van Rossum reports a
‘mass of 280 + 15 electfon masses based on 17 proton and 13 meson tracks in C=2 .
plates exposed to the cyclotron.

© ‘The method of grain counting on mesons obtained as descfibed ih Sece 6,21
furnishes the only value obtained in this laboratory for the mass of-the‘//z‘*
meson, 1t does not provide as accurate a value for the mags of the other mesons
as the method of H f’ and range described in Section 6,112 above, However, as
- Willhbebeown in Section 6,15, the combination of grain counting with B p and
“ renge permits a calculation of the charge on the meson.

6.12 Stars produced by 7 mesons

It has'beén.found(l) at Berkeley that (73,2 X 2) percent of the T mesons
which end in the emulsion initiate stars of one or more prongs., This fraction
doéS'not vafy beyond the above limits with any emulsion sensitivity from C2 to
G5, ‘Sdfveys(z) df»NTBB and G5 emulsions show that, of 184 stars, there were
4 pfongs whose ionization corresponded to that of a proton-of between 50 and 80 -
fev. Since this ionization may be beyond the limits of sensitivity of C2 emulsion,
it follows that about 2 percent of all emitted heavy particles may be missed in .C2
emulsion. The meson is always'approximately at rest when the star is formed,; so
that only the rest energv of the meson is responsible for the nuclear disinteg-
ration, In the (26.8 + 2) ﬁercent of the_mésons which do not show an observable
star prong, it is presumed that the energf.given to the nucleus has been lost
through the eﬁiésion.of one or mofe fast neﬁtrons° Adélman ;ﬁd Joﬁeé.haQG ﬁade.

a tabulation of the number of prongs pér star foerl; L3 “ﬂmesons in G2 emuision

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

% Adelman and Jones have kindly given permission to use Figs. 6,12(1) and 6,12(2)
from their fortbcoming_paper_in Sclence.

.
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a) HMesons initiating one of more fragments of definite direction are said .

to produce a star. _ ‘ T . Do

b) If a star-prpng is shorter than 5 microné{but ﬁés a ééfinite direction,
it is considered to be a nuclear recoil, For example a stérkwith four fragments,
one of'wbjnh is a recoil, is called a A-prong star, but is accounted for in the...
hatched portion of the graph. | *

é)_ Some mesons stop in the emulsion without giving rise to any fragment énd »
are recorded in the coiumn of O prongs. (38,7 + 5) percent of these mesons exhiﬁit
a club, a group of grains at the terminus, with no definite directionﬂ~ These meéons
are represented by the shaded area in the column of O prongs, | . | }

" Fig. 6.12(2) is a collection of typical meson stars;,f Fig. 6.12(3),shows a
highly enlargedvmeson ending with a typical élubi it has né& beén pgssiﬁle ﬁo és-
certain in every instance whether the club is due to a short recoil, to scattering
very near the end of the meson range, or to ionization from phe mesqh ahd ASSOCif‘
ated eléctrons. Fige 6412(4) shows a meson causing hammer tracks. Such tfécks,_

-which indicate that a heavy frugmeni come: to rest in the emulsion and splité ;nfo

two equal lighter fragments, are interpreted as being due to L18 nuclei’w@ich decay

according to the following schemes

1% — 8 +@' :
. 1

These "hammer tracks® are found in about 0.3 ﬁercént of the @%?on induced
stars observed at this laboratorys ‘

No détéiledléhq?gy balance has been made for any particular star since it is
generally impossiblé tb;distingﬁish the o aparticle'%récks?from-thdse‘of heavier
nuclei or to estimate the eneréy’of the neutrons emitted from the star. The use
of very thick emulsions should make it possible to qbtain‘occasional partiéﬁla;ly

favorable cases of the type in which all tracks end in the'emﬁlsioh, and then &
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complete measurement of the energy may be obtained by simple momentum analysis,
AﬁSfétisﬁical study of the energy liberated by the meson when céptured in
nuéleilof the emulsion has been made by Heidmann and LePrincewRinguet.(B)

6;13 Decay of TT.-mesons

There is little evidence to indicate that W nmesons ever produce//“ mesons

¢
after coming to rest in the emulsion. Only two cases\l)(z)

which could possibly
be interpreted as W _#"decay have been seen in more than AOOO.meson tracks studied;
‘but the time required for a 4 llev T meson to stop in emulsion is approxihately
1.3 leonll sec,, Or l()"3 half-lives, so that decay during passage through the
emulsion would be expected in about 1072 of observed mesons., The two caées ﬁoted
could also be due to Tr4'mesons which scattered into the emulsion,

It is thought, therefore, that the 7 meson which comes to rég; is céptured
'by a nucleus in a time short compared with the ~10" sec, half-life for spontaneous

decay and hence that ¥~ mesons decay only in flight,

6,14 Half-life of ™™ mesons

The first estimates of the half-life of artificially produced mesons were
made.by Latteé( 1) iﬁ conjunction with mass measurements, by lookiné for a difference
beﬁween the number of mesons entering plates at +30% and =30° from the normél to
the edgé° Fig; 6.112(7) shows the number of mesons as a function of angle @ for
. mésohs observed in plates exposed in the arrangement described in Section 3,11, The
‘time of flight for the +30° orbit is 3 x ].,Om9 sec., while that for the QBOO orbit
is 6 x iOfg sec. Since no significant difference in the number of mesons was .
obtainéd, it was concluded that the half-life for decay of the W~ mesons is larger
than 5 x 10-9_seco |

A airecﬁ reasurement of the half-life of the W™ meson was made bY‘Richafdson(ZI
with the apparatus‘shown schematicully in Fig, 6,14(1) and in the photograph of

Fig., 6414(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 ﬁith
the correct vertical component of motion could spiral downward through"the éeﬁtral
channel and ihe-lower channel as shown. Photographic plates Werefplaced oppqSite
the gxit of the channel to record mesons which described l/é revolutibﬂiahdil'l/é
revolutions, A - |

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 focﬂsing df'ﬁesons'
is negligible compared with the statistical uncertainties of the experimenf° Hepcé,
if no decay took place, it was expected that the ratio of mesons in the ﬁwo ﬁlates.‘
would be 3 to 1, A direct experimental check of thié geometrical ratio was made
by Martinelli and Panofsky by substituting a plutonium d=particle source for'fhe
target and determining the ratio of the number of  -particles going through the
two channels underrconditons'idéntical to those of the exposure except foffa re-b
versed.magnetic field, The ratio of 3,2 to 1 which they obtained.was:uséd for the
calculations of the meson half-life, o

Only star-producing mesoﬁé Weré counted to assure that heavy 1F‘mesons alone
. were being considered. 25/ mesons were observed in the 180° positioﬁ and 48 in fhe
5400 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 me
for the meson and calculated the time for one revolution to bé Te2 X 10°9 éeconds.
The current value of 276 me would alter the time for one revolution to 6.95 x'lOﬁg.‘
By assuming that the abnormal decrease was due to the decay in flight of the ™~
- tg:ié 8 seconds for the halff

=8
1life, or 1.l x 10 seconds for the mean life, The values based on a mass of

mesons, Richardson obtained the value of 0,77 x 107
+0021 °8 - o ! "8 . '

274 mé are 0.74 ~0.15 ¥ 10 ~ seconds for the half-life, and 1,06 x 10 = seconds

for the mean life, The value of the mean life depends heavily on the number of -

mesons in the 540° plates, Background was high and Richardson found only about



APPARATUS FOR MEASURING HALF-LIFE OF T1” MESON
MU 341

~FlG. 6.14 (1)



1S

Z

o

(2) ¥1 9

O14

o

AATWOTIN T ) /1



UCRL=486
1:2413
two mesons per plate in this position,

6,15 Charge on the T meson

Cloud chamber studies of cosmic ray mesons have indicated that the charge on
the ;*L meson is equal in magnitude to the electroriec charge. >This result. implies
that the charge on the 7f meson is also equal in magnitude to the charge of an
e}ectron.

By combining the eguatlons for meson mass obtained by the two methods of
Sectlons 6.112 and 6, 113, it ean be shown that the eharge on the Ay meson is 1ndeed
verylclose to that of an electron. ‘

In the gQuatiqns of those sections, it was assumed that the charge on the

mesoﬁ is equal to that of the electron., If the charge is ze, then equations 6.112(2)

and 6.,112(3) become:
l- n Z2n,

E=sKm R 2z ° and 6.15(1)
22 o
E=-1/2 25 (Ep )2 6.15(2)-
‘ me . :

It 1s seen that H e and range actually permit calculation of the quantity

2(n-1) .
Sen rather than m itself.

mz

In grain countings it is found that the plot of log N ¥s 1og R approximates

a straight line; hence a power law approximation of equation 6o ll?(l) is_valid,
=50}
- and the relation between grain count and range involves the quantity mz

7

rather than m, (cf Section 9,2), : . _ )

*
From the results of Section 6,113 and Section €.311 , we have

ned, -
" z ~ 216 6 T e
on 264 TR0
Jen =22

Z

. * The mass of the'positivé meson is used here since it is felt that this value is
more reliable than that of Section 6,112 due tc uncertainty in the cyclotron
magnetic fields
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Putting in the value of 0,58 for n, and solving these two equations for z

N

gives for the charge on the meson e e e e e s
ze = 0,99 * 0.03 e

The calculated value of z is not very sensitive to chénges in n or the mass ‘values,

although a change of z from unity causes the ﬁass calculated accoréingfto‘tﬁo o

methods to change in opposite directions, It is clear that the charge ofthe

neson is not much different from the charge of an electron,

6,21 Star production uy.;k‘mesons V " ‘ RS 7\

The measurements of Conversi et al, (1)-(5) on the halfmiives of‘/ffmeéOnsvin
medium heavy elements show that a majority of these mesons arétcaptufed by nuclei
before decaying, It mightvbe expected offhand that some of the captured‘.}}*meSOns
would give up their rest energy to produce nuclear stafs as the T mesons do, -

- No experimental arrangement-yet tried for cyclotron bombardments has produced
A+ mesons in a plate without TT'-mesons alsc being present,: Accordingly, investi=-
gatignsvdf star formation by _}A_fmesons have employed'ordinafy holders of‘the type
shown in Fig. 4.13(1) and plates héve'been searched fbr mesons with di?écti@#;a?@__
range different from the T mesons coming from the'tafgeto Different Q?Sé;§é;3(67
have made cursory studies using plates ét apéroximately 7. inches from‘fhé téfget.
’ At this distance, ™ mesons have approximately 4 mm rénge in fbe emulsion9 While
"f;Qf' mesons emitted within approximately 30°'of the backward directiqn”by;these ™
" mesons are expected to have a sufficiently shorter range to be disfingﬁiéﬁed_from'
the T meson endiﬁgs; The points marked by an*x,'énd lying below the line of
minimum range in Fié;x4°13(2); répresent sta£aformihg_mesons;Jhowevers they could
be scattered T mesonsj their ranges are.in no ingﬁahce:sufficiently shorﬁ to permit
their assignment to p+ mesons, Lattes used a similar arrangement to obSeive };
mesons which had been emitted in a forward dlrectlon and hence had greater ra“ge

- _
than the 1T mesons. Barkas( 7) obtained emulsions contalnlng an’ 1ncreased Dropo"tlon
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of (i mesons by-placing plates on top -of the normal .target holder so that particles
coming directly from the target coﬁld‘notvreach”the emulsion. ﬁowevef, light mesons
formed by decay of upward spiraling T-mesons could feaph the emulsion,. It is
theoretically possible to reconstruct the trajectories of the AL mésons,on the
basis of a knowledge of their mass and paths in the emulsion; and,_iﬁ many cases,
to fit these trajectoriesvto the paths of I mesons coming froﬁ the target.

The results of all three methods are inconclusive and the most that can be‘
said'iskthat none of the,workers found any definite cases of ‘/&f stars,_in g 
total of approximateiy!Bo events.. This is in agreement'with the céhclusiéps.of
Chﬁﬁé(g), who:fouﬁd no charged particles associated With”thé endings of .53_J}4—:
.déégic~ray'me30nsa A brief discussion of Chang's results is contained in Secfion‘
8.1,

6.311 - Mass' of the positive meson by radius of curvature and range

(1)

The mass of thelTr‘heson was megsured by Barkas et al, wﬁo used the same
method of Hf: gnd range that was déséribed in Section 6,112 for the T —heson.

. The plate holder, shown in Fig. 3.12(1), héd a channel of smaller radius than the
kolder of Fig.j6.112(l), in order to accept ;}k*mesonébof just under 4 Mev, When
ranges were measured two distinct groups were found as shown in Fig, 6.311(1). -

" These two groups correspond to two types of mesons of masg‘approximately equal to

285 and 215 electron masses., The 5;igin of the light mééons.was,disgussed~in:!.
Section 5.2.:’Frances Smith(z) has rgéalculated_thevmass values, using the lééést

'mggnetic field measurements and range-eneréy'reléfipn,;_The results are 278 X & e.m,

_ for the mass of the I *meson and 212;il?6 e.m, for thaﬁ of the JL*'meson.

A slightly more precise calculati&n(z) of tﬁe‘ﬁE*meson mass has been made
from new range measurements on Mesons travéliﬁg iﬁlfhébﬁore‘unifbrﬁ cyclotroni

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

meen value obtained for the masseé;of'SS,heavy positive mesons is 276 % 6 electron
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masses. The probable error quoted arises meinly from systemati¢ errors. ' - The.

‘probable errors (hot probable errors of the mean) are: ' - - -

B B P

Uncerta%nty in the range-energy curve 47-3.9 mésélunits?
Finite 5ize of the target o ’ B X masS uhits
'Straggling in the range of mesons o l;& nass uniéé
Angle of entrance of mesonsviﬁ plates | " 0.6 mass unifs

Fige 64211(2) shows a histogram of the calculated masses.

6.312 Mass measurements by comparison with proton range

Prelimihéfy experiments have been made by Bishop et‘al.(l) with_a“mass,_;'

(2)

meas urlng technique'”’ which does not require a knowledge of the absolute value . -
of the cyclotron magnetic field or a précise knowledge of the range-energy relation.
Consider the]ﬁpatlon 6 112(4) for the mass of a meson in terms of the magnetic

rigidity (Hlo Jnt in a magnetlc field, and the range R in emu181on./

’w.
1
2-n
—_2 ) " o
e2(H'a )1r o N _
ZczK B.,iT ' :
where
len_n '
Er zKmp” "R < 6%312(2)
and a similar equation for the mass of a proton: P S R
. o , 1
T_QZ(EF;) 2 2-n _ e - :
m, 2{e——2F | ' | | 64312(3)
. 2 n ) ' N PN
2c KR
P
Dividing and rearranging terms shows that
— 2 .. .
2
— 2-n : :
n (Fo).. / (Hp) | R
w .
. £ - 4 6.312(4)
R_ /R R .
m moPp P
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- Now let us see under what circumstances the term in the parentheses is equal
'tovuhityé
g The -‘ra‘ngeé of - two ions having the same charge and velocity but different

mess are conneqted by the felation:

y m m_ .
R (E) -_T P g . | o
e (B 2 RP<m > ) 6312(5)

which is indépendent of any specific rangemenérgy curve,
Therefore we can conclude that protons and mesons which havevthe same initial
velocity will have ranges obeying the relation

R (Hp )

3|

v . 6.312(6 )

_;_3[::;fhf -
| Bp m, (HP)p

‘BEquation 6,312(6) may be derived in a relativistically correct manner without
aééﬁming any specific form of rangeéenergy relation,

In order to perform this mass comparison a plate was exposed to obtain pro=
tons;of127 Mev and mesons of 4 Mev which were known to satisfy the relation
é.312(6) to the first approximation, It has been found possible to obtain plates
in which the‘ﬁroton tracks are very close together and thus have accuratel& the
;éamé:énérgy. 'Hence, it is permissible to average proton ranges, The ratio of
each¥meéoh'range to this average proton range was calculated, and a plot was made
of Jn _R_’II ' VSe /n %}W—. The intersection of the straight line through ”
thesé poiggs_wiﬁh a 45° line thﬁough the origin gave the correct mass ratio. Such
. a plot‘is shown in Fig, 6.312(1). The resuiting mesoh mass agrees with the value
of 276 il6 giveﬂ in Section 6,311 ab§veo

‘A new mass detenniﬁation is now being madés by using a method of mass com=
parison to avoid dependence on absolute magnetic field and range-energy data.

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

.- . 6032 Decay of TV hesons

c A study of W +mesqns ‘obtained with a ghénnel shown in Fig, ‘3.].2(1) ipgicatied(l)
that more than 95 percén’c: léf- 7+ mesons decay into j}"’mesons @after coming approxi-
mately to rest. The ranges ’of the /A+mesons were all equal within the limits of
straggling. Lattes(z) obtained a value of 595 _‘_f___ﬂ9__;nicronsvfor the range of 14 }L"'
mesons at bBerkeley, and about 614 X 5 microﬁs'fér the range of 31 cosmic ray
mesons at Bristol, These values correspond to 4.13 * 0.04 Mev and 4.21 * 0,02
»Mexﬁr‘for' thg energy of a meson of mass 212, A value of 4.18 * 0.04 B}Iev'has_\-been
Aa.rbitrl‘az-':vli‘y ;:hosen for the calculations of the_a present ,papéro _F‘u:c.ther range
measurements are being made by S. Jones, | - :

' "'.',‘T_here is no apparent correlation(B)_ between the dire;:tion of the 7 tand the
J,L*meson for plates exposed in the magnetic field of the 'cyclotron. Experiments

to test the theory of"Wentzel(4) have been made by Richman, Weissbluth, an'd“'ﬁilcox(5)
with mesons produced in a low magnetic field area outside the cyclotron. Prél‘imi-
.nar'y- results do not show any angular correlation.

| The 4 to 5 percent of the W+ mesons that are seen not to produce },L"'meébné
cannot be accounted for by assuming that they end near the surface of theﬂ%émiﬂ.’sion,
since there are uneventful endings near the center of C3 and NTB emﬁlsi‘ons. (-6)

The possibility that the non-decaying particles are }L"' mesons instead. of: ¢ * mesons
is being explored by L. Alvarez and F.M, Smith, who in t‘h}eirvéxp'erim‘ents* are »us:"ung
channels with 4 inch radius to eliminate L mesons from decay of ﬁ*meééns? at rest.
* in the target, and to produce widely different T~ and & ranges of any;’j,:."' 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 W mesons at feét o
decay to },L"' mesons. '

‘There is no good evidence that ¢r”’, )f s OF JL7 ‘mesons ever produce 'stai‘s_.

h
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6,33 Half-life of TT+ mesons

Martinelli and Panofsky(l) have measured the halfelife of positive mesons by
using a modification of Richardson's W~ half-life apparatus as shown in Fig,
6.33(1). In the experiment with positive meson$ the geometry of the apparatus
was calibrated by using a strong thick alpha source‘(Amzal) with a thin covering.
Alpha-particles were emitted with ensrgies up to 2,5 Mevo Exposures were made in
ﬁhe proﬁon beam rather than in the Ctaparti;lg‘beam in ordér to take advantage
of the high cross sections for meson production, The target was placed at 65
inches froﬁ the center of the cyclotron and the channel accepted mesons with a
radius of curvature between 4 1/2 and 6 inches, Thus, the enfire meson trajectory
was in a region of fairly uniform field, TY+;uuf'decays were counted.in Ilford C3

¢ o
‘plates placed at 180° » 540 , and 900 , Upon applying the geometrical corrections,

+,10 8

'—012 X 10

a half=life for the meson of 1,37 sec, was obtained, The data are

»*
plotted in Fig, 6,33(2).

Approximately 50 percent of the error is statistical, and approximately 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 backgrcund.
+.21 %
o —ol5
10~8 sec. obtained by Richardson for the half-1life of the o meson’ (Section 6.14),

Although Martinelli and Panofsky's value is higher thaen that of C.74

the difference does not seem large enough to imply that there is a difference
between the half=lives of positive and negative ¥ mescns,

‘6,41 Masses of the itV and JL~ mesons

The measurements discussed in Section 6,311 gave a value for the mass of the

* meson of 212 * 6 e.m, The meager information from grain counting(l) of

M

M mesoms indicates that the mass of the M meson is approximately the same,

Figo, 6.41(1) is a histogram of mass values cobtained for‘}f-mesonso

#llartinelli has kindly given permission to use the figures from his thesis,
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€02 ﬁfélnjL+ decay and the mass of the neutretio

The umiformity of range of jx_,“"mesonss ’as well as the lack of angular -cor=
relation of W and JJ« tracks, 1mp1,1es that tne wt meson_ has essentlally come. to
rest before it decays into a Ju, meson of approximately 4 Mev klnetlc energyo( )_ ,
Another particle must also be given off during the decay in order to provide momen=
~ tum balance, Conservation of charge requires this particle to be uncharged,

When the kinetic energy and momentum givem to this neutral particle are
eliminated from the equation of conservation of energy and moméntum; the following

expression. for the mass of the neutral particle is obtaineds

1/2

2\ 2 m E,
‘n}
T R i B
- where 1:3}& is the kinetic energy given to the /"‘ mesone =

6042(1)

A plot of m, as & function of m__ / is given in Fig, 6042(1) s
values of By = 4018 % 0,04 Mev, and m my 2212 L6 e were used in plotting
the curves, The solid curve is drawn for E}u = 4918,, My 2125 and thé dashed
curves for By g 4oldy W g 218, and By g bo25 my = 206, For the rat'io'
mo /mjk the experimental range of values of m_, /m}i_ = 1,31 * 0,02 is svh-cmmo
Values of m, between zero and 25 electron masses are thus éonsistent withthe
™" and jf; mags values quoted in Sections 6,311 and 6.41, |

The graph of Figo, €.42(1) shows that the calculated mass of the neutretto )
is quite sensitive.to changes in the assumed values of L. /mﬂ_, and’ EJJ_ and -
therefore that very accurate mass measurements and /u, decay- energy values are ;
needed in order to establish the neutretto mass even within a liter*al error in-
terval of a few Mev.

6,43 Decay of the wh meson

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

ing from the ends of )ﬁ'meson tracks, Three such events nave been seen but the
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,electfon background in plates exposed to ﬁhe'Cyclofrbn is so severe that positron

-

:xraékSVWere not detected to come from ‘the en&s'of 20 other'known’}bﬂ'meson tracks.

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

Cosmic ray evidence indicates that nearly every Juﬁ'meson track ending
is joined by an associated elettron track, |

7. Production of Mesons by X-rays from the Synchrotron

‘7,1 Introduction

' <E, MeMillan, J. Peterson and R.S., White Lave graciously permitted the ébw '

i . : .
stracting of data and the use of figures from theirg’paper in Science, 41l the fol-

lowing information on synchrotron exposures comes from the paper or from hélpful

discussion with J. Peterson and W.K.H. Panofsky,

P

The 340 Mev circulating electron beam of the Berkeley synchrotron(l)'ébné

tracts because of radiation and magnetic field increase until it strikes & 20 mil

platinum target within the machine, The x-ray beam produced by the impact of the
electrons on the target has a half-width at half maximum of 0,0067 radian, and the
number of x-ray quanta in equal energy intérvaIS‘is.éﬁproximately inversely pro=

portional(z)

‘40 the quantum energy up to the upper 1limit of 335 Mev as would be
expected theoretiéailyo(B) 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 hour. The
r unit has been used for convenience to designate beam level; -a calibration by

Blocker et alu(A) of ‘the unit in terms of the ciréulatirg beam of'the7synchfotron

‘shows that 1 r per hour corfesponds to about 10%/250 electrons per‘puisé;aﬁ a

repetition rate of 3 3/4 pulses per sec. They have detérmined that one # core’
responds t0- 4.9 x 107 quanta traversing a 1 inch dismeter target, where the
number of quanta is defined as the integrated x-rdy eénergy divided by the -upper
limit enérgy., = - L S TR \

‘Note added 12/7/49s The normsl beam level is now given in units of R, which

’

is 250 times the r unit,
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Mésons are produced_by this x-ray beam in passing through.§ carbon block;
and are recorded in nuclear emulsions, In the best exposqres; yields Qf lQQ mesons
per square centimeter of 100 micron Ilford C-2 plates have been obtaingd"by 2000
r runs on a carbon tarégt l“ipch.in diameter and 3 inches ip‘length loqétgd g |
feet from the internal target. The length of runs is limited by random grain
background due to X-rays gpd éiectfons striking the plates.

Plétes placed out_of P@g ;-raybbeam, but near the'interna; Pt“ta;get-§h9weq

a very low meson yiel_dfw Thig»resplt implies that the mesons are produced mainly

-,:by;x-rays rather than bymelggtrons.

. 7.2 Experimental arrangements
The two mosf important methods of exposure that have been used are the
following: N | E o
1) A stack éf plates is placed directly in the #-rayrbeam? with the gmu}sion
surface pérallel to the beam direction., In this arrangement many sihgle-g?ains
are developed by the x-rays, and it is nece#sary\to use Ilford Fé plates, the .
ieast-seﬁsitivg emulsion which will record mesons. Even with these plates the
exposuréé that are bermissible before plate‘blackening becomes_too'seve;erayg_a
low (~50 r), An average of one to two mesons per square inch can be obtained o
‘with this arrangement. The ratioc of mespns‘to heavy particle tracks causedby photo=
nuélear-réactions is approximately one or two per thousand,
2) The x-rey beam passes through a carbon block and the stacks of plates.
are placed approximately 2 inches from the core of the beam as shown inFig. 7.2(1).
This arrangement.has beeﬁ used for studies of meson production in carbon and will
be used for other target elements. A.primary lead collimator 6 inches thick with
a 1 inchdiameter tapered hole, and a secondary brass collimator 2 inches long with
a1l 23/64 inékldiémeter'hole shield the photographic plates from the direct x-ray

beam, Ilford C2 plates are placed radially around the cylindrical carbon.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 s:cudiedo In fhis‘arrangemeﬁt
the plates have as many as 500 mesons in a 1 inch x 3 inch area, and the ratio of
meson to heavy particle tracks is‘approﬁimately 1/100. Only one 77~ meson was

found in a plate exposed without the carbon target,

7.3 Experimental results - Calculation of positive and negative 7/~ yields

No magnetic sorting of positive from negative mesons has been employed for
mesons produced by the synchrotron and, therefore, the problem of distinguishing
/ol mesons from‘Z?‘*'ﬁesons must be treated differently than it was in connection
with internal cyclotron bombardmentso//(i'meson tracks can be confused with nénp'
star forming‘ﬂ“f_meson tracks; Similarly it may be impossible to distinguish a
fr;r_.,/!+évent from a 77 star which has a single high energy prdton if the
emitted particle leaves the emulsion within 50 to 100 microms. In this case,
however, the previous observations (Section 6,12) on magnetically sorted mesons
in the cyclotron show that high energy single prong stars almcst always show a
ftclub® from & recoil of the residual nucleus.

Tt is known also (Section 6,12) from cyclotron observations that approximately
73 percent of all77~ mesons stopping in the emulsion produce stars, and that at
least 95 percen;t of all 77"+mesons_ decay into/“’ﬂn_mesonso

Therefore in the computation of numbers of mesons of different types stopping
"in Ilford G-2 plates the total number of ﬁFijesons was taken to be equal to the
number of 7= A decays observed with questionable events that showed no "club™ on
the'ﬂb-track ending being counted as 77 decays. It was thus assumed that no L
. meson beginniﬁg in the emulsion ﬁéuld be missed, a reasonably valid assumption in
the synchrotron exposures with C=2 emulsions., The total nuéber of 77" mesons was
taken to equal 1/0,73 of the number of meson stars ( 0~ mesons) seen, Computations

of yields with Ilford F=3 emulsions are subject to error because of the extreme
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difficulty in seeing the beginnings of A mesons at their origin in the 77z decay,
Thgrefqre, the following discussions of results will -apply-only to observations.
on G=2.plateso | | | | | |

7:4 BRatio of positive and negative 71" meson yields

Since there is no statistically signifiéant variation of the 773+/3f7ratio
with meson energy between 30 and 150 Mev, all the data have been lumped ﬁogether
to. provide the following totals, where 0~ are étar forming mesons, =% are
decays .seen, and , are uneventful endings of meson tracks, |

.o =403 7= 327 2 = 323
The ratio zkft/;vﬁj is then calculated to be 1/1.7, with a statistical standard
error of 8 percent. » |

Bruéékner(l) has made a theoretical investigation of the ratio zrjy ﬁ;;;o
be expected at 90° from an x=ray beam, apd finds that a value of the order'of~1/2,
ihdepePdent of meson energy, is reasonable; He considers that the coupling to the
photon field is larger for27Ji+ é than for‘ﬂ‘j-f n because of the current-éon;
tributed by the recoil proton, This effect, which increases with meson energy,.
baiances the Coulomb effect on the meson wave function, which decreases with energy.

7.5 Energy and angular distributions and cross section

The experimental arrangement does not permit accurate determinétiéns.oféthei
_angle of gmission of the mesons., However, an estimate of the angular distribution
may be obtained by noting the direction of the high energy portions of the ﬁrfmesoﬁ
tracks. The result indicatés ﬁhat the mesons are emittedrwith.rbughly‘spherical 
symmetry in the laboratory system, |

A calculation of meson yield as a function of energy has been maﬁe.by:applying
total area and stopping power vs. energyvcorrections to the numbérs of tracks

counted. The calculation assumed that the mesons were produced by a line source
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in the middle of the carbon cylindér, 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 showﬁ in Fig, 7.5(1), The
apparent lower limit to the energy arises fromvthe treatment of the target as a
line source of mesons. The dotted line is an eéiimate of thevlow energy distri-
bution used for caleculating the total crgss section. The ordinates are expressed
in terms of the Wrn unif;h

The total cross section for meson production, calculated on the basis of
4he9 X 107 quanta per "r% unit, is 5 x 10628 cm2 quantumml nucleusml° The feSﬁit
is believed correct within a factor of 2,
8, Summary of Meson Properties

The characteriétics of the artificially produced mesons described in the
previous sections of this paper éfe consistent with the observations on cosmic ;
ray mesons. oome of the extensive literature on cosmic ray mesons is included iﬁ‘
the bibliography of UCRL,487;

The properties which appear reésonably well established are given’in Teble 8(1).
The values of the cross sectioﬁ for prdductioﬁ afe estimates based oﬁ admittedly .
incomplete theory and are abbreviated in order toc simplify the table, In the decay
schemes the definite modes are indicated‘with an érrow and an estimate is indicated
of the_lower limits of the percentage of deqays.going by this écheme° Uncertéin
modes of decay are indicated by an arrow with a question mark and an upper limit
is indicated for the percentage decaying by this scheme,

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), meutrino (V ), protons (p), electrons. (8)
end photons {y), and mesons (r~) and (4). Other combinations are possible, but

-the ones given below are favored as being the simplest.
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Leighton, Anderson, and Seriff(l) have shown that the & spectrum from the
‘decay of A4 mesons is 'cqntinuous from 0 to approximately 55 Mev as would be ex-

pected if the decay of‘the,/?' meson went according to the schemé

(1/2)__ (1/2) | (1/2
~ 2 0 + 2y ) , 8.1(1)

where the parentheses indicate spins.,
Thevshape of the spectrum implies that there are only three particles
emitted. The equation is written with neutrinos rather than Y -ray photons on

(2)

the right hand sidg since the-experiments of Picéioni indicate'that no photons
appear in _A4 meson decay. It is poSsible,'though leés appealing, to write
‘/’a(O) ——>/d(1/2) + V(l/Z) + neutretto(o). If the <« meson had integral
épin,‘one ﬁight expect negétive //i mesons to make stars. | .

The monoenergetic A | in ﬂ*‘fn /14' decay, requires that only two particles be

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

beta decay, then the simplest equation is

0
v/ (1) 3/‘((1/2) + y(l/Z) 8.;(2)

The thresholds and cross sections for 7~ meson production in the cyclotron
imply that only a single new particle is created in nucleon-nucleon collisidn, s0

that

. , o
p/2) a2 /) 2 (1)

In the case of neutral p— mesons, the postulated decay into two photons
implies that the spin is zero.

2. The 77~ meson interacts strongly with the nucleus, as evidenced by

production of stars; ete, It is probably the particle responsible for nuclear

forces acecording to the theory of Yukawa, 3)

3. The cross section presented in the table is an approximation to the total
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cross section for the productionrcf;?“ mesons by 345 Mev protoﬁs on carbon, based
' on measurements in a restricﬁed regioﬁ of energies'and angles,
x-Ihe_Same type af approximations give:thé;po@alvcross seetiogﬁﬁo:;p;oéuctiopo
of 77 ~ mesons by 390 Mev & -particles on‘carboﬁ.'q‘ R P I
» _‘49 Vot * mesons at rest elways decay to give a-monoenergetic,gz meson with a
range of approximately 600 microns corresponding to an energy of 4.18 * 0,04 Mev
| (see Sectlon 6632). . | o |
'50” Both negatlve and positive ﬂ“mesons nay decay in fllght to;ft mesons.
vThevfeole glves only decay. schemes for mesons at rest, | |
o '60 Thls value‘coﬁes from experiments of Nereson and Rossi(A) on cosmic ray
| 7. Cross section for direct productioﬁ:via nﬁcleon;nucleon collision is‘too
small to be detected in the cyclotron. o "
| 80' Experiments by Conver51 et al.(5) and by %ater Workers<6)(7)(8> showed
that,/q mesons decay in all absorbers. On the other hand A~ ~ mesons decay before
being captured by nucle1 of light elements, but they have a 81gn1flcantly high _
probability of being captured by nuclei of heavy elements, Cosmic ray evi-
zience(g) ‘(1’2) implies that an electron is alweys associated 'm’._th /'(’-meson.decay;v
Theicaptured‘/"—hesoﬂs might be e;pected to give nuclear st rs llke those seén:in
-~~~ 73 percent of 77— meson endingsi, However, it has been shown by Chang( 3) thatheavy
chargedvparticles are rarely if ever emitted When/ﬁf_mesons are stopped in nuclei
from Al'to Pb, The experimental conclusion was based on only 53 cloud chamber
‘pictures and bence sfar production by/”“ " mesons cannot be completely ruled oute.
Chang reports some evidence for low energy gammaerays'essociapedeith;/"’fmeson~

(14)

captcre, although Sard et al. have found no high energy gamma-=-rays connected
with. the capture.. Wheeler(15l interprets the low energy-.ganma-rays -as being *= = -~

due to transitions of captured B~ mesons between Bohr orbits, and concludes that

the &~ meson reacts with a proton to form a neutron and a peutral partlcle.

|



UCRL=-486
e
o . _ AT PR

Th1s closes the cycle beguri by n—>p +7 1*’TL_;>/Q',f_/V;

Since the neutral partlcle given off in ﬁ~ ,ﬁ« decay appears to have a very
small rest mass, it is appeallng to conclude that these partlcles are the same as
the neutrino which 1s~enccuntered in /ﬁ ’decay. |

It is not necessary, of course, to draw this conclusion; and the neutral
particle .of ﬂ"{'- /«+decay could be a "meson® with zero spin, wbile‘ the /‘Io of
/”‘ decay has spin 1/2, | | o

9o The mean value 6f 210 for the,/! meson mass is used in the table, although
the best mass measurements give a value of 212 f: 6., This latter number 1s‘proba-
bly too large, as evidenced by the imaginary values deduced for the mass of the
neutral partlcle in e m decay, | o

10, Nuclear capture or nuclear charge exchange(IS) of,/‘ “mesons affects
the apparent half-life. For absorbers of low atomic number the apparent half-llfe

16)

N +
is the same as for ~ mesonso( The nuclear charge exchange becomes more im=

portent with increasing atomic number., It gives an apparent half=life of 0.75 X
10 sec; for 2 = 10, | .. |

11, This number is from Panofsky's 77~ ~ capture experiment, April 1950.
9., Auxilia ata | - "

9.11 Energz avallable in the laggratogx szstem for meson pxggyg;;gg

It was first p01nted out by McMillan and Teller(l) that the momenta of nuc-

leons in an.a;-partlcle and in the target nucleus may be compounded w1th the

momentum of the A =-particle to make avallable an 1ncreased energy for production
" of mesons in the nucleon=nucleon collision. ‘Thelr argument assumed that the avall-
able momentum was proportlonal to the square root of the Ferm1 energy of approx1=
3mately 20 Mev. While ﬁhelr calculations have perhaps some validity for high mass

number targets, they are not correct for carbon and for other low 2 targets, since

they predict thresholds lower than the calculations of Barkas in Section 9,12,
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For deﬂterons, the binding energy is only 2 Mev and hence the considerations of
Mchllan and Teller and Horning and Weinstein imply the 1~ mesons would not be
rproduced by 190 Mev deuterons° :.

(A more complete ‘discussion of available energy was orlglnally contemplated
for thls sectlon, but at the present tlme the above paragraph represents the’ only
pertlnent 1nformatlon known to the wrlter.) An article is being ertten by T, B
Taylor for publlcatlon in the Physical Review,

9012 Absolute threshold »

B An entlrely different approach has been used by Barkas(l) for calculatlng
’thresholds for reson production, If one considers the process of meson production
.1n the same manner as an ordlnary nuclear reaction, a rigorous lower limit for the
energy:of the incident particles required for meeon production is:

| 2

[(mﬂ;i- M1)2 2; (m+‘M‘)2} ¢ - 9.12(1)

where T! is the kinetic ehergy of the bombarding ion, in the laboratory system

m is the mass of the bombarding ion |

M is the mass of the target nucleus

mr is the mass of the meson

AMi is the sum of the masses of the other reactlon products.

Table 9, 12(1) gives some values of threshold energies calculated from 9.12(1)
by using a meson mass of 276 electron masses,

9.2 Range=energy relations in nuclear emulsions

A rangemenergy relation for particles of arbitrary mass m and charge z may be
obtained prov1ded that a range-energy relation is known for some other charged
partlcleo Thls may be shown readlly as followss

_An equatlon g1v1ng rate of loss of kinetic’ energy ggfor a charged partlcle
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TABLE 9,12(1)

Absolute thresholds for Meson Production

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

Bombarding - Type of Other Products Threshold
Particle - Target Meson of Reaction ~ Energy (Mev)
P o2 Tt 3 150
p cl2 ™ w2 4 p 173
o ci2 77”L wi6 - 194
o ct? m o | 200
: ct? R ¢4 154
a ot Ol ot4 158
n ct? 7T% | B2} n | 167
b ¢t2 ™ w3 o : 148



in.passing through matter may be written
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(1)

dE _ -417’(26)2 N {z [,Zn ﬂ‘fi - [n(l ’:52) _/32] - G‘K} ) 9.2(1)
dx n.v I . ' .
where
ez = charge of the incident particle
Z = atomic number of the abéorber
v é velocity of the incident particle
N : £uﬁber‘of atoms per cubic centimeter of stopping material
Is= a%é;age'ionization potenfial of stopping material
m = eleéﬁfon mass H |
B = v/c, ¢ the velocity of light
-GK = a corrective tefm which must bé applied in case v is cbmparable with
the velocity of a K-electron of the stopping material but large com-
pared with that of any other electron of the material,
This may be writ%en in the general form |
%— = 21 (v) : 9.2(2)
‘where the function h(v) and the functions g(v) and f(—g—) which follow are

related, though at present defined only by relation 9.2(1).

Now since E = m j’(v),

dE v Co , s
— = o, Y o s 9+2(3)

where LR is the rest mass of the particle. Therefore,

& : .

It is sometimes convenient to rewrite this as a function of the energy E of the
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Rz f E-) | | o 9+2(5)

It has been found empirically that the relation between R and E can be ape
‘ proximated very clbsely by a power law for protons of 10 to 30 Nev, ;t follows

from 9,2(5) that such an expression has the form
E 2 k nl™0 gP 720 O 9,2(6)

Thé‘relatiﬁhs above are not valid for electrons, for which scattering has a
l%afge effect on measufe&_range, but they have proven satisfactory for mesons.
The equations‘imply that a proton And*ﬂ‘ meson of the same velocity have ranges
. in the ratio mT“/hf’ Noy_if a meson pgs energy Eq-, the proton having-the same
velocity will have energy ';ELETr , and hence by 9,2(5) we may write for.the':

range of a T~ meson of energy E

RndB) = l«ap(ﬁ.% - 9.2(7)

m Dy
o - P : _
- where R ‘_TE"E is the range of a proton with_fB times the meson energy. According
m Mg -
™, m

. to these considerations, for example, a 7~ meson of energy 5 Mev has a range ap-
) pfdximately one=sixth that of a 30 Mev proton, C
".A fange-energy relation was obtained by Lattes, Fowler, and Cuér(2> for
'protons up to 13 Mev inpllford“Bl emulsionu'”ThefrAdata were extrgpolated by
Camerini-aﬁd Lattes(BI to.give ranges with estimated accufacy of £ 8 percent in %
the 30 Mev region,  Bradner et al.(A) have recently made a direct experimental
,'deterﬁinationoftme range-energy relation for protons up to 39 Mev in Ilford C2
emulsion, A plot of their data along with that of Lattes is shown in Fig. 9.2(1).
The curve is believed to‘give the energy:acéurate‘to 2 percenf fOrgprotons ip dry

G2 or C3 emulsioh. Fige 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:

0.581
B o) Z 0.251 R 9.2(8)

9;2(8) is indistinguishable fnom_the,original extrapolation of Camerini énd Lattes

for protons of 4000 u range. Monoenergetic protons for the recent measurement
were obtained from the circulating beam of the'cyclotron iﬁ the arrangement showm
in Fig. 9.2(3). Protons striking the 1/8 in. x 1/16 in, % 3 in, éopper ribbon
target produced protons scattered in.all airectibns with a variety of ehergies.

A nuclear track plate placéd behind a‘sPort channel at the 80 inch radius
recorded protons which left the target in the backward direction with the appro-
priate momentum. With an accurate knowlédge of the magnetic'field it was possible
to calculate the energy of a proton entering along the normal to thé edge pf the
: plate. FPlates 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»C2w
plates was found by measuring the 1engths of tracks which had traveled most of
their range in the gléss. The range of protoms in tﬁe region of 30 Mev energy
was found to be (18 *+ 4) percent larger in glass than in dry €2 emu%gion.'

By applying the methods of this section to ranges of’uf meéon§ in NTB and C2
eﬁulsions, the range of 36 Mev protons in NTB»emulsion_was,galculated’tb be
’(8 + 1,5) percent larger than in C2 emlsion.

' Grain Density ' o R o :

An expression for the grain density of singly charged particles in photo-

‘graphic emlsions can be obtained assuming only that the grain density g%' is

a functién of the rate of loss of energy.of an ionizing particle paSsing t%rough

: ‘:'ghe emilsion: (/ .)
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& 2.(RE°
But from 9.2(5) -5 =2l ) _ - 9.2(10)
Hemce if & =1, = mF,<l%> 6.113(1)
. . m

If the ion stopping in the emlsion has a charge &, a relation can be ob-
tained‘by assuming a power law connection between N and R, This is valid, since

plois of log N vs. log R are found to be very nearly straight lines. (cf. Fig.

6.113-1), .
- 2n(l-%) _
Then N=ag 10 m(l'ci) B 9.2(11)

Since the grain density of meson and proton tracks has been found to vary
as.l/v over a large range of velocities it!follows from 9.2(6) ihat
o 2132 0.7 L 9.2(12)
Equation 9.2(11) implieé that the rel§tion between grain count and range

2n
involves m and % in the form m3 I:n_.
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