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ABSTRACT

Range Distribution of 122 Mev %" and n~ Mesons in Brass,
by Carolyn B. Parker, submitted 1n partial fulfillment of the
requirements for the degree of Master of Sclence in the De-
partment of Physles, August 31, 1953.

Ilford C-3 stripped emulsions embedded 1in brass absorbers
were exposed to the 122 Mev n' and n” meson beams of the
Universlty of Chlcago synchro-cyclotron by Dr. M.B. Scott, fore
merly of this laboratory, in December 1951, The plates were
oriented parallel to the beam.

The purpose of this report is to present an analysis of
the range distribution of 122 Mev 7" and '~ mesons in brass as
recorded by the nuclear plates. It is also desired to get some
information on the total cross section for nuclear interactlon.

One plate exposed in separate runs to wt and %" beams was
scanned. Negatlve pions were distinguished by the fact that when
they come to rest in an emulsion they generally produce nuclear
stars., Posltlve plons were ldentified by the fact that when
they come to rest in the emulsion they decay into v mesons,

The distribution of w' meson ranges in brass when subjected
to statlstlcal tests ylelded a Gausslan distribution with a mean
of 66,8 £ :“Mm, ana e standard deviation of 5.0 ¥ .005 mm.
Similarly the ﬂﬁ distribution was found to have a mean of 66.8 &

ot



.007 mm. and a stendard deviation of 5.5 3w£m5mm. These results
glve a range ln brass of 56,7 gm/cm® for 122 Mev pions which 1is
in agreement with Aron's calculated value,

?otal cross section calculations indicate cross sectlons

for m' and m~ mesons at 122 Mev are not noticeably different.



INTRODUCTION

The discovery of mesons was not the result of a single
observation, but the conclusion of a serles of experimental
and theoretical investigations. In 1935 Iukawaa proposed his
celebrated meson theory of nuclear forces. This theory, de-
veloped along the formalism of electromagnetic theory, pre=
dicted that the "gquantum", or meson, associated with the
short range of tﬁe nucle#r field would have a rest mass of
about 137 times the mass of the electron. Direct experimental
proof for the existence of particles with mass intermediate be-
tween the proton and electron came in 1937 with obeervatlons
of Neddermeyer and An.d.erson3 in thelr cosmic ray studies.

Now if mesons were to be related to nuclear forces,
there should be a strong interactlon between mesons and nuclel.
The experiment of Conversi, Pancinl and Piccioni4 excluded the
suppositlon that cosmic ray mesons observed at sea level could
be identified with the Yukawa particle. This problem could be
resolved, however, by postulating that there was more than one
kind of meson.

The artificlal production of mesons was first achieved by
E. Gardner and C.M.G. Lattes in 1048, In thels experiments they
used the 380 Mev internal ofa{ beam produced by the Berkeley
184-inch synchro-cyclotron. A target was bombarded inside the
cyclotron. Charged mesons produced by the beam were bent from
the beam by the cyclotron magnet and detected in sultably placed

nuclear emulsions,



These experiments produced evidence that there was a type
of meson that interacted strongly with nuclel., While cosmiec
ray studies were still of fundamental importance, the production
of mesons in the laboratory added greatly to the analyslis of
prhysical propertles of mesons.

A meson of mass 276.1 32,3 Me,s where Me is the mass of
the electron, was discovered to have the property of strong inter-
action with nuclei, as shown by star formatlion upon absorption
in the muclel, 1ts production by nuclear collislon, and nuclear
scattering. Such mesons have zero or unit electric charge, both

7,8 This type of meson is

positive and negative,and zero spin,
called a m mes&n or simply a plon.
The charged plon decays spontaneously in free space into a
neutrino and a charged f/ meson, or muom, with a mean lifetime
of (2.54 2 0.11) = 10"8 396‘9211 The muwon, which is found to
have very little interactlon with matter, is the type which must
be 1dentlfled with the weakly interacting type observed in cosmic
radlation at sea level. The muon has a mass of 2096 3 2.4 H@le
and spin of %h. It decays with a mean lifetime of
(2.92 & 0,32) x 1078s0c.1> 1nto two neutiinos and an electron or
posltron. The neutral plon decays with a mean lifetime of about
1 x 10”14 sec.,l4 converting its rest mass of 264 Mg into two
hlgh energy gamma rays of about 70 Mev each,
The purpcse of this paper is to determine the range distri-
bution of 122 Mev positive and negative plons in brass as recorded

by Ilford C-3 stripped emulsions embedded in brass sbsorbers.
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The nuclear plates were exposed to the 122 Mev pion beams from
the University of Chlcago synchro-cyclotron by Dr. M.B. Scott, for-
merly of this laboratory, in 195l. It 1s also desired to get in-
formation on the total cross sectlon for nuclear interaction.

In view of current studies being made of production of high
energy mesons, nuclear interactions, ete., it 1s desirable to de-
termine experimental ranges in absorber materlial and compare them
with theoretical range-energy values which have been used exten=-
sively in practically all of the experiments. Since brass is
quite often used as absorber material, informatlon about ranges
would be useful. Also a study of range distribution for mono-
energetic mesons would 1llustrate how near constant is the range
of a particle of glven energy. Fluctuations in ranges will ap-
parently occur because of the dlscontinuous nature of the
ionlzation processes,

As for the plon-nucleon interaction, one of the most direct
ways to gather information 1s the study of the magnlitude and
angular distribution of plon seattering by nuclei, Hydrogen
lends 1tself much more readlly to theoretlcal analysls than com=
plex nuclel. Initlial evidence on the interactlon of negative
pions of 55 to 85 Mev energy with protons indicated a much smaller

cross sectlon than expected, >**® 17,18

H.L, Anderson, et al, con-
tinued these transmlssion experiments to hlgher plon energles.
These lnvestigations showed that the total cross section rises
above 80 Mev, reaching an apparent maximum value of (66 3 6)

x 10°%7 cn,® at 150 Mev.

=33



The interaction of negative plons with heavier nuclel 1g
certainly of physlcal interest, in splte of the 4ifflculty of
theoretical interpretation, General features of plon-nucleon
coupling can be deduced from such a study. Studies of the total
nuclear cross sectlon of negative pions in various attenuating
materials has been shown to be independent of energy between
85 Mevls.and.137tﬂev.19 In all cases the cross sectlon was close
to the geometrical value of mwA _'/ ‘ (-y!-é)'. This energy inde-
pendence is contrary to the energ§ depen&ance of the total cross
sectlon shown by plons on protons. Speciflc total nuclear cross
gsections for negative plons determined for copper which are of
interest to us are 990 | 50 mb by Chedeaterls at 85 Mev,

1005 % 70 mb at 109 Mev and 1010 3 60 mb at 133 Mev by Martinl®,
This compares with a geometrical area of 977 mb.

In the earlier studles of negative plon-nuclel interaction
nuclear track emulsion was used. Negatlve plon energies were
studled in the regions 30-35 Mev and 30-110 Mev respectively by

20

Bradner and Rankin 21=24

and Bernardini, Booth, “ederman and Tinlot.
In the energy region where these ekperiments can be compared,
the total nuclear interactlon cross sections were given as nucleer
area for elements of the emulsion,

Fewer studles have been made of positive pion interactions
with attenuating materials in the energy region in which we are
interested. As & preliminary indication (of what might be exe
pected) James Tracy25 found a total nuclear interaction cross

section of 548 3 129 mb for aluminum as compared with a geometris

iad



cel area of 551 mb., for 70-100 Mev interwal.
It was hoped thls analysis would give some 1ldea of compara=

tive total nuclear cross sections for positive and negatlive plons,.



II, EXPERIMENTAL METHOD

We will consider experimental condltlions when the nuclear

plates were exposed and indicate interpretation of data.
A. Pion Bean

OQur first consideration will be the mechanism of the plon

beams. A berylium target 2" in the directlon of the beam,

1 1/2" high and 1/4" thick was bombarded with the internal

450 Mév proton beam'of the Chicago synchro-chclotron thus produc-
ing plons. The negative plons emlitted in the forward dlrection
were deflected outward by the magnetic field of the cyclotron.
Plons were separated according to their energy by the cyclotron
field which deflected those of higher energy less, those of lower
energy more. The fringing field of the cyclotron focused a
slzeable fraction of mesons of given momentum in a fairly parallel
beam., Chennels were cut in the six foot steel shield which sepa=-
rated the cyclotron from the experimental room. A number of
béams having different energies could then enter the experimental
room. In this experimenﬁ only the 122 Mev beam was utilized.

The geometry of the positive pion beam was the same as for
the negative plon beam. Positlve plons were obtalned by revers-
ing the dlrectlion of both the cyclotron and deflecting magnetic
flelds with respect to directions for negative pions. Then posi-
tive plons emitted in backward direction from the proton beam passed

through the same channel as dld negative plons of the same energy.



However, since backward emisslon 1s less favorable for.piona,

the number of positlve plons obtained in this way is much smaller
than the number of negatives. This fact is evident in our nuclear
plates,where we note that even for an exposure to the ﬂ+ beam

of 5§ times as long as for the " beam, we find relatively few

n- f decays.
B. Experimental Arrangement

The arrangement of apparatus is shown in Fig. l. The Be
target was at a radius of 9 ft. 6 3/4 inches. Mesons emitted
by the target were bent by the cyclotron fringing field into the
channel. After passing through the deflectlion magnet they were
slowed down by brass absorbers placed in the beam parallel to
the beam direction. Nuclear emulslons were embedded 1n the abs
sorbers, In this study mesons were observed and identified 1in
the emulsion at the ends of thelr track. The position of a
meson in the emulsion revealed its range in brass, as the meson
had to traverse a certaln thlckness of absorber materlal to
reach the particular point ln the emulsion.

A 45° sector magnet, shown in the diagram, ﬁas used to de=
flect the mesons and separate them from undesirable radlation
coming through the channel in the shield,.

Plons were detected by usling scintlllation counters. The
ones used were 1 in:, x 1 in., x 1 cm, thick stilbene crystals
spaced 40 inches apart. Coincidence circuits recorded the double

colnecldence when a particle traversed this palir of counters. The

7T

s



doubles count per target watt minute was computed Tfor the ﬂ+

and ﬂ; beams. The readings obtained thereby and used in our anals
ysis are 1345.1 per watt-minute for the positlve pilon beam and
20,371.7 per watt-minute for the negative plon beam,

The absorber block with embedded nuclear plates 1s shown
in the diegram. This brass block was in two sectlions held to=
gether by brass screws. The sections had dimensions 4 in, x
5 in. x 1 1/4 in, with a slot 1/8 inch deep and 1 inch wide.
cut in one side to hold the emulsions. From the end of the slot
to the edge placed toward the beam the dlstance was 7 inch. The
other end was .25 inch from the bagk edge of the block, The dis=
mensions of the absorber were large enough so that the portion of
the photographlc plate which was scanned was effectively surrounded
by an infinite sea of brass. This relationship assures there will
be no signiflcant loss of particles from the absorber due to
maltiple scattering.

The plates used were Ilford C-3 emulsions without glass
supports, referred to as pellicles, Two 200 micron pellicles,
each wrapped 1n cellophane, were placed together 1n the slot
holder. A brass slab thick enough so as to completely fill the
slot was inserted. The brass holders were inserted directly in

the beam,

C. Target

Beryllium (2= 1.85 gm/cm®) was the meson producing target

of the synchrocyclotron in this experiment. The meson output of

| B
(8 0]
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the machine was monitored by a thermocouple connected to the
target. The target was connected through a callbrated heat leak
to a large cylindrical drum, capable of malntalning ltself at‘a
fairly constant temperature by radiation. The thermocouple
Junctions were so connected across the heat leak that the emf
developed 1s a2 function of the heat flow across the leak, A
record was made on a Brown potentlometer of emf developed. This
was read as watts of power developed by the proton beam in the
target.

For two minute clicks on the tape the relation 1.964 Ds =
1,348 Dy was found to hold for determining the number of watt ming
recorded by the potentiometer. Here D, and Dg represent deflec=
tion readings at beginning and end of the time interval, readings
belng taken from the graphlcal record., Readings taken from the
tape may be used to determine the number of watt min., in accord

with the above emplirical relatlion.
D. Detector

Nuclear emulslons served as detectors., Those used were
Ilford type C=3, 1 in, x 3 in., with an emulsion thickness of
200 microns. These plates are sufficlently sensitive to render
visible the entire track of a f/ meson originating from the decay
of a m meson in the emulslon. The plates, however, are not so
gsensitive as to obliterate the characteristic increase in lonlza=
tlon when a2 meson approaches the end of its range. In thils type

of emulsion fast electrons are not observed.,

-9=



E. Detection Efflciency

The efficlency of the detector may be found using the re-

lation

Fraction caught in emulsion =
stopping power of emulsion
stopping power of brass

EQE ¢ 14
Rem

R‘or and Rem are residmal ranges corresponding to a meson

of energy Eres. R, = thickness of emulsion = 200 mlcrons,

The width of the emulsion i1s 1, in thls case 1 inch. The

value of 4 is .02/2.54 in., For brass and emulsion the ratio

Rop 18 17 4
Rem 2.
This gives a value for fraction caught in the emulsion

equal to 29,96 x 10’4 or 0.3 x 10-26



ITII, SCANNING AND CLASSIFICATION OF MESONS

A, Scamning

The emulsions were scamned with an American Optical Spencer
binocular microscope with oll immersion objectives of 60X to-
gether with 10X oculars. Events suspected of belng mesons
were examined under higher magnification using 97x objectlives
and 15x oculars.

The method of scanning was as follows. Horizontal row;
were scanned by locklng in the vertlcal coordlnate of the stage
and noting particles ending in the emulslion which looked like
mesons., The stage was then unlocked and these endings examined
under hlgher magnificatidn. Tracks were also followed to where
they entered the emulsion to assist in ldentificatlon. By using
reference mesons at the bottom or too edge of the field the
stage could be reset qulte accurately. Successive rows were
scammed with a certain amount of overlap so that mesons at the
edge of the fleld would not be overlooked,

Meson tracks were generally identiflable by inspection, A
meson 18 ldentified as such by virtue of 1ts characteristic
small angle coulomb scattering and rapild inerease in ionization
and thus graln denslty near the end of the track, The process of
scanning adjacent rows was continued until about 60% of the
total area had been scanned. Approximately equal horizontal
strips on each edge were not scanned, thus eliminating distor-

tion effects.

A track to be accepted had to end at a distance of at least

=11 =



five microns from the surface of the emulsion. Since measure-
ments ylelded a shrinkage factor of 0.5 in depth of the emulsion,
this distance corresponded to 10 microns before development.

The thickness measurement of the plate was made by taking read-
ings at a number of places with the ald of the callbrated scale

on the fine focus control of the mleroscope used for scanning.
B.. Classification of Mesons

Mesons in emulsions have well known charescteristica which
enable us to recognize them and to say what kind of mesons they
are, Negatlve plons which come to rest in an emulsion generally

26 A positlive plon which comes to rest in

produce nmuclear stars,
the emulsion decays into a positive muon and a light neutral par=
ticle, presumably a neutrino. Studles of magnetically sorted

27 show that 73 gz'krcent of the negative plons produce a

mesons
nuclear star of one or more observable prongs in emulsions of
the type used here. The other 27 per cent of the negative mesons
end in the emulslon without initiating an observable nuclear
star. Hence we can dlstingulsh between positive and negative
plons when they appear together 1n an emulsion.

Next we consider a more detalled classification based on the
actual appearance of mesons in the emulsion.

1. A meson ends in a star of two or more prongs or a single
heavy prong. Thls 1s identified as a negative pilon and called
O, meson depending on the number of prongs. This identification

1s made as no stars have been observed-.from positive plons or

- 12 &



muons, However, 1t has been shown that 3 31upercent of negative

=6 In thls experiment,

muone stoppred in emulsions form stars.
this amounts to a negligible correction.

2. A meson enters the emulsion and stops wlth no observable
event. This is classified as a / meson and may be one of the
followings

() It may be a positive muon originating from a
positlive plon which has come to rest iln the brass absorber sur-
rounding the emulsion,

(p) It may be a negative plon which has a zero prong
star. This occurs for 27 per cent of the stopred negative pions,
This number we may determine by reference to the number of
definitely ldentified negative plons, 1.e. those having one or
more prongse

(¢) It may be a positive or negative muon from a
positive or negatlve plon which decayed in flight.

5 A meson stops in the emulsion and emits another meson
which has a range of about 600 microns, This is identified as
the decay of a positive plon into a positive muon,

4e A meson stops in the emulsion by emitting é perticle
which maekes a thin llghtly lonizing track. The particle leaves
the emulsion too soon to be positlvely identified., This event
was classified as a negative plon Af there was a short heavy
"elub" or recoil track Ieaving the end of the pion, end as a posis

tive plon if there was note.

This classification 1s in accordance with date of F. Adelman

- 13 &



and 3. Jones (reported in article by Richman, Welssbluth, and
Wilcox)2? vho found that in & sample of tracks of stopped negas
tive plons, there were 14 events which could have been confused
- with a positive plon-muon decay. Of these events, 12 exhibited
the short heavy club. This consideration introduced a small un=
certainty (less than 1 per cent) in the total number of negative
pions and even less of an error in the total number of positive

pions.

- IF



IV. EXPERIMENTAL RESULTS

A. Prong Spectrum of Negative Plons

The prong spectrum for meson induced stars as determined
by scanning the photographic plate 1s shown in Table I. This

s compared with the Adelman>0? 1

distribution. The agreement
1s good. Hence we are justified in dividing the total number
of meson stars with one to five prongs by the fraction of nega=
tive pilons giving visible stars (0.73) to obtain the total num=

ber of negative plons ending in the emulsion,

TABLE I

Prong Spectrum of Negative Plons

Number of 0 1 2 3 4 5
Prongs
Adelman 27% 24% 249 16% 8% 1%
Distribution
(cale.)

Observed 87«5 75 T4 54 28 5
Distributlon

Observed 2T% P3.2%2 [P2.8% |16.T% | 8.7T% | 1.5%
% of Stars

B. Distribution of ﬁ'Hesons

The ranges of 236 negative plons with observable prongs as
expressed in position coordinates of the meson ending were re=-
corded., Measurements were made using the two stage micrometer

serews, The definition of a star prong used by Adelman and Jones3°

- A



was adopted for thls study. According to thelr definlitlon,

any track of length greater than one micron, and having a well
defined direction of emergence from the star center 1s a prong.
| The distribution for mesons having observable prongs 1s
shown by the solid line histogram in Filg. 2. Thls represents
the distribution of mesons which came to the end of thelr range
in the emulsion detector.

The plate was scamned 1n horizontal rows. The horizontal
coordinate, parallel to the long edge, we will refer to as the
X coordinate. The vertical coordinete, which was locked in scan=
ning, we will call the Y coordinate. Measurements were made of
the shrinkage of the emulsion in the X directlion to determine
the factor to be applied to correct the X reading. The relatlion
found was X corr. = 1.064 X obs. The true renge reading could
be determined by addlng 1776 mm. to thls value as the edge of
the emulsion was €.7 in. from the front edge of the brass block.

The area scamned was 60.5% of the total area as determined
by readings of Y coordinates of area scanned with respect to
Y coordinates for the total area. It was noted that there was
a slight shrinkage in the one inch dimension of the emulsion.

-The hypothesis that the experimental dlstribution of ranges
can be represented by a normel curve can be tested. A normal
distribution has the property that the percentage of total fre=
quency outside range X i 9 1g 32% approximately, percentage
outside X 2 2 o 1s 5% approximately and range X i 3¢ includes
- practically the whole distribution.32 Here X 4s the mean and O-
the standard deviation.
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The distribution illustrated in Flg. 2 was found to have
a mean of 53,1 :;607mm. and a standard deviation of 5.16 - .005

mm,
C. Distribution of mw b Mesons

The intensity of the posltive plon beam was much less than
for the negative beam. Although the emulslons were exposed for
two minutes to the negative plon beam and ten minutes to the
positive beam, there were still conslderably more star producing
mesons, |

The ranges of 55 positive plons were recorded by position
coordinates of the scanned emulsion. A plot of number vs.
distance along the plate is shown 1n histogram of Filg. 2. The
corrections to be applied to range readings are the same as for
negative plons. Appllication of statlistical tests to the plotted
distribution ylelded a mean of 53.10 3.014 mm. and a standard de=
vietion of 4.67 2 ,005mm., Further tests showed the distribution

was normal.
D. Distribution orf’ Mesons

The distribution of /2 mesons is included for analysis al=-
though results are not used directly. This classification can
Inelude types of both positive and negative mesons.

One type included 1s the negative plon with zero prongs. This

ls indistinguishable from muons of either sign so we determine
L+ this number, not by direct observation, but as §27% of the total

S 7, A



number of negatlve plons.

Another type is the positive muon which origlinated from the
positive plon that stopped in the brass absorber surrounding the
emulsion. We are not interested 1n such mesons.

Finally we maj have poslitive or negative muons from plon
decay in flight. These are of interest as from them we can get
an estimate of the muon-pion ratio in the beam incident on the
brass block.

It would be difficult to obtain a reliable calculation of
expected muon contamination of the beams, Most of the muon con=
taminatlion is belleved due to m- Mdecay in the vicinity of the
target where there were an enormous concentration of plons of
all energles and angles. The fringing field of the cyclotron
focused muons of proper momentum into the channel.

The muons from w- 4/ decay in the channel had a small
probability of having the proper momentum and angle to enter
the plates after passing through the deflectlon magnet. The num=
ber of w- & decays after the particle had traversed the deflection
magnet was small,

We cannot ldentify the muons by inspection. However, 1in
the range distributlion histogram, muons clearly show up beyond
the plon range. The specira of,/a mesons 1s shown 1in Fig. 4.
The high energy tall on the right is attributed to muons.

The complete muon spectra is not shown as 1t was beyond the
edge of the plate., Assuming the Muons have a symmetrical dis-

tributlon we can make a rough estimate of the number of muons

VAL -



The total obtained in this mammer agrees with the Chicago re-
su1t319 of about ¥ per cent in both beams., The emulsions we
used were insensitlve to electrons. The electron content of the
122 Mey beam was found to be less than 1% at Chicago. The total
beam contamination will be estimated as 7 i per cent in both
beams.,

The range of the f’ mesons was found to be 54.8 3 »C0Z mm,
The higher value being attributed to the muon content. This 1s
the uncorrected range value, being a position with respect to

the nuclear plate only.

- 19 -



V. INTERPRETATION OF RESULTS

A, Range - Energy Values

Theoretical range energy values will be compared with our
experimental results. First we will discuss theoretlcal caleous=
latlions.

The rate of energy loss for a heavy partlcle ls glven by33

E-;‘E L 4:#;' NZ [loge 2mv® _ loge (1-4%) -2° 7 (1)

in which

m = electronic mass

e = electronic charge

ze = charge of heavy particle

NZ = number of electrons per unit

volume of stopping material
A =§ s where ¢ 1s the velocity of light
I = mean excltation potential
This formula holds when v 2» Uy where Uk 1s the velocity of

the orbital electrons in the K shell of the atoms of the stop-
ping medium., The assumptlon 1s that the heavy particle loses
energy along 1its path solely through ionlzation and excitation
of the atoms of the stoppling material., Effects due to brem-

straklung, nuclear interactions and meson production have been

neglected,
In the above equation, the quantity of I is given by
ol |
Z log I = 3 fn,1 logeAn’! (2)

where fn,1 are the osclllator strengths appearing in spectre

=2l -



and An,a the corresponding excltation energles. The fn,%'s are

subject to the condition
B st i (3)

i‘; i nn, ‘1
This definition of I by eq. (2) 1s not too useful as the
- evaluation 1s too difficult for systems of many electrons. How=-

34 on the basis of the Ferml-Thomas model of the

ever, F, Block,
atom with several electrons, has shown that I = k Z , where the
constant k must be evaluated emplrically. A value of k = 11l.5
is indicated by measurements of P.R. Wilson,35 This value is used

o for range and rate of energy loss up

in calculations of Aron
to the hundred million volt region for heavy particles in various
stopping media.

The range, R, of the partlicle may be obtalned by numerical

integration

TR L
R(E) = 1{: ( & ) 9E + R(E,) (%)

R(Ee) mey be obtained from experimental data.35’36 This
value may be determined from the range of the particle in air at
the energy E and the experimentally measured ratio of the stopping
power in alr to the mediﬁm in question,

Specifically we consider proton ranges first. The range of
a proton in copper in mg cmif may be obtained by reference to
Aron's range-energy values, as his values are based on the same
relatlons as we have presented. We may convert this to range in

brass in em. by dividing by density, P = 8.49 gm cmé‘,

We may now determine the range of pilons very simply from the

-



range of protons 1in the same material, namely brass.
Given a plon and a proton which we refer to as particles

1 and 2 respectively we may write"

_éEE)__ ziv'NZ]'oge(—f—‘--loge(I-ﬁ')--E')

dﬁ(ﬁ) Zl v' N Z log e E;Z: - log e (1ﬁﬂ') _‘Bn )
8-

where

%%&33 13 collision energy loss for plon

8 collision energy loss for proton
-&%5) 18 collisi loss f to

Z 4 Z are atomic numbers for plon and proton
’ respectively

V 5 V. are velocities of plon and proton
: respectively

N .? N are number of atoms per unit volume of stopping

material for respective particles

Z ’ i represent atomlc numbers of stoppling materials
for partiecles, plon and proton respectively

I ,? I are mean excltation potentials of stopping
materials for respective particles,

Given condltions

ZI=Z-L
N =N
t ]
Z = Z.
] 2
I =1
[ ] ]

d T

(5)



our equation reduces to the expression

dE

S0 Iy ¢ | _as

g =1 G =B (6)
ax(2)

From egquation (6) we get the relation

where RngE) is range of piﬁn at an energy E, and Rp (Eﬁ E)

signifies the range of the proton at an energy ;ﬁ E .

Application of the above relation to our speclfic case glves

Rﬂ’ (122 MB‘V) = ?Eﬁgl Rb1 (2'? 6 4 122 MBV) (8)
R (122 Mev) = .1502 Rp_(841 Mev) (9)

Reference to Aron’sltable of ranges glves a value of 370.9
gm-cm® for range of a 841 Mev proton in copper. Insertion of
this value above ylelds

R (122 Mev) = 55.6 gm-om®. (10)

B. Corrected Ranges of Plons

The true range can be determined by making correctlons
described in the sectlion on experimental results., The relation
obtained is that the true range, R, 1s equal (Rem' 7.05) 1,064
+ 17.78 mm., where Rea is X coordinate position as read on
the microscope and 7.05 1s microscope reading at front edge of

the emulslon.

Insertion of the appropriate value gives for the range of

- 23 -



122 Mev pions in brass
R = (53.1 - 7.05) 1.064 + 17.78
R= 66,78 mm.
Insertion of density of brass, 8.5 gm/cm’ vields a range of
56.7 gm-cm®, This compares favorably with the calculated value

) 3
of 55.6 gm-cm® obtained using Aron's range-energy relations.

e o



Vi. TOTAL NUCLEAR CROSS SECTION

The total eross section for nuclear absorption and large
angle scattering can be determlned by the decrease in flux of
mesons incident on the absorber face, VWithout the absorber the

flux is N:( E). Insertion of a thickness t of brass reduces

this to CNOL 4
M=N o & (1)

where / 1s the density, N 1s Avagadro's number, A is the atome®
ic welght and © 1s the total cross seétions
Mesons traversed a thlckness of brass, were slowed down

and observed at the end of thelr range in nuclear emulsions,

- Hence in this caleulation, t corresponds to the measured range

of the meson in brasse

The total number of mesons observed in emulsion, N: »
mey be obtained by apprlylng apvropriate correctlions to ihe numbeyr
actually seen. The number, N; s of mesons expected to stop in
the emulsion may be determined by using the calculated value of
the fraction caught, as explained in the sectlon on detectlon
efficlency, and multiplying by number of mesons recorded by
counters,

Specifically we will calculate the total nuclear interac-
tion cross sectlon for negative pions first, The total number
of negative plons found is the number observed, 236, divided
by 0.73 to account for zero prong pions and also divided by
0.605 to acecount for the fraction of total reglon scanned., This

- 25 -



glves a total of 535 mesons for N; .

Readings of the recorder tape of 15.2 for D' and 26.9 for
D’ yleld 32,3 watt-min., for a two minute run of the negative pion
beam., This is converted to mesons counted per square lnch by
multiplying by the number of counts per watt-minute for the m
beam, namely 20,372. The value so obtained 1s 658,000 mesons
counted / in®., The fraction caught as previously determined
1s 0.3 x 10°®, Hence the number of m mesons in the emulsion is
0.30 x 107 (6.58) x 10° = 1,974.

We substitute these relations 1ln eq. 11 applying at the same
time a 7% correction for beam contamination and a 10% correction
to numbef of mesons observed 2s the criterlion for acceptance
of mesons allows us to cover only 0.9 of emulsion depth.

-a'(6002 X 12‘3) 805(6068)

535 _ 1974(.93) e > (12)

L a‘ ¢

324 =752 210 0 (13)

2,303 108 .324 = -.524 x 10%%, (14)

2.303 (.480) x 10°%* = ©& (15)
524

o = 2,14 x 107%% cn® or 214 mb. (16)

Recorder readings for positive plons for a ten minute run
yield 103.65 watt-min. This ylelds 139,417 mesons counted / in.®

0.3 x 107% (1.39% x 10°) = 418.2, N,

The total number of positlive pions seen was 55. The corrected
number obtained was 55/.605 or 91. Applying the muon correction

factor as well as factor dependent on depth scanned we get

- 26 =~



= geilh X 1024 (17)

.03(.9)418.2
5.303 log 25.81 = -.52% x 102" (18)
2.30 G 882) x 10~2% = (19)

-2k
= 2.58 x 10°° em® or 258 mb  (20)
The total nuclear cross section which we have determined
experimentally differs from geometrical area and the results

15,16

of others by a féctor of about two. This difference is
probably attributable to the fact that the meson beam imping-
ing on the absorber may not have been large in transverse
dimensions compared to the root mean square displacement that
the mesons underwent in reaching the end of their range. The
ion 6ptics of the Chicago meson beam as well as can be judged

in retrospect was such as to give uniform irradiation for

dimensions of one inch.

P
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Figure 1, Experimental Arrangement
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Figure 2. Distribution of m~ Mesons
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Figure 3., Distributlon of n’ Mesons
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Figure 4, Distribution off Mesons
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