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THE SCATTERING AND ABSORPTION OF POSITIVE '
P1 MESONS BY ALUMINUM
Jar_-__nes Frueh Tracy
(Thesis)

Radiation Laboratory, Depaftment of Physics
Umvers:.ty of Ca11forn1a, Berkeley, Cahforn1a

November 16, 1952

ABSTRACT

The interaction of _1r+' fnesons ‘with alufninum has been studied -
by using a“clo‘ud, chamber containing five 1/ é_-inch aluminum plates
in a 5200-gauss field. Me son energies ranged from 25 to 100 Mev
(average, 49 Mev). p. contammatlon was 13 percent, Positron
conta.mmatmn was neg11g1ble. 20 stops, 34 scatters>30 , and
57 stars were observed. All stops are reasonably accounted for
by scatters and stars hidden by the geometry. One event inter-
preted as an inelastic charg‘e exchange scatter was observed. It
consisted of a 1- prong star a.nd a 70 Mev electron-positron pair
in coincidence. The cross sectmns rise steeply with energy. The
scattering (elastic plus 1nelast1c) is very roughly isotropic except -
for a d1p in the 60° to 90° 1nterva.l and possibly for one in the 120°
to 150° interval. Corrected absolute cross sections for the 25-45,
45-70, and 7_0-_100 Mev interVals; respectively, are: o-(scat), 70 *
23, 312 4 74, and 216 # 82 mb; o(star), 176 # 37, 299 % 62, and
332 £100 mb; and o-(tota.l), 246 * 43, 611 x 95, and 548 % 129 mb.

Detailed results, w1th a dlscussmn of errors and a de scription of

experimental apparatus and procedures, are given.
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| THE SCATTERING AND ABSORPTION OF POSITIVE
Pl MESONS BY ALUMINUM T

James Frueh T racy
(The 31s)

. Radlatlon Laboratory, Department of PhyS1cs
Un1vers1ty of Cahforn1a., Berkeley, California * °

November 16 19 52

' INT-RODUC TION -

At the present tlme, the outstandmg problem of nuclear physics

is understanding the nature of nuclear forces° In 1935 Yukawal pos-

tulated the existence of a new unstable part1c1e as the bas1s for an

-exchange force between nucleons. In analogy with electromagnetlc
. theory, each nucleon is con31dered to have an assoc1ated '""meson
~.field.'" The new particles (mesons) are the quanta of this field.

The short-range character of nuclea.r forces requires that the

meson have a f1n1te rest mass. Yukawa. predlcted its mass to be

intermediate between the electron and proton masses. In order to

_ satisfy conservation of charge., these mesons would be required to

- carry positive or negative electronlc cha.rges S .

Two years later, it became clear that just such an inter-
med1ate -mass partlcle ex1sted in the penetratmg component of
cosmic rad1at1on 23 It was at first 1dent1f1ed with the Yukawa
particle but, during the followmg decade, it bechme 1ncreasmg1y

apparent that d1stress1ng d1screpanc1es existed between the theo-

‘ ret1ca1 predlctlons concernlng some of its propertle s, and the

exper1mental facts The exper1menta11y observed lifetime of this

particle - subsequently termed the mu (p.) meson, or muon - was.

~‘much too long; its absorptmn by nuclear matter ‘was much too

weak, part1cu1ar1y since the 1nverse process of productron ap-=
peared to proceed so strongly m cosm1c rad1at1on

The se difficulties were resolved in 1947 by the d1scovery

of a more primitive: partlcle - the p1 (1r) meson, Or p1on *~ The

discovery of the mw-pu decay sequence established the genet1c re-

lationship between pion and muon. It was thus the pion that was
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produced in such abundance inthe cosmic ray events of the upper
atmosphere; the muon o’bserVed in the penetrating component of
cosmic radiation was merely a secondary product, and re sulted |
from the rapid decay of the pion. - o | '

.The‘ artificial 'producti'on" of ‘me sons in 1948, at _Berkeley'6
and their identification with the oo smic-ray pi mesons opened the
way to a more controlled and intensive experimentation into the
field of meson physics. Attention has since-centered primarily
upon the'pion. Early work: mainly concerned the processes by

. which mesons were produced An exper1menta.1 understandmg
of their productlon made it fea81b1e to, obtain me sons 1n collimated
beams that could be used for scattermg and absorptmn exper1-
ments, ‘ ‘ '
» To be spec;.hc with regard to the present exper1ment,, by
1950 Richman, W11cox, and co- workers had produced a relatlvely
high mtens1ty, 54 Mev beam of 1r+ mesons in the external 340 Mev
~proton beam of the 184~ 1nch Berkeley cyclotron, It appeared pra.c-
_ ticable to brmg these ime sons outside the cyclotron radiation
shielding and into a magnet cloud chamber, w_here their scatter-
ing and absorption by nuclear matter could b.e‘:studie'd, The meson
' flu:x and the estimated int‘eractiou cross sections appeared such
that a significant number of events could only be produced in a
solid target, however, One w0uld have preferred to undertake
the more fundamental problem of inve st1gatmg the interaction
of mesons. with protons or deuterons, but these 51mp1e nuclei
are not available in solid form in the pure state, and would nec-
essarlly ha.ve to be: 1ntroduced 1nto a cloud chamber in the form
- of gaseous hydrogen or deutenum, which would have reduced
the data rate by a factor of 1000,

. The choice of alumlnum as a target material was made
somewhat arbltrarrly It was: de sued to use a- fa1r1y 11ght (low
Z) nucleus in order to minimize coulomb scattering. Aluminum
satisfied this requirement and-is*a’lsova solid, readily available

and convenient to handie._ _ From the pr'aot'ical standpoint, too,
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aluminum is a material frequently employed in experimental equip-

ment for thin windows, collimators, absorbers, as a structural

_material, etc.; whose cross-sectional data would be useful de sign

: 1nfo rmation.

. It was first planned to pe: rform th1s experlment w1th a
8-11

* (continuous) diffusion cloud chamber because it was, expected

that the data rate could be greatly increased over that obtainable’
with a conventional (expanswn) chamber. Because of the dif-
ficulties encountered and the pressure of time the work was “
eventually performed with the conventional chamber. |

- . It should be po1nted out that many other experimenters

have also been studying meson interactions. . There is now a_

'-c'onsiderable amount of data on both interactions with nucleons,

and interactions,w‘i‘th complex nuclei. Much more data is still

needed, of course,‘A to fill in and extend the broad outlines of

current knowledge. Reference to some of the published results

'will be made later under "Discussion'.

RESULTS

The results obtained for the interaction of positive pi

-mesons with aluminum are presented graphically in Figures 1 and

2, and numerically, in somewhat more detail, in Tables I, 1I, and
1. Add1t1onal information is pre sented below.

It.is apparent that the absolute scattering,: star, and total
cross sections (Fig. 1 and Table I) have a rapid rise with energy

and that the total cross section equals the nuclear area [(rA) /3

' ~550 millibarns, r=1.4x10 -13 El in the 60 Mev region and

drops to half this value near 30 Mev, It is not clear whether it
continues to rise, levels off, or eventually drops down again be-
Srond 60 Mev. The star production cross section is about 50 per-
cent greater than the scattering cross section,

Within the statistics, it appears possible to characterlze
the nuclear scattering as isotropic, although there is definite

indication of a minimum between 60'0_ and 90° and the possibility
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of a second minimum between 120° and 150° (see Fig. 2) The dif-

ferential scattermg cross section, averaged over all energies and
all angles>30 , is12.9 £ 2. 2 millibarns (Table II). The small
angle scattering appears to follow the theoretical single coulomb
scattering predictions reasonably well The data are too course
to draw conclusions about the. 1nterference between coulomb and
nuclear scattermg

The data presented in this paper refer to the laboratory
system. For all practical purposes - and far within the experi-
mental uncertainties - 'this is, however, the same as referring
the data to the center-?o,f=r.na.s.s system; the mass of the aluminum
nucleus is 180 times the meson mass and the c.m. velocity is,
for example,  less than 1/200 that of the colhdmg meson when the
latter has an energy of, say, 50 Mev.,

In Table I ‘stars are llsted as elther l-prong or 2-prong.
Among the stars 11sted as. Zeprong there are included one that
actually had three prongs .and another one that had four prongs.

It is pre sumed that many of the stars emitted more than two ion-
izing fragments, but, that these add1t10na1 fragments were too
slow to escape the alumlnum platesé Of the 83 star prongs that
were observed, 49 were 'fast" and 34 were "slow'. The great
majority of prongs app'eared to be protons; for purposes of es-
timating prong energ1es, all were assumed to be protons Fast
protons were those est1mated to have energ1es> 30 Mev and
slow prongs were those estimated to have energies <30 Mev.
The angular distribution of the fast prongs was i‘s‘otropic;

their forward to backward ratio"being 24:25, The slow prongs,
on the other hand, were predommantly forward; the1r forward
to backward ratio being 25:9.

It is of interest to note the number of 2-prong stars
whose p-rongs were in approxxmately opposite directions. Al-
together, there weére five staré in which the prongs were op-=
posite to within 30°. In three cases, where both prongs were

fast, the included angle between the two prongs differed from

Ry
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1800 by 160, 280, and 3’00, respectiVely, In two other stars, with one

fast prong and one slow prong, the included angle differed from 180°

| by 16° and 29° re spectively. For the first case (two fast prongs and

16°) the geometrical weight was 1/6,5, i. e., 5.5 similar events were

probably hidden by the geometry. (See Appendix 111 for an explana-
tion of the meaning of geometrical weight.) In the other four cases
the geometrical weight was unity. The first case is shown in Fig. 19.
- Of the many events bph.otographed in the chamber, only one
was strikingly unusual, It is shown in Fig. 14, An 88 Mev pion en-
tered the third plate and a proton of approximately 51 Mev was ejec-
ted nearly straight forward (@ = 6°). In coincidence with this "1-
prong star'" there is a 70 Mev electron-positronpair. Thatthis was
an accidental coincidence is highly improbable.v' This évent is inter-
preted as an inelastic charge-exchange scattering; the decay of
the neutral pion gave rise to the electron pair. This event is ana-

lyzed more fully under nDiscussion - The Unusual Event'.

\
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Fig. 1. - Absolute Cross Sections for the Interaction
of Positive Pions with Aluminum

The data are based upon 11l events, which inc_lude'd scatters}SOo, stars
and stops. The stops have been apportioned between the scatters and
stars in accorddnce with calculated geometrical corrections. The scat-
tering cross sections have been extended to include the angles frgm 0

to 300 " by using the average differential cross section between 30" and
180° to obtain a total scattering cross section over 4m steradians. No
distinction between elastic and inelastic scattering events has been
attempted. Standard deviations, based upon statistics only, and energy
groupings are indicated for the abscissae and ordinates, respectively.

(oz:otal = Ostar + c;;cat)"
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The plotted pov’.in&s are experimental values based upon 114 scatters be -
tween 10° and 180° £34, hetween 30° and 180°) of pions having energies
between 25 and }00 Mev fmean enexgy & 49 Mev). Standard deviations
based upon statistics, and apguljar groupings are indicated, The solid
curves represent thegretjcal single goulomh scattering at two different
energies for comparison purposes. The inset reproduces a portion of
the same data to an enlarged ordinate scale. :
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Table 111 = Data on the Total Amount of Aluininufn

Traversed by the Me-sen Beam

Energy Mean Total Path ‘C'orre‘c'tion .~ Corrected Cross Sec~ .
Interval Energy of Accepted for Muon Path tion per
(Mev) (Mev) - Tracks . Contamination (g/c'm Al) Event
- (g/cm? Al (g/cm? Al) ' (millibarns)

25-45 36.1% 7,800 -;498(:33°7o) 7,300(x2%70) 6. 14
45.70 54.7 5, 180 1, 350(¢33%70) 3, 830(x12%70) 11.7
70-100 81.5 2,330 . _ 570(233%0) 760(&11070) 25,5
(Total) I o -

25-100 49,3 15,310 2, 420(¢33%70) 12,890(:6070) 3,48

By "mee,n energy'" '(second colu'nin) is meant the average energy with

‘ ‘respect to g/cm2 of alummum traversed The uncertainty in total -
(uncorrected) path is less than one percent. The 33 percent mu con-
tamination uncertainty is an estlmated max1mum. The '"cross section
per event" (right- hand colum.n) was computed by assuming one event
‘over the corrected path in each energy interval; the uncertainties.

are those of the corrected paths.. These data. when mu1t1p11ed by

the appropnate numbers of events. g1ve the re spectwe Cross sec-
tions in Tables I and II. (The total number of acceptable tracks .

upon which the above data are based was 3976, correspondmg to

- 15, 359 pla.te traversals )
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'DISCUSSION

Slow Me son Nuclear Interactlons.

The development of nuclea.r emulsmns sensitive to’ particles
of low ionization made poss1b1e the d1scovery of the T—p decay se-.
quence in cosmic radla.tlon. 45 Much of the early work in the study
of pion- nuclear inteéractions: was done with thése emulsmns. 1z, An
essent1a1 difference 1s noted in the behavior of negatlve and po sitive
pions that come to rest in the emuls1ons. The negative p1ons e1ther
produce ”stars” d1sm.tegrat10ns of nuc1e1 present in the emulswn -
or simply disappear. The p051t1ve pions 1nvar1ab1y decay into muons.
The explanation of thlS d1fference in behavmr lies in the 1nab111ty of
slow positive pions to penetrate the repuls1ve coulomb potential bar-
_‘r1er of the nucleusé Therefore, they remain outside nuclear matter
and decay 1n1:o muons. The negative pion, ‘conversely, ‘experiences
‘an attractwe potennal a.nd 1s captured in'a time very short compared
_W1th its decay 11fet1me, 1t Just has not suff1c1ent time in Wh1ch to
,‘.undergo mu-= decay before bemg swallowed up. '

| Once: 1ns1de the nucleus. the meson may be conS1dered to be
ca.ptured by a proton wh1ch 1s part of, say, a deuteron or an alpha-

‘ part1c1e subgroup.13 _14 ‘The proton is transformed into a neutron
(v + p__,.n + K. E. ) that receives, as k1net1c energy, half of the 140
Mev meson re st-mass energy. To conserve ‘momentum, another
.part1cle in the subgroup, e1ther a neutron or a proton,' receives the
other half of the 140 -‘Mev - or 70 Mev. Thus, in the pr1mary absorp-
tion event two fast nucleons, moving in opposﬁe d1rect1ons ‘and each
~ with about 70 Mev energy, are created ‘These may escape directly,
leavmg the residual nucleus ‘with only a small excitation, or both
primary nucleons may suffer energy degradat1on by c0111s1ons with
other. nucleons on the way out, thus causmg one or two additional
fast nucleons to be eJected and/or leavmg the residual nucleus in

a hlghly excited state., . This re sidual exc1tat10n will be dissipated
by the subsequent "'boﬂmg off'" of slower fragments. One of the

pr1mary fast nucleons is alvvays a neutron (smce the capture of a
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negative pion is bei.ng considered) and often the other is also. In this
latter eyent, both neutrons may escape without collisions, or may
make only collisions y1e1d1ng add1t10nal neutrons; and, since no ion-
1z1ng..partrcles are _emltted such an event will appear as a meson
disappearance or v"vsto'p'l- - o

Fa.st Me son. Nuclear Interactmn.

The a.bove p1cture (for stopped mesons) is also useful for
the 1n31ght it gives into the nuclear interaction of mesons in flight.
. The consequences of the absorption by a nucleus of a 50 Mev ''fast'

meson’ should not be too dlfferent from those of the absorption of
a "slow' me_son after commg to rest. The meson rest mass w1ll
still'be the major contributor to the energy released. Here there
is, however, the possﬂ:ullty of the absorptmn ‘of positive, as well
as negative, p1ons becauSe the repulswe coulomb potent1a1 bar-
rier is now low relat1ve to the pion kinetic energy, and from charge-
Symmetry cons1derat1ons, one expects positive p1on events to
Ymirror"’ negatwe plon events, 1. e., neutrons to replace protons,
and vice versa. In the case of fast mesons one,’ of course, ex-
pects scattermg events, in add1t1on to absorptmn events.
‘ -As sugge sted in the 1ntroduct10n, the artificial product1on
~of me‘sons into beams*'that could be brought outside the radiation
shielding of accelerators made possible the use of cloud chambers
" for studying meson 1nteract10ns. Electronic techniques have also
been mtroduced by several experlmenters and nuclear emulsmns
contmue to be used (For an excellent review art1cle and an ex-
‘tensive bibliography, see Marshak 15)
Recent work, in add1t10n to studies on interactions with
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complex nuc1e1, S 1ncludes successful attacks. using electronic
techn1ques on me son 1nteract1ons ‘with free nucleons. 22-29 One
-group has even used a diffusion cloud chamber for me son—proton
and meson- alpha-partmle exper1ments 30,31

Most expenmenters have used pions w1th energ1es be-
tween 50 and 100 Mev, Work has been done with pions of both

"signs, but that with negative pions predominates. The general’
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features of pion interactions with a wide range of complex nuclei -
are shared by both positive and negative varieties.. The tda;ai Cross
sections (in the above-mentioned energy interval) are approxima-
tely equal to the nuclear ar‘eas‘ (geometrical cross sections); in-
elastic events(i. e., absorptions and inelastic scatters) occur some-
what more frequently than elastic (scattering) events; and there is
a high probability for large ‘angle, single scatters,” There is at’
least one marked difference between the two signs, howe;v‘er." A
large fraction of negative pion absorption events are disappear-
ances, while few, if any, of the positive pions suffer disappear-
ances. This difference may be understood by noting that a pos-
itive pion always produces within the hucleus at least one fast
proton; while a negative pion similarly always p_roduées at least
one neutron. When the second fast imcleo'n is a neutron also, the
négative pion may suffer a disappearance.

More recently, éSpecié,liy with observations on hydrogen
and deuterium, it has been found that the total cross section in-
creases rapidly with energy up to energies of 100 or more Mev.

Beyond 100 Mev the cross section begins to level off, 17, 24, 25,

21,28 At very high energies - at 920 Mev, obtained in cosmic
rays - the total cross sections on carbon and lead have dropped
down to about 75 percent of the nuclear area,,3»

"Comparison of Results.’

‘The results obtalned in the present experiment (Flgs, 1
andVZ‘, and Tables I and II) are in general agre_emen_t w11;h the
statements made a,bove° A direct comparison with the published
data on total cross sections for a]l.uininum can be made. Camac
et al., 20 apparently using equal numbers of positive and negative
pions of about 45 Mev, obtained 480 %140 mb; Chede.ster et al.,
using 85 Mev negative pions, obtained 623 # 25 mb; and Martin
et al..j , 23 using 109 Mev and 133 Mev negative pibr_l,s, obtained 590
£ 60 mb and 580 % 50 'mb ‘respectively. The author"s'results
are in agreement with these data. It will be noted that the re-

sults of Martin et al. indicate a leveling off beyond s.ay' 100 Mev.
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Camac et al. ZQ have also separated star event_s from scatter-
ing events, Unfortunately, they did not distinguish between scatters
and single-prong stars (they lumped these together) because the two
kinds of events in the a.bsenoe of a magnetic field had similar ap-

- pearances in their cloud chamber. With this restriction they ob-
served six stars and nine scatters >20°, which is in rough agree-
ment with the author's corrected data; i.e., 38 Zeprong stars and
73 l-prong stars plus scatters >30

Byf1e1d et al. 21 have made a magnet cloud chamber study

of both négative and positive 62 Mev pions on carbon. They have
distinguished elastic from 1ne1ast1c scatters and, for positive pions,
have obtained 0‘(-.e'ta'r) = 153 + 22 mb, o (elastic scattering) = 89 %

10 mb, ‘and o-(inelastic scattering) = 15.% 8 mb. If their elastic and
inelastic scatteriﬁg cross sections are combined, one finds the
ratio of star events to scattering events to be 3:2, This is pre-

-cisely the ratio the author has, obtained for aluminum. A further
interesting companson can be made: Byfield et al. 21 list also
the proton star prongs >40 Meyv, The ratio of number of fast
prongs to numbe'xv' of stars is 161:153 (=1.05), The like quantity for
the author®s experiroent is 49:67 (+0.73). This difference between

_carbon and aluminum is not surprising; fast protons a.re{more like
ly to suffer collisions and, hence, to be deg_ré.ded more in energy
when leaving the larger nucleus - aluminum.'’

In the present work all of the 20 .stops observed (i.e.,
disa;ppeara.nc.es - see Table I) were assumed not to be tfue dis-
' appearances but, rather, stars and scatters that were hidden by
" the geometry, This assumption seemed reasonable because all of'
the obsérved stops could be accounted for by the geometrical cor-
rections. a‘pplie'd to the observed stars and scatters. The i;(alidity
of the assumption is further substantiated by the work of others in
studies of fast positive pions in emulsions. Bernardini and L,evy]'7
observed no disappearances ixvi,the course of finding 41 scatters -
>40° and 118 stars. ,Simila.riy, "Rankin and Bradne rl9 discovered
‘no disappearances while finding five scatters> 390 and 11 stars. |
Theoretical Models '

Under ""Results' it was remarked that a number of two-
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prong stars were of such character that the p-rongs came off in ap-
proximately opposite directions. This:phenomenon has been reported‘
_ 17, 21 and it has been pointed out that this is evidence favor-
ing a model propos.ed by Brueckner, Serber, and Watson. 33 These
authors have suggested that a positive pion is absorbed by a neutron
in the nucleus and the recoil is taken up by an adjacent nucleon.
-_ Both the nedtrothhrnedeproton and the recoil pucléon: are then
ejected in opposite directions with 70 Mev kinetic energy each from
their position in the nuclear structuré, This is not unlike the mo-
dels suggested by Pe:c'kins13 ana Ta.mor]'4 for the absorption of stop-
ped negative pibns as refeired to ea‘i"lier in this discussion, _
Another model which has been used to describe both scatter-
. ing and absorption is that of Fernbach, Serber, and Taylor, 34,35, 21
This is the so-called optical or transparency model,. One imagines
a meson plane wave impinging upon a sphere characterized by a re-
fractive index and an absorption coefficient. The refractive index
is related to the potential that the meson encounters upon entering
the nﬁcleus; the absorption coefficieht is related to the absor_ption‘
mean free path for mesons in puclear matter. In such a model the
“meson wave experjences a phase shift and an attenuation in tra-
versing the nucleus. The experimental dip in the differential
scattering cross section found ‘within the 60° to 90° interval -
(Table 1I and Fig. 2) could be interpreted as a diffraction minimum
due to this effe¢t, (There is possibly another dip within the 120°
to 150° interval), '
h It will be noﬁed that the models mentioned above use pheno-
| menological approaches, (;See also Jc»hnson36 for a third phenomeno- -
logical model,) The necessity for such phenomenological methods
is dictated by the inability of meson field theory to deal effectively
with complex nuclei in a direct way. It also points to the prob-
ability that studies of the interactions of mesons with complex nu-
clei are more likely to yield information concerning the structure

of t,‘he'nu_cleu.s ‘rather than the role of mesons in nuclear forces.



The Unusual Event . -

This dlscussmn will be concluded with a few remarks on the
inelastic charge—exchange scatter (11' + n——yp + 1°) of Fig. 14. This
event might also be mterpreted as a radiative capture process (1r+'

+ n—p + y), wherein the photon is conyerted into an electron-pos-

19

itron palr in the aluminum. As Rankm and Bradner have pomted_
out, this latter eventuahty is very unlikely. The inverse photo-
meson production cross section is extremely isma113_7 and one can
infer from detailed balancing arguments that radiative capture is
also extremely unlikely. | |

The coincidence of the l-prong star and the pair m1ght have
been accidental. This is also extremely unlikely; one can estimate
the probability of an acmdental c01nc1dence from the fact that per-
haps 30 h1ghaenergy pairs. occurred in the 600- odd pictures scan-
ned. If one assumes, conservatwely. that the pair and the star
had to intersect within the sa.me 0.2-inch square section of alum- '
inum plate before they wou.ld appear to be in '‘coincidence', then
the accidental rate per star for such comadences is 1072 . This
probability is reduced much more when one takes into account that
all the other pairs seen in the chamber pomed back toward the. CH
ta.rget source (Fig. 3), i. e, ; were produced by gamma rays origi=
nating in the cave. The pa1r in Fig. 14 is almost at 90° to the tar-

- get direction and could: not have been created by a gamma ray from
.that source. .

One can only conclude that the pan' was the result of a neu-
tral pion decay associated with the one-prong star. (The neutral
pion mean life is less than 5 x 10 14sec. 38 and the 1° could not
have traveled more than 10 3cm before decaying.) The neutra.l
pion's normal modeli-oi deeay is into two gamma rays of 70 Mev
each in the center-of-mass system° Since a radiation length
in aluminum is 9.7 cm, it is read11y imagined that among, 8say,

50 charge-exchange scatters one of the 100 photons would pro-
duce an electron-positron pair in the aluminum that could be ob-

served in the chamber,» It is, therefore, poss1b1e that a number
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of the l-prong stars observed were associated with inelastic charge-
exchange scatters, h

The electron pair might also have come directly from the
neutral pion decaLy,(39 Steinberger‘m has very recently found that two
percent of neutral pion decajrs result directly in an electr__oh pair and

a single gamma ray -.in competition with the two-gamma process.

EXPERIMENTAL PROCEDURE

The experimental procedure may be divided into two parts:
" (1) the production and recording of events and (2) the measurement
and reduction of the data., ‘

Summéry. , _ _

. Briefly, 1r+ mesons. (_po,sitive pions) of about 50 Mev energy
were produced by bemba,rdin'g a polyethy'lene‘ target with a 340 Mev
puis.ed proton beam. These pions were turned 90° magnetically

A>and channeled through suitable collimating apertures into an array
of five .pa.rall_el aluminum plates inside a Wilson cloud chaniber_.
The chamber itself was in a 5200~gauss magnetic field.. Meson-
induced events occurring in the chamber were recorded by a stereo-
scopic camera, These stereoscopic photographs were thé_n repro-
jected upon a movable screen in a manner permitting the original
three -dimensional configuration of events to be observed and meas-
‘ured. By a sampling procedure the energy spectrum and total
path lengths for mesons traversing'the aluminum plates were
-determined, Finally, after counting the events, applyﬁng certain
geometrical weighting factors, and making allowances for contam-
inating particles in the pion beam, the desired scattering and ab-
sorption cross sections were obtained. The details of this.pro- '
cedure are outlined in what follows. - - '

Production and Recording of Events,

The experimental arrangement is indicated in Fig. 3.

Production of the Meson Beam. The external deflected pro-

ton beam of the 184-inch Berkeley synchro-cyclotron traverses the

concrete radiation shielding of the cyclotron through an evacuated



CLouD

CHAMBER

‘ALUMINUM

PLATES

Wl

MATERIAL
ALUMINUM
BRASS
CONGRETE

- LEAD

SOFT STEEL

-23-

. CAVE SHIELDING
MAGNET COiL .
MAGNET YOKE 7 -

CAMERA LIGHTS

POLE FACE OF
STEERING MAGNET

NUCLEAR PLATE

HOLDER

’f'\ g
HOLE IN % CHe

TARGET
CONCRETE

PROTON' BEAM

.184 - INCH . CYCLOTRON
. : . SHIELDING

MU 4259




=24 -

collimator and enters the '"cave' - a sma.'ll room defined by five-foot
. thick concrete walls - with an energy of 340 Me‘v41 and circular cross
section two inches in diameter. The protons were used to produce

' positive pions in an arrangement used by Richman, Skinner, Mer-
ritt, and Youtz_.42 ‘The protons are caused to strike a two-=inch
thick polyethylene (GHZ) 'targft_.f The pions of most interest are
those created in the p + p—sm +:-d reaction which has a particularly
large cross section per. Mev per steradian in the forward direction.
7,43 Pions coming off in the forward direction have a line spectrum
at 69 'Mev_. Positive pions are also created in the; reaction p + p—
: '1'r+’ +n +v p, with afr‘naxir’num ener.gy of 64 Mev, and from protons
“on carbon in the target with energles ranging to well over 100

. Mev 44 45, 46 :

| Richman, et al., 42 also using a two-inch CHZ target, ob-
tained a SPe'c'.trum for mesons in the forward direction peaked at

54 Mev and with a width at half-maximum of 5 Mev. The spectrum
- measured at the cloud chamber in the present experimenf is in#
dicated in Fig. 4; t_h_é,nﬁaﬁcimum occurs at'a .1ower energy (44 Mev)
and its half width (14 Mev) is greater, -The lower peak energ}.f'is

. partly accounted for by thq 3 Mev ionization loss in the long air
path (175 inches from target to cloud chamber) and the l/8=inch
plastic, cloudachamber wall., ‘It was, however, brought about l

B largely by the wide aCCeptaace angle g1ven the meson channel at

the target, as will be expla1ned _

The energies of mesons. from the p-p reaction drop off
rapidly as the angle, made by the meson with respect to the inci-
dent proton beam, iin.crea.sas, 7'.47 It is to be exp.ected then that
the superpo'siition‘o.f the meson ene,rgy;‘sp‘ec'i‘:r__a for various angles
about the forward direction would p'ro_dﬁc.e a composite spectrum
having a lower and broader energy peak, in agreement with Fig.
4. The wide acceptance angle at the target seemed necessary in
order to obtain at the chamber a reasonable number of mesons

(10 to 20) in each 'i.)ictu'r.e9 In addition to its éffe_csts'on’ the spec-
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These data are based upon a sample of 628 accepted tracks measured
before the first plate. Accepted tracks satisfied certdin criteria re- -
garding ionization, position, and direction intended to identify- them

as positive pions, but which did not exclude positrons and positive

muons of acceptable Bp. Positron contamination was negligible.
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The energies plotted for the p° contamination are the energies of

pions having the calculated muon Bp's. Standard deviations and’

energy groupings are indicated for the accepted tracks.
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trum, mentioned above, the wide acceptance angle allowed mesons of
higher Bp (momentum) to reach the chamber. These high energy
mesons, evinced by the high energy tail in Fig. 4, were produced by
protons on the carbon atoms in the target.

% Beam Collimation. As indicated in Fig. 3, the CH, target

was placed between the horizontal pole faces of a IL,arge steermg
magnet, The magnet air gap was 3.9 inches high and had a field
of approximately 10, 000 gauss, which turned the mesons through
90° and directed them out through an 8 x 24-inch tunnel in the
cave wall and into the cloud chamber outside. The meson traject-

ories were surveyed by extending a very flexible stranded copper

: ‘w1re, under a measured tension, from. the cloud chamber to.the

CH target while a predetermmed electric current was pa.ssed
th’rough it. The path of the wire in the magnetic field of B gauss
then corresponded to that of a meson havmg a Bp (=10T/I) gauss-
cm; T is the wire tension‘ in dynes and I is the wire current in
amperes, The p]La,cemem: of the brass-lined meson channel in the
magnet was determined by this survey, The channel had an aper-
ture of 11 x 3 inches at the edge of the air gap. Lead bricks and
concrete block_s‘ were used a"dditionaMy to reduce the amount of
unwanted ''spray' from the proton beam from reaching the cham-
ber. Lead bricks were also used at the entrance and exit of the
tunnel in the cave wall to form cellimating apertures for the mes-
on beam of 1le1/2 x 4~=~3/8.,'; inches and 13 x 4 inches, respectively.
(A schematic diagram of the meson beam geometry is shown in
Fig. 5.) " | ;
Cloud Chamber and Aluminum Plates, The Wilson cloud
chamber used (Figs. 6 to 9) was developed by Powe].l48 and has

been used by him an others. for a number of experiments. It is .
22 inches in dlameter,, ‘has a sensrﬂ:we reglon, 3 1L/2 inches deep,
and has an expansmn ratio that is pressure controlled. It fits
into the.six-inch gap of a magnet48 ca_,peble of producmg 22,000
gauss ‘when pulsed and 8200 gauss in stead*j=state .operation.

A compromise 5200-gauss steady field was used in ‘this ‘exp'erie

ment. A higher field was desirable to increase the curvature of

A
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Fig. _v5. - Schematic Drawing of the Meson Beam

The mesons originate in the polyethylene target at the right and travel
toward the left: until those which the cdlimation permits enter the
cloud chamber. The magnetic fields have been removed in this dia-
gram, and the actual curved paths of the particles have been replaced’’
by equivalent straight paths. ' '
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Fig. 6. - 22-inch Cloud Chamber Assembly

This schematic dfawing indicates the arrangement of magnet, cam-
era, and lights. The cloud chamber and lights shown are actually
earlier versions, which have been subsequently modified slightly.



Fig. 7. - 22-inch Cloud Chamber

This view shows the light boxes at either side, and the portion of the
transparent plastic cylinder through which the meson beam entered.
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Fig. 8, - Aluminum Plate As sembly

The cloud chamber top glass has been removed to show the five 1/8-
inch aluminum plates, and the 22-inch diameter transparent plastic
cylinder which constituted the side wall of the chamber.



-

Fig. 9. - Top View of the Cloud Chamber

Shown are the strips of black masking tape placed on the upper sur-
face of the top glass to hid® the camera lenses from the light flare
diffusely reflected off the sides of the aluminum plates.
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the mesons and thus make possible more accurate measurements of
" their momentum; a lower field was needed to reduce the curvature
in order that mesons might more reédily enter the chamber. :Avlo._wer
field also has the advantage of permitting a more accurate measure- -
'mént of scattering angle. The cloud chamber a‘xlld' light boxe'sv (Fig.
7) are thermally isolated from the surrounding'air by a half-inch
“thickness of felt. (1/8-inch felt was used where the meson beam
entered,) Itis isolated from the magnet pole faces by water-
' cooled heat shielding that is automatically regulated to maintain
‘the chamber at constant temperature.

" The expa.hSion of the chamber is pr?o'duCed by the down-
* ward 'motion of a rigid circular diaphram sealed to the side walls

by a ring of sheet rubber. This diaphram is coated with a 1/16-
“inch layer of gelatin blackened by ordinary household dress dye.
‘Such a coating provides an excellent jet black background against
.‘vs)hich_ to see and photograph the tracks in the chamber because -
there is no diffuse reflection of light. . The chamber wall is a
cylinder 22 inches in‘'diameter by'i3'<-1/ 2 inches high and, in the
pre sent expe riment was formed of CR-39 transparent plastic

:shee‘t 1/8-inch thick. ¥ This plé,stic sheet has excellent optical
properties, is highly abrasion resistant, and is resistant to a
wide variety of chemical reagents. In particular; for cloud cham-
ber applications it resists ethyl alcohol, A major fault is the
difficulty with which it is fabricated. A strip of the material
S 3-1/2 inchés wide was closed into the desired 22-inch diameter
.'CYlinder by rriefﬂav,ns of a lap joint precariously bonded with a-
thermosetting liquid resin. ' This resin was polymerized by

the addition of a catalyst and the application of moderate heat. The

_cylinde'r of CR-39 plastic sheet possesses several édva’ntagés in

* CR-39 plastic was developéd by The Pittsbﬁrgh Plate Glass Com-
pany and is manufactured in sheet form by the Homalite Corporation'
of Wilmington, Dealware, and the Cast Optics Corporation of River-
side, California. : S :

*% Available under the ‘de‘signatidn "Astrolite R-350 Polyester Resin

with catalyst'" from the Industrial Plastics Service, Oakland, Calif-
ornia. S ’ .
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comparison with the machined acrylic plastic (Lucite or Plexiglas)
cylinder ordinarily used with this chamber: (1) it is thinner-walled
(1/8, rather than 1/2-inch) and,. therefore, the degradation in ener-

gy, of about one Mev, suffered by mesons passing through it is

smaller; (2) its excellent optical surfaces permit a better illum-

_ination of the interior of the cloud chamber; and (3)its re‘,_si:s‘fance

to ethyl alcohol allows a mixt.ure of ethyl alcohol and wa_tv_e;z,;,to be

used as the condensible vapor. This last advantage accrues be-

- cause an alcohol-water vapor mixture necessitates a smaller ex-

pansion ratio than does water alone, or alcohol alone. 49 Argon
was selected as the chamber gas because of its high specific ion-
ization and because as a monotomic'gas, it requires a still smaller
expansion ratio than does a polyatomic gas. The meson tracks in
this experiment were of nearly minimum ionization. ‘Such tracks
can be difficult to see, at be'St, and a gas of high specific ioniza-
tion helps. The actual expansion ratio with argon anvd the ethyl-

alcohol-water-vapor mixture was 9.5 percent. The expanded

- pressure at equilibrium temperature was 91 cm of mercury.

The five aluminum plates in which the mesons were
scattered and absorbed are shown in Fig. 8. 'ZS commercially.
pure, alu,mlnum hav1ng a minimum purity of 99 percent was

used. The plates were 1/8-inch (0. 858. g/cm ) thick, three in-

- ches high, and spaced at two-inch intervals. - Their surfaces

were polished to improve the illumination between the plates.
An electric clearing field of 100 volts was applied between plates
and between the outside plates and colloidal graphite rings painted
on the inside surfaces of the plastic cylinder. '
The cloud chamber was operated on a one—fninute cycle .
that was controlled automatically. The fast timing sequence was
as follows: At zero sec. the eXpaﬂsion was initiated, 1i. e_.,‘ the
downward motion of th_e d‘iaphram' was begun; at 0.042 sec. ‘,the
diaphram struck bottom, i, e. , stopped; at 0.046 sec. the cyclo-
tron was pulsed and the meson beam entered the chamber; and at
0.083 sec. the lights were flashed and a photograph taken, | Dur-

ing this fast timing sequence the clearing field was shorted out.
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- Camera and' Lights. A conical hole in the top pole piece of the.

magnet permits an automatic motor-driven camera to look down into
the chamber and take paired stereoscopic photographs through twin
50. mm, f/2, Leitz Summitar lenses spaced'4 1/2. inches apart.

The camera is mounted 27-=—1/f,2 inches above the one-inch thick tem-
pered plate glass top of the chamiber. . The photographs are taken in
sequence on 100-foot rolls of 1. 8 inch wide Eastman Linagraph Ortho
film, which is developed to. maximum contrast. The chamber is
illuminated from oppos‘ite sides by 'light boxes'', each containing a
General Electric FT422 flash tube mounted behind a row of five

large sPherlcal lenses. These 1enses focus the line light source of

_ the flash tube into a par_allel beam to 111um1nate a region of the cham-
ber about 2 éu_l/,zﬁ'-i'nches deep. The _lvOO-mic.rosec‘ond flash from each
lamp is supplied by a_1000=mic;ofarad condenser bank charged to 1500
volts. ‘

Measurement and Reductmn of Data¢

Stereoscoplc Pro;ector. All countmg and measurement of

events was made from the stereoecopm photographs These were
reprojected in the stereoscop1c projector diagrammed in Fig. 10..
This pro_)ector has been developed for the general use of the Radia-
“tion Laboratory cloud chamb*er-group, under Prof. Wilson M. Pow-
ell; its construction and operation have been described elsewhere.
50, 51 Brlefly, the projector dupl1cates the optical system of the
camera-cloud- chamber arrangement and permits the reconstruction,
- in space, of events which occurred w1th1n the chamber Th1s re-
constructlon can only be done with one track at a time and is accom-
phshed by bringing the two trackamages - one from each of the two
lenses - into ahgnment on the translucent projector screen.

The screen has’ three translatmnal and two rotatmnal degrees
of freedom for this‘purpose‘. S(':ales are pro'.v:.ded for reading off the
height and angular positi‘ons.,» a and B, of the track in the chamber.
The radius of curvature p of a track-is measured by matching the

track to the appropriate one of a series of template curves. These
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curves are scribed in arcs of increasing radii on the surface of trans-
parent plastic templates. The dip angle a measures the inclination of a
track with respect to the vertical direction, e.g., a,=90° for a track
lying in a horizontal plane. The beam angle p is measured in a horizon-
tal plane, a‘nﬂ,,eifs?a,edae_;ﬂineql;g;b@;{the;~anglie:igbjetween a vertical plane normal

to the aluminum plat‘e sv‘ and the projection of the track on the horizon-
tal plane. (The normal to the aluminum plates is rep.re‘sented as the
beam direction in Fig. 10.) | '

Selection of Tracks. The geometrical criteria by which meson

tracks and events were accepted (or rejected) are discussed here. The
_ section on '"Meson Beam Contamination" and Appendixes I andII con-
tain discussions of the means by which mesons were distinguished from
heavier particles and the manner in which positron and mu contamina-
tions were handled. o ‘

Acceptable tracks were requlred to lie within the well-illum-
inated region, to have suff1c1ent track length before the first plate to
permit good curvature measurements, and to satisfy certain conditions
on dip angle a and beam angle p at the first plate. The region of good
illumination extended over a depth of approximately .42-»1}/ 2, inches.
Outside of this region tracks became more and more faint. Only
those tracks and events were accepted which lay in a two-inch ver-
‘tical interval beginning at one inch above the gelatin on the chamber
bottom and extend1ng to within oneehalf inch of the top glass. “This
allowed a margm of 111um1nat1on for observmg scatters and star frag-
ments that were 1ea.v1ng the 111um1na,ted re glon. '

Fig. 11 serves to illustrate how the first pla.te was divided
" into four 1ntervals, Ito 1V, for the purpose of grouping the 1ncom1ng
tracks. Tracks passmg to the right. of I, or the left of IV were con-
sidered too short (they were less than 7 cm long) for good curvature |
measurements. The vertical whlte 11nes near the right end of each
plate 1nd1cate the points beyond Wthh a track traversa.l was not
counted; meson scatters of-star fragments or1g1nat1ng to the right
of these lines were cons1dered more likely to be obscured by the geo~

metry than those nearer the center_ ‘of the chamber, part1cu1;r1y,



since the view through the other camera lens shows less of the right
side of the chamber than does the view shown in Fig. 11

The acceptable values for the dip angle a were taken to be
those in the range 87° to 93°, i.e,, those within :!:30 of the horizontal.
All but two or three percent of the otherwise acceptable tra’cks' lay
within this range; those outside were considered more likely to be
muons from the dec:a}r of pions in flight than pions themselves. This

six-degree range for. acceptance may appear excessive if one con51ders

-only that the cloud chamber subtended a 'vertical angle of less than one

degree at the target; but multiple scattermg in the air and chamber

- wall, and part1cularly, the upward and downward deflections of the
-mesons by the small radlal component of the cloud chamber mag-

- netic field can read11y account for these larger angular deviations. |

The acceptable range of values for the beam angle at the
firstrplate was determined in the followmg way: The tracks were .
separated into groups Ito IV, according to.their point of entry into

the first plate. Tracks _Wi't_hin each group were divided, .in turn,

- into three radius=o'f%-cur\'/atur’e ‘s'ub'groups, Intervals taken for p were '

56-65 cm, 66-85 cm, and 86- 125 ¢m. Frequency distributions for
valies of p were then plotted for each subgroup. These had the gen-
eral appearance of a. gaussian curve. In each subgroup all but about
five percent of the tracks lay within +4° of the average value for the
subgroup, This was. consrdered the acceptable range for pions in the
particular subgroup Mesons out31de these ranges were considered
to have too great a likelihood of being. mudns. ‘

It should be remarked that about. 10 percent .of the photographs
were conS1de red to have too many . tracks to be of use. That is, the
tracks were so numerous tha.t they frequently overlapped and were ;
thus- d1ff1cukt, if not: 1mpossﬂ:::le,t to follow through the aluminum
plates. Such p1ctures were reJected w1thout attemptmg to discover
pos51b1e events. : In this- way there was no. b1as toward using photo-=
graphs wh1ch appeared to contam events

Samphng Procedure. The determmatlon of an absolute

cross section requires an accurate knowledge of the path length. It

was considered 1_mpract1ca1 to measure the path length in aluminum.
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Fig. 11 - A Representative Photograph of Chamber

Aside from the exceptiona¥ number of w-u decays {circled), this is a
typical picture. The mesons enter at the bottom in thin, curving,
nearly parallel paths, One mw-p decay lies under the masking tape
hiding one aluminum plate, but outside the plate itself. Two others,
occur in nearly vertical planes and are scarcely discernible. The
four arrows—> at the top indicate energetic protons (>70 Mev) that
have traversed all five plates. The three arrows—»at the bottom
point to slower heavy particles (presumably protons) that soon stop.
The thin, highly curved and spiralled tracks are electrons or (in-
frequently) positrons. The white bars across the plates have ref-
erence to track selection criteria. The crosses at top and bottom
center are fiducial marks, spaced twelve inches apart.
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for each of the nearly 4000 mesons seen in the cha.mber. Instead, the
path length for a representative number of tracks was determmed and
the data from th1s sample were used to predict the path length for all
tracks. The various steps taken will be outlined briefly.
Approxinra.tely one-fifth of the 600-0dd good photographs were

selected at random and used in the samﬁl-in_g_. The se contained 850 ac-
ceptable tracks (by the c'riterial stated under "'Selection of Tracks',
above). The following data were recorded for each of 628 of these
. tracks: the group position (I 1L II1I, or IV) at which it ‘entered the
first plate, its radius of curvature p before the first pla.te, its dip
angle a, beam angle B, and height H in the chamber at the point of
entering the first plate; and.the number T of plates it traversed be-
fore leaving the acceptable illuminated region, or othevrwise leaving
the region of acceptance.. For the remainder of the 850 tracks men-
tioned above, a was ‘not recorded and p was recorded only to the ex-
tent of noting to which of the 56-65 cm, 66- 85 cm, or 86-125 cm
groups it belonged. A smaller random sample,of approximately 125
trac_:ks, was used to determine the average path length per traversal
through each plate as a function of group nurxiber'i(vli‘, 11, 111, or 1V)
and radius p. ' o |

. These data were then used to determine the energy distribu-
tion of the mesons before the first plate (Fig. 4) and their energy
spectrum at the plate centers as a function of the number of traver-
sals/Mev (Fig. 12). It should be noted here that, while fairly ac-
curate p measurements could be made before the first plate ‘-i('fa.nd_
after the fifth plate), it was not possible to obtain nearly the bsame
accuracy between plates (1) because of the shortness of the track
segment available for templa.te matchmg and (2) because of the gas
turbulence existing between the plates. For this reason, a meson's
erergy at a plate center was not determined d1rectly from a pr
measurement, but rather by subtracting ‘the energy lost in the alum-
inum from the energy it had before entering the first plate. ‘Its
energy before the first plate_ wa.s ,dete,rmme_d‘ d;rect_ly_ from its
nre_a'Suredi." Bp at that position. The eherfgy lost 'in the‘-,aluminum was

¥
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'Fig. 12. - Spectrum of Mesop Energies é,t the Centers of the Aluminum "
Plates as a Function of Single Plate Traversals/Mev.

These data are based upon a sample of 628 incoming.tracks. No correc-
‘tions for muon contamination have been made. The dashed vertical
lines indicate the three energy intervals (25-45, 4570, and 70-100 Mev)
into which the data were divided for cross section determinations. The
mean energy for each interval is also indicated, " : '
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obtained from the average measured path length and the range-energy
relation for mesons in aluminum. The range-energy rela_tiOn was ob-
tained by converting Smith's values for protons in aluminum™ to
values for mesons (of 275'electron_ masses).

It will be noted in Fig. 12 that the meson energies at the plate
centers have been divided into three intervals: 25-45 Mev, 45-70 Mev,
and 70-100 Mev; with mean 'energ‘;i:es = (2 g/crn‘2 of aluminum trav--
ersed x energy in Mev)/(Z g/cm2 of aluminum traversed) | of 36, 55,
and 82 Mev, respectively. Cross section determinations were based
upon the predicted total g/cmiz_o-fv aluminum traversed in each of .
.these energy intervals, determined. by a direct summation of the
sampled path lengths within each energy interval and not by integra-
tion under the curve of Fig, 12,

Rapid Count, The great maJonty of tracks were enumer-

ated by a '‘rapid c‘ount" procedure. That is, the stereo—photographs
were viewed in the projector as in the samplmg procedure above,
but a detailed measurement of each track was not, made. It usually
was possible by a visual mspectlon alone to determine ‘whether or
not a track met the crlterra.for acceptance. In doubtful cases -
amounting to approximatel‘y ten percent of the total number - de-
tailed measurements were made, The rapid cOunt covered all pic-
tures used, including those gone over in the detailed count under
the sampling procedure outhned above. A comparison of the num-
ber of tracks enumerated in the detalled count (850) with those in
the rapid count (851) covermg the same random sample of photo-
'graphs established the val1d1ty of the procedure.

3976 tracks (mak1ng 15, 359 traversals) were enumerated
_in the rap1d count. The factor 6.33 (-= 3976/628) was used to convert
path. lengths dd:ermmed in the. deta1led count to path lengths of all
tracks in the rapid count., ’

Countmg of Events° Events (scatters> 10o -stOps,' and

stars, 'see F1gs, 14 to 20 for 111ustrat1ve examples) were looked for
by carefully following in the stereOsprOJector each of the 3976 tracks,

along its course through the alummum. until it e1ther, (1) success-
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fully traversed the five plate _s,‘ (2) finally travelled out of the éccept=
able region in the chamber, or (3) initiated an event in one of the
plates. (Rarely, a pion would decay into a muon between plates.

Plate traversals by such muons were not, of course, considered.)

Every pion initiating an event (3) was measured in detail, in the

way discussed undejr‘ “Sampling Procedure, i In addition, the pos-
ition and characteristics of the event itself were determined, es-
pecially, the angular relatmnshlp of the. mcommg and outgoing

tracks. The coincidence of incoming and scatt.ered meson, Or in-

-coming meson and outgomg disintegration fragments, within an al-

uminum plate was carefully verified, This could be done to with-

'in’ £0,1 inch vertically and #0. 05 inch, or better horizontally.

Stops were examined caifefully,to be certain that no nearby tracks
might have originated from the place of disappearance.

An 1mportant point, although it was posslb]!.e td distinguish
a-scattered meson from a one-prong dlsmfcegratmn by the difference

in ionization, it was not usually possible to establish the scattered

" meson's, or disintegration (star) ffagment"s, energy with any pre-

cisiod. Again, this was because of the short path length and the

gas turbulence between plates. In a few exceptional cases where

the scattered meson or star fragment entered the region before

the first plate or a.fter the fifth plate (e gos see Figs, 15 and 16)

good curvature measurements could be made. There were not

enough of these to be statistically sngnnflcant, In most case S,

order-of-magnitude estimates of energy could be made, partmularly

in the case of star fragments, by cbserving the 1on1za.tmn of the

track and/or the change in ionization after pé.s sing through an alum-

inum plate. One had to be careful here beéause of the many variables,

such as 1Mumma,tmn which relate apparent track densﬁ;y to actual

Spec1f1c ionization loss. 49’ 51
As a check on the reliability w:n.th which tracks and event:s

were counted, about five percent of the photographs were examined

independently by two different persons. There was essentially

good agreement between the independent counts.
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MESON BEAM C:ONTAMINATION

Not all the part.ié_l'es eritering' the cloud chamber were pi mesons.
‘It was necessary, of course, either to be able to recognize the contami-
hating particles or to have avallable information from which their num-
‘bers could be determmed in order to evaluate the cross sections cor-
rectly. Among the possible ;on1Z1ng contaminants were protons (and
heavier ‘particles), mu mesone, -and positrons. Except for a small
background of extrarieous tfa.cké‘\'..pr‘odu’ced in the chamber by them,
the non-ionizing neutrons and gamma réys presented no difficulty. "
The few negative particles obse_ryed, presumably electrons, presen=-
tedno problein either, since they were readily detected by their neg-
ative curvatures. | v
Protons.

Protons constitut_e'd,.gappr0ximé,tely one=fourth of the par-
ticles in the beam ahd were differentiated from mesons by their
much higher spe01f1c jonization' a.nd/or greater radius of curvature.
Most had a radius greater tha.n 200 cm, whereas the acceptable
(meson) radii ranged from _58 c_:m through_125 cm, On the other hand,
protons (in the 58 to 125 cm range), when compared with pions of
the same curvature, haQe more'"thanv,tena times the specific ioniza-
tion of the latter. In either case, .'th'ey could be recognized as pro-
tons (or heavier parti_cles) and not accepted in the meson count. The
data for the calculation.of energy, Bp, specific ionization, and range
were takeén from Smith, 52 as‘pdreviously noted, and from Aron, Hoff-
man, and Willia.ms. 53 "A general discussion of the ways in which
‘the above four, and other, quamnles may be used to identify par-
t1c1es in cloud chambers 1s avaﬂ.able elsewhere 49, 51

While protons are rea_d_1_1y dlstmgul_shed from pions of the
same Bp, muons and positroné are not. For the Bp range of values
of interest in this exper1ment p1ons have a specific ionization not
more than 150 percent that of muons of the same radius and not more
than two times that for positrons (or electrons) of the same radius.
For this reason it was notApos"sible to di’sti_nguish‘the latter two

particles from pions. The extent of the muon and positron contami-

.
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‘nation was determined indirectly.

" 'Mu Meson Contamination,

The muons' in the ‘me son beam eriginated from the decay of
pions in flight. In principle, it is possible to determine the muons ex-~
‘pected to enter the chamber if, among other things, one knows the ex-
perimental geometry and the pion beam intensity, energy spectrum,
and decay constant. In practige, it was necessary to use'a[ number of
simplifying mathematical approximations and to ma'.ke‘ certain'a'.SSump-
tions concerning the pion beam intensity and energy spectrum. These '
are outlined in Appendix I. The mean life of the positive pi meson
was taken to be 2.55 x 10 -8 eec. 54-57 The"equlvvalent energy'" dis-
tribution obtained for the muons contammatmg the beam is indicated
in Fig., 4. (By "equlvalent energy'' is meant that energy which a pion
- would have if it had the same Bp as that of the muon being considered. )
The number of muons was computed to be 13 percent of the total num-
ber of pions in the meson beam. Because of large uncertainties
that entered into the computations this figure may be in error by +33
Apereent. ‘ '

In addition to calculating the muon content of the beam, a
direct measure of the contamination was attempted i‘n‘,two ways: (1)
by ascertaining the ratio of muons to pions stopped in nuclear emul-
‘sions placed in the beam and (2) by counting the w-p decays occurring
before the first plate in the chamber; inferring from these data the
total number of pions which must haire' entered,and comparing the
inferred number with the nurnBer obtained by actual count. The
statistics obtained with these fnethods were too poor to do more than
indicate no lack of agreement with the calculated _contamination,

These two methods are briefly discussed in Appendix I, also.

Po. S1tron Conta.m1nat1on.

It has been p0551b1e to place an upper limit on the positron
contamination, This limit was obtained by imagining all the par-
ticles in the beam that were accepted as mesons to have been posi-
trons instead, and computing, from data available in Heitler, >8 the

number of t1mes these p051trons Would be expected to radiate more
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than three-fourths of their energy in traversing an aluminum plate:
Any positron undergoing such a radiative loss would have e~
merged from the plate with its radius of curvature reciuced in direct
proportion to its los‘s of energy, but with no significant change in its
spec1f1c ionization; no such events were observed. Such an event

~ would have been readily recognlzed for what it was and could not

"~ -have béen confused with the- inelastic scatterlng of a pion, even

' though t_he_se two bas1ca11y different types of events do have some.
similarities in appeare.nce,» A pion suffering such a large change
in radius wouldv also ufnde.rgoa“la.rge.jand discernible change in spe-
cific ionization.

The Calculat_ions pe rtaining to the positron contamination

are presented in Appendix II.
'GEOM‘EVTRICAL CORRECTIONS

- One observes three types of meson-induced events in the
aluminum} plates. _(1) scatters, (2) d1smtegrat10ns, or "stars"A and
(3) stops. ’Type 3presumab1y 'might r_e‘pre‘sent:‘ either (a) a real
stop inv‘olv.i_ng chargefexchsgge SCa_.tteringg the emissior; of a neu-
tral pion and no. charged.part_ijcilves; (b) a real stop involving meson
- capture and the Sub_Se‘queﬁt er'.hission of only neutrons and slow
charged particles ovfrins'u_f_f.ic;ient energy fo escape the aluminum; or
(c) a pseudo stop, corre s'pon'.ding to types 1 or 2, above, in which the
outgoing charged partlcles are h1dden by the geometry It is pos-
sible, in principle at least, to.take the observed events of types 1
and 2 and calculate, from _ge__ometncal considerations, the most prob-
able additional nurrlbe,r of eyents ‘whicb would h_ave_',appeared as pseudo
stops. Where one ‘i's"dealihg with pions of positive charge few, if any,
real stops correspondmg to case(b)are expected One imagines the
incoming po sitive p1on to be a.bsorbed by a neutron within the nuc- -
leus and to give rise to at least one fast proton, which should give
~rise to.a star of at least one prong (Refer to comments under
"Discussion :- Companson of Results".‘)- Then the difference be-

- tween the obvservedv stops (3) and 'the rr\imbe_r of pseudo stops (c)-
predicted by geometrically-based calculations should approximate



-46-

the number corre sponding to case (a), charge-exchange scattering.
Even in case (a), of course, a neutron is converted.into a proton
which, if given sufficient energy, will escape and giVe rise to'a l-
prong star. = v

" By idealizing the geometry somewhat and constructing a sim-
ple '"analog computer' (Fig, 13), the evaluation of the geometrical cor-
rections was made with a minimum of effort. The pfb_ceduzre .used is

summanzed in Appendix T11.
ERRORS

The probable errors in the energy determinations are esti-
mated to have been less than five percent. Errors in cross sectibn
determinations were, in most cases, much less than the stat1st10a1
. :uncertainties. For cénvemence of dlscussmn, errors have been di- -

‘vided into those affecting energy determinations and those affecting
. _cross section determinations, ' '

This has not beén a "'precision' experiment; the _stat'istics
- have not required preéiSi_on'meqsuiements. ‘When less than 200 e-
vents of all kinds are subdivided into half a dozen group,sv according
to energy and character of event, as'they have been here, the sta-
tistical uncertainties (of the order of 20 .percent) loomjhrge com-

pared with all but the largest of other errors.. |

In Energy Determinations.

Events were grouped into three large: 1ntervals 25-45 Mev,
' 45-70 Mev, and 70-100 Mev, according to the energy of the initiating
. pion (see Fig. 12). There is almost a 2:1 energy range in the first
group, and approx1mate1y 3:2 in the second and third groups. It can
thus be appre01ated that only the larger errors in energy determma-
tions are .of significance. ' _
| . The important quant_‘i.ties bearing upon the accuracy of the
energy determinations are: mass of the meson, radius of curvature,
magnetic. flux den51ty, rate of energy loss in aluminum, and path
" length in aluminum. (Compare the discussion under "Experlmental
Procedure - Sampling.!) The present uncertainty in the pos1t_1ve

59, 60

pion mass is about one percent. The mass has been taken to

be 275 electron masses for purposes of calculation in this experi'-_
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ment. The true radius of curvature p of a track may be obscured by
multiple coulomb scattering in the gas, turbvulence in the gas,’ and
errors in fitting ‘temp‘lla,te curves to the tracks. The .probable error
owing to multiple scattering has been calcula.ted according to Bei:he'61
and is. about two percent for 50 Mev p1ons over a 1l0-cm path in argon
‘at a pressure of 9l-cm of mercury, the conditions obtained in the ex-
periment. , _ ‘ "
The effect of gas turbulence was obtained by measuring the

curvature of tracks photographed with the magnetic field turned off,
In the absence of turbulence (and md.ltiple scattering) these tracks
should have been straight. The minimum radii obtained were of the
order of 1200 cm, mdlcatmg a maxnnum error from this source of
five to ten percent for mesons in the range of energles measured

(p = 60 to 125 cm). Most of these 'no field" tracks, however, had
rad11>2500 cm, indicating that the errors were generally much
- smaller. The curvatures were equally d1v1ded among those of pos=-.
' 1t1ve and ‘those of negatwe sign.
| "The radn of the template curves, used in matchmg track -
curvature S, mcreased by approx1mate1y five percent increments be-
tween successive curve_s. Often it was possible to decide W1th good
_con'sciehce that only one curve was a best_frt or, at worst, that the
choice lay between one of two adjacent template curves., The un-
. certainties here were, thus, 6f the order of three to five percent.
In ihfrequen_t cases - near the edge of the chamber where track
~ lengths before the first plate were 7 cm long instead of the usual
10 cm, and, particularly, for the large re,dii-t_,of 100-125 cm - it was
not.-possible to decide among less than five or"hsix ‘successive, curves;
these lead to u_ncerfa.iﬁtie.s of as much as 15 percent.

The magnetic flux density yaé‘ known to about one percent,

There ‘was, however, a ten pereent. variation in B over the region in
which curvatures were measured. Because greater accuracy did
not seem wa.,rvrahted, and for convenience in tabulating the data,

this field variation was divided into two five-percent inte.rv_als; all
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tracks were assigne.d to one or the other interval, Thus the maximum
uncertainty in the magnetic field intensity was three percent.

One can readily believe that the efror in Bp, compounded, as
it is, of the several errors discussed above, inay be Alarge in particular
‘instances, On the other hand, these errors have eqdal probability of
being additi_ve:or subtractive and,.  when averaged 6ve_r a large number
of measurements, tend to eancei one another. It would seem reason-
able to estimate that the probable error in envergy determination owing
to average errors in Bp was less than five 'pell'cents

Bp determina.tions were only made on tragks before they en-
tered the first plate, The separation was too small and the turbulence
too great between plates to permit satisfactory determinations there.
‘In order to fix the energy of a meson beyond the first plate, i,e., at
the centers of succeeding plates, it was negessary to calculate the
loss of e‘nergy by ionization in the a,iumin_um and to subtract this loss
from the meson's enel__’gy.before it entered the first plate, Errors
introduced by ioni.zatienelo_s_s galculationsiwere quite small percent-
age-wise because: (1) the average path lengths a'ﬁd‘the rate of energy
loss were known within one or two percent, and (2) the total ioniza-
tion loss iﬁn‘pas sing through even five plates was usually a small frac-
tion of the total meson emergy. This ionization loss amou_ﬁted to 10
percent for 100 Mev pions a.nd‘ 36 percent for the lowest energy (41
Mev) pion that was accepted after traversing five plates. (No.pions
were accepted whose energy had dropped to les$ than 25 Mev.)

Thus the ionizationrloss calculations introduced an average error

in the energy at the center of a plate which was perhaps one percent
under the worst circumstances, and usually mdch less. It is con-
cluded that the overall probable ,er%:ror in“the energy determinaltions .
was less than five percent. | ' |

Unc e rtam.tle s in the C ro ss Sections,

The calculation of the cross sectlons depended pa.rtly upon
knowledge of the amount of aluminum traversed. Because the path
. length, including the contribution from contaminating particles, was.
determirned to vwithin one pefceht and the density of the aluminum to

within 0.1 percent; the important cross section uncertainties depend-
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ed entirely upon the statistics (see Table ][}, izpon the reliability with
which the events were counted and identified, and upon the effect of the
muon contamination. (The plates had a minimum purity of 99 percent
aluminum. It is presumed that the interaction effects on a per-nucleon
basis are not too markedly different for the imp.urity atoms than for
the aluminum atoms and that;, therefore, th*e,re ishould be no need for
ndakingcorrections because of the impurities. ).

Each photograph was scanned very carefully for events and
it is not believed that more than one or two events, at the most, were
: overlooked among the 111 stars and scatters> 30°, Those events

most 11ke1y to have been overlooked were small scatters <20 (these
were not used in the calculation of absolut_e cross sections) and stops
that were obscured by overlying tracks. Large angle scatters and
stars usually stood out very.clearl'y-. | There was gome uncertainty,
in ope or two instances, concerning whether what appeared to be a
one-prong star was actua.lly a forward scatter and vice versa. These
were cases where. the outgomg particle was short and disappeared in-
to the poorly illuminated region of the chamber in such a way that -
estimates of ionization and curvature were difficult to make,
T‘ih.e muon contamination may int;odu,ce errors (1) by in-

creasing the measured total path length in aluminum and (2) by
: ‘e‘re;aﬁng,_; spurious events. The path length was corrected for muon
contamination, as indicated in Table III. The 33 percent uncertain-
ty in the contamination is an estimated maximum and leads to. un-
"certainties in the path length (as large as 12 percent for the 45-70
Mev interval) that approach the lowest value for the statistical un-

certainties (%16 percent for o in the 45-70 Mev interval, com=-

'pare Table I.) In most casesiogliwever, the statistical uncertain- _
ties are considerably greater than those brought about by the mu con-
tammatlon. t ' ‘ | |

It has been shown by other expenmenters that the interaction
between muens and nucleons is very weak, 62, 63 certainly much less
than a millibarn. It h.as been assumed, .,t.hereforek, that no disi_nte?

~ grations nor large-angle scatters were muon-induced.
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There was no possﬂ:nhty of a w-p. decay in an alummum plate
: contr1but1ng to the observed scattering count for angle s> 30°; the max-
imum - a,ngle is 26° for a 25 Mev pion, ‘and only 18° for a 50 Mev
plon° One may estimate from the angular distribution of the 31 m- p de-
cays observed before the first plate and the average length of tracks
‘ before ‘the flrst plate relative to the average path length through the
lelates tha.t two m=p's contr1buted to the count of scatters between 10°
'and 15 two contr1buted to ‘those between 15° and 20° , and none con-
tr1buted to those >20° (The se numbers; however, have not been sub-
. tracted from counts shown in Table 11.) '
_‘ ‘One should also discuss errors entermg into rneasurements
of aﬁgles. The calculated scatter angles were based upon measure-
~ments of dip angle o and beam angle § for’ mcommg and outgomg
“tracks. (See "Exper1mental Procedure - Stereoscopm Projector'
’ for'defm1t1ons of these angles.) f could, in most cases, be measured
to w1th1n one: degree. Inv optimum cases a c’o:uld also be measared to
w1th1n one degree. For steeply slantmg tra.cks, however, the uncer-
x ta.mty was sometlmes greater, possibly 3 °, or even 5%, Larger
\ errors were 1ntroduced in the true scatter angle by the mu1t1p1e cou-
lomb sca.ttermg of the. plons -in the aluminum plates. The r.m. s.
value of this error for 40 Mev pions traversmg one plate is about 4°
and for 70 Mev plons it is about 2°. o4 These errors in angle are
not important, however, in view of the 30° 1nterv‘a1.s into which scat-
tering events were grouped, '

Summing up this d1scussmn of errors, it is beheved that the
statistical uncertainties qu1te outweight other sources of error in the

i i . s )
cross section determinations.
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APPENDIX 1

EVALUATION OF MU MESON CONTAMINATION .

By Direct Calculatmn.

The béam geometry is d1sp1ayed in. Fig. 5 and was used in

calculating the distribution of the mu me son contamination. To sim-
plify the computations, the magnetic fields‘ at the (;H2 target_‘and at -
the cloud chamber (see Fig, 1) have been assumed removed and the
meson paths have been approx‘i‘riiate’d by equivalent rectilinear paths.
The geometry is otherW1se that a.ctually used during the experiment.
The pi meson beam orlgmated at the CH target and has been assumed
to have had a uniform angular dlStI‘lbllthn over the region of interest
in this calculation, Its energy d1str1but10n at the target was assumed
to have been such as to give it the energy distribution at the cloud
chamber that was measured experlmentally (see Fig. 4)..

As can be seen m Fig. 5, the solid angle (x) for piomns that
may decay into muons is much greater than the solld angle w_ for pions
that may enter the cloud 'chem};.er; - On the other hand, only a portion
of the muons Originating m the pi meson beam actually enter the cham-
ber. And some of these were reJected during the countmg of tracks 1
because their dip angles a devmted by more than +3° from the horizon-
tal and/or their beam a.n,,gle.s B _d,ev1a_ted by more than +4° from the
experimentally measured mean value, ‘The procedure used in e-
valuating the amount of the ',c_c}ni::a,mination is outlined below. Anex-
planation of the symbols u‘s"ed"i's appended to this Appendix.

The pion intensity per Mev at any point is

I (x,T ) =1, (0,T,) exp [T, )x]
The relatwe number of p1ons per Mev decaymg in the interval between
x and x + dx and y.a.e;d_mg muqng thgt rn1ght. be. accepted at the chamber
is » o '
o, Igr(XnT“)\wﬁ(X)A (T,) dx
The number of muons (per ISion'MeV) actually accepted at the cham-

ber is
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N (T T. ‘)— / ][ (x,T )w (x),\(T )P (T ,T‘“)w (x)dx

These are muons of equ,lv‘a'lent energy T ! orrlgmatmg from pions of
energy T . The number of p1ons (per Mev) of energy T' accepted at

the chamber is 3

| N, (xg0 Tp) = @ L (0. T, 1) exp [ (T v)x]

. The fractional muon contamination among pions of energy T“'.‘ is then
-simply o

| C(T,") = N (T T /N, e, T )

The integrand in the expressmn for NP'(T , T ‘) is discon-

tinuous in x, Over certain ranges of x it was found 1mposs:.ble to

integrate explicitly, An approximation was therefore used which

- replaced w (x) by the geometric mean of its extreme values w1th1n
each mterval between discontinuities; the same approx1mat10n wa.s=

used for wp(x). The errors introduced were of the order of one per-

cent. These errors are small compared with those owing to uncer-

tainties and approximations in the geometry.

With Nuclear Emulsions.

Ilford.C. 2 nuclear plates were buried in an alummum block; -

at an angle of 15° to the horlzontal directly in the path of the meson
beam and just before the clou,d chamber (Fig. 3). Mesons traversed -
the block horizontally; those that stopped in the emulsion were those
that happened to enter the block at the proper leve“l to travel through
the correct amount of ,a.l_ti\ninum necessary to remove all their energy
by the time they had reached the emulsion.. These stopped mesons:
were searched for with the aid of an oil immersion microscope.
| This is a well-established technique; stopped imesons have a very
characteristic appearance that readily diétinguishes thém from pro-
tons an,d. h_eavier particles, and the distance the me sons. have traveled
in the aluminum block furnishes a good measurre of their initial ener-
gy-
- Positive muons are distinguished from positive pions by the
fact that the latter decay into a 4 Mev muon wh1ch proceeds character-
istically from the end of the stopped pion, while the muons simply

stop with no visible decay product. (Electrons are no problem be-.
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cause the Iiford C.2 emulsien is insensitive to them.)

In order to be certain that a muon entered the aluminum block
from the meson beam and did not originate locally from the w-u decay
of a stopped 'pion it was required (1) that it be travelling in a generally
forward directio_n and (2) that it traverse at least 650 microns of
emulsions before stopping. (The range in_emuision of muons' origi-
nating from stopped pions‘ is 600 microns,) The same restrictions,
(1) and (2) abeve; were pliace'd upon pions accepted in order not to
discriminate against muons. Two muons and 16 pions meeting the
above criteria were found after more than two weeks of scanning.

(A great many more mesons of both kinds were found whose ranges
in the emulsions were less than 600 microns. ) Because of the scar-
city of data it was not deemed prof1table to spend more t1me in scan-
n1ng., This ratio of one~in~eight is in agreement with the 13 percent
figure obtained for the contamma,tzon by direct calculation - though
the statistics, of course, are exceedingly poor.' -

By Top Decays Before the Fn'st Plate.

The. number of -n;=p decays (from acceptable p1ons) observed
in the chamber before the f1r}s§plat.e in the chamber was compared
with the number expe-_cited‘f'rona ﬁhe numb,e: and spectrum of tracks
accepted as mesons. ﬂep.'deca.y,s after the first plate were not con- ,
sidered, both because of the difficulty of finding them and because
of the uncertainty in the path length over which they could be observed.

The average path len‘"g'th before the first plate along which
a decay might be observed was determmed by measurement, to be
"9 ¢cm. 31 w-p events were observed. A calculation based upon a
mean life for the positive pion of 2. 55 x 10 -8 sec, indicated that one
should have seen 47 m-p decays if all the 3976 accepted tracks had
'~ been pions. Some would not"’hé,:ve' Be‘en observed‘ however, because
of a decay angle so small as to esca.pe detection, A plot of the
angula.r distribution of the 31 observed decays 1nd1cated that a.ngles
< 4° were not observed and, further, that when the decay angle was
largely in the vertical plane angles <6 Were not observed either.

Corrections for these flgures reduced the expected count from 47
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to 39. This is 26 percent greater than the 31 actually observed. Be-

cause of the errors inherent in the above computations and because of

the poor statistics, one cannot consider thls percentage to be in dis-

agreement with the 13 percent figure obtained by the more elaborate

direct calculations.

Nomenclature.

'C
c(r,)

: I_n_._(x!, Tn')

NH‘TFf T

N‘n’(xC’ AT.n,' )

T §

wp_(X)

| ' ?
BT T

velomty of l1ght

fract1ona1 mu meson contammatmn, expressed as the
ratio of fnuons of equivalent energy. T ! accepted at
the chamber relative to pions of energ;}r T ' accepted
at the chamber.

relative intensity per Mev per steradian of pions at
position x and of energy T .

number per (p1on) Mev of muons of equivalent energy
Tﬂ_' that are accepted at the chamber and that de -~
cayed from pions of energy T .

number per Mev of pions of energy T K accepted at
the chamber

equivalent muon energy, i.e., the energy of a pion
whose momentum (or Bp) is the same as that of the
muon being considered.

distance along pion path measured from the CH
target. (x=0) is the CI—I‘2 target pos1t1on (x = x %
is the cloud chamber position. :

f ‘(_=v/c), ratio of pion velocity relative to veloc1ty of
light. '

 -.p2)2

(= IZCBY cj )s reciprocal mean decay path 1ength for
pion of energy T .

pion mean life.

" solid angle as seen from the CH target, for ac-

ceptance of pions at the chamber,

solid angle into which muons originated at position’
x for pions that may decay mto muons acceptable at
the chamber.

probability per ste rad1an for a muon, of equivalent
energy T_' of moving in the forward direction after
originating from a pion of energy Tﬂ.
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APPENDIX 11
EVALUATION OF POSITRON CONTAMINATION

A typical energy with which pi mesons traversed the aluminum
plates is 50 Mev (see Fig. 12). A positron of the same Bp (momentum)
as a 50 Mev pion has an energy E of approximately 125 Me_ir; k

' One wishes to determine the probability that such a 125 Mev
positron will radiate more than, say, three-fourths of its kinetic energy
while traversmg the se same alumlnum plates. If one considers a
large group of posﬂ:rons (of energy E Mev) passmg acumula.ttve dis-
tance L cm through an absorber having N atoms per cm , one may
write W = ELNQ rad® Where ‘W is the cumulat1ve energy (in Mev) lost
by radiation by the group, and grad is the cross section (in cm /atom)
for loss of all the positron's energy by radiation. One further wishes
to obtain the proporfioh of this cuimulative radiation loss W which goes
into producing quar'lta'h_aving energies lying between 3_/4 E and E.

To simplify the computation, the high energy end of the brems-
strahlung spectrum will be assumed square; i.e., it will be assumed

that the number of quanta per unit energy interval is inversely pro-

~ portional to the quantum energy (or, that dN /dW~1/h1)) Then, if

F is the fractional part of W y1e1d1ng quanta of energies between h1)
(=3/4E) and hz)2 (=E), the number of quanta in this interval will be
given by ,
Ny=FWin (y /v )/, = )
From Fig. 15 on p. 173 and Appendix I of Hei_i:ler58 one obtains

24 22
atoms/cm3. From Fig. 14 on p. 170, loc. cit., one estimates that
one-sixth of the bremsstrahlung energy will be distributed among
quanta in the upper one-fourth of the energy interval, i.e., that F
=1/6. L (path length in aluminum) was expe rimen_ta,lly determined to
be 5,630 cm. Substituting these values into the equation above, one
obtains N )=~98. Or, in other words, had e'very particle assumed to
have been a meson actually been a positron instead, one would have
expected to have obéerved 98 events in which a positron lost more

than three-fourths of its energy. Since no such events were seen,
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the positron contamination must have contributed not more than the
order of one percent to the total number of é.ccep_ted_ particles in the
meson beam. . _ | o |

‘ v It "shoulfi'. be noted here t_ha'f the radiation cross section grad?
used above, is actually for electrons. It applies equally well, however,
to positrons. Positrons are subje:ét, however, 'to annihilation in addition
" to radi'atioh loss (see again I;Ieitle'rss, p. -230)’, Therefore, one would
eipe(ﬁt to have observed approximately 100 annihilation events also, had
all fhe"pafticles 'in the meson beam béén‘ positrons. These events
WOuld_haVe been classed as stops. Only 20 stop:s‘wer‘é observed (Table
1) and these were reasonably accounted for by corrections for meson

g scatters and stars hidden by "_the geometry. - -
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APPENDIX III
- EVALUATION OF GEOMETRICAL CORRECTIONS

A meson scatt:ering event may be characterized by a scatter
angle 6 and aziiﬂuthai angle ¢. © is the usual angle between the meson
directions before and after scattering | ¢ is measured with respect to
rotation about the incoming meson direction taken as an axis. ¢ may
also be used to describe the azimuthal orientation of a star configura-
tion. ‘The de scription of the conflguratlon can be completed by as-
signing each fragment or '"prong' its individual nscatter't angle 0.

The e_valuation of the geometrical weighting factor for a given
scattering or star event was carried out by imagining the event to be
rotated about the ¢ axis, and observing the values of ¢ for which the
configuration was obscured by the geometry. Since there is no reason
to expect a preferred orientation with respect to rotation about the in-.
coming meson direction, all values of ¢ were assumed to have equal
probability. For simplicity, it was also assumed that the paths of
part1c1es mvolved in an event were straight (i.e., not curved by the
magnetic. f1e1d) and that the configuration, particularly with respect
to star prongs, was unaffected by the cha.ngmg paths in the aluminum
brought about by the 1ma.g1ned rotation, o

A track was considered to be hidden when it failed to traverse
a minimum of approximately one-half inch of the iﬁ,uminaﬁt’ed region
visible to the camera lenses. By idealizing the boundary conditions
somewhat, it was p0551ble to describe the or1entat10n of an event with
respect to the geometry of the aluminum plates ‘and the illuminated
region by the four parameters: 0, 45, pand y. © jan~d' ¢ have been de-
fined above. The beam angle B is defined under '"Experimental Pro-
cedure - Stereoscopic Projector,' The parameter y is an angle
measured in a vertical plane. It depends upon the plate height at
which an event takes place and upon the boundaries of the illuminated
region_. The tfigoriomet.,r.ic eXpreSSion for ¢ in terms of 0, B, and y

was found to be rather complex and tedious to evaluate.
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A simple "analog computer' was constructed to solve for the
limiting values of ¢ much more simply. The following de scription of
its operation may be understood by reference to Fig. 13. The axis of
the hexagonal rod A represents the 1ncommg meson and the knife edge
(hidden in the photograph) of the bar B repre sents the outgoing scatter-
ed meson, or star fragment, ' The bar C defmes the limits of observ-
. ab111ty set by the variable angle Y. The axis of rotation corre 8pond1ng
to the angular parameters e, ¢, B, and y intersect in a common point
coincident with the intersection of the axis of A and-the knife edge of
B. The protractors upon which 6, &, [5, and 'y are measured are SO
1abe1ed. Protractors B and y are fixed to the base of the computer.
Protractor © is fastened to the hexagonal rod A, and the protractor
¢ is fixed to the block in which A rotates. This block itself is mounted
so as to turn through the angle B. a

"When. u51ng the computer, @ and B are set to agree with the
scatter angle and beam angle of the event being studied. For any one
event the parameter y has four values, correspondmg to the four ways
in which the upper and lower limits of 111um1nat1on and the front and -
back sides of an aluminum plate can be combmed. Once 0, B, and y
are set on the computer, the bar B is swung about the axis of A until
it strikes the bar C. This position fixes one limiting value of ¢.
Three other values of ¢ are determined in a like manner to establish
the range. ( Ad) of ¢ in which the event is not hidden. One then di-
vides the total range of ¢ (= 360° ) by A¢ to obtain the welghtmg fac~
tor for the event.

' This weighting factor states the expected number of similar
events if all could have been observed, It is applicable to scatters
and one-prong stars. In the case of two-prong stars one proceeds
in a like manher, determines the overlap in the. ranges of ¢ for the
two p.rohgs, and obtains a similar weighting factor. One may also
ascertain the proportion of the time the two-prong event would be -
expec’ced to look like a one =-'prong star with the other prong being
hidden. (The application of these weighting factors to the adjust-
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Fig. 13. - ""Analog Computer"

This device aided in evaluating the geometrical corrections by deter-
mining the weighting factors to be applied to the several kinds of

events.
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' meni: of the numbers of evehts-i_s outlined in Aj_p‘p‘end;'.x'IV). A remark
fegardi‘ng stars having more than two prongs - only two stars were
found having more than two prongs, one a 3-prong star and the second
a 4-prong star, Of course, some of the l-prong and 2-prong stars
(observed as such, at least) may actu'ally have had more than 't_Wo
prongs which escaped the aluminum. These possibiliﬁies were con- '

| sidered to be so few in number (and so difficult to correct for) that

they were ignored.
‘ (
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 APPENDIX IV
ADJUSTMENT OF NUMBERS OF EVENTS

S . ) 0 S'

N” = no. of actual scatters>30", n =vobs_'erved scétters},SOo
NO = - r_xo = observed stops (real .

no. of real stops,.
» _ plus pseudo)

obse rveld l-prong stars,

n

no. of actual 1-prong stars, nl_

N
NZ

‘no. of actual 2-prong stars, nZ observed 2-prong stars,

NSr S0 no. of observed pseudo stops from actual scatters,
Nlrlo = no. of observed pseudo stops from actual l1-prong stars,

N?r?0 = no. of observed pseudo stops from actual 2-prong stars,

Nzr‘21 # no. of observed pseudo l-prong stars from actual Za

prong stars.

Among the quantities defined above, the n's are the only ones

obta.med by direct observation. The N's and Nr' s are only the most

probable values, and their evaluation depends upon the introduction of.

‘certain assumptions stated below. The final quantltles desired are the

N's.

The procedure for obtaining them follows.

The quantities which can be determined by use of the "analog

computer' (see Appendix I11I, "Evaluation of Geometrical Corrections")

are defined as follows

SO

1

f-‘.10
i
f'20

1
g2
1

=

fraction of time the ith observed scatter is expected to have ap-

peared as an observed pseudo stop. o
I

frattion of time the 1th observed l-prong star is expected to
have appeared as an observed pseudo stop.

fraction of time the 1th observed 2-prong star is expected to
have appeared as an observed pseudo stop.

fraction of time the ith observed 2-prong star is expected to
have appeared as an observed pseudo l-prong star.

Having defined the above quantities, one may write down the

following relations:

) NS, S0 Z)f /(1-fS°)

2,20 - 5 £20/0 - £20 - 12

N
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21

2 21 21, , 20
z£4/ (-0 - £

Nr
(Nl’+N2 21 10_- 10/(1_f10)_-

(The summations are carried over all the events in the categories for

which the part1cular f 's do not vanish. )

It is now poss1b1e to calculate the val ue of the N's providing one

vmakes the following two: assumptions: (1) N = 0, i.e., there were no
real - asl(?pposed to pseudo - stops; (2) rlo,_/ rm s wWhere
[10/ a - flo:l .
~ -One may now wrlte '
NS, I: NS so]
: N,O =0 : ‘ : ' :
Nl = Ell + (N'1 + N2 21 1-0 - N2r21(1 + ;10) ’
N2—2+N220+N221 o

The re sults of these computatmns are displayed in Table I.

The standard dev1at1ons have been determined from the number of
events of each k1nd observed; i.e., S [:!: (1/ S 1/2_] N'1 E:ﬁ

(1/h/2], ana N%: [12 (/n 21/7‘]



Fig. 14

An 88 Mev pion enters the third plate and, presumably, suffers a
charge-exchange scatter. ‘A 51 Mev proton is ejected at 6° to the
forward direction; the neutral pion decays and causes a 70 Mev
electron-positron pair to leave the plate at 752 to the forward di=-
rection. (The electron takes 28 Mev and the positron, 42 Mev.)



Fig. 15

A 67 Mev pion loses 5 Mev in traversing two aluminum plates, back
scatters inelastically through 144° in the third plate, re-traverses
the second and first plates, and leaves with an energy of 6 Mev. It
lost about 40 Mev in the inelastic scattering process.
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Fig. 16 |

A 59 Mev pion is absorbed by an aluminum nucleus, and four dis-
integration fragments are observed. The two heavy, forward frag-
ments are probably protons of approximately 10 Mev each. The light,
90° fragment is a proton of>50 Mev, and the backward fragment is
a proton of approximately 50 Mev.
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Fig. 17,
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Fig. 18.

A 42 Mev pion enters the second aluminum plate. One disintegration
fragment (probably a proton) is observed, leaving in a backward di- -
rectionat an angle of 155° to the direction of the incoming meson.



Fig. 19.

‘A 42 Mev pion enters a nucleus in the first plate and two fast protons,

~each of > 50 Mev emerge in directions 164° to one another. A 21 Mev
pion undergoes a forward scatter in the third plate. (This latter

event was not included in the data because the pion energy was less than

25 Mev.)

Y



-70-

Fig. 20.

A 68 Mev pion enters the third plate (on the right) -and one fré.gment -

probably a proton of less than 20 Mev emerges. The second track is
not associated with this event. A 96 Mev pion stops in the third plate
(on the left). . : o :
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