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ABETRACT

7r? mesons produced in the exterior proton beam of the Berkeley cyclc-
trocn are bent by an auxiliary magnet and detected in Ilford G5 emulsions.
These mesons are studied in the same way as were the ¥~ mesons in Part I
of this s:periment, Ixtra care is taken to eliminate protons from the
data and a special technique is developed to make more efficient emall
angle scattering measurements., The average initial energy, 45.5 Mev, is
slightly higher than that of the # mesons, and the spread in energy is
greater. Less than 18 percent of the observed track is less than 30 Mev
and 922 percent of it is over 22 Mev,

No disappearances are found over the 902 cm of track. Fower are ex-
| pectéd than were found in Part(I, since the average number of charg=d ryrongs
is greater foror* induced stars than for 9% . No inelastic scatters are
found among the 5 scatters greater than 30°, Though the star frecuency
is the same as in the previous experiment, the frequency for scatters is
significantly lower, a fact which is not explained by the slightly higher
energy. A statistical upper bound on the cross section for # scattering

on hycérogen is obtained as 2.3 x 10'26 cm2.
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Introduction

The earliest laboratory experiments (1,2)

on meson scattering and
absorption were designed for emulsion instrumentation and were performed
on % mesons. The scatterer, which was the emulsion, would serve as a
detector so that the paths of the mesons in matter could be examined in
detail, These experiments obviated the problems of geometry enéountered
elsevhere ‘3) when emulsions were used as detectors only. They acdmitted
the technical difficulties of microscope scanning in preference tc the
problems of electrénic counting., However, théir disadvaﬁtage was obvious:
Only.the hydrogen scattering could be‘analyzed independently, while the
rest of the observed interaction was Aue to a family of elements which
made up the emulsion. The information potentially available in particular
events, such as the energy loss of the meson in scattering, the prong
distribution from absorptions, and %he frequency of charge exchange dur-
ing disappearances, was partially obscured by an ignorance of the elements
involved,

These experiments could, however, serve as a beginning for accurate

. ; — + . R .
relative measurements on 77 and 77 meson interactions, the material of the

scatterer being held constant, The earliest experiments were made on

mesons because it was technically simpler to do so., Tortunately, by

4)

. . . -+
August, 1950, Richman et al. provided a copious source of 97 mesons
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by making usé.of tﬁe reactién_
p#p—— 4 +7"
which occurred when the 340 Mev protons of the external cyclotron beam
impinged upon polyethylene,.(CHz)ﬁ: The mesons produced are monoenergetic.
If their mass is 275.1 electron masses, the unique energy is 70 Mev.
With a 27" beam aﬁ hand, the present experiment was undertaken, first, to

provide esiimates on the 7/ meson scattering and absorption cross section

and, second,'tglprovide«inforﬁation about the relative interaction prop- w;L£ ;”;;;“;‘£

erties of high energy positive and pegative mesons, It was designed £o'
parallel its forerunner(5) on 9~ mesons as closely as possible,

Three eiperiments(3?6’7> on the z?‘interactioné in'pﬁre materials have
now been reported. "But aside from the Cornell eﬁidence that »* aﬁd V.
do not interact differently, the best empirical evidence available with
which to compare our relative measurements is found in the Columbiafeﬁuisidn
work(s‘ll) on 77~ and 7" mesons. TFrom the theoretical §Oint of view it'is
not clear at this time wheﬁher§§oSitiVe énd‘negativé mesbﬂs éré'#sﬁzhtiéily
different particles in terms of meson forces. It is not known at what
energy the coulomb-nuclear iﬁ%érferaﬁée can be neglééted, Nor ié.it'éafé;l
to say that thevinéidenf meson enérgy‘at the nucleus deféfmihes the é;ét;“
tering'properties rather thani%hé énérgy'at a nucleon, The ﬁeéoﬁ mé§ inter-
act with the nucleus as a ihole or may écaptér'within the nucleﬁs;..ﬁéngé,
a 1arge'part.df.the'inﬂérpretation'6f'ourvéx§eriment must be éoﬁe.iﬁAfhe”

’ . . . . . . - . . B

future.,

ixperimental Arrangement

"Our object in settlng up the experiment was to get a hlgh f]ul of

i

'approx1mdtely 45 Mev 774'mpsons enterlng normal to the edge of photogravhlc.

plates, with a minimum number of background protons ano other hnavy par— e
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ticles. The mesons should be found easily under the microscope and yeu
not be confused with one another. We would follow them individually in
the direction of flight noting where they were deflected. through an angle
greater than 30° or abruptly stopped in the emulsion. We arranged the
experiment ‘also to yield a supply of 68 Mev mesons which could be followed
later.

| Figure 1 is a diagram of the equipment in the "cave" just outside
the cyclotron shielding., The 68 Mev mesons, created in a 1/4 inch po]j—
ethylene target, are bent by an auxiliary magnet and enter tﬁo seté of
photographic plates at the point marked "absorber detector." ZEach set
of plates is pressed tightly together and wrapped as a group in black paper.
One group stands in front of the other, acting as a partial absorber, anc
a 1/2 x 1/2 inch 2S aluminum bar is placed between them., A 1/2 inch thick
aluminum plate above and a 1 inch thick aluminum plate below the three
pieces helps to define a parallel meson beam and at the same time shields .
out extraneous particles that would enter_the surfaces of the emulsions.
With about 600 mesons per second leaving a 2 x 2-1/2 inch channel exit,
a suitable exposure is obtained in 15 minutes.

The distribution of meson energies at the leading edge of the front

plate should correspond to the beam distribution(lz) with a half width
of 5 Mev, The distribution at the leading edge of the back plates should
center about 45 Mev assuming the total péth in the front plates to be in
glass and all other conditions as calculated. However, upon passing through
the absorbers, the lower half of the distribution will be stretched by
about.a factor of two, while the upper half. will remain essentially un-
altered. "Actually, the mean of the energy distribution for mesons enter-
ing the back plates was found by the more direct methodé of grain couhting.
to be 49 Mev., The discrepancy is attributed to slight errors in the es-

timates of beam energy.

\
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The plates'were all 400u, G5, Ilford emulsions. They were developed
(13)

in the same way as the plates exposed to o~ mesons

Microscope Technigques

Throughout most df the experiﬁent, randon samples of the grain density
and small angle séattering were taken on the selected particles. A saun-
pling procedure was desirable, for it allowed us to choose the particles
rapidly by sight.and still have a check on their mass and velocity. More-
over, during the later part of the experiment we improved on our ususl
scatteringtmethdd(13) and facilitated our sampling procedure by making a
special "reflection goniometer"(14> for the microscope. The device is
especially suited fsr making small angle measurements Iapidly and accurate-
ly under the mieroscope.

The instrﬁment is simplég It is essentially three concentric cylin-
ders, two of which are free to rotate, one containing the eye piece and
reticle and the other a thin strip of glass tilted at 45°. The inside
cylinder clamps.to £he miéroscope barrel, The arrangement allows a row
of point light sdupcééjouﬁsiée the microscope to appear in tﬁe field of
view. Upon rotétiﬁg both cylindgrsrthrough some angle, the light sources,
if correctly plécéd; will appear to rotate with twice the angular velocity
about a cen£er fixed at half the focal distance away., In other words,

a scale can be made to pass over the field of view which might otherwise.
be swept by a 25 cm lever arm attached to the eyepiece. It is easily

read to 1/20 of a degree, That is better by a factor of 2 than is reguired
if the direction of a 100 segment length is defihed up to 1/2 a grain
diameter, or 1/@4& A comparison can alsc be made with our previocus small
angle scattering method. We then measured tangents under 450x by the
Jateral displaceﬁent of.a track over, say, a lOQA(celj length., The ad-

vantage of the present methiod can be shown to be(14)s
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» foecal length _
advantage = - 5.5 .
power x cell length

By measuring the angle between two adjacent 100.<¢ segments, we are not

dependent upon the stage,

Energy Selection and Proton Viscrimination

All observations were made more than 5 mm in from the leading edge
of the back plate. A track had to extend further than 500 4 beyond the
5 mm starting point, if it was to be considered. It was accepted for study
solely on the basis of its behavior in the first 5004. If it had the
visual characteristics of a 40 Mev meson whose direction was within 10°
of the beam, it was then followed until it left the emulsion or traveled
10 mm, We reiaxed the .angular discrimination rule of the -~ experiment
because the energies in the 37+ beam were not strongly dependent upon
angle. The 500«¢ distance was chosen as the minimum distance in which
a meson could be identified, if it were actually méasured. The distance
allotted for selection was not extended even in special cases.

We introduced a 10 percent suwplirg technique which would check our
selection efficiency, for the absorbers skewed the energy distribution,
reducing a 62 Mev meson to 28 Mev at 5 mm into the back plate. Also a
dangerous directional spray of high energy protons entered the plates
despite the quantities of brass shielding. We masked a table of random

(15)

nunbers , allowing only one cigit to show, and moved the mask after
each particle had been chosen. Whenever the number 7 appeared, the parti-
cle was measured for grain density and,small'angle scatter over a 1000,

distance starting at 5 mm into the plate.

A relation of the form G = K I/I had been established for 97y ~ mesons
o}
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of energy 30 to 60 Mev. To evaluate the constant, K, for the 7+ plates,
we compared grain counts of 5004¢ long segments of 4 77 * mesons and 8 7
mesons at 21004 residual range. The relation becomes G/100.¢ = 19 I/Io
for the 7r* plates. The relation taken together with Eq = f(7\I/IO):
an adaptation of Aron's curve(lé) for energy loss of a proton in aluminum,
allowed us to convert the average grain density of our sample to an estimate
of the average §nergy° In the last equation B, = m11/$ﬂ- Ep » and}i,'
a constant, converts specific jonization in emulsion to energy loss in
Mev/Mz. - em™? in aluminum. ‘Wevobtained 45.5 Mev as the average energy
for accepted mesons at 5 mm into the back plate.

Figure 2 is a plot of 50 sample points after converting grain density
to specific ionization. The errors shown exémplify the standard deviations
for any point., It is clear that the majority of the meson population have
specific ionization in the range 1.39 - 1.85. The correspbnding energy ‘
range is 34 - 56 Mev., Half of the mesons, those with initial cnsregies
above 45.5 Mev, will still have energies.above 30 Mev after travelling

10 mm(17)

The lower energy mesons, say those of 34 Mev, will reach 30 Mév
after 4 mm and 22 Mev after 10 mm of travel in emulsion. However, iﬂ‘
the 77 7 experiment where the‘Selection rules were the same, 64 per cent

of the 35.5 Mev mesons left a AOO,u_emﬁlsioﬁ in less than 4.5 mm. It is
then overly safe to say that less than 18 percent of the observed track

was less than 30 Mev and 92 percent of it was over 22 Hev,

Figure 2 of this experiment and Figure 4 of its forerunnar on 97" mesons

can be used to demonstrate that praétiéélly no protons were admitted into
the data, A.special control aéainst protons was carrizd out for 191 cﬁ

of track, however, after we had notiééd a:peculiar lack of nuclear scatters.
At the same time the average accepted meson energy was controlled by grain

count and was lowered to 36 Mev, There was a fast method to use., We made
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only two.100 &« grain counts and two scattering measurements on each track,
achieving our purpose by spreading these measurements over 1.6 mn, We
chose tracks which would almost certainly stay in the emulsion for 1.6 mm
beyond the 50044 mark. One grain count at the 500_¢¢ mark, one grain
count and one scatter count at the_lBOC,o( mark, and one scatter count
at the 2100 _¢ mark served to throw out 99 percent of all protons and
keep 70l percent. of the mesons., Moreover, a track was dropped as soon
as one of the measurements fell outside a specified tolsrance limit. This
minimized the possibility of dropping a track after following it for 2 mm.
If an event occurred before we finished those measurements, or if the
track went out, we would take grain count and scatltering measurements
over the first 500« .. We assured ourselves of the validity of this pro-
cedure by appiying it to two hundrea 340 Mev proton tracks, The proton
tracks were‘oﬁtained by Frank L. Aéelmanvby exposing plétés to the external
beam of the cyclotron. After it became evideﬁt that‘this s§e0151 procedure
gave no different results, the simpler sampling technique was recalled,

AL meson contamination was considered negligibls sihqé less than
S percenﬁ(z) of the’n’* mesons wou1d~§ecay before :eaching tﬁe plates
and only a fraction of the decay products would be detected. Fast electrons
could not have been followed by mistake because their ionization was tob
low., The plates ﬁere lightly developéd g0 that minimum ionizing electrouns,
such asP particles. from the7y —/A—B decay pro.cess,. v.rhose-average energy

(18)

is about 35 Mev s were soon lost in the background. The same thing
would have happened to higher energy electrons also since electron ion-

ization is an extremely weak function of energy above 1 Mev.

Results

The processes that can take place as a 1 + meson passes through matter
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are absorption by a nucleus, scattering by a nucleus or nucleon,.charge.
exchange scattering by a neutroh, and radiative absprption'of the meson
by'a ni:utron. The probability for the last process to occur in emulsion

must be small, as inferred by the inverse process(lg)

T *p—>71"+n .

Chedester et al.(ZO)

P 5 o
predict about 10 <8 em for the radiative absorption
cross-section, assﬁming that the following reactions occur with the same
probabllitys
) . 5

T+ n—yyp+p

T~ tp—d>y+n .
(21)

Wilson and Perry have recéntly shown that the cross section for charge

O"27 cm? or less and so is small

exchange scattering is the order of 1
also. Consequently, we should observe only absorption and scattering.

Some interesting properties of 7r + absorption seem to make the proba-
| (5,9)

bility of emitting only neutrons much smaller than in they ~ case

] )

We found, in fact, no disappearances. The scatters and absorptions were-
analyzed according to the criteria set up in the previous experiment;
However, no inelastic scatters wvere found in this experiment. We have
measured all scatters greater than.BO0 but again use only what is found
above 90° for a cross section. Ih computing an interaction crosé section,
we assume an equal number of scatters abovevand balow 900, |

Tables 1 and 2'include all the_data on the nuclear events.v The data
for the two scanning procedures is shown separately and together.,

Table 2 includes star prong measurements that were made on a separate
area scan expressly to augment the 77 * capture data and display the inter-

esting prong distribution. $Since area scanning is especially suited for

picking up stars, in this case we followed the tracks of the captured mesons



-11- UCRL~1692

only to makes scattering and grain count measurement, 10004 measurements
were suffiéient to eliminate proton induced stars; A plot of our measure-
ments ha@ about the same spread as tﬁe plot- in Figure 2. . It revealad no
dependen¢e of prong number on meson_eﬁérgy. Since the toﬁa} number of
stars was few, we méde no attempt to estimate.energiesysf the emitted
particles.

It was possible to obitain an upper bound on tké cross section for
the scattering of 7+ mesons on hyérogen simply by analyzing the one two-
prong star which was found. It was clear that the prongs were not the
products of a meson—pfoton collision, because they were not in ﬁhe sane
plane with the incident track. Since proton collisions will be éistribiu-
ted in any specified segment of mesca path according to a Poisson distribu-
tion, we found no Poisson event in our total pﬁﬁh length L, Any mean frce
path which would make this event more than 50 percent probable mst b2
more than 1,43 L, Or, using the Ilford published datatzZ) on the hycro-
gen content of emﬁlsion, the corresponding cross section must be: less than

2.3 x 10726 R

Conclusions

the prong distribution of the stars given in Table 2 is of special
interest when taken in comparison with the corresronding distribution of
the M~ experiment. The average number of prongs is significant]y‘higher
in the prescnt case., This is qualitatively explained b& assuming a pri-
- mary nucleon~-m2son interaction in the‘absorption proceSs. The reaction
vields an energetic proton in the case of‘ﬁ1* abscorption and an energetic
nsutron in the other case. Charged particle emission is favored in 4r ¢
atsorpiion even without secondary collisions in the nucleus, while, if

an & particle model is justified, multiple charged particle emission is
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extremely likely. uM3?e data-on 7+ meson capture, such -as is.being gath-
ered at Columbia(ll), will be vérylvaluable;

The cross section for thé écattering of 7+ mescns on hydrogen as
measured by‘Andérsbn;-ét-aL; imply a low ¢ross section at 45 Mev., Yet
even the upper bouﬁdlf§f¢the cross:section found in this experiment is Jow
enough to show thét mpltipleléollisions within the nucleus in urlikely
for the 7r4”mésons‘ag.it is’fdr'tﬂé‘71" mesons(ZO"zB)° It is.reasonable
then that no:inelastic scatters were found(24).

In contrast:to Part I ofﬁ%hisféxperiment on ™ mesons, few muclear
scatters were found. Though the statistical errors are large, it is strik-
ing that the estimated meah-freé pafh=for scattering is significantly
higher. in the-present experiment; a fact which is not reasonably explained
by the slightly higher energy. The relative measurements are in quali-

tative agreement}Fhoweﬁér,>with the Columbia emulsion investigations(g“ll);
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TABLE 1

LARGE ANGLE SCATTERS

ingle (daprees) Distance Grain Density/lCQxA(l)
Horizontal © in plate
Projection Total (m) . Before After
29 33 6.6 36,2t z.0 3731 24 0.25/110 1.0
4 _ .
35 35 14.0 23,2t 1.5 23,5 -1.% 0.14/130 1.2
, _ _t ot ,ﬂ L
30 41 2.7 31.7 - 1.4 .1 -~ 4.% 0.31/15% T
o + a oy o F -
52 - 52 7.6 35.0 = 1.2 37.7 - 1.2 C.22/110 3.43
Ses . 4 v A *’ S + e 3 /1-\f LT
134 1‘-"~’ UOZ‘- Jz-5 - 3-7 j:’j.o — Je& -)1/ R S fU
STARS
Fumber of
Prongs
1 3,3 30,2t C.26/11 1,56
2 6.2 20,3 7 1.7 0,26/11C 1.52
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. . n” o~ t 4 -
A 2.3 33.e _ 1.5 - o {4
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1.7 ' 0.52/110 1.70

LG

1.2 0.42/15% 1.62

(1) The errors are standard deviations,
Accompanied by a recoil,

One Prong makes a hammer track,
Abnormally low energy,



Prong Number 1

Numberv of Fvents 1

-

TABLE 2
STAR PRONG DISTRIBUTION
2 3 4,

5 12 5

o
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TABIE 3

SUMMARY OF RESULTS

A

‘Proton Control Usual Scanning CEither (1)
Technigue Procedure - Technicue

Total Path lLength , ‘
Scanned (em) o 191 711 202
Humber of Disap-
pearances in : .
Flight : .0 : \ . 0 A C
Mumber of Stars -1 10 v 11
Humber of Secat-:
ters greater . : :
than 30° 0 5 5
Nunber of Scat-
ters greater :
than 90° . 0 o 1
Msan Free Path for
Stars (cm) _ 32 + 17
Mzan Free Path‘fdr'
Total Nuclear . :
Interaction (em) = | 8 f 13

(assuning symmetry
about 90°) - .. -

Foan Free Path Cor-.

responding to Nuelear

Area (em) (for . . 23
emulsion) ’

(1) The errors are probable errors,
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Diapram of the equipment. The 62 Mev mescas, created in a 1/4

.z e A .
inch polysthylene target, are bent by an auxiliary macnet and

enter two sets of photographic plates at the point marked "absor-

ber detector®,

A plot of 50 sample points after converting grain density to spe-

cific ionization.

The heavy curve is that of Y. Goldschuidt~Clar-

mont, The statistical errors exemplify the stuncard deviatioas fer =

any point.
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