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Table I. It has a bearing on indications of the existence
of semistable states in pion-nucleon scattering'4 and on

attempts to use isobaric state models for the theory of
the deuteron. " The present work was in fact begun
under the influence of similar views tentatively con-
sidered at this laboratory. The continued lack of success
and the possibility of omission of essential elements" in
the development of fundamental nuclear force theory
would make a claim of. a connection with the isobaric

'4 K. A. Brueckner, Phys. Rev. 86, 626 (1952). The considera-
tions of Dyson, Bethe, Salpeter, and others, are given in four
abstracts from the Cambridge Meeting of the American Physical
Society (July, 1953) [Phys. Rev. 90, 372 (1953)7.

's H. A. Bethe and N. Austern, Phys. Rev. 86, 121 (1952);
N. Austern, Phys. Rev. 87, 208 (1952).

state of pion-nucleon phenomena rather speculative,
especially since there is serious doubt" regarding the
justi6cation of such an interpretation of the meson data.
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A cloud chamber investigation of the nuclear interactions of 125-Mev negative pi mesons has been carried
out. Carbon and lead were employed as the scattering material. The experimental arrangement was designed
to observe the charge-exchange process:

vr +C—+B&e*'+Lrr'—+2yj.

High-energy photons, probably attributable to charge exchange, are found to arise from nuclear interac-
tion, with a small but finite cross section. Total and differential cross sections for elastic and inelastic scat-
tering, as well as total nuclear reaction cross sections, are presented. A square we'll (optical model) analysis
fits the data with a potential whose real part is attractive and 30 Mev deep, and whose imaginary part
corresponds to a mean free path in nuclear matter of 3)&10 "cm. The optical model parameters are found to
be energy dependent, the well depth increasing and the mean free path decreasing as the energy is raised.

I. INTRODUCTION

A CONSIDERABLE body of experimental fact,
relevant to the interaction of pions in complex

nuclei, is already established. Nuclear emulsion experi-
ments have demonstrated the principal mechanisms of
the interactions, ' and given information regarding their
energy dependence. ' More recent experiments with
counters, ' cloud chambers, 4 and emulsions, ' have con-

*This research was supported by the joint program of the U. S.
Office of Naval Research and the U. S. Atomic Energy Com-
mission. A preliminary account of this research was presented at
the Cambridge meeting of the American Physical Society,
February& 1953 LPhys. Rev. 90, 342 (1953)j.

f'Submitted in partial fulfillment of the requirements for the
degree of Doctor of Philosophy. Now at RCA Laboratories,
Princeton, New Jersey.' Bernardini, Booth, and Lederman, Phys. Rev. 83, 1277 (1951).
This paper may also be used as a summary of references to previous
emulsion work; G. Bernardini and F. Levy, Phys. Rev. 84, 610
(1951);H. Bradner and B.Rankin, Phys. Rev. 87, 547, 553 (1952).

2 Bernardini, Booth, and Lederman, Phys. Rev. 83, 1075 (1951).
Chedester, Isaacs, Sachs, and Steinberger, Phys. Rev. 82, 958

(1951); R. L. Martin, Phys. Rev. 87, 1052 (1952); Aarons,
Ashkin, Feiner, Gorman, and Smith, Phys. Rev. 90, 342 (1953);
Pevsner, Williams, and Rainwater (private communication).' A. Shapiro, Phys. Rev. 84, 1063 (1951);Byfield, Kessler, and

tinued these studies, and have more clearly shown the
dependence of these processes on nuclear size.

The following over-all picture presents itself to us: at
low energies (0—40 Mev) the dominant process is mesonic
absorption with subsequent nuclear excitation resulting
in star formation. The star cross section is about half
geometric in the 40-Mev region. Only a small elastic
scattering cross section is observed. As the bombarding
energy increases, both star and elastic cross sections
rise. At 60-Mev inelastic scattering begins to occur with
an appreciable probability which increases rapidly with
energy. The total reaction cross section is nearly
geometric at 80 Mev for all complex nuclei. In some
cases it seems to rise slowly as higher energies of
bombardment are employed. '

The picture is completed by consideration of the
charge exchange reaction, which is found to be of great

Lederman, Phys. Rev. 86, 17 (1952); F. Tenney and J. Tinlot,
Phys. Rev. 90, 342 (1953);Fowler, Fowler, Shutt, Thorndike, and
Whittemore, Phys. Rev. 91, 135 (1953).

e S. Goldhaber and G. Goldhaber (private communication); M.
Schein, 1953 Rochester Conference (Interscience Publishers, New
York, 1953).' R. L. Martin, Phys. Rev. 87, 1052 (1952).
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importance in high-energy pion-nucleon interactions.
The first experiment which sought to find this effect in
complex nuclei gave negative results. ' Relatively low-
energy m. 's (40 Mev) were used. More recently, further
experiments concerning this have been performed: in
England' and Chicago, " using nuclear emulsions, at
Brookhaven, " with cloud chamber techniques, and at
Rochester" with counters.

The present experiment is one of a series designed to
provide data on the elastic, inelastic, and absorption
processes of mesons in nuclear matter. It extends the
analysis of pion-carbon scattering" from 60 to 125 Mev.
In addition, information regarding the dependence of
these effects on the size of the scattering center is ob-
tained. Lead is employed as the large comparison
material. Finally, a search is made for the charge-
exchange scattering in these nuclei.

II. EXPERIMENTAL

A. General

A sixteen-inch, rubber diaphragm, expansion cloud
chamber, situated in a magnet having a uniform 9000-
gauss 6eld, was employed as a detector. In it were
placed carbon and lead scattering plates. The disposition
of scattering material was determined by the necessity
of obtaining optimum observational efficiencies for all
processes under simultaneous investigation. The ar-
rangement employed is shown in Fig. 1. A 2.54 cm
thick (4.3 g/cm') carbon plate is placed across a diame-
ter of the cloud chamber. Parallel with, and one inch
away from this plate, on each side, are located two
0.318 cm thick (3.6 g/cm' 0.6 radiation lengths) lead
plates. These subtended ~50 percent of the total solid
angle at a point in the middle of the carbon plate, on the
axis of the cloud chamber. The 135-Mev x beam of the
Nevis cyclotron was incident upon this arrangement at
an angle of I5' with the normal. Complete attenua-
tion of scatterings near 90' is thereby prevented.

Both the carbon and lead plates were used to gather
information concerning scattering and absorption, and
to act as conversion material for p rays produced any-
where in the cloud chamber. The lead plates, in addi-
tion, yielded an estimate of the electron contamination.
of the meson beam. The thickness of the lead plates was
chosen as a compromise between the requirements of
good conversion efficiency for m gamma rays and small
multiple scattering of the resulting electrons. With re-
gard to high-energy elastic scattering, thick scattering
plates mean a reduction of the observation eKciency for

7Anderson, Fermi, Martin, and Nagle, Phys. Rev. 91, 155
(1953).' R. Wilson and J. P. Perry, Phys. Rev. 84, 163 (1951).

55 W. O. Lock and G. Yekutieli, Phil. Mag. 43, 231 (1952)."M. Schein, 1953 Rochester Conference (Interscience Pub-
lishers, New York, 1953).

"Fowler, Fowler, Shutt, Thorndike, and Whittemore, Phys.
Rev. 91, 135 (1953).

'SA. Roberts and J. Tinlot, Phys. Rev. 90, 951 (1953).
"Byfield, Kessler, and I ederman, Phys. Rev. 86, 17 {1952).

wide angle events. A correction for this eGect may
easily be made. For inelastic scattering, where range
e6'ects become important, thick scattering plates imply
distortion of the differential energy spectrum in addition
to reduction in the statistics. It is, however, again
generally possible to calculate the correct energy for
inelastically scattered tracks, providing they emerge
from the plate.
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Fro. 1. The arrow (o) indicates incident meson which stops in
carbon plate. A pair, marked e+ and e, is observed in the back-
ward direction. The pair axis intersects the projected meson
trajectory within the carbon plate. A number of other events are
marked on the picture.

'4E. R. Gaerttner and M. L. Yeater, Rev. Sci. Instr. 20, 588
(1949).

B. Cloud Chamber Operation

The gas filling mixture used was 50 percent argon, 50
percent helium, saturated with 70 percent alcohol —30
percent water vapor. The expansion ratio was 1.08.
Sweeping fields of from 400 to 900 volts were used. The
two lead plates were at high potential, the carbon plate
and two conducting coatings on the side wall of the
cloud chamber, approximately parallel with the lead
plates, were grounded.

The operating cycle of the chamber was of one-
minute duration. "Cleaning" operation was secured by
two slow expansions, and by an overcompression"
immediately following the first expansion. The overcom-
pression was made by connecting a small ballast tank.
under high pressure to the below-diaphragm volume.
The expansion ratio was set by finely regulated com-
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pressed air, fed to the underside of the rubber diaphragm
through a null balance type regulator. "

C. Magnet

The magnet employed in this experiment is shown in
Fig. 2. Helmholtz coils, 21-in. inside diameter, separated
from each other by 6 in. , were clad in a 2 in. thick mild
steel casing around their periphery. The cloud chamber
was mounted directly on the magnet. The coils were
wound with copper conductor of rectangular cross
section. A central hole in the conductor permitted
efficient use of the circulating coolant. The magnetic
field obtainable with an air-core magnet of this design is
more than 30 percent higher than the field from stand-
ard Helmholtz coils of equivalent dimensions. Con-
currently, no appreciable loss in Geld homogeneity is
experienced.

The field generated in the useful region of the cloud
chamber (a cylindrical volume 4 in. high and 14 in. in
diameter), varied by less than 1 percent, peak to peak,
from its mean value of 9000 gauss. To obtain this
field value, a current of 1100 amperes, supplied by a
300-kw motor-generator set, was used. The time neces-
sary to reach peak Geld values was 10 seconds.

A Leeds and Northrup "Speedomax" potentiometer
provided a record of current passing through the magnet
at the time of each cloud chamber expansion with an
accuracy of 0.3 percent. A marker pip, incorporated in
the instrument, indicated the exact time of expansion on
the current (field) graph.

Absolute and relative field magnitudes were measured
with a search coil and a General Electric integrating Aux

meter, both of which have been calibrated in a standard
5000-gauss Geld at the Columbia Radiation Laboratory.

D. Optics

Events were recorded with two cameras mounted on a
light-tight cylinder placed on top of the magnet
(Fig. 2). The Goertz Dagor 60-mm lenses were 514 in.
above the mid-plane of the chamber. The use of this

long object-lens distance eliminates, in most cases, the
need for second-order corrections to curvatures and
scattering angles. This may be easily verified from the
reprojection formulas derived in Appendix C. The axes
were 10 in. apart, and vertical. The film planes were

horizontal, the film being offset slightly from the lens

axes, in order to capture the whole image of the cham-
ber. Pictures were recorded on Kodak Linagraph-Ortho,
35-mm film, with lenses set at f/11. Due care to prevent
emulsion distortion and to bring out maximum contrast
was taken during film development.

The reprojection system consisted of two commercial
projectors, Gtted with lenses similar to those in the
cameras. Images were viewed on a large rear-projection

"Obtained from Moore Products, Philadelphia, Pennsylv'ania.

~IIIIII
Nll I

~IIII I

~III
Will

FIG. 2. Cutaway view of cloud chamber position in deflection
magnet. A. Upper pole surface, B. camera, C. steel casing, D.
coils, E. cloud chamber expansion mechanism. The drawing is ap-
proximately to scale. The outside diameter of the cloud chamber
is 18 in.

screen (Recordak). The projectors were adjusted for
unity magnification in the median plane.

The film carriage of one projector was mounted on a
rotating-translating microscope stage. It was thus pos-
sible to bring the two stereoscopic images into register.
The applications of this system to the various kinds of
measurements is treated below, and in the Appendix.

III. ANALYSIS OF DATA

A. Criteria

Preliminary examination of the film indicated that the
scanning of multiplate cloud chamber photographs,
with an average of 12 tracks per picture, presents
certain problems. In the present case, it was desired to
obtain data yielding absolute reaction probabilities. In
addition, it was hoped that clear evidence as to the
existence, or nonexistence, of an unestablished reaction
type would be found. The following scanning and ac-
counting rules were therefore applied to insure impartial
evaluation of the data.

(1) Ftux Counting method

(a) Pictures were scanned and flux counts made by
at least two experienced observers, working inde-
pendently. Final tallies varied by no more than
percent.
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(b) All pictures containing more than twenty flux

tracks were rejected, to permit clarity of observation.
(c) Only tracks making an angle 5 with the normal

to the first lead plate were accepted as Qux, where
10 &5&20', and 15' is the experimentally determined
average angle of incidence (Fig. 1).

(d) Only tracks striking the first lead scattering plate
between certain fiduciary marks were included in the
Aux count, These marks are sufficiently far removed
from the cloud chamber rim (1.5 in. and 2 in. ) that
tracks passing undetected through the scattering plate
system could easily be followed all the way through, and
that scattered tracks remained in the chamber for a
sufficient distance to be clearly observed. The attenua-
tion of the beam from plate to plate was determined
from a sample count of 1000 tracks.

(e) The curvature of all apparent flux tracks was
checked by template. Tracks were counted only if the
particle momentum fell within the acceptable interval.
To establish this interval, a momentum spectrum of
tracks entering the cloud chamber was made. Tracks
arriving outside the interval determined by the width
of the histogram peak. presumably had suffered energy
loss in the materials surrounding the cloud chamber, or
in the collimating slit.

(f) Tracks entering in fringe regions of the illumina-
tion were rejected, as only a small vertical deflection in
a plate might have caused an apparent stopping. The
height of the uniformly well illuminated region is 8 cm.
At the boundaries the light intensity gradually de-
creases to zero in a space of 1.5 cm. Tracks entering in
this fringe region therefore may be distinguished from
more centrally located ones by their apparent faintness.

All tracks appearing faint relative to the main beam,
in the opinion of the observers, were rejected. This
scanning operation was the most difficult to carry out
objectively. The independent records of individual ob-
servers, however, showed Aux count discrepancies, per
picture, of not more than 10 percent. The over-all totals
showed a discrepancy of less than 1 percent. In order to
account for possible errors incurred, a 5 percent error
was assumed for the total Aux count.

(g) The decision whether or not a given track was a
"Aux" or "nonGux" track was reached before the picture
in question was scanned for events. It is, therefore, be-
lieved that the ratio between events observed and the
number of good "Aux" tracks is not subject to system-
atic bias.

(Z) Search for, and Measurement of Events

(a) All pictures were scanned for events independ-
ently by at least two, and sometimes three observers.
Each picture was scanned at least three times. The first
scanning was 80 percent efficient relative to the last;
the second 95 percent.

(b) Measurements of track curvature and scattering
angles, as well as ionization estimates, where necessary,

were performed twice, and, in the case of disagreements,
three times.

(c) ~p, decays in the gas of the chamber were
recorded. Flux estimates from the number of m.~p
events observed, "agreed well with the actual corrected
Aux count.

B. Search for Charge-Exchange Scatterings

The search for charge-exchange scattering in complex
nuclei wa one of the objectives of the present experi-
ment. Operationally, the reaction is characterized by the
simple disappearance of a beam track. The ~' decay
time is —10 "second. A neutral pion therefore travels
only a negligible distance away from its point of origin
before it decays.

The x' meson can be detected solely by means of the
two photons arising from its decay. These photons may
produce pairs in suitably located converting material. If
the resulting electrons do not scatter greatly, the center
line of each pair corresponds very well with the line-of-
Right of its initiating p ray. When the extrapolated pair
center line coincides in space with the disappearance of
a meson in a plate, the two are assumed to be associated.
The kinematics of ~' production are determined only if
both resulting photons materialize.

All pictures were scanned for y-induced electron pairs,
associable with a stopped beam track. In practice, no
double pairs appeared, and therefore methods of dealing
with one pair only are outlined below.

The scanning adhered to certain restrictive cri-
teria. Electron pairs corresponding to gamma rays
emitted in the forward direction (within 20') with re-
spect to the stopped pion were rejected from the data.
In this way bremsstrahlung eRects due to any electron
contamination of the meson beam were eliminated.
Only electron pairs in which each electron had an energy
&10 Mev were counted. This reduced multiple scat-
tering effects which would increase errors in the center
line extrapolation. In addition, the possibility of con-
fusion with nuclear excitation p rays are reduced. Events
where materialization took place in the scattering plate
in which the photon was produced were admitted to the
total cross-section calculation. Direct decay of x' mesons
into an electron pair cannot here be ruled out. This
effect, however, is expected to be small, "except where it
competes with conversion of photons directly in the
carbon plate.

C. Scattering

Energy resolution was limited by the relatively small
unobstructed areas of the cloud chamber within which
curvature measurements could be made. In order to be
classified into the inelastically scattered category, a
meson was required to lose at least 40 Mev. In the case
of short scattered tracks, due to rapid out-scattering

' Lederman, Booth, Byfield, and Kessler, Phys. Rev. 83, 685
(1951).

'7 Lindenfeld, Sachs, and Steinberger, Phys. Rev. 89, 531 (1953).
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from the illuminated region, a definite change in track
droplet density (at least by a factor of two) was
required.

Track density determinations were based on a com-
parison of the track in question, with nearby tracks of
beam energy.

Due to the finite angular spread of the incident beam,
and the thickness of the scattering plates, it was very
dificult to take systematic account of scatterings having
projected angles (15 in both camera views. Ac-
cordingly, no attempts were made to locate these.

The radius of curvature of tracks was measured by
fitting thin plastic templates, upon which suitable radii
had been inscribed, with the projected track image.
Projected angles of the curved tracks were measured by
fitting templates to the initial and final track projec-
tions, and measuring the angular separation of the arcs
with a 360' protractor. Average error of this measure-
ment was &1.0'.

Projected angle and dip angle measurements were
made on all scatterings (Appendix).

The depth of any point on a track below a fiduciary
plane was found by bringing the images of suitable
marks, inscribed previously on the top glass, into exact
register, and measuring the displacement of the two
images of the droplet in question. This displacement is
proportional to the height of the point (droplet) below
the reference plane. Inclination of a given track was
measured by this method. The vertical displacement
between the two droplets on the track, and the (non-
orthogonal) projected distance between them, together
give the dip angle of their joining chord. The derivation
of relevant formulas may be found in Appendix C. All

measurements of momenta on inelastically scattered
and incident particles are corrected for ionization loss in
traversing the scattering plate. In the case of wide angle
(near 90') scattering, this correction attains consider-
able importance. It was not necessary to observe the 15'
cut-oR criterion in the case of inelastic scatterings. The
characteristic changes in curvature and ionization ob-
served in such events are adequate for their location.

D. Stars and Stops

Stars are easily located owing to the positive curva-
ture and generally heavy ionization of the prongs.
Proton energies are usually not measurable on account
of the relatively short unobstructed path length
available.

Apparent "stoppings" are due to a number of eRects.
A phenomenological classification may be made as
follows:

(a) True stoppings, due to charge-exchange scatter-
ings, or stars in which neutrons and/or photons only are
emitted.

(b) Inelastic scatterings or stars in which the emitted
particle has not enough energy to escape from the
scattering plate.

TABLE I. Cross sections of observed reactions. '

(c) Scatterings or stars in which the final particle
leaves the illuminated depth before emerging from the
plate.

(d) Tracks which arrive in fringe regions of the
illumination, and pass out of it while in the scattering
plate.

(e) Beam-contamination electrons radiating a high-

energy, nonconverting photon.
It was desirable to obtain a good estimate of the

number of stoppings falling into categories (a) and (b),
as these constitute a significant fraction of the total
number of nuclear absorption events. The inclination
and relative height in the cloud chamber of all tracks
appearing to stop were measured. In order to minimize
contributions from (c) and (d), only stoppings occurring
within a central, 3.5 cm high, fraction of the illumination
were accepted into categories (a) and (b). The number
of stoppings seen in this region was normalized to
correspond to the total Aux count.

It is not possible to determine directly the relative
magnitude of the contribution from (c). The efficiency
for loss from observation of elastically scattered parti-
cles has, however, been calculated as a function of
scattering angle, for the whole illuminated height. This
correction was applied to the total and differential
elastic cross sections (Appendix).

Stops falling into category (e) were eliminated before
the other corrections were applied. The number of these
events was determined from the percentage of electron
contamination in the beam. About 5 percent of the total
intensity is due to electrons. This figure has been esti-
mated from the number of particle-induced showers, of
three or more final particles, observed in the lead

TABLE II. Compilation of charge exchange events.

Scattering
material Frame No.

Angle of emission Energy of
of photon photon in Mev

Carbon

20448 C'
20441 C
20 418 Pb
21426 Pb

135
180'
153'
154'

35
70
65
49

Lead

20 816 Pb
21 139 Pb
20033 C
20593 C
21039 Pb

72' 95
115' 150
155' 80
122' 135
24' (Event ambiguous,

not counted)

a The letter following the frame number indicates the converter plate.

~(1.40A' Elastic Inelastic Chargeb Stars and Total
)&10»)& 8 )20' AR &40 exchange stops reaction

Carbon 325 179~18 70+ 11 20+20 220~ 40 308&43—10
Lead 2150 700 +84 530&130 100+80 1840 ~350 2477 +385—40

a All cross sections in millibarns.
b Cross sections calculated under assumption of isotropic photon dis-

tr ibu tion.
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plates. "In lead (0.6 radiation lengths), 2 q+2 percent of
the electrons stop without further trace. The number of
electrons stopping in carbon is about one-tenth of this.

IV. EXPERIMENTAL RESULTS

The experimental results are summarized in Tables I
and II, and in Figs. 3—7.

A total of 1500pictures was used to obtain these data.
(One example of inelastic scattering is shown in Fig. 8.)
The Aux count after beam corrections corresponds to
19 900 g/cm' of carbon traversal, and 33 100 g/cm' of
lead. Three-hundred-and-three events were observed in

lead; 451 events make up the total carbon statistics.
The further distribution of categories within these
statistics is contained in Tables I and II.

To obtain the total and differential elastic cross
sections, correction factors, due to the observational
eSciencies, were applied. The derivation of these factors
may be found in the Appendix. The total inelastic cross
section is, of necessity, only a lower limit, as discussed
elsewhere.

All errors, as indicated on the curves or in the table,
have been calculated by taking into account uncertain-
ties in the counting statistics [(X+1)'/$&&100 per-
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cent), in the flux count and beam composition (5
percent), and in the applied corrections (variable). The
rms sum of standard deviations has been used through-
out this experiment.

The correlated photon events observed are indicated
in Table II.Because of the few events actually observed,
and because of the statistical uncertainty in the con-
version efficiency (Monte Carlo calculation —see Ap-
pendix), a very large experimental error must be quoted.
The true number of charge-exchange events to be
inferred from the observed number has been obtained
with the aid of the Bernouilli probability distribution. If
S is the true number of events, giving rise to e observed
events, the a priori observation probability being p, then

n= Spa n(1—p)p]'.

0 20 40 60 80 IOO I20 l40 l60 l80
SCATTERING ANGLE

FIG. 3. Angular distribution of 125-Mev ~ elastic scattering in
carbon. The crosses are points indicating the distribution for
62-Mev m mesons, and are included for comparison.

' Results of Monte Carlo shower calculations for 200 Mev
incident electrons were used. We are grateful to R. R. Wilson for
the kind permission to utilize his shower graphs. See R. R. Wilson,
Phys. Rev. 86, 261 (1952).

One may solve for the desired number, E', to obtain, for
p«1,

1 1
X=—(e+-', )a—(n+-', )&.

To obtain the total number of inferred charge-exchange
events, it is necessary to sum-over all production
mechanisms. In the sum, the S' derived for each par-
ticular mechanism is weighted as the inverse square of
its mean deviation, as given in the above equation. The
carbon and le@,d events are of course treated separately.
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FIG. 5. Angular distribution for inelastic scattering in carbon.
The triangles are comparison points describing the distribution of
x'++p~w++ p.

case, the approximations are inherent solely in the
initial assumptions. ~'

Three parameters of the model, the radius, the real,
and the imaginary part of the potential well may be used
to fit the experimentally observed cross sections. The
ultimate hope is that a good theory of the nucleus will
naturally lead to a derivation of a model such as this, the
parameters depending on the detailed properties of the
nuclear constituents, and of their structure within the
nuclear complex. At high bombarding energies, where
binding eRects presumably play minor roles, interpreta-
tion of the optical parameters in terms of elementary
interaction processes, nuclear momentum distributions,
and correlation eRects is expected to be possible. "It is
hoped, therefore, that interpretation of the present
series of experiments in the light of the optical model
may, apart from immediate conclusions, be of consider-
able use in the future.

Analysis of previous data" has yielded, for 60-Mev
pions in carbon, optical parameters corresponding to a
mean free path for absorption of the meson wave in
nuclear matter of 8)(10 "cm, and a real potential well
which is attrac'tive and 20 Mev deep. The variation of
these parameters with energy has been determined in
the present experiment. It is found by an exact solution
of the Schrodinger equation that a good fit may not be
obtained here with the same parameters as in the 60-
Mev case. Both the calculated angular distribution and

The total error is taken as the sum of the inverse
squares of the partial errors, to the —-', power.

As the statistical probability for seeing the two direct
carbon conversions is very small, in the light of the
other events observed, direct "internal conversion" of
the photons' arises as a distinct possibility in the
present case.
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V. DISCUSSIOÃ OF RESULTS

A. E1astic Scattering and. Absorption

The "optical model, "erst discussed in these applica-
tions by Fernbach, Serber, and Taylor, " has been
applied to the interpretation of high-energy neutron-'0

and pion-nucleus scattering. "" The model, in its
simplest form, treats the nucleus as a spherical region of
uniform density, having a refractive index and absorp-
tion coeKcient for the incident wave packet. The eRect
of the refractive index may be found'~ by considering the
amplitude attenuation and change in phase of the
incident wave, a procedure which neglects reQection
eRects. A rigorous solution of the wave equation in
space, with appropriate matching to the region of
complex potential, may also be made. " In this latter
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"Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949).~ J. Dejuren and N. Knable, Phys. Rev. 77, 606 (1950)."H. A. Bethe and R. R. Wilson, Phys. Rev. 83, 690 (1951).

Fn. 6. Angular distribution of inelastic scattering in lead.
rs K. M. Watson, Phys. Rev. 89, 525 (1953). Also see N. C.

Francis and K. M. Watson, Phys. Rev. 93, 313 (1954).
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therefore mask the Coulomb eGect. In lead, o.—0.7,
indicating that correct calculations for this case must
use the true Coulomb wave functions. Detailed calcula-
tions of this type are under way in this laboratory. "

In the selection of best fit parameter, the reaction
cross section and angular distribution below 70' are
given most weight. It is in this region that the model is
expected to have more validity. Also, the presence of
incoherent contributions may more seriously distort the
diGraction pattern at large angles, where the differential
cross section is small. We find carbon, at 125 Mev, to be
represented by a real potential well, attractive and 30
Mev deep, and an imaginary well corresponding to a
mean free path of 3)(10 " cm. Figure 3 and Table I
give the data used here. The resulting parameters are
consistent with the experimental results for lead. How-
ever, this is not a sensitive test of the model since the
large size of the lead nucleus would lead to essentially
geometric cross section for a large range of parameters.

The classical theory of the index of refraction relates
the optical model parameters to the scattering properties
of the constituent particles:

0"=0'+4n.pf(0),
0 20 40 60 80 IOO I20. I40 ME V

FiG. 7. Distribution of final energies of inelastically scat-
tered mesons in lead and carbon. The data extend from 0 to
~85 Mev.

the total absorption cross section are found to differ
from the observed magnitudes. A comparison of ob-
served and calculated cross sections for carbon, together
with the nuclear parameters used, is given in Table III.
Since kR in this experiment is 3.9, the terms for which
I&5 do not contribute significantly to the cross
sections. The method for calculating phase shifts is
described in Appendix A. Since this is a charged-
particle reaction, Coulomb wave functions should prop-
erly have been used. In carbon, however, the Coulomb
parameter rr=Ze'/(&Pc)=Z/137P~0. 05 is small and
hence affects the total wave function only very slightly.
The statistical errors in the data for 8&20' should

TABLE III. Predictions of optical model for scattering of 125
Mev ~ mesons-in carbon, ' for a complex square well potential.

Potential well&
Curve number (assumed), Mev

Mean free path
in nuclear matterb

(assumed), cm

Total reaction
o (mb)o

(calculated)

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

—36.6—30
+32—21

4X10 "
3X10 '3

3X10 "
9X10 "

292
310
225
161

observed experimentally:
308~43

a In these calculations, a nuclear radius of 1.4A&)(10» cm has been
assumed.

b A potential V=@ —io Mev has been postulated. q is the "potential
well. " This complex scattering potential leads to a complex propagation
constant k'=k+)iX within the nucleus. The "mean free path" is given
by (1/X).

The angular distribution Qts are best for curve (2).

where f(0) is the complex forward scattering amplitude
in the elementary process and p is the density of
scatterers. The availability of phase shifts as a function
of energy in elementary pion-nucleon scattering' '4 per-
mits an examination of the relation of the optical
parameters to the free scattering properties via the
above equation. Table IV gives the result of computing
f(0) from the phase shift data at 80 and 155 Mev.
Clearly, Eq. (1) does not allow for true absorption of the
meson. The corresponding elementary process occurs in
deuterium and has been observed as a function of
energy. " Using the observed energy dependence of
absorption in deuterium ( p'/tt) and the model for
absorption in complex nuclei proposed by Brueckner,
Serber, and Watson, "an estimate may be made for the
mean free path for true absorption at 62 and 125 Mev.
We get X, (62 Mev) =8)&10 " cm and X, (125 Mev)
=4.5)(10 "cm. These values are similar in meaning to
the quantities of Eq. (1) and may be added to the
imaginary part in the form E/2X, .This has been done to
obtain the calculated values given in Table IV.

It is characteristic of this model that the experimental
mean free paths are much longer than those given by
Eq. (1), whereas the real parts are in rough agreement.
Recently, Watson' has examined the optical model
quite generally. He finds that binding effects modify the
scattering amplitude f(0). These serve to reduce the
imaginary part considerably. Any departure of p from a
uniform distribution, as is possibly suggested by recent

Pevsner, Williams, and Rainwater (private communication).
24 Bodansky, Sachs, and Steinberger, Phys. Rev. 93, 1367

(1954).
ss Durbin, Loar, and Steinberger, Phys. Rev. 84, 581 (1951).IBrueclrner, Serber, and Watson, Phys. Rev. 84, 258 (1951).
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experiments, ' would also have a sensitive effect upon
the nuclear mean free path.

The one difhculty which arises in the interpretation of
the experimental data by means of the optical model is
the poor fit obtained with the angular distribution
beyond 70'. It has already been pointed out that the
experimental points in the backward direction may be
contaminated by slightly inelastic scatterings. Recent
counter experiments„" with better energy resolution,
still result in backward scattering considerably greater
than that given by the model. The explanation of this
effect may also be found in the strong angular depend-
ence of the elementary nucleon scattering cross section.
Although the elementary angular distribution is not
expected to modify the optical model picture in a
fundamental way, it may behave as a modulating form
factor on the diffraction pattern. A Born approximation
calculation of the scattering to be expected from a
collection of nucleons has been performed, using the
method described by Peaslee. " The result shows the
expected rise in the backward direction, a reflection of
the very strong backward scattering maxima observed
in the elementary interaction. This data emphasizes the
need for refinements in the theory of the optical model
which will allow the inclusion of anisotropic elementary
processes.

B. Inelastic Scattering

Ihe energy and angular distributions of inelastically
scattered mesons, presented in Figs. 5—7, appear as
confirmation of earlier experiments by Bernardini et al. ' '
which indicated two characteristic features of this
process: strong angular dependence and large energy
losses. An apparent peaking of the energy distributions
of scattered mesons in carbon around 40 Mev is ob-
served. However, the nature of the experimental ar-
rangement is such as to favor just such distributions.
The thickness of the scattering plates will certainly
discriminate against the observation of very low-energy
scattered mesons; the poor resolution at high energies
tends to put particles suffering small energy loss into the
"elastic" category. The experiment, therefore, is not to
be taken as unambiguous confirmation of this effect.

Our experiment suggests that the "quasi-elastic
scattering" model" may yield a qualitative explanation
of features observed in the angular distributions. In this
model, the scattering process is assumed to result from
interaction solely between the incident meson and a
single bound nucleon. The applicability of the model is
not obvious in the present case, since the meson wave-

length is 0.86)&10 "cm, or 4 of the nuclear radius. A
many-body interaction, resulting in scattered mesons, is
not to be ruled out from a priori considerations. The

» V. f., Fitch and J. Rainwater, Phys. Rev. 92, /89 (1953);
Hofstadter, Fechter, and McIntyre, Phys. Rev. 91, 439 (1953)."D.C. Peaslee, Phys. Rev. 87, 862 (1952).

29 R. Serber, Phys. Rev. 72, 1114 (1947); P. A. Wolff, Phys.
Rev. 87, 434 (1952).

'W@QPa+t91'P+M+45$@@@@VAP pg$cwp'
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FIG. 8. Example of inelastic scattering in Pb. The incident
meson A (130~15 Mev) produces a single proton 8 and scatters
through ~].80' with an outgoing energy of (5 Mev. It stops in
the gas, producing a sigma star of 2 protons and a recoil.

E
(Mev)

62
125

Vobs
(Mev)

20
30

Vcalc
(Mev)

28
30

&obs
(Mev)

8X10 "
3X10-»

&oaie
(Mev)

3X10 "
1.2X 10-»

30 The angular distribution of inelastically scattered high-energy
negative pions in nuclear emulsions, where no discrimination
against this angular region occurs, agrees well with the results of
the present paper. S. Goldhaber and G. Goldhaber (private
communication).

strong nucleon correlation inside the nucleus, found
necessary to account for meson absorption, places
particular emphasis on this possibility.

The angular distribution of mesons inelastically scat-
tered in carbon (Fig. 3), when compared to the angular
distribution for the process s.++p—+n.++p, ' nevertheless
strongly suggests the use of the single-scattering picture.
Additional evidence favoring this hypothesis is the
energy dependence of the interaction. At 40 Mev, no
inelastic scatterings have been observed. ' At 60 Mev,

40 mb) and at 125 Mev7 0'j ei& 72 mb.
The data are insufhcient statistically to establish a

correlation between angle of scattering and energy loss.
The pronounced preference for very large angle scat-
tering in the elementary interaction would result in a
reduced mean energy for the scattered particles. In a
more detailed model internal nucleon motion or po-
tential well effects could possibly decrease further the
mean scattered energy.

The angular distribution in lead (Fig. 6) is smoother
than that in carbon, an indication that in this larger
nucleus multiple scattering effects are beginning to play
a significant part. It is to be noted here also that the
angular distribution statistics are somewhat biased
experimentally against angles in the interval from 60' to
120', and that hence some artificial depression of the
differential cross section may occur in that region.

TABLE IV. Calculated and observed nuclear parameters.
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C. Charge-Exchange Scattering

High-energy photons, arising from the interaction of
energetic pions with nuclei have heretofore" not been
observed. It is not possible, with the data at hand,
unambiguously to specify the production mechanism for
these photons. Experience with the elementary pion-
nucleon interaction, however, indicates that charge-
exchange scattering, s +p—+ts+(m' —+2y), is the most
probable mechanism. This view is strengthened by a
detailed balancing calculation which shows that the
cross section for the only possible competing process
7r +p +n+y ha—s, in the case of the nucleon interaction,
a magnitude of only 2 percent that of the charge-
exchange cross section. ' Discounting, then, the possi-
bility that these photons arise through other mecha-
nisms, one may consider the charge-exchange reaction to
have been established under the conditions obtaining in
this experiment.

The magnitude of the observed eRect, although con-
siderably smaller than that for the comparable case of
inelastic scattering, may be understood in the light of a
simple assumption. Under the hypothesis that, in the
first approximation, the charge-exchange and inelastic
scattering cross sections for the present high bombard-
ing energies are aRected by nuclear structure in entirely
similar ways, one may obtain an estimate of their
relative size through use of the known7'4 elementary
cross sections. The ratio, E., obtained for the present
case, is

o,i, ,„.A (s)
R=-

o-;.i A(s)
Z~(~ +p~-s+n)

Zo (~ +p~~ +p)+ So (~++p~++ p)

where it has been assumed that o (s++p—+n++p)
=o(s +ti—+s. +m). The calculated R, then, is 0.3 for
carbon and 0.2 for lead. The experimental ratios ob-
served were E~—0.26, and Rpb —0.20.

Two qualitative points may be made as to the
modification of R by binding eRects. The interference
between neutron and proton scattering for pions inci-
dent on deuterium has been calculated by Brueckner. "
He finds destructive (Pauli) interference for charge ex-

change, constructive for ordinary scattering. To the
extent that such a process takes place in carbon, it may
serve to reduce the calculated E.

The Pauli principle, in addition, acts to suppress the
forward part of the free scattering form factor, since
forward scattering implies only small momentum trans-

fer to the struck nucleon. The ratios of backward to
forward scattering in elementary collisions have been

si Recent results of Tinlot, Roberts, and Spry (private com-
munication), indicate a cross section for charge exchange of 3—5
mb for 40-Mev negative pions, incident on Li, Be, and C.

"K.A. Brueckner (to be published).

observed by the Chicago group. ~ They find, at 135 Mev,

r(s. ~m ) = 2.3, r(~ ~7r ) = 1.0, r(s+-+s+) =3.9.

The Pauli principle, therefore, acts in this case to sup-
press a larger fraction of the total charge exchange than
of the inelastic scattering.

It is of interest to compare these results with other
workers. Lock and Yekutieli' deduce a large charge-
exchange cross section ( 30 percent geometric) for
high-energy mesons ((160 Mev) in nuclear emulsion.
Since the elementary cross section increases with energy
up to 220 Mev, this may still be consistent with our
results. Shutt" and co-workers obtain a charge-exchange
cross section of 60 mb for 105-Mev pions in helium.
This would indicate a very strong eRect due to nuclear
structure. Tinlot and Roberts at 40 Mev, observe a very
small ~' yield from carbon, ~ few millibarns. Schein"
has observed high-energy electron pairs emerging from
m -induced stars in nuclear emulsion. The observed
frequency (1 per 500 stars) is consistent with our results
(5 percent geometric or 10 percent of star production)
and the fact that one out of 80 ~"s will decay into a
photon and an electron pair. "
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the scanning and calculations.

One of us (JOE) would like to express appreciation to
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APPENDIX

A. Calculation of Complex Square Weil
Scattering Amplitudes

The significance of complex potentials has been given
by Bethe." If V =&+to, the continuity equation
becomes

where P is the wave function, and S is the usual proba-
bility current density. A potential representing attrac-
tion and absorption may, therefore, be represented by

I'= —i@I —sl I.

Assuming that V transforms with the total energy, E,
the relativistic equation determining the meson wave

"H. A. Bethe, Phys. Rev. S7, 1125 (1940).
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propagation vector k', in the field of a nucleus is

c'h'k" =g'+ P' —trt'c4 —2+V.
If E»V,

c 5 k —cVPkp —2EV
where

kps = (E'—m'c4)/csh'.

With these assumptions one obtains

2') ' (2oE) ' i.
I

kp'+ I+I
h'c' & & h'c' )

i ( 2oE
exp —tan ')

2 (h'c'kp'+2yE I

One may then write a quasi-relativistic Schrodinger
equation

that if one defines o.t(x) —=d/dx log[xjt (x)], that

x'+l[xat i(x)7—P

where x=a+ib and

l—xot i(x)

In the actual calculation, tables" dictating a final re-
vision of the form of the equation were used. In this
final form, the calculation of a set of five q's for a given
meson energy and set of nuclear parameters became a
relatively minor undertaking. This form was

op(x) = [sin2tt —i sinh2b][cosh2b —cos2g] '.

The expression for p& may now be modified to permit
use of the recursion relation:

kpR[ht i(kpR)] yht (kpR)[1 k Rot(k R)]'

kpR[ht"'(kpR) 7'+ht t'l (kpR) [1—k'Ro t(k'R) 7

7'P+kg= 0,
tanBt (tantr t

—st) —i (st —tanPt)
gl

tanBi (tannt —st)+ i (si—tanP, )
where k= k', r(R, and k=kp, r&R, R being the radius
of the potential well.

The scattering amplitude for a partial wave solution
of the Schrodinger equation is

where

tannt(x) = —xj,'(x) [j,(x)]—',

0 ( )= —
L (*)7 L ( )7 ',

tanBt(x) = —jt(x)[nt(x)7 ',

st(kR) =1—kRa i(kR),
s—kpR

f(8) = Pt(2t+1)[r)t —1]Pt(cosg),
2ikp

Bt& l (r) =A t[cosBiji(kpr) —sinBtnt(kpr)7,

8«'i(r)=Ct[jt(k'r)7, . r&R. B. Efnciency for Photon Conversion

where g~ is determined from matching the inside and
outside radial wave functions at the nuclear boundary. The first three of these quantities are tabulated and the
The radial wave may be written'4 last may easily be calculated by means of the recursion

relation.

Defining rt i——exp(2ib t), one may rewrite the first
equation,

8 t&'1 (r) =Dt[ht&'& (kpr)+st thi "(kpr) 7,

where j&, e&, and h& ~" &'~ =j&Aim&, are spherical Bessel
functions. Equating the logarithmic derivatives of 8(')
and 8&') at R, and solving for g~, one obtains

kp [hi&'i (kpR) 7'y, (k'R) —k'h, &@ (kpR) [j,(k'R) 7'
gl

k'his'n (kpR) [jt (k'R)]' —ho[biol (koR)]'jt (O'R)

Primed brackets denote di6erentiation with respect to
the argument of the Bessel function. As k' is complex,
calculation by means of this formula is quite involved.
Considerable simplification is achieved through use of
a recursion relation for complex half-order Bessel func-
tions which has been given by Aden. "It may be shown

s4 L. I. Schi8, Qgarttura Mechanics (McGraw-Hill Book Com-
pany, Inc. , New York, 1949), Chap. V.

ss A. L. Aden, J. Appl. Phys. 22, 601 (1951). A more general
recursion relation, from which the one used in this paper was
derived, is given by L. Infeld, Quart. Appl. Math. 5, 113 (1947).

Photons arising in the carbon may materialize in the
carbon plate itself, or in one of the two lead plates.
Photons originating in one of the lead plates may
convert in it, in the other lead plate, or in carbon. It is
necessary to account for all these possibilities in the
derivation of the photon observation efficiency.

The calculation of these probabilities combines the
solid angle efficiency factor and the elementary con-
version probability. In general, it involves numerical
integration and/or the averaging of eKciencies over
representative photon production and materialization
PO111ts.

The element of solid angle, chal subtended at the origin
by an element of area, dxds, at (x,s), in a plane y=yp, is
given by

dSdp'
dc@=gp

(xs+y 2+ss) f

Defining tl;=tan '(x'/yp), one may write the total
solid angle included between 0&, 02 and the heights sj and

"Scattering and Radhathon from Circllur Cylinders and Spheres
(U. S. Navy Department of Research and Inventions, July, 1946).
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s2, in the plane y=yo, as

2 2 g'S j
Q(8 8)=Q Q(—1)'+& tan ' (yoo+x;s+s, ')—*' .

s=l j=l — yo

'Py

Fio. 9. Coordinate
system for deriving pro-
~ecti.on formulas. x—+m-
dicates direction of in-
cident beam, i—incident
pion, f—scattered pion,
P—projected scattering
angle, Pb—lead plates,
C—carbon plate.

I

The conversion efficiency, for cases in which a photon
emerges from one of the scattering plates and converts
in another, was calculated in the following way: a point
of origin for the photon was chosen. The plate of
destination was divided into intervals (8~,8o), the aver-
age conversion efficiency for each interval being de-
termined from the appropriate transition curve. The
solid angle and conversion efFiciencies were then multi-
plied for each interval, and the products summed over
the whole conversion plate. The calculation was re-
peated over a number of representative points (twelve
for carbon) in the plate in question, the mean of these
efficiencies then giving the final result.

The efFiciencies for conversion directly in the plate of
origin of the photons similarly were calculated, taking
into account the available height of the illuminated
regio~, as well as the relative magnitudes of the solid
angle and conversion path. All efFiciencies have been
calculated under the assumption of isotropic photon
angular distribution.

The transition curves needed in this experiment must
give the probability, as function of converter thickness,
of 100 Mev y-ray materialization, each resulting pair
member having an energy ~& IO Mev. To minimize
secondary effects, it is required that the electrons have
charge of opposite sign.

Professor R. R. Wilson has very kindly permitted us
to use the data from his Monte Carlo calculations to
obtain the desired transition curve. The efficiency in

lead, as derived from 142 individual shower graphs, "
rises steeply from zero to 30 percent in the interval
from zero to 1 radiation length. A relatively slow fall-off
occurs beyond this thickness, the efFiciency at 2 radia-
tion lengths being 18 percent.

The conversion efficiency for carbon was calculated
under the assumption that for the thickness in question
pairs once produced do not reradiate. The average
ionization energy loss of pair electrons was taken into
account.

If 8"~ is the energy of the initial photons, e the
ionization loss of minimum ionizing electrons/cm of
carbon, t the thickness at which the pair is produced, D
the total thickness (in cm) of the carbon, X„the mean
free path for pair production, "E the initial energy of
the positron, and A a factor near unity, due to the pair
production spectrum, then the efficiency is given by p,
where

D e
—&/xp 7v y—[(D—&) ~+&0]

df
W, &o X~ "(D—~) ~+io

In the region of carbon thickness of interest, and for
5'~=100 Mev, the result of the integration may be
expressed by the simple formula q = (1.1D+1.74)
percent.

The per photon conversion efficiencies are:

Pb& or Pbs—+C 1 percent (each plate),

Pbi—+Pb2 3.4 percent (both plates together),
or Pbi—+Pb2

Pbi~Pbi
12.9 percent (each plate),

Pb2—&Pb2

C—+C 0.6 percent,

C—+(Pb~ or Pbo) 7.6 percent (both plates).

The element to the left of the arrow indicates the
plate of origin of the photon, the element to the right,
the plate of conversion. Because of the method of
calculation, and the 20 percent statistical uncertainty in
the lead transition curve, a possible error of 30
percent must be allowed for in these efficiencies.

C. Measurement of Space Angles

1. Stereo Height Determieatioe

Any point T, within the cloud chamber, is projected
onto the scanning screen from two film images, through
two lenses, I. and A. The film images of a top glass
fiduciary mark Ii are projected similarly. It is desired
to measure the distance s between the planes con-
taining F and T, respectively. H the distance be-
tween the projections of E is 8, and that between the
projections of T is 60, then the value of s is determined
by 5=8,—60. In practice 6 is made to vanish by
suitable translations and rotations of one film relative to
the other. When this is done, one measurement sufFices
to determine s.

Consideration of the geometry easily shows that the
stereo depth calibration equation is

5—
(2VIP) —A

3' X„for carbon has been obtained by extrapolating the data of
J. L. Lawson, Phys. Rev. 75, 433 (1949).
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where 2/ is the distance between lenses, p the distance
between top glass and lens plane, and f the distance
between scanning screen and lens plane.

Z. I'rojectiorI, Formllas

It is necessary to account for the fact that pictures
are not recorded from infinity. In many cases, depending
on the location and type of the event in question, the
nonorthogonality of the projection does not permit the
use of standard orthogonal projection formulas. Ac-
cordingly, the relative location in the cloud chamber of
all such events has been measured, and used to arrive at.
the correct scattering geometry.

The information needed to calculate correctly the
space and dip angles of any scattered track consists of
the projected angle relative to the incident track, a
projected length on the scattered track, the relative
heights in the cloud chamber of the ends of this length,
and the position of this segment relative to the vertical
projection of the recording lens onto the screen.
Figure 9 shows the coordinate system used in the
derivation of the formulas. The origin is located at the
foot of the perpendicular from screen to lens; the x axis
is chosen along the direction of the incident track,
marked i The .final track, marked f, makes a projected
angle P with the incident direction. The s direction is

upward, out of the paper. Let: Dz ——true length of
scattered track segment, Do=projected length of scat-
tered track segment, (0,0,h) =projecting point (camera
lens), /=projected scattering angle, 0"=true scattering
angle, 8=true dip angle, (x;, y;, s,) the space coordinates
of the scattered track segment, and (x,', y, '), (i= 1, 2)
=the coordinated defining the projection onto the
screen of the scattered track segment. Let (xi", yP, sP)
= (0,0,h). Then the projection of the track onto the
screen gives

xi'= xih/(h —si), yi'= yih/(h —si)

FIG. 10. Construction for calculation of number of scatterings
missed due to the finite height of the illuminated region. The
origin is situated at the scattering point of the incident meson. The
& axis is directed along the initial horizontal Qight direction, the y
axis points vertically upward. The x axis is horizontal and per-
pendicular to both. Plane 31', determined by I'QE, represents the
far boundary of the scattering plate. The scattering occurs at a
distance d above it. Plane M is normal to the incident flight direc-
tion, and a distance z= h below the scattering point. OI' represents
the scattered meson, and has polar angles 8, q. I' is the intersection
of the rear bounding plane of the scattering plate and the scattered
track.

D. Detection Efficiency for Elastic Scatterings

1. Egciency Calculation for 15' Projected Angle Cutoff

During scanning, only scatterings with projected
angles P&~15' are recorded. This means that, in cases
where the azimuth angle q is near 0' or 180', scatterings
with space angles 0 appreciably greater than 15' may be
lost from observation.

To calculate the efFiciency of observing an elastic
scattering into 8, one must first obtain io= ppg) p „„,p.

The efficiency of observation then becomes, in any
given azimuthal quadrant,

2
E(8)= 1—

t vp Q'= 15')—v'p(4'= o') 7—.

Ax=Ax'(1 s&/h) (xi'/h)4—». (Sim—ilarly for hy. )

sm~ xip hs-
cosP~ 1——

)
——

h)
O. =cos '

Let X be the angle between the vertical direction and a
+1 +2 +1 ~2 4 +/ h J 81~1 ~2~2 J ray drawn from the observing camera lens to a point

determined by the intersection of the vertical plane
containing both lenses, and the scattered track. It may

Then easily be shown that, for cases where 8 is less than 70'
(at larger 8, other corrections predominate), one has

Dr' (hx)'+ (Ay)'+ (—A—s)'
y (f)= sin '(tang cot8 cosX)+8=Dp'(1 —s2/h)'+ (hs)'L1+ (x "+y ")/h'

/h) (1 /h) ( p ~+ p ~)7
Averaging over-all scattering positions in the cloud
chamber, and over both camera positions, one Ands that
for the present geometry the effect of cosh in the bracket
is quite negligible. The over-all eKciency, to a very good
approximation, is equal to that obtaining in the case of
one projection point (camera) at an infinite height above

DT the chamber. It is given by

Appropriate simplifications may be made depending on
the magnitude of the parameters.

2
E(8)= 1——sin '(tan15' cot8).
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Z. EPciency Calculation for Scatterings Missed because

of the Finite IIeight of the Iliuntinated Region

Tracks are incident on the scattering plate system at
an angle 0-~15' with the normal. The height of the
illuminated region is ~8 cm. This situation is repre-
sented in Fig. 10. For the case illustrated, the coordi-
nates of I' are

x~ =r sin8 sin q =d sino+ i cosa,

y„=rsin0 sinp,

s~=r coso=d coso.—t sino, [(QP)A tj.

In the drawing, y„=V, which indicates that I' is at the
boundary of the illumination.

The efBciency for observing a scattering through an
angle 0, taking place at a depth of d centimeters into the
scattering plate, is

1
E(e=—~.(Y,d),+.(Y,d)

2'
+p(8 —Y, d)i+@(8—Y, d) ],

where the subscripts refer to the two cases cos p=~ (cosy[.
Solving the above coordinate equations, for the case

y„=I', one obtains

cosy= sing
sina tano+coso d cot8

7

tan a. V tano.

from which the explicit expression for p(Y,d) is easily
derived. This is then inserted into E(0). To obtain the
desired e%ciency, numerical averaging over representa-
tive (Y,d) is carried out.

As may be expected E(0)~1 for 8 small. It is a
minimum for 0=75', and rises slowly for 75'(0~& 90 .
In the latter case the track emerges through the front
of the scattering plate. E(8) is symmetric about 8= 90'.

No correction need be applied to account for tracks
passing out of the cloud chamber before emerging from
the scattering plate (within the illuminated height).
Owing to the track entrance criterion, and the small
height of the illumination together with the narrowness
of the scattering plate relative to the cloud-chamber
width, the magnitude of this correction is negligible.






