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I. INTRODUCTION

1. High Energy Pion-Nucleon and
Nucleon~-Nucleon Scattering

Measurements of pion-nucleon and nucleon-nucleon scattering
cross sections have been of great importance to the understanding of
meson physics and in the investigation of nuclear forces. Although no
single model has been successful in describing all experimental scatter-
ing results, the energy dependence of the scattering cross sections has
provided powerful clues for determining the form an all inclusive model
must assume for various energies.

To illustrate this, consider Figure 1, which shows the total
cross section for pion-proton scattering as a function of energy. At
low energies only a few angular momentum states are important, and the
experimental data can be adequately described by means of a phase shift
analysis. The pronounced maximum in the positive plon cross section at
195 Mev reaches a value of 200 mb, which for j = 3/2 is very closely
equal to gjrk3ﬁ21+0 , the maximum value of the cross section for an
elastic process occurring in a state with total angular momentum j=3/2.
(\= QF‘K is the de Broglie wave length in the center of mass system.)
Moreover, at this energy the ratio of the total ﬁ+-p cross section to
the total = -p cross section is quite close to 3, which is the ratio of
the weight of the isotopic spin state 3/2 in the ﬂ+—p system to that
of the state 3/2 in the n”-p system. Thus, a second inference naturally
follows: the strong interaction, which peaks at 195 Mev, is characteris-
tic of a state with total isotopic spin T = 3/2. A second resonance for

the total n”-p cross section is observed at 900 Mev. Since the total
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n+-p cross section does not show a maximum at this energy, it is natural
to assume that the excess scattering must occur in states of total iso-
topic spin T = 1/2. Yang has calculated that the maximum contribution
to the total cross section from a state with T = 1/2 and total angular
momentum j is limited by O £ 47 x* (’2.3"'/) 0_9/0’;« , where Jg 1is
the elastic cross section, and g is the total cross section.(22) Ilet-
ting %A% = 1/3, this would imply j > 11/2, which is highly unlikely at
this energy. Dyson(l) and Takeda(z) have proposed to explain the n™-p
scattering data at 900 Mev by considering that the interaction between
a pion and a proton occurs mainly via an interaction of the bombarding
pion, m,, with a virtual pion, =, in the charge cloud around the pro-
ton. If the resonant state has T = 0, it will contribute nothing to
ﬂ+-p scattering at this energy. The excess scattering will be observed
in several angular momentum states of the n™-p system simultaneously.
The maximum excess cross section as given by Dyson is G = 4E§ 752217+4)F3
where I is the angular momentum of the resonant state, ﬂ'= 7.87 x lO'lh cm
is now the de Broglie wave length divided by 2x in the center of mass
system of the two pions, and F is the probability of finding a positive
pion in the proton charge cloud. Because the pion is a boson (T =0
states must have even parity), only even values of I are allowed, and
it is found that the observed scattering can be accounted for with I as
low as O or 2. Some authors(3>, however, have argued that the momentum
distribution of wvirtual pions (they have assumed the momentum of the

virtual pion would be of the order uc where uc2

is the rest energy of
the pion) would make any such resonance much broader than the observed

peak. Very recently, however, it has been proposed that the n -p
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resonant final state may be very important, and this may tend to select
the momentum of the virtual pion so that the effective momentum spread
is really less.(h)

At high energies (an energy of the incident pion of the order
of or greater than 1 Bev) a great many angular momentum states (there
are waves of at least 4 = 0,1,2,3 units of angular momentum partici-
pating) must be considered to describe the scattering process, and it is
not possible to fit unambiguously the experimental data by means of a
phase shift analysis. If one examines the high energy = -p scattering

data in detail(P-12,28)

, 1t will be found that the elastic scattering
exhibits a large differential cross section for small scattering angles
and a rather isotropic differential cross section for large scattering
angles. Also the inelastic scattering is much greater, about a factor
of 3, than the elastic scattering. It is thus possible to consider the
nucleon as an absorbing body which can cause diffraction scattering.
Indeed the curve for the n™-p forward elastic scattering does resemble
a diffraction curve. The role of diffraction scattering is clear if
one considers pion-nucleon collisions to occur in a way similar to that
involved in Fermi's statistical theory of meson production.(l3) There
is assumed to be a region of strong interaction about the nucleus with
a radius of about 10'13 cm. Sinceﬁ( (in the center of mass system) is
about 3 x 10-14 cm, we may consider it either to hit this region and in-
teract or miss it and fail to do so. If it hits, two or more pions may
be emitted, in which case the process is obviously inelastic, or only
one pion may emerge as an elastic scattering. In the latter case, the

event should be counter as inelastic if the emitted pion is considered



to arise from a truly "thermal" process so that its phase is random with
respect to the incoming pion and cannot interfere with it (incoherent
elastic scattering). Fortunately the incoherent scattering should be
isotropic if one thinks of it in terms of the thermal model, and thus

it can easily be subtracted from the total elastic scattering. A more
detailed description of diffraction scattering, which is described by
the so-called optical model, will be found in Chapter VII.

Curves which show the proton-proton total cross section,
elastic cross section, inelastic cross section and elastic differential
cross section as a function of energy, will be found in Figures 2 and 3.
As the bombarding energy is increased above the threshold for meson
production (290 Mev) to about 800 Mev, the inelastic p-p scattering
cross section rises, while the elastic cross section remains nearly con-
stant. Thus, the rise in total cross section for p-p interactions oc-
curring between 0.4 and 0.8 Bev is due to inelastic events leading to
the production ,of one or more pions, the cross section for such processes
being about 26 millibarns for energies from 0.8 to 6 Bev. 1In this energy
range, the elastic cross section apparently drops slowly with increasing
energy. The angular distribution, nearly isotropic at energies below
about 400 Mev, exhibits an increasingly forward peaking as the bombarding
energy increases, which reflects the inelastic processes that occur
within a region larger than the wave length of the colliding particles.
The low energy data can be described by a phase shift analysis. The high
energy elastic proton-proton scattering is at least partly a diffraction
effect arising from the inelastic processes that can occur. The small

angle scattering can be fit by a variety of optical models.(lu’l5)
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Since the experimental p-p differential cross section decreases rapidly
with increasing scattering angle and apparently goes to zéro for large
angles, the p-p elastic scattering, in contrast to the =n~-p elastic
scattering, must include only a very small amount of incoherent scat-

tering.

2. Summary of Known Experimental Data

At the present, the total n”-p cross section is roughly known
to 5 Bev.(s'lz) The elastic n"-p cross section is also known for this
same energy region.(5'12:28) (See Figure 1 and Table I.) It can be
seen that there are some large energy gaps in this range, however,
which should be removed. Also, most of the elastic cross sections have
rather large statistical errors attached to them due to the small num-
ber of events observed. The n+-p total cross section is known to 1.9
Bev. However, the highest energy ﬂ+-p elastic cross section measured
to date is only at 480 MEV.<16) The primary reason for the lack of
high energy =t experimental data is the fact that if the proton beam of
the cosmotron or bevatron is allowed to strike a target inside the
evacuated doughnut, the magnetic field of the accelerator in this region
will tend to force particles with a positive charge into the center of
the machine or at least along the proton orbit in the doughnut. Par-
ticles that are produced at the target with a negative charge, however,
will be ejected by the magnetic field into the experimental area. It
has been possible to obtain =nt mesons in the experimental area by placing
the target in an appropriate section of the evacuated doughnut, but in

all cases when this was done, the proton contamination of the 7" beam
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was very high. It was for this reason that high energy xt experiments
were not feasible. Lately a high energy (3 Bev) external proton beam
has been developed at the cosmotron. With the advent of this external
beam it is now possible to place the pion producing target outside of the
magnetic field of the accelerator and in an experimental area. A high
energy positive pion experiment is now possible. The experimental data
to be reported in this thesis were obtained by using the external proton
beam, and it will be the first high energy (1.1 Bev) n+-p elastic scat-
tering ever reported. The greatest importance of the data will be the
knowledge it will give theoreticians who are at present formulating new
models of the pion nucleon interaction which consider the isotopic spin
of the n+-p system and the charge of the pion.

The elastic and total cross sections for proton-proton col-
lisions are known to an energy as high as 9 Bev.(lh’l5’l7'19’32) The
same comment concerning the =n -p cross section holds here also. That
is, there are few measurements in the high energy region, and the data
have large statistical errors. The energy of the bombarding proton in
this experiment is 580 Mev. Proton-proton elastic scatter has already
been measured at 560 Mev and 590 Mev.(l7:18) Both of these experiments
were performed with counters. The value of the proton-proton data in
this thesis is primarily to show the agreement between bubble chamber
measurements and counter measurements at this energy. It is desirable
to make this comparison because although a counter experiment is capable
of great statistical accuracy, it is also subject to rather large sys-

tematic errors.



TABIE T
(Taken from Reference 32)

ELASTIC, 0, AND INELASTIC, o;, CROSS SECTIONS FOR n”-p INTERACTIONS

Energy in Bev b b 03/ 0
0.307 10 +1 19 1.9
0.45 13 + 2 16.4 1.26
0.60 19 + 2.5 17.0 0.9
0.75 20 + 2.5 23.5 1.15
0.80 21 +1 32.4 1.54
0.95 19 +1 25.9 1.36
1.00 20 + 2 26 1.3
1.3 10 + 1.5 19 1.9
1.4 10 + 2 2k 2.4

4.7 6+ 1.5 22 3.7




IT. EXPERIMENTAL APPARATUS AND ARRANGEMENT

1. The Bubble Chamber

A bubble chamber was the detecting instrument used in this
experiment.(ao) The chamber was made of aluminum, was rectangular in
shape and had a sensitive volume of 12 x 5 x 5 inches. The chamber
was operated at 51.9°C with a pre-expansion pressure of 375-400 psi.

The liquid used in this chamber was propane, which has a vapor pressure
at this temperature of 280 psi. Expansion and recompression were car-
ried out by air pressure applied behind a rubber diaphragm in the bottom
of the chamber. The top of the diaphragm was in contact with the pro-
rane. The chamber was expanded by applying an electronic pulse to a
3/&-1nch commercial three-way solenoid valve. This actuated a larger
poppet valve to provide expansion. A schematic drawing of the bubble
chamber and associated equipment is shown in Figures 4, 5 and 6. The
chamber was so oriented that the incident beam traversed the long di-
mension of the chamber.

In order to reconstruct accurately an event in real space from
measurements made on stereoscopic negatives, sets of fiducial marks in
the form of crosses were deposited on the inner surfaces of the front
and back windows. These fiducial marks were placed in a rectangular
pattern with a spacing of 1.000 + 0.001 cm. In order to insure uni-
formity of the pictures, the camera and chamber were mounted on a rigid
steel I-beam frame. Separate strips of 70 mm film were used for the
two stereo photographs. To insure constant image distance, the film
was held flat by means of pressure plates and vacuum backs in the camera.

A line source of light was provided for bright-field photography by

-10-
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means of two 6-inch xenon-filled flash tubes. The flash duration was
about 40 microseconds and intense enough to allow the camera lens to
be stopped down to f/h5. This provided a depth of field sufficient to
have all parts of the chamber in good focus. A fresnel lens and dif-
fusing screen were employed to insure a uniformity of illumination

throughout the chamber.

2. Experimental Arrangement

The experimental arrangement for this experiment was completely
described in the doctoral thesis of J. C. Vander Velde, and the de-

scription given below closedy parallels Vander Velde's description.(al)

A. The nt Beam

Early indications of the feasibility of obtaining a relatively
pure nt beam from the cosmotron came from some pion-proton total cross
section work done by Cool, et al.(3:23) This led to a further experi-
mental study by Cool, Cronin and de Benedetti to determine the various
proton-pion ratios possible as a function of pion momentum, production
angle and target material. This work was carried out with the present
bubble chamber experiment in mind, and the reader is referred to their
paper(zu) for a detailed description of the results. The essential
features are as follows: The p/n ratio was found to decrease with de-
creasing atomic number of the target material and with decreasing pion
momentum. This particular work was carried out at just one production
angle (7°), but earlier results had indicated that the ratio would also
decrease with decreasing production angle. TFor a desired pion momentum,

therefore, one would like to use the lowest Z target and the smallest
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production angle which is practical. In the course of one of these
tests, our bubble chamber was placed in the beam in order to determine
what the room background would be when the cosmotron intensity was such
that an optimum number of particles per pulse passed through the cham-
ber. It was found that the background was negligible, and it was con-
cluded that a bubble chamber experiment to study the reactions

7 +P - Tt+kY, 7t+P - nt+P and P+P — P+P was entirely possible.

B. The Beam Set-Up

We were led by this study to the experimental beam set-up
which is described below. A pion laboratdry kinetic energy of 1.1 Bev
was chosen in order to afford a direct comparison of our results with
those of a 7n~ experiment that had already been done at this energy in
the same chamber. Figure 7 shows a floor drawing of the arrangement.
The 3 Bev external proton beam strikes a 1 x 1 x 6 inch polyethylene
target at T and produces a spectrum of pions in all directions. The
high momentum mesons are produced most abundantly in the forward direc-
tion, so the strong focusing magnets H and J were set up to accept a
solid angle centering around an angle of 7° with respect to the primary
external beam direction. The acceptance angle was limited by the 3 x 3-
inch collimator at (a), and that part of the primary beam which did not
interact in the target was dissipated in the lead walls of this collima-
tor and in the iron of the H magnet. The currents in the strong focusing
lens were set so as to bring the image of the target to a focus at the
one inch collimator (e¢). The magnet B deflected the beam through an

angle of 23° and provided momentum analysis.
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The expected momentum resolution for this set-up can be
calculated from the relationship %g-: - %E,, where © is the angle of
deflection and AQ is the differential angle of acceptance. In our case,
A9 is proportional to the sum of the widths of the collimator (c) and
that of the target image. From the known properties of the quadrupole
lens(25) the target image was calculated to be 0.92 inches wide. This
gives an expected resolution of :,0075%. It is desirable to have good
resolution because the events are identified mainly on the basis of
kinematics. As seen in the diagram, a plastic bag filled with helium
was inserted between the magnet B and collimator (c). This was to re-
duce the broadening of the target image due to multiple air scattering,
which would be appreciable at these distances%(26) The megnet E did
not provide any further momentum analysis, but served mainly to sweep
out any low momentum particles which had lost energy in the collimation
system. The beam then passed through the bubble chamber (B.C.) which
was shielded from the general room background by a concrete blockhouse.
After completing the initial set-up, it was necessary to perform a wire
measurement on the system to insure proper alignment. A wire was sus-
pended between the target and the chamber, and the current and tension
adjusted so as to correspond to the desired momentum 1.232 Bev/c. Fine
adjustments were then made so that the wire passed through the center of
the collimators. The chamber was aligned so that the beam passed per-
pendicularly through the end of the chamber. A check was made of the

chamber alignments and can be found in Figures 8 and 9.

¥ The r.m.s. deviation of a particle of our momentum passing through
30 feet of air would be about 1 cm. Helium reduces this by a
factor of 30.
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An important factor in the success of the experiment was the
use of the rapid beam ejector developed at Brookhaven by D. C. Rahm.(27)
This device reduces the duration of the beam pulses to a few microsec-
onds, as opposed to a minimum of about two milliseconds without it.
Because of the rapid bubble growth in propane, a two millisecond pulse
will produce tracks which differ greatly in bubble size, whereas with the
rapid beam ejector in operation they can be made uniformly small. This
not only reduces measurement error, but in our case allowed us to have
almost twice as many tracks per picture without affecting their ability

to be scanned easily.

C. Counter Measurements

(l) Beam Width.--The sensitive volume of the bubble chamber is 5 x 5 x

12 inches, with the beam entering through the 5 x 5 inch cross section.
Thus, it was desirable to have a beam which was somewhat narrower than
five inches upon entering the chamber. This reduces the chances of losing
sight of an interaction which occurs near the front or back window of
the chamber and also reduces the background of stray particles which
come from interactions in the glass or aluminum walls. The width of
the beam at the chamber is determined by its angular divergence after
passing through the focus at (¢) and the additional spreading of the
momentum components due to the sweeping magnet E. The collimation system
was arranged so that an extreme-ray calculation gave a beam width of four
inches for a beam with a momentum spread of + 0.75%. Its height was also
restricted to three inches by the three-inch-high collimators.

In order to check the beam width, a counter was moved laterally

across the entrance side of the chamber and a plot made of intensity vs.
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position. The curve showed a maximum at about 1/2 inch from the center
of the chamber, and 95% of the beam fell within an interval of two inches
on either side of this maximum. This agrees well with the 100% width of
four inches that was calculated from the geometrical set-up and expected
momentum spread and confirms the fact that the momentum resolution was

+ 0.75%. However, variations which were observed in the analyzing magnet
field must be independently added to this to give a final beam momentum
of p = 1.232 Bev/c + 1.5%. The expected width and height of the beam
were also confirmed later by observation of the actual distribution of
tracks in the pictures. ©See Figure 10 for the depth coordinate of the

origin of 568 p-p elastic scatterings.

(2) Proton to Pion Ratio.--In order to calculate the cross sections for

any observed processes, it is necessary to know the ratio of protons to
pions which pass through the chamber. Actually, the beam contains not
only p and n+, but also a small contamination of pyt which must be taken
into account. The pions and muons have practically the same velocity

(B = 0.99), whereas the protons are significantly slower (B = 0.79) and
can be separated electronically from the higher velocity component of
the beam. A time-of-flight technique was used, similar to that of Cool,
Piccioni and Clark. (3)

A counter telescope was placed in the beam with one pair of
counters Jjust outside the cosmotron shielding and the other pair immedi-
ately in front of the bubble chamber. The distance between the counters
was 20 feet, which corresponds to a difference of 5.2 x 1072 seconds
between the flight times of the protons and mesons. The amount of delay

necessary to bring the two pairs of counters into coincidence measures
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the flight time of the particles. Curves were plotted of intensity vs.
delay time for both positive and negative beams of momentum 1.232 Bev/c.
The intensity was normalized with a monitor counter and is plotted
against the delay in feet of RG-63, as shown in Figure 11. The zero
point of the abscissa was arbitrarily chosen to be at the center of the
negative beam curve. Since the negative beam consists of pions and muons
only, it gives the delay curve for a pure beam of B = 0.99 particles.
Curve II is the one obtained for the positive beam and clearly shows the
two velocity components. Since the width of the curves is due only to
the pulse widths from:the counters, it is the same for all velocity com-
ponents, and the leading edge of Curve II can be assumed to be due solely
to the high velocity component of the positive beam. Thus, the negative
beam, Curve I, is normalized to follow this leading edge, and the differ-
ence between II and I gives the proton delay Curve III. This has the same
shape as Curve I and is shifted by an amount corresponding to the pre-
dicted difference in flight time. The relative heights of Curves III
and I then give the ratio of protons to pions and muons. This ratio is
1.75 + 0.09. The errors quoted are due partly to statistics and partly
to an uncertainty in normalizing Curve I to the leading edge of Curve II.
By previous measurements in similar beams(3), it was estimated

that the muons represent a contamination of (8 + 3)% of the pions.
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ITI. REDUCTION OF DATA

1. Scanning, Measurement and Computation

A total of 234,000 tracks was scanned for elastic scatterings
of positive pions and protons by free protons. Because these elastic
scatterings are two-body processes, the beam particle direction must be
contained in the plane of the V formed by the two particles after the
scattering has taken place, in order that transverse momentum be con-
served. The scanners were instructed to look for all Y-shaped events
in which the direction of the beam particle went through the two arms of
the V, and if these Y-shaped events (also called two-prong stars) were
produced by a beam particle, they were to measure them on the film.

The measurements were made with a T-power Bausch & Lomb
measuring magnifier. The scale on the measuring magnifier was of special
design in order that rapid measurements could be made on the film. A
floating origin system was used for the measurements. As mentioned in
Chapter II, the windows of the bubble chamber were inscribed with small
crosses one centimeter apart which were to be uéed as fiducial marks.
These crosses served as axes for a cartesian coordinate system. Hori-
zontal and vertical measurements were made from nearest set of available
axes (occasionally beam tracks would obscure a fiducial mark) to the
bubble which was to be measured. The horizontal and vertical measure-
ments were read on the scale to within 0.005 cm. The set of axes was
chosen so that measurements were always made in the positive quarter
plane. ZFEach cross was given a code number so that the set of axes which

was used for the measurements could be identified.

-2l
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The Y-shaped events that were to be measured were divided into
three categories. The first category included all of the events in which
the two scattered particles left the chamber. For this case, a measure-
ment was made as far out on the arms of the Y as possible, in order to
obtain the greatest possible angular accuracy. There were two cases in
this category when it might not be possible to measure the arms a long
distance from the origin of the scattering. The first was when the scat-
tered particle underwent some sort of nuclear reaction, and second when
the scattered particle had its direction altered appreciably by coulomb
scattering. For these cases, the length 2-3 or 2-4 might be quite small,
see Figure 12. The second category included all events in which one or
both scattered particles appeared to stop in the chamber. In this case,
the end of the track was measured to obtain the range of the particle
if it stopped in the chamber, or to find out if the particle went out
the front or rear glass window of the bubble chamber, for particles that
go out either of the windows have the appearance on the film of stopping
in the chamber. In these cases, by looking at the depth coordinate it
was possible to ascertain if it did go out one of the windows. The third
category consisted of those events which scatter slightly before they
appear to end. In this case, a measurement was made along the arm before
the second scattering to obtain angular accuracy, and then a measure-
ment was made at the end of the particle to find out if the particle
went out through a window, and if it did not, to obtain its range. To
help eliminate Y's which had short arms due to the fact that the scat-
tering took place near one of the ends of the chamber, the only scatter-

ings that were measured were those in which the center of the scattering

took place in the middle two-thirds of the chamber.
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The measurements that were made by the scanners were then
punched on IBM cards which were fed into an IBM 650 computer. The com-
puter calculated the following physical quantities of the event: the
real space coordinates of points 1, 2, 3 and 4; the direction cosines of
the incoming beam track, the direction cosines of the normal to the
scattering plane (from this the azimuthal angle of the scattering can be
calculated); the lengths 12, £p3 and Loy, the coplanarity angle, ¢),
(the angle between the beam track and the scattering plane); the two
scattering angles ©] and ©5; and a geometric error to be assigned to

the lengths %432, £23, £b) and the angles ¢ ’ Ol and 02.

2. Errors
The geometrical error mentioned above i1s an error that is caused

by the geometry of the event, i.e., it is a measure of the variations in
the computed physical quantities caused by a slight (slight is defined
below) variation in the measurements of the points on the film. For
example, if one or more of the arms of the event is short, a given vari-
ation in the measurement of points on the event would correspond to a
larger camputed angular variation than if all the arms were relatively
long. Another source of error results from the fact that an examination
of the stereographic reduction formulas, which convert the measurements
taken on the two stereographic film negatives to real space coordinates,
shows that for a given variation on the film measurements, the variation
in the real Z (depth) coordinate is eight times as great as it is for
the real X and Y coordinates. Thus, for an event in which the scatter-
ing plane is parallel to the plane of the windows of the bubble chamber,

a given measurement variation would cause a large variation in the
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coplanarity angle, ¢>, and a small variation in ©7 and ©p. If the
scattering plane were perpendicular to the plane of the window, the re-
verse would be true. As an indication of the errors that must be at-
tached to the computed quantities, a well-known equation of statistics

was used:

(1)

where 44 1s the deviation of the function f in terms of the independent
deviations 4 X, of the N independent variables X,/. Thus, if 4 X, is
the standard deviation of a measured quantity, then 4 f is the standard
deviation of the function. If A X. is an average deviation, theng T
is also an average deviation. Now to measure a point on a scattering
three independent measurements must be made on the stereographic film.
Since a scattering is determined by four points, there is a total of
twelve independent measurements for each event. Let éle i=1,2,3,
...12 be the amount of measurement error in determining each coordinate.
Then the function f can be any one of the computed quantities 47 B Gl,
©5, £10; lp3 or fp). The measurement error 4 X, was taken to be 0.005 cm,
which was the smallest unit of measurement that was used. This value was
chosen by the author after he made many measurements.

To test this hypothesis, 24 independent measurements were made
on a single event by the scanners. FEach scanner made the series of
measurements more than once, but in each case there was a three- to
four-day time elapse between the series of measurements so that each

series of measurements would be independent. The results of this test
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are given in Table II. A, B, C and D refer to the scanners. The sub-
scripts refer to their first, second or third time for the measurements,
The first measurements of Scanner A (who was considered one of the best
measurers)‘were taken as the base. The deviations from her first measure-
ments are shown in the table,

Using the definition of a partial derivative

_gi - /éw F (2%, Zay 2y = = #oa) "JZ{X') Kay Ky e X,;Q

2%, - 411“-)0 Axl

Expression (1) can be written

Af: E[[ZN“ZUL/) x&)"‘/Z/,o_) *j[(x,/ za)"‘ K,&Hi,.‘

H
+E[/x’/ 7401) .o 71,’1*41/4)—-]//%,, 75.2) .. Z,_z)]

This expression, computed for each event, was used to assign a
geometrical error to the lengths £1p, £23, £3)4 and the angles ¢; 01

and 92 o
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IV, IDENTIFICATION OF ELASTIC SCATTERINGS

Elastic ﬁ+=p and p-p scatterings were identified by the fol-
lowing methods: angular correlation, coplanarity, range, bubble density,
and ® rays produced by the beam track. Before a measured two-prong
star was classified as a n+_p or p~p elastic scattering, the first four
criteria -~ angular correlation, coplanarity, range and bubble density ==
had to be satisfied. The last criterion, the use of & rays, was used
only when the first four metunods were not able to distinguish between
an elastic n+-p scattering and an elastic p-p scattering. Measured
two-prong stars which were not classified as elastic scatterings were
either n° production produced by the incoming beam impinging upon a
free proton (the hydrogen atoms in the propane molecule) or the interac-
tion of the beam particle with a carbon atom in the propane molecule.

The following reactions are among those which would produce a non-elas-

tic event that would have two out-going prongs:
+ + -} ¢
Tep=>Trp+rnll FPtP—> P+rP+m T

T4 ——777'CB+P+77,/\/H4477“° /°+C->7’*P+B+M,N-rmr°

Below is & discussion of each of the five methods for identi-

fying a measured two-prong star.

1. Angular Correlation

The kinematic restriction for the reaction A + B —- A' + B!
can be represented by a curve which is plotted by using QA' and @B? as
the coordinates where @A‘ and @Bg are the laboratory angles of the two

outgoing particles A' and B' with respect to the incident direction of



particle A. These curves are based on the requirement of conservation
of energy and momentum. The form of the curve is governed by the masses
and energies of the particles involved. In Figure 1% is shown the kine-
matic curves for the reactions n™+p - ﬂ++p and p4p - pP+p.
It is to be noticed that for small angle scatterings it is

not possible to distinguish a 7*.p elastic scattering from a p-p elastic
scattering. Because each event has its own peculiar geometrical error,
it is not possible to state in general how small the angle of a scatter-
ing can be and still allow a ﬁ+mp event to be distinguished from a p-p

event. The lower limit is usuaslly about 17°.

2. Coplanarity

Conservation of momentum demands that the track produced by
the incoming beam particle lie in the same plane as that defined by the
two outgoing tracks. The degree of non-coplanarity of an event is
measured by the angle that the beam ftrack makes with the scattering
plane. For an event which is perfectly coplanar, this angle 4) would be
0 degrees. In Figure 14 is shown a histogram of the coplanarity of 568
accepted elastic scatterings and the coplanarity of the rejected two-
prong stars. The shape of the accepted elastic curve resembles a
gaussian with a narrow half width as is to be expected. For the re-
Jected events one expects a rather broad distribution inasmuch as these
events consist of inelastic n'-p, n*-c, p-p and p-c interactions. The
coplanarity of these events, however, is still peaked around small angles
because of the high energy of the incoming beam. As mentioned in
Chapter III, the geometrical error in the coplanarity angle is at a

maximum when the scattering plane is parallel to the plane of the
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window, and the angular geometrical error is at a minimum in this case.
It was also noted that when the scattering plane is perpendicular to the
glass windows, the reverse is true. Thus, it is rather fortunate that
criterion 1 becomes more reliable where criterion 2 is weak and vice

versa.

%. Range

The range of a particle which stops in liquid propane can be
related to the energy that the particle possessed at the point of the
scattering. This, in turn, can be related to the scattering angle by
use of kinematics, and a correlation can be made between the angle at
which the particle comes off and its range in propane. This correla-
tion is shown in Figure 15. On the abscissa is plotted the angle of the
proton for ﬂ+—p and p-p elastic scatterings, and on the ordinate is
plotted the range of the proton in the bubble chamber. Although this
criterion is sensitive for distinguishing elastic events from inelastic
events, it loses its usefulness for separating elastic nt-p scatterings
from elastic p-p scatterings for smsll angle scattering, i.e., when @ p

is large.

L, Bubble Density

The usefulness of the bubble chamber as a detection device is
enhanced by the experimental finding that the density of bubbies along
a track is a quantitative measure of the velocity of charged parti-
cles,(29) For & given scattering the velocities of the particles in-
volved can be computed by the use of kinematics, and thus, the bubble

densities of the tracks can be predicted. For this experiment, bubble
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density was not used in the quantitative sense. If it were to be used
gquantitatively, various factors which could alter the bubble density on
the film would have to be computed for each event. These factors include
the change in demagnification of the track depending upon its depth in
the chamber, the foreshortening of the proJjected length of track, and
hence, the increase in bubble density because the azimuthal angle is
large, etc. Instead bubble density was used in a qualitative sense.

The bubble density of tracks was classified as being light, medium,
dense or very dense. Before an apparent elastic scattering could be
classified as a true elastic scattering, the bubble density of the event
was compared with the bubble density which was calculated for the event.
This criterion was especially useful in rejecting apparent n+-p scatter-
ings, for at all angles of scattering (including directly backwards,
i.e., 6, = 180°) the pion track must be light. About 10% of the appar-

ent n+-p scatterings were rejected because the pion track was not light.

5. O Rays

® rays produced by the beam particles were used to differen-
tiate ﬂ+-p elastic scatterings from p-p elastic scatterings when the
above four criteria were unable to do this. As mentioned above, for
small angle scatterings it was not possible to distinguish ﬂ+-p elas-
tic scatterings from p-p elastic scatterings. There were also cases when
Op or O, was greater than 17° when it was not possible to separate these
events. This occurred when the scattering had a peculiar geometry which
could cause a large angular error, e.g., in the case where the scattered
partiple would be scattered a second time close to the vertex of the

first scattering. In these cases, the measureable track length of the
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scattered particle is short, and hence the error in the angular
measurement could be large.

The use of O rays to distinguish = beam tracks from p beam
tracks is based upon the fact that for a given momentum a = meson can
impart more energy to a struck electron than a proton can. This can
easily be seen by applying the laws of conservation of energy and mo-
mentum to the case of a particle of mass m possessing a momentum P
striking an electron of mass m, which is at rest and imparting a kinetic
energy Es and a momentum P to the electron. The principle of conser-

vation of energy gives

!

-~
\/PQLC‘L»LM‘C"' + Mec

L
[ b e
(%)

The conservation of momentum gives

N

}'/
& 7 5
/
P

e A//

where P' is the momentum of the particle of mass m after the collision

\\
- 2 a b
P= R+P-aPRcesé P

with the electron. Elimination of P' between (4) and (5) yields:

s2 A 2
Ee.: ozw)gca | Fc™ Cos i -
[mf+ﬁ%ﬂw&ﬁﬂ-—#2c69

(6)
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The maximum transferable energy corresponds to a "head-on" collision and

has the value:

RS-
C

Ee = 2Mec” -
— C.C /
eimx e ¢+ M‘cyfﬂmgc’(f’%’#)n‘c’f)/‘

From Equation (7) it can be calculated that the maximum energy a 1.19
Bev/c proton can give an electron is 1.66 Mev, whereas the maximum
energy a 1.23 Bev/c pion can give an electron is T4.5 Mev.

Bhabha has calculated the collision probability, @(E,Ee)dEedx
for a charged particle of mass m and spin O of kinetic energy E, trav-

2

ersing a thickness dx gm cm™, to transfer an energy between E, and

Ee+dE, to an atomic electron.(3o) His expression is:

Z(E,E¢>¢/E€ = QQ-WCCL /Fe /7_ ' Ee
g (&) Eevmax (&)

C=mn¥ = o 1502 gw' cw®

where Z and A are the charge and mass number of the material, N is
=
Avagadro's number and V= £ is the classical radius of the elec-

Me cr
tron. P equals the velocity of the particle of mass m and spin O di-
vided by the velocity of light.
To find the probability, &, that a 1.23 Bev/c pion produces

a ® ray with energy between E, and Ee max We integrate Expression (8)
Ef-wm.x \M aX EGW\ ot

Bl JE - zdwgc _F (e
e E‘—hu){ Ee Ee

= ACWec™ [/ [/-/- AE ux
e EL{ E Ly

(9)
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Now the probability & of a certain interaction measured in cmegm'l is
related to the molecular cross section, o, for the same interaction
measured in cm? by the equation & = %E. Letting Eg equal the maximum
energy a beam proton can give an electron, 1.66 Mev, and Eg pax equal
the maximum energy a beam pion can give an electron, T4.5 Mev, it is
found that the cross section for a pion to produce a d ray with 1.66
Mev < E_ < 74.5 Mev in propane is 3.62 x 10'24 cme,

By scanning the beam tracks which terminate in an elastic
scattering which fell into the unknown category and counting those d
rays produced along this track before the scattering occurred which had
an energy greater than 1.66 Mev, it was possible to calculate the total
length of pion track scanned by using the above cross section for high

energy © ray production. If the mean free path for the beam protons and

pions is long with respect to the length of the bubble chamber, then

nr _ 4r
nr 4
where Ny = number of pions in the group of unknown elastic

scatterings,

Yh- = total number of unknown elastic scatterings,

Zﬂ‘ = calculated length of pion track scanned based upon
the number of ® rays found,
and ZT' = total length of beam track scanned which terminated

in an unknown elastic scattering.

6

A total of 4.73 x 10° em of track was scanned. There were found
to be 9,800 two-prong events which fulfilled the criteria outlined in
Chapter II. These were measured, computed and analyzed using the first

four criteria mentioned above. In this group of measured events there

were found:
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6,700 inelastic scatterings and elastic scatterings with
a scattering angle of less than 13.2°,

2,114 p-p elastic scatterings,
584 st-p elastic scatterings, and
405 unknown elastic scatterings with a scattering angle
greater than 13.2°.
A B ray of energy 1.66 Mev has a range of 1.7 cm in propane.
To scan for d rays for length greater than 1.7 cm in true space, two
factors had to be considered. The first was that the demagnification
of a track on the film is a function of the depth of the track in the
chamber. Because all of the tracks scanned had already been measured,
a correction for the varying degree of demagnification was easy to cal-
culate. The second factor to be considered was that the track length
of the © rays could be foreshortened due to the d ray track dipping
either toward or away from the camera. To calculate the greatest amount
of foreshortening that was possible, the following calculation was made:

Consider the following illustration:
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Let x be the incident beam direction,

y be the vertical direction,

z be the depth direction,

Oy, be the polar angle about the x axis (the scattering angle),

¢& be the azimuthal angle about the x axis,

A be the dip angle,

¢ be the azimuthal angle about the z axis, and

Rp be the projected range (that seen on the film).

(Note: Rx, R and R sin Ox lie in the same plane.)

Then
R, =
Ry =
R, =
and Rp =

but cos A = (1

cos ©x = R cosh cos¢

sin OX cos CPX =R cos A s:.ncP

I

sin Ox sin ¢x R sin A

cos A

sinzk)l/2
2

52)1/2

R2

sin? 0, sin? ‘PX)l/z

Therefore Rp = R(1 - sin? oy sin24bx)l/2

The proJjected track length of a © ray that cannot be produced by a beam

proton will be at a minimum when the true space range of the © ray is

1.7 cm and its azimuthal angle, 4§:is 90°. Because
of the camera was 15°, this means if both films are
the worst possible case would occur when the normal
by the beam track and the © ray track made an angle

with respect to the line connecting the camera lens

the stereo angle
scanned for ® rays,

to the plane defined
of 90° - 15°/2 = 82.5°

and the location of
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the ® ray. Thus, 4& = 82.5°. By using Equation (6) we can calculate
that a 1.66 Mev electron will make an angle of 38° with respect to the
pion beam track. Thus,

Rp = R(1 - sin® 38° sin® 82.5°)l/2

0.796 R

Il

1.35 cm, for R = 1.7 cm.
A projected track of 1.35 cm located at the greatest depth of the chamber
would have a length of 0.564 cm on the film due to demagnification.

On the basis of the above analysis the scanners were told to
scan for all ® rays with a projected range of greater than 0.40 cm.
They performed stereographic measurements to obtain the real space
ranges on all d rays of range 0.40 cm <R<1.7Tcmx (demagnification

factor).



V. ANALYSIS OF ERRORS, BIASES AND CONTAMINATIONS

1. OScanning

A. Absolute Scanning Efficiency

Each picture was scanned by at least two different scanners
in order to increase the total scanning efficiency for the experiment
and to obtain the scanning efficiency of the individual scanners. As-
suming that all events are equally difficult to find, the method used
to obtain the scanning efficiency based upon the rescanning is given

below:

o
=
i

1 number of events scanner 1 finds,

mz
Il

number of events scanner 2 finds,

N;o = number of events scanner 1 and 2 find in common,

N = true number of events in the pictures scanned,
e = scanning efficiency of scanner 1, and
ep = scanning efficiency of scanner 2.
Then Ny = ejN
N2 = 62N
N12 = eleeN
Therefore ey = ng/NQ

and the total scanning efficiency is given by:
Total Efficiency =1 - (1 - e1)(1 - ep)

By using this method the total scanning efficiency was greater than 99%.

B. Relative Scanning Efficiency

In the above analysis we have assumed that all events were

equally difficult to find. This obviously is not true. The class of
Wb
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events which consisted of small angle scatterings in which the plane

of the scattering was perpendicular to the plane of the windows was more
easily missed than the class of events in which the scattering angles
were large and the plane of the scatterings was parallel to the plane

of the windows. To test whether the scanning efficiency was uniformly
lower for the former mentioned geometry, all identified elastic scatter-
ings were divided into eight groups according to their scattering angle.
Then for each group of scatterings a histogram was made which correlated
the azimuthal angles of the scattering to number of scatterings for each
azimuthal increment. Two representative histograms are shown in Fig-
ure 16. An azimuthal angle of ¢>= 0° corresponds to the scattering
plane being perpendicular to the glass windows, and.4>= 90° corresponds
to the scattering plane being parallel to the windows. The columns in
each histogram should be of equal height because of the manner in which
the azimuthal angle was computed, i.e., 0° < ¢ < 90° rather than O°

< ¢>5_360°. It can easily be seen that a differential azimuthal scan-
ning bias does exist, indicating there were classes of events in which
the scanning efficiency was uniformly lower than for other classes. On
the basis of these graphs, a differential scanning efficiency was then
computed. It was found that the relative scanning efficiency depended
upon the scattering angle as well as the azimuthal angle of scattering.
The differential scanning efficiency varied from 88% for pions scat-

tered in the backward direction to 98% for wide angle proton scatterings.

2. Measurement

Approximately 4% of the scatterings measured were remeasured

to determine the measuring efficiency of the girls. Two measurements of
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an event were considered to agree when the corresponding computed quan-
tities ((?, 01,5 O, etc.) of each measurement differed by no more than
the sum of their errors. By this method the measuring efficiency was

found to be 94 + 2%.

3. Carbon Contamination

Since approximately two-thirds of the total number of protons
in the chamber are protons bound in carbon, the possibility that some
of the accepted events might be grazing collisions in carbon, rather
than collisions with free protons, must carefully be considered. To
obtain an estimate of the number of such quasi-elastic events produced
in carbon, 1,748 two-prong stars, which satisfied the coplanarity cri-
teria but which were not identified as elastic scatterings, were studied.
(See Figure 17.) Since in most cases it is impossible to tell pion
tracks from proton tracks, the larger angle has been plotted against the
smaller. The upper part of the ﬂ+=p and p-p kinematic curve have been
folded over about the line ©; = @2,

The Fermi momentum of a proton bound in carbon is of the order
of 190 MEV/C.(Sl) If these protons contributed significantly to the co-
planar two-prong star background and possibly, therefore, to the ac-
cepted elastic events, Figure 17 would be expected to show a diffuse
grouping of such~events around the angular correlation curves. The
width of this grouping is expected to be of the order of + 190/1230
radians = + 9°. Since no such grouping is observed, it appears that these
quasi-elastic events do not make a large contribution to the background,
and therefore, the latter must be due mainly to "obviously inelastic"

events.
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The usual method for obtaining carbon contamination in a
propane bubble chamber experiment is to plot all coplanar carbon events
on the angular kinematic curve for the reaction desired, and assume that
the density of coplanar carbon events varies linearly in the region of
the angular kinematic curve. Then if one has identified coplanar carbon
events on or near the angular kinematic curve as '"good" events, the
density of coplanar carbon events will be lower in this region than it
is in adjacent regions. By observing this fluctuation in density the
carbon contamination can then be calculated. TFor example, consider the

illustration below.

=

Let area B be an area that contains a large fraction of the "good" events.
Iet curve K be the angular kinematic curve for the desired reaction. Let
area A and area C contain very few "good" events. Let area A = area C =
area B/2. Let N, = number of coplanar carbon events in area A, Ng =
number of coplanar carbon events in area B, and NC = number of coplanar
carbon events in area C. Then the number of carbon events which were
considered "good" events is Ny + Np - Ng.

In this experiment the calculation of the carbon events was
complicated because a differential carbon contamination was calculated
for both the n+-p and p-p scatterings. The assumption was made that

the gradient of the density of coplanar carbon events was constant for
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each angular differential region. (This constant, of course, varied
Pk <8
. (. 2 ° -3‘ _4- Ly- n?
for each region.) Experimentally it was found | [Z;iijz;g7e&)] =
where‘f is the density per unit area of coplanar carbon events.
The ﬁ+—p elastic scattering kinematic curves were divided
into three regions, the p-p into six regions. Below is a table show-

ing the results of the carbon contamination calculations.

TABLE III

COMPUTED CONSTANTS USED TO DETERMINE THE CARBON CONTAMINATION

d
Region NA N,B Ne Np + NC = NB [(7';’)_;{_(75‘\?‘/1 fP fn_

1 27 23 10 1k 5.9 b8 29

2 e 22 15 35 8.4 76 L6

3 327 17 2k L7 63 W7

L b3 33 1k 2k 7.2 79 68,35
5 9 27 12 -6 -1.9

6 14 32 10 -8

j; is the density of coplanar carbon events on the p-p curve as calcu-
lated from the density of coplanar carbon events in regions A and C.
J%'is the density of coplanar carbon events on the n+—p curve. as cal-

culated from the density of coplanar carbon events in regions A and C.
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TABLE IV

CARBON CONTAMINATION OF p-p ELASTIC SCATTERINGS

Region Angular Region c v 1 - c/p
1 b1.1 > 6p > 3.2 11 ko 0.97 + 1%
2 36.2 > 6p > 31.5 13 359 0.96 + 1%
3 3L.5 > ©p > 26.8 9 Lk6 0.98 + 1%
4 26.8 > 6p > 22.1 11 hhs5 0.98 + 1%
5 22.1 > 6p > 17.5 -6 387 1.01 + 1%
6 17.5 > ep > 12.2 -6 303 1.02 + 1%
TABLE V

CARBON CONTAMINATION OF ﬂ+mp ELASTIC SCATTERINGS

Angular Region c at 1 -c/x"
13.2° < or < 19° -2 129 1.01 + 3%
19° <eér< TL° 48 403 0.88 + 2%
71° < em < 180° 15 132 0.89 + 3%

where c is the number of coplanar carbon events missing in the region
of the p-p curve, p is the number of p-p scatterings in the angular
region considered, and 7" is the number of ﬂ+~p scatterings in the

angular region considered.



L. Beam Counting

The total number of tracks scanned was calculated by having
the scanners count the beam tracks every twentieth picture. The total
number of tracks scanned was sbout 234,@00, and the mean number of
tracks per picture was 25 with & standard deviation of 8.4. The stand-
ard error of the mean number of tracks per picture was calculated to

be 0.39. Thus, the error in the total number of tracks scanned was 106%°

5. Beam Attenuation

Because the beam particles which entered the picture were
counted to obtain the total length of beam scanned, a calculation had
to be made to determine the attenuation of the beam in the chamber due
to its interaction with the propane.

The total p-c, p-p, 7t-c and 7t~ cross sections have been

measured at the momentum of this experimentc(3!18’33) They are:

“rip 27 “r-p 22 wb
_ 290wb O poe = 3?"03—'/0\’"L
= pP-<

tr-c

Knowing the above cross sections, the attenuation of the beam
can easily be determined. It was found that the proton beam attenuation

was ll%fi)l%, and the pion beam attenuation was 9%9

6. Summary

In Tables VI and VII are listed the differential errors, biases
and contaminations that were discussed in this chapter for nt-p and p-p

scattering respectively.
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VI. EXPERIMENTAL RESULTS

1. n+-p Elastic Scattering

The differential cross section can be computed from the

following relation:

dr . & dn (
n Ny = = ¢ ;‘7/—_92 ot dat ()

vhere N is the number of protons per cc = 4.87 x lO22 cm"3,
x is the total pion length scanned = 1.726 x 106 cm,
dn is the number of pions observed to scatter into the solid angle dle
and C is the correction that must be made to the raw data as discussed
in Chapter V.
In Table VIII the values of C, dn, g@__ (raw data) and &/
/N a1

+ scattering

are given for various increments of the cosine of the =«
angle in the center of mass system.

The differential cross section is plotted in Figure 18. On
the vertical is plotted the differential cross section, and on the
horizontal is plotted the cosine of the =t scattering angle in the
center of mass system and also the corresponding scattering angle in
the laboratory system.

It would be difficult to obtain the total elastic cross section
from the above data because most of the cross section lies in the small
angle scattering region. It is possible, however, to calculate the mag-
nitude of the elastic differential cross section at 0° from the measure-

ment of the total cross section. By the use of the well known optical

-55-
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TABLE VIII

PARAMETERS FOR DETERMINING THE
nt-p DIFFERENTTIAL CROSS SECTION

peosoren @ (BB) e o B (mg)
0.91- 0.8 129 2.30 + 9% 1.31 + 5% 3.01 + 10%
0.8 - 0.6 172  1.63+ 8% 1.15 + 4% 1.87 + 8%
0.6 - 0.4 103 0.97 + 10% 1.15 + 4% 1.12 + 11%
0.4 - 0.2 Ly 0.k2 + 15% 1.27 + 6% 0.53 + 16%
0.2 - 0.0 33 0.31 + 17% 1.27 + 6% 0.39 + 18%
0.0 - =0.2 28 0.26 + 19% 1.27 + 6% 0.33 + 20%
-0.2 - -0.k% 39  0.37 + 16% 1.28 + 6% O.47 + 17%
-0.4 - -0.6 36 0.34 + 17% 1.28 + 6% 0.4k + 18%
-0.6 - -0.8 '35  0.33 +17% 1.27 + 6% 0.42 + 18%
-0.8 - -1.0 42 0.40 + 15% 1.27 + 6% 0.51 + 16%

]

theorem one can calculate the imaginary part of the coherent forward
scattering amplitude. This amplitude is related to the total (elastic
and inelastic) scattering, o, by Im.§2(0°) = k0§45; The value of the
total cross section as given by Cool, Piccioni and Clark(3) is 28.8 x
1027 cm? i_lO% and k, the propagation vector, is 3.25 x 1013 cmt.
] o &~ _27 2

Thus one finds LZ:nf:QD)I = (5.54 + 1.1) x 10 cm . The real part
of the coherent forward scattering amplitude was calculated by Stern-
heimer by means of the dispersion relatians(35). Sternheimer obtains
Re fc(0°) = O. The coherent part of the elastic differential cross

section 1s therefore:

%E.L@;//ﬁ]{(o"))’b'f /-Z:n C(oo)}’l; s/l \M%)ér.
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The total forward elastic cross section is given by:

o/G‘(a") - /0:(0 °) + /ﬂo?sfm 7[/,I=
. T d= T=
If it is assumed that the only incoherent scattering process is nucleon

spin flip scattering (see Chapter VII for a more complete discussion of
this assumption), this process is characterized by a change in the Z
component of the proton spin from + 1/2 to + 1/2. If the direction of
the incoming pion is chosen as the axis of quantization, so that the
incoming wave has no Z caomponent of orbital gngular momentum, conser-
vation of angular momentum requires that the outgoing wave have a Z
component, My, equal to + 1. Since all spherical harmonics with M,=+1
are proportional to sin ©, the spin flip scattering must vanish iden-

tically at © = 0°. The elastic differential cross section at 0° is then

[]
/670°) _ /0;"(0) - S5+l ;;"
= = pye
o/ @
By using this calculated value the total cross section was found to be

12.3 + 1.2 mb.

2. p-p Elastic Scattering

The differential cross section for p-p elastic scatterings
was found by the use of Equation (11). The total proton track scanned
was 3.000 x 106 cm, and the various values for ¢, dn and 4@_'are given

e
in Table 9.

In Figure 19 the differential p-p elastic cross section given
above is plotted along with the values found by Nikitin, et al at 560
Mev and Smith, et al,at 590 + 15 Mev(17,18).  on the vertical is

plotted the differential cross section, and on the horizontal is plotted
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TABLE 9

PARAMETERS FOR DETERMINING THE
p-p DIFFERENTTAL CROSS SECTION

Angular Interval in . | | do .m[ﬂ' )

Center of Mass System dn c T ster.
30° - 4o° 332 + 5.5% 1.23 + 2.5%  L.45 + 0.36
40° - 50° 394 + 5% 1.25 + 2.5 4.36 + 0.35
50° - 60° 446 + 5% 1.18 + 2.5%6  L4.02 + 0.32
60° - 70° 448 + 5% 1.22 + 2,56 3.77 + 0.30
70° « 80° 380 + 5% 1.17 + 2.5% 2.88 + 0.23
80° - 90° 42 + 5% 1.18 + 2.5% 3.27 + 0.26

the scattering angle in the center of mass system. It can be seen that
there is agreement between this bubble chamber experiment and the
values found by counter experiments.

To obtain the total p-p elastic cross section the differential
cross section was plotted as a function of the cos ©.p, where gcm is
the scattering angle in the center of mass system. (See Figure 20.) A
straight line extrapolation was used to obtain the scattering cross
section at small angles. The total cross section for elastic p-p scat-
tering at 582 + 21 Mev was found to be 24.2 + 1.6 mb. Smith found a

total cross section of 25 + 2 mb at 590 + 15 Mev (18).
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VII. INTERPRETATION OF THE DATA

The nt~p experimental data in Chapter VI will be interpreted
in terms of the optical model(36f38)°_'A brief description of this
model in terms of pion-proton scattering will be given below:

nt-p interactions can be thought of in terms of a plane wave
(the pion) incident upon an absorbing body (the proton). Part of the
incident wave can be absorbed, and part of it can be scattered. The
absorbed wave corresponds to inelastic or incoherent scattering, where-
as the scattering wave corresponds to elastic, coherent, or diffraction
scattering. At first, for simplicity, assume the absorbing body is a
disk of radius R and thickness T. Let us also assume there is a boun-
dary layer at the surface of the disk in which kl and K rise toltheir
interior values in a distance larger than l/k, where k is the propa-
gation vector of the pion wave outside of the proton, and its propaga-‘

tion vector inside is k + ky where

b= Hl-E)"1] .

K is the absorption coefficient for proton matter. There will then be
no scattering at the surfaces, and if we choose the amplitude of the
incident wave to be unity, the wave transmitted through the disk will
have an amplitude and relative phase a = e(_ 5 + ik )T,

The region of the shadow must contain a wave of lessened
amplitude, a, whose intensity decrease gives the total incoherent ab-
sorption cross section, simply the total contribution to 1 - ,a'g
integrated over the whole arca of the disk. This is oy = KRE(l- lalg).

-62-
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To obtain the coherent or diffraction scattering, one has instead to
find the net amplitude which, added to the incident plane wave in the
shadow region, will yield the transmitted amplitude a. This is (1 - a),
and it gives a total diffraction cross section of o = oR° [l—a[z. The
scattering just mentioned is the well known Fraunhofer diffraction
scattering.

To find the angular distribution of the amplitude of the
scattered wave far behind the absorbing body, all contributions to the
amplitude reaching a given image point must be assumed from every source
point in a plane wave of amplitude (1 - a) within the geometrical shadow.
This can be done by the following method:

Let the z axis be in the direction of propagation of the
incident wave; let O be in the shadow area of the wavefront; and let
the amplitude be sought at a distant point P, which has the polar co-

ordinates (ry, ©, P). (See the illustration below.)

z | P

Y
X

n
For rg >> the dimensions of the particle, the distance from
P to a point (x, y, o) of the shadow area is r = ro-(x cos § + y sin @)X
sin ©.

The spherical wave at P 1s then:

~cél” < osg+ Y3im T
e

- ( ),,'IT I sarface
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where k is the propagation vector. Transforming to spherical coordin-
ates and integrating the angular part around a circle of radius f we
have

7=R
ff éé(j;f;s‘ﬁ )/5m4>>§me: f;?]’Jo(Afsmo f‘ﬁ/”

Sur]CaCe. Peo (13 )

= 27K J@Rmeﬁ

éSm-&

Thus the amplitude can be written

Fey=G-a)F JlRse)

Swm &8
and
.
AT _ J.@ Eflné) (14)
e Ve s o

The corresponding calculations for a sphere are only slightly
more complicated. The portion of the wave which strikes the sphere at

a distance p from a line through the center of the sphere emerges after

2 2

traveling a distance 2s, with s = R® - p2. Tts amplitude on emerging

K ..
isa =e ( o7 lkl)es, so that we have

- 24 R

= W’A””{ [/‘ Vraxkle |

2 A7 A+
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The total diffraction cross section is now given by:

g

-A+ /f, A
o;:;r///'g ’ )S/f‘éa

ety el el ey i

St h) e iy 4 7 )

In deriving (15) and (16), refraction at the surface of the sphere
was neglected. Fernbach et al. mention that this is legitimate be-
cause it only gives an error of order . kl kR (36),

\k

The angular distribution in direct analogy to (13) is:

1é)- 4 geset S lsne) s 4

For K R> <0, (lh) is again obtained, but so far a convenient expression

(36,38)

for the general case has not been found For purposes of

calculation, Fernbach et al. have shown that the above integral can

b=z converted to a sum by letting (7+ 1/2 = k and using the relation
J{//f&)&n eJ=~ 15@059), which is valid for large /and small ©. They

find e ,{ R

/@ ;Lé g@/#k/ €/<+,u )SeFé(me) -
here 2 y
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It should be noted that for dark grey spheres Equations (14) and (17)
will give approximately the same values for the differential cross
section.

To apply the optical model to the elastic scattering found in
this experiment, one must be able to separate the incoherent elastic scat-
tering from the coherent elastic scattering. Experimentally this was
not possible, for in both cases the energy of the pion in the center of
mass is the same before and after scattering. The incoherent elastic
scattering was found by considering that after the pion and proton col-
lide, they form a compound system, and at a later time a pion is emitted
with the same energy in the center of mass system as the incoming pion.
The phase of the emitted pion is random with respect to the phase of
the incoming pion, and it should be emitted isotropically. For large
angles, it is observed that the differential cross section is indeed
isotropic.. It was then assumed that this consists mainly of incoherent
scattering, and this isotropic differential cross section, about 0.4
mb/ster., was subtracted from the differential cross section curve
(Figure 18) to obtain the differential cross section curve for coherent
scattering. (See Figure 22.) Integrating the coherent scattering curve,
it was found that the diffraction cross section was 7.2 i'0.8 mb. The
incoherent elastic scattering along with the inelastic scattering should
be considered as absorption scattering. The absorption cross section
can be found by using the data of Cool, et al.(3) for the total cross
section, oy = 28.8 + 3 mb. Tt is oy = 0 - 03 =28.8 - 7.2 = 21.6 mb.
It should be noted that the inelastic cross section, 05, will be

0 =0y - g, =28.8 - 12.3 =16.5 mb.
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Bethe and Wilson have evaluated O'd/ztR2 and 05/ﬁR2 for various
values of klx(37), where kl and R have previously been defined, and A
is the mean free path inside of the nucleon. Their curves are shown

in Figure 21. Now

TRt O _ 74 - pass
T oao 2/, ¢
d%4m€“

is the equation of a straight line. If it is assumed that there is no
potential scattering, so that kll = 0, the intersection of the line
05/05 = 0.333 with the curve for klk = 0 will provide the values for
oa/nRE and oé/ﬁR2. Thus R, the radius of the proton, can be computed.

This procedure was carried out, and the radius of the proton

+0.13

0.11 x 10™13cm. The opacity of the proton

was found to be R = 0.99
0 = g,/mR2 is then
0 = o.7of8:8$ :

A check can be made on the value of R found by this method,
by putting R into Expression (17) and observing whether this expression
correctly predicts the angular distribution of the diffraction differ-
ential cross section.

To perform this calculation, K, the absorption coefficient
must be known. This can be calculated from Equation (15), for o, and
R are both known.

The angular distribution was calculated for R = 0.99 x lO’l3cm,

and as can be seen from Figure 22, there is good agreement between the

experimental and optical model values for the diffraction cross section.
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0 02 04 06 08 10
C)=0'c'/7rR2

Figure 21. The Bethe, Wilson Curves with the Experimental
Values for 03/0, = 0.333 + 0.056.
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The radius of the proton can also be found roughly by consid-
ering it a black body and fitting Expression (12) to the experimental
angular distribution of the diffraction differential cross section.

This was done, and an excellent fit was found for R = O.90fg:82 X lO'lBCm.
(See Figure 23.) This method can only give an approximate result, for
if the proton were a perfectly black body, the following expression
would be true: o3 = g5 = mR2. The experimental data shows this not
to be true.
Below in Table X, a comparison will be found of the value of

the radius of the proton and its opacity obtained by this experiment with

the values obtained by the high energy n~-p scattering experiments.

TABLE X

EXPERIMENTAL VALUES FOR THE INTERACTION RADIUS
AND OPACITY OF THE PROTON

Interaction Radius

Type Bombarding in
Interaction Energy Fermis (10-13 cm) Opacity Reference

+ +0.13 +0.06 .

T -p 1.1 Bev 0‘99-0.11 0'70-0.07 This experiment
n”-p 1.4 1.18 + 0.10 0.6l + 0.10 7

- +0.0 +0.1
b1t "p 1085 0085-0.03 009_0.2 12
1" -p 5 0.9 + 0.15 0.6 + 0.2 8

It is of some interest to compare the Stanford measurements of
the electromagnetic size of the nucleon with the radius of the proton
found in this experiment. TFor a number of assumed shapes for the distri-

bution of the charge on the nucleon, Chambers and Hofstadter obtain
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( <1véa2@ )1/2:: 0.77 + 0.10 x lO'l3cm.(34) The r.m.s. value of the

7+O.lO X lO'l3cm.

proton found in this experiment is 0.7 0.09



VIIT. CONCLUSIONS

A total of 1.726 x 106 cm of pion track and 3.000 x 106 cm
of proton track was scanned for elastic n*-p interactions at 1.1 Bev
and elastic p-p interactions at 582 Mev. This is the first high energy
n+—p elastic scattering result ever to be reported, whereas the p-p
elastic scattering has already been measured in this energy region, and
the p-p data will serve mainly to show that there was no large systematic
bias in the previously reported counter experiments or in this experi-
ment, since the biases are not likely to be identical.

On the basis of 661 identified nt-p elastic scatterings the
total elastic cross section and the angular distribution of the differ-
ential cross section were measured. The total elastic cross section
was found to be 12.3 + 1.2 mb. The angular distribution of the differ-
ential cross section was found to exhibit a peaking for small angle
scattering and a rather isotropic distribution for large angle scatter-
ing. The optical model was then applied to the experimental data, and a
proton interaction radius of R = O.99t8:%§ X lO'13 cm was found to fit
the data by two independent methods of calculation. The opacity of the
proton was found to be O = O.70t8:8$.

A total of 2,442 elastic p-p scatterings was observed. From
this data a total cross section of 24.2 + 1.6 mb was calculated. The
angular distribution of the p-p elastic differential cross section was

found to agree with that previously reported by counter experiments in

this energy region.
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