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The differential cross section for the reaction y+d-+n'+d has been measured for a broad spread (35 Mev)
of y-ray energies centered at about 280 Mev. The values as measured for three angles of the m' meson in
the laboratory system are as follows:
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In addition to the above uncertainties based on counting statistics, there is an absolute uncertainty of
about 20% because of uncertainties in detection efficiency and bremsstrahlung spectrum. The results are in
good agreement with similar, earlier measurements at Cornell University and with the theory of Chappelear.

INTRODUCTION

HE photoproduction of x' mesons by the reaction

'y+d~e+ d,

where the deuteron recoils intact, is known as the
"elastic" process, as opposed to the alternative "in-
elastic" reaction

7+der +p+rt.
The theory of the elastic process has been investi-
gated by Francis and others' and more recently by
Chappelear. ' Since the deuteron remains intact, the
elastic m' production is a coherent superposition of the
production from the proton and the neutron. The
nature of the interference, whether it is constructive
or destructive, and its magnitude depend on the rela-
tive phase and magnitudes of the coupling of the meson
to the proton and to the neutron. These coupling
parameters are of basic interest in meson theory.

Recently, two groups of workers' at Cornell Uni-
versity have measured the differential cross section
averaged over a rather wide spread in incident y-ray
energies and for a limited range of x' angles. Their
results, when compared with theory, are convincing
evidence that the interference is constructive. Their
data also support the more refined calculations of
Chappelear where the impulse approximation calcula-
tion is corrected for the eGect of the 6nal-state inter-
action of the meson and the deuteron. (This so-called
"multiple scattering" effect reduces the earlier calcu-
lated cross section by about 40% at all angles. )
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the Once of Naval Research and the U. S. Atomic Energy Com-
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This is a report of work carried out at the Massa-
chusetts Institute of Technology 350-Mev synchrotron
simi1ar to one of the two experiments at Cornell.

EXPERIMENTAL PROCEDURE

The experiment was carried out using 330-Mev
bremsstrahlung from the M.I.T. synchrotron. A CD&
(deuterated parafiin) target 85 mg/cm' thick was
employed with CH2 subtraction. The experimental
arrangement is shown in Fig. 1.The deuteron recoil was
detected with a counter telescope in coincidence with
the detection of one of the p's from the decay of the x'.
While the measurement oi the angle and energy of the
deuteron alone would have completely determined the
kinematics of the reaction, the coincidence was re-
quired to reduce the background contribution of deu-
terons from carbon, which strongly affected the sub-
traction statistics.

Even if only the deuteron were detected, the only
reaction that could be confused with the elastic photo-
meson reaction is the process of Compton scattering
y+d—iy+d. Demanding the y coincidence does not
prevent the Compton process from contributing, but
the cross section for the process is believed small com-
pared to that for the elastic photomeson reaction.

The deuteron telescope consisted of a thin (0.020-in. )
1-in. diameter, NaI(T1) scintillator backed by a thick
(sr-in. ) 2ss in diam-ete. r NaI(T1) crystal. The first crystal
was viewed by a DuMont 6292 photomultiplier tube,
the second by a DuMont 6363. The deuterons were
distinguished from the protons by the well-known
method using dE/dx and energy. The deuterons of
interest stopped in the second crystal giving a scintilla-
tion pulse proportional to the incident energy. The
associated pulse in the thin first crystal was roughly
proportional to dE//doc at that energy. The heights of
pulses from the two counters were analyzed by means
of an oscilloscope. Simultaneous1y, one pulse was pre-
sented on the X-plates, the other pulse on the I'-plates.
The resulting traces were photographed by a camera
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with continuously moving him. When the 61m was
analyzed, the end points of the traces gave the values
of both dE/dx and energy. For partic1es of the same
charge and the same energy, the dE/dx depends on the
particles' mass M, being proportional to M in the
energy range of interest here. This allowed a reasonable
separation of deuterons from protons, as shown in
Fig. 2. The energy scale on the oscilloscope was cali-
brated by placing the deuteron telescope in the 90-Mev
external proton beam of the Harvard cyclotron and
varying the beam energy by means of absorbers.

The y counter consisted of a plastic scintillator
(5 in. in diameter, -', in. thick) preceded by a —,'-in. thick
lead plate to convert y's to electron-positron pairs. In
front of the lead converter were two inches of graphite
to reduce the incident charged particle Qux reaching
the scintillator. The scintillator was viewed by a RCA
6599 photomultiplier tube.

While the use of y coincidences reduces background
subtraction, it leads to difhculties in estimating the
eKciency with which the reaction is detected. The
counter efficiency can be divided into two parts, geo-
metric and intrinsic. The geometric eKciency is a
measure of the probability that the counter intercepts
one of the two m'-decay gammas. This efficiency is at
maximum when the counter is placed along the direction
of the m' recoil, and its value as a function of angle and
energy can be calculated in a straightforward manner. 4

The intrinsic eKciency is a measure of the probability
that the intercepted y leads to one or more electrons
reaching the scintillator and that the electronic bias be
such that an electron is detected.

To measure this intrinsic eSciency, the entire y
counter was placed in monochromatic electron beam
made available to us by G. Pugh. This electron beam
of known energy was produced by using the Massa-
chusetts Institute of Technology synchrotron x-ray
beam, a converter, and an analyzing magnet. The
collimated electron beam passed through two monitor-
ing scintillation counters before entering the 7 counter,
complete with lead and graphite. The y-counter bias
was set to detect particles giving a pulse more than one-
half the size of that given by minimum ionizing par-
ticles passing completely through the scintillator. The
efficiency for detecting electrons was measured for a
series of electron energies. The efFiciency for detection
of gammas was then estimated by using the measured
electron detection eKciency and the statistics of the
shower production process for y's and electrons as
given by Wilson's Monte Carlo calculations. '

The product of detection efhciency and eGective
incident bremsstrahlung Qux contributing to the photo-
meson reaction was a fairly rapidly varying function
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FIG. 4. Experimental arrangement for detection of recoil deuterons
in coincidence with m'-decay gamma rays.
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FIG. 2. Resolution
of particles of different
mass as produced in
a Pb target. (Relative
mass scale calculated
from range-energy rela-
tionships. )
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of the position of reaction in the CD2 target and the
angle of deuteron recoil. A numerical integration was
made of this eSciency-spectrum product over the area
and thickness of the target, the area of the deuteron
detector and the deuteron energy interval analyzed
with the deuteron telescope. The average m diGerential
cross section is then given by

(do/dQ) ~a t,b yield——/ysI,

where a=number of deuterium atoms per cm~ and

iI= ~

~
(dQ„o] b/dQ& &.b)dE, /dE&

X (dN, /d E„)fd UdE~dQ~,

E~ and E~ are the energies of the incident y and the
recoil deuteron, V is the volume of the target, S~ is
the number of gammas in the bremsstrahlung spectrum,
and P is the efficiency for detecting the m' by means of
one of its decay p rays.

The results of the cross-section measurements are
given in Table I and the values for x-ray energies
centered about 280 Mev are plotted in Fig. 3. The
spread in x-ray energies over which the cross sections
are averaged is large, the distributions being about
35 Mev wide at half-maximum.

4These and our other kinematic calculations were based on
Tables of Nuclear Reaction Einetnatics at Re1atitJistic Energies,
by J. H. Malmberg and L. J. Koester (Physics Department,
University of Illinois, Urbana, Illinois).' R. R. Wilson, Phys. Rev. 86, 261 (1952).
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TABLE I. Differential cross section for elastic photoproduction
of ~0 mesons from deuterium.
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8~0 lab
(degrees)

58
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B~ at center of
spread (Mev)
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246
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253
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Fro. 3. Comparison of experimental results with theory. Theo-
retical curves, hy Chappelearg are for the case of constructive
interference: A—impulse approximation; 8—impulse approxima-
tion with correction for "multiple scattering. "

mesons from free protons and constructive interference
between the production from the proton and the
neutron.

The agreement of our results with the Cornell experi-
mental data is seen to be good.

The uncertainties indicated in Fig. 3 are standard
deviations based on counting statistics. There is an
additional absolute uncertainty of about twenty per-
cent because of uncertainties in detection eKciency and
bremsstrahlung spectrum. Silverman et al. quote a
similar absolute uncertainty of 25/o.

The theoretical curves shown in Fig, 3 are based on
a 2+3 sin'tt center-of-mass angular distribution of x'
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The angular distributions of 78-Mev 7r+ rnesons scattered elastically from lithium have been measured.
The distributions have been analyzed by combining coherently the scattering amplitudes for the individual
pion-nucleon interactions, and weighting each amplitude by a form factor determining the ability of the
struck nucleon to absorb the momentum recoil and remain in its same state in a nuclear harmonic oscillator
well. Corrections are applied for solid angle transformations between the pion-nucleus and pion-nucleon
center-of-mass systems, the eftect of the required nuclear elastic scattering upon the available phase space in
the pion-nucleon system, and an initial momentum distribution for the nucleons. The simple Born approxi-
mation treatment provides agreement with the pronounced dip at 75' and the backward rise of the experi-
mental curves.

A. INTRODUCTION

A N examination of the "elastic'" scattering of
(78&4.7)-Mev positive and negative pions from

lithium has been made. This represents an extension of

*This research was supported by the joint program of the
Ofhce of Naval Research and the U. S. Atomic Energy
Commission.

f' Submitted in partial fulfillment by R. W. of the requirements
for the degree of Doctor of Philosophy in the Faculty of Pure
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Massachusetts.' The sum of true elastic plus nearly elastic scattering is actually
measured. The term "elastic" for the experimental results will
usually imply this sum.

previous measurements of the scattering on aluminum
as part of our program of investigating the behavior of
the angular distribution of the elastic scattering of
pions on complex nuclei. The variable parameters, in
addition to the angle, are the pion charge and energy,
and the atomic number of the target nucleus.

The familiar optical model method, ' generalized here
to treat the scattering from a nucleus as a solution to a
Schrodinger equation involving a central potential, has
been applied to the scattering of fast nucleons by

~Fernbach, Berber, and Taylor, Phys. Rev. 75, 1352 (1949);
K. M. Watson, 'Phys. Rev. 89, 575 (1953).


