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Fi16. 3. Comparison of experimental results with theory. Theo-
retical curves, by Chappelear,? are for the case of constructive
interference : 4—impulse approximation; B—impulse approxima-
tion with correction for “multiple scattering.”

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 efficiency and
bremsstrahlung spectrum. Silverman ef al. quote a
similar absolute uncertainty of 25%,.

The theoretical curves shown in Fig. 3 are based on
a 243 sin’f center-of-mass angular distribution of x°

W. ROSENGREN AND N. BARON

TasLE I. Differential cross section for elastic photoproduction
of 7 mesons from deuterium.

070 1ab Ey at center of (do/dRQ) ¢0 1ab

(degrees) spread (Mev) (ub/sterad)
58 280 9.04+2.4

76 246 2.8+1.0

80 279 4.7+1.2
102 229 24409
104 253 2.7+1.0
105 280 2.840.8

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.
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The angular distributions of 78-Mev #* mesons 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 effect 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

N examination of the “elastic’ scattering of
(7844.7)-Mev positive and negative pions from
lithium has been made. This represents an extension of
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T Submitted in partial fulfillment by R. W. of the requirements
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1 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

2 Fernbach, Serber, and Tayfor, Phys. Rev. 75, 1352 (1949);
K. M. Watson, ‘Phys. Rev. 89, 575 (1953).
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nuclei with relatively good agreement with experiment.?
Optical model solutions® have also been obtained for
positive and negative pions incident upon an aluminum
nucleus, whose potential is represented by the Coulomb
potential beyond the nuclear radius and a complex
square well (with various choices of complex potential)
within the nuclear radius.

The usual optical model does not make use of the
angular distribution of the elementary pion-nucleon
scattering process, but uses only the forward scattering
amplitude f(0). Thus the predicted angular distribution
of the scattering is determined by the nuclear density
distribution and the forward scattering amplitude f(0)
for neutrons and protons. An opposite extreme approach
can be based on the Born approximation or “impulse
approximation” (linear superposition) which uses the
complete angular dependence of the elementary pion-
nucleon scattering amplitudes f(f), modified by a form
factor due to nuclear size. Since the elementary f(6) are
quite asymmetric, with strong minima near 90°, the
two methods lead to rather different predictions for the
expected angular distribution. [Recently a modified
optical analysis has been developed which should take
better account of f(#).>] The experimental results for
pion scattering by lithium showed an angular
dependence of the type that one would expect from
the Born approximation analysis, and we have used
this analysis for comparison with experiment.

B. EXPERIMENTAL ARRANGEMENT

The experimental conditions are substantially the
same as those reported for measuring the angular
distribution from aluminum.® In brief summary,
mesons with a continuous spread of momenta are
produced when circulating protons strike a beryllium
target near the exit window of the Nevis 385-Mev
cyclotron. Mesons of approximately 170-Mev/¢ mo-
mentum are able to escape through one of the narrow
channels in the cyclotron shielding wall to produce a
roughly monoenergetic 80-Mev meson beam in the
experimental area. Figure 1 shows the floor plan of the
experiment. A focusing magnet at the exit of the wall
channel acts as a more refined momentum selector, and
through its focusing action intensifies the meson beam
in the direction of the incident telescope (crystals 1 and
2, Fig. 1).

A plastic scintillator 4 in.)X2 in.X} in. was used in
the first counter, C1. The second counter, C2, contained

3R. D. Woods and D. S. Saxson, Phys. Rev. 95, 577 (1954);
F. Rohrlich and D. M. Chase, Phys. Rev. 94, 81 (1954); B. 1.
Cohen and R. V. Neidigh, Phys. Rev. 93, 282 (1954); P. C.
Gugelot, Phys. Rev. 87, 525 (1952); R. E. Le Levier and D. S.
Saxon, Phys. Rev. 87, 40 (1952); J. W. Burkig and B. T. Wright,
Phys. Rev. 82, 451 (1951).

4 A. Pevsner and J. Rainwater, Phys. Rev. 100, 1431 (1955).

5 L. S. Kisslinger, Phys. Rev. 98, 761 (1955).

8 Pevsner, Rainwater, Williams, and Lindenbaum, Phys. Rev.
100, 1419 (1955).
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Fi6. 1. Arrangement of experimental equipment.

a 3 in.X#% in.X3% in. stilbene crystal and was placed
approximately 40 in. behind the first, where it served to
define the direction and lateral extent of the beam
incident upon the lithium target. The target itself was
a 14 in.X7 in.X2 in. piece of pure lithium wrapped in
very thin nylon for air and moisture protection. The
lithium could be rotated in a vertical plane about the
two mounting pivot points directly behind crystal 2.
Although the lithium was large in lateral extent, its
effective lateral dimensions were determined by those
of crystal 2 placed directly in front of it. Those mesons
which were scattered by the lithium could be counted
by counters 3 and 4, spaced 4 in. apart and as far from
the lithium target as the compromise between good
angular resolution and reasonable counting rates would
allow. Angular resolution actually varied from =41.9°
near the forward direction to #+4.8° near the minimum
of the curve. Counters C3 and C4 contained stilbene
crystals 4 in.X2 in.X% in. and 4 in.X2 in. X3 in.
respectively. $-in. copper was placed between counters
3 and 4 to prevent all but the elastically! scattered
mesons from registering in counter 4. To obtain an
angular distribution, counters 3 and 4 were rigidly
mounted upon two aluminum rods which could be
rotated through 360° in a vertical plane about the two
pivot points holding the lithium target. The “long”
dimension of all counters was made horizontal to
permit the use of relatively large beam area and detector
telescope solid angle, while maintaining good angular
resolution.

The outputs from the photomultipliers were ampli-
fied, using broad-band amplifiers, and then sent to
bridge and 6BN6 type fast (10~% sec) coincidence
circuits in the following pairs: C1 and C2, C1 and C3,
C2 and C4. From the coincidence circuits pulses were
sent through cathode followers and 300 ft of cable to
discriminators and pulse shapers in the laboratory
building. The pulses were then applied to a relatively
slow (10~7 sec) Rossi-type triple coincidence circuit
which provided an output pulse whenever the C1-C2,
C1-C3, and C2-C4 counts appeared simultaneously.
Such a pulse, resulting from a particle passing through
all four counters, was sent to a scale of 64 circuit
(5-usec resolution).



414 WILLIAMS,

C. EXPERIMENTAL MEASUREMENTS

The focusing magnet, acting as a momentum
selector, produced a beam of (80.824-4.0)-Mev mesons
in the C1-C2 telescope. The thickness of the lithium
target caused an energy loss and further spread, such
that the effective pion energy at scattering was 78.04=4.7
Mev. To insure that only “elastically’ scattered pions
were measured, 2 in. of copper was placed between
C3 and C4 whenever the lithium target was in position
immediately behind C2. (A pion must have roughly
65-Mev kinetic energy to escape from the target and
traverse 2-in. Cu.) When the target was removed for
background runs, an additional % in. of copper was
added to compensate for the lithium thickness. Before
each set of runs, the incident beam was analyzed by
aligning all four counters in the median plane, and
recording the number of quadruple counts obtained for
a given number of C1-C2 counts, while varying the
thickness of copper between C3 and C4 from zero to
2% in. A typical range curve so obtained is shown in
Fig. 2. In addition to the pronounced break in the
curve at 1%-in. (corresponding to 80.8-Mev pions),
a small u meson peak is evident at 1% in. The presence
of a small electron contamination is shown by the final
tail of the curve. The initial slope is due to nuclear
interactions in flight by the pions.

In the measurement of the angular distribution, we
make use of the difference in over-all coincidence rate
between £ in. and (13—/1;) in. of copper between C3
and C4, where #1; is the average equivalent copper
thickness, for a particular scattering angle, of that part
of the lithium target yet to be traversed at the time of
scattering. Thus a scattered meson must penetrate an
equivalent copper thickness #=(3-+tv;) in., but
fail to penetrate Zo=1% in. of copper to be considered in
the overall count. The background rate can be sub-
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Fic. 2. Range curve for 80-Mev =~ mesons.
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tracted out by repeating the difference method de-
scribed above, this time with the target absent. The
true counting rate is then (in terms of target location
and equivalent copper thickness).

[(Iny“l)_ (In)t2):]~ [(Out)tl) - (Out:h)]'

In practice it was found that the counting rates (In,fs)
and (Out,f;) were essentially the same, and therefore
at most angles these two measurements were not made.
The expression above then reduces to the target in
minus target out rate at thickness #;= (2 and 71;) in.
of absorber, and this is the manner in which the majority
of the runs were actually made.

A number of necessary corrections to the C1-C2
monitoring counting rate can be made simultaneously
by noting that the change in the forward beam range
curve rate between thicknesses {; and ¢ of copper,
divided by the rate for no absorber, gives the fraction
of the incident beam which is effective for elastic
scattering measurements (provided further correction
is made for the 90 percent counting efficiency described
below). Since the change in the range curve in going
from ¢, to #2 is almost entirely due to pions of the proper
energy for “elastic” scattering, this procedure auto-
matically corrects for incident beam contamination,
pions scattered in the sample with appreciable energy
loss (inelastic), and for pion interactions in flight in the
copper absorber. Hence multiplying the recorded
C1-C2 rate by the fraction described above provides a
corrected value of the incident flux for use in the cross-
section computations. (At this point it should be noted
that the scattering of muons and electrons is very
small compared to that of the pions at angles larger
than those for which multiple Coulomb scattering
predominates. Thus the C4-C3 scattered beam essen-
tially contains only elastic or nearly elastic scattered
pions, and no longer range particles.)

To measure the angular spread of the beam leaving
the target the lithium target was positioned behind C2

130 T
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F1c. 3. Angular spread about the forward direction for
78-Mev 7~ mesons leaving lithium target.
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TasBLE 1. Experimental cross sections and angular resolutions for
scattering 78-Mev #* mesons from Li.

78-Mev =~ 78-Mev =+

(ﬂ ) Angular (ﬂ) Angular
O1ab dQ2/ mb  resolution O1ab dQ/mb  resolution
15 23319 +2.0° 15% 124413 +2.0°
% i ia0e 2% oosas Esor
273 ©i0  iate oSk dids  aaoe
30 4444 +2.1° K 28.1+4.4 +2.7°
35 3043 +2.2° 45% 12.0£1.5 +3.0°
40 2242 +2.5° 53% 5.1+1.1 +4.3°
45 1842 +2.6° 75% 1.1540.58 +4.0°
SO_L 1042 +3.1° 120% 4.6:&0.'{ :i:S.g"
58 4.54+09 +3.8° 1605 6.8+1. +4.2°
750 23%05 +38° !
Sgi 3.7i0.g :bi.?"
9 4.04:0. +4.7°
1088 72409 +40°
1395 1141 +4.1°
159 1441 +4.1°
170% 1246 +3.1°

and the angular distribution of quadruple counts shown
in Fig. 3 was obtained by swinging C3 and C4 through
small angles about the forward direction. Called “beam
spread,” the angular distribution of Fig. 3 actually
included inherent spread in the incident beam, multiple
Coulomb scattering in the lithium, spread due to the
angle subtended by the widths of C3 and C4, and
m—p decay between C2 and C4. From Fig. 3 the full
angular width at half-maximum is approximately 4.0°.
Since all of the causes of beam spread just cited are
statistically independent of the large angle nuclear
scattering, the beam spread curve can be looked upon as
a resolution function operating on the nuclear single
scattering to give the observed scattering. The fact
that the beam spread curve was not greatly different
with the lithium target in position and removed from
the beam indicates that multiple Coulomb scattering
was not the dominant cause of beam spread. Calcu-
lations of the expected multiple Coulomb scattering
agree with this result. Moving C3 and C4 closer to the
target during actual runs to increase counting rates
produced the angular resolutions listed in Table I for
various angles.

The C1-C2 rate was also corrected for efficiency of
the counters and the electronics. A steady efficiency
rate of approximately 90 percent was measured by
placing C3 and C4 immediately behind C2, so that all
particles registering in the C1-C2 telescope should also
traverse C3 and C4.

To minimize and standardize energy loss of pions in
the lithium target, the target was always set at one-half
the angle of scattering. Scattering at angles less than
15° was not measured because of the large relative
importance of multiple Coulomb scattering, =—u decay
of main beam pions, and undeflected main beam
particles in this region.

Cross sections were calculated by subtracting the
target-out from target-in quadruple counts for a given

100 mb, I T T T T T T
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Fic. 4. Angular distribution for the scattering of 78-Mev 7~
mesons by Li. The curve is the predicted angular distribution
neglecting Coulomb interaction, for the case described in the
text as “nucleon originally at rest.” Points @, b, ¢, d, and e are also
theoretical values, mainly at 180°, using modified assumptions.
Point ¢ omits the phase space correction. Points & are for a 10
percent larger nuclear size. Points ¢, d, and e correspond to cases
where the initial nucleon momentum is directed towards the
oncoming meson with values of (¢p, ¢p/a, T of the nucleon, and
T, in the nucleon rest frame) equal to (207 Mev, 1.49, 22.5 Mev,
120 Mev) for point ¢, (124 Mev, 0.90, 8.19 Mev, 102 Mev) for
point d, (74.8 Mev, 0.54, 2.97 Mev, 92 Mev) for point e.

number of C1-C2 monitor counts, and then dividing
by the C1-C2 counts, the number of effective nuclei
per cm? in the target, and the solid angle subtended by
C4 at the target. The C1-C2 rate was adjusted for
beam contamination and counting efficiency as de-
scribed above, and the effective thickness of the lithium
target computed for each angle of scattering. Results are
shown in Table I for 78-Mev =~ and «+ mesons. The
=+ values listed are the statistical standard deviations.

D. INTERPRETATION OF RESULTS

Several features of the angular distributions listed in
Table I and shown in Figs. 4 and 5 suggest the im-
portance of single-nucleon scattering in the cross section
for lithium:

(a) The pronounced dip in the lithium cross section
at 75° corresponds, after a transformation between
the two center-of-mass systems, to the minimum in
the single nucleon scattering near 90°.

(b) The cross section has the pronounced backward
rise characteristic of the (v*,p) or (7—,x) interaction
(assuming charge independence).

(c) At backward angles the 7~ curve lies well above
the 7t curve. In this region and at 78 Mev, the (7—,n)
or (m*p) interaction (pure isotopic spin § states)
far outweighs that due to (7,p) or (z*,n). Neglecting
the latter, the four neutrons and three protons of the
lithium nucleus would favor a higher =— than #*
backward scattering by 4:3 for incoherent addition and
16:9 for coherent, apart from other corrections.

(d) The first four points for 7~ and =+ demonstrate
the interference between nuclear and Coulomb scatter-
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Fi6. 5. Angular distribution for the scattering of 78-Mev =+
mesons by Li. (The caption for Fig. 4 applies here except for the
meson charge.)

ing below ~30°. This interference, which was also
observed for aluminum, is constructive for =~ and
destructive for z+. The theoretical curves in Figs. 4
and 5 do not include Coulomb effects and help serve as
reference curves to demonstrate the effect.

For a nucleus of spin 0, elastic scattering corresponds
to coherent scattering leaving the state of the nucleus
unchanged. Li” has spin §, and thus there is a degeneracy
effect corresponding to spin flip processes, even for
strictly elastic scattering. In the subsequent discussions
we neglect this effect and assume that only coherent
scattering leaving the internal state of the nucleus
undisturbed is of importance. For simplicity, and to
give the effect of a diffuse nuclear surface, we use
nucleon wave functions in a harmonic oscillator
potential, with two protons and two neutrons in the
ground state and one proton and two neutrons in the
first excited state. The unnormalized nucleon wave
functions can be written as

Wo=exp[ — % (a2-+42+22)] for the ground state, (1)

®
V= {yJ exp[ — % (@4 y2+22)] for the first
3 excited state, (2)

where the unit length is taken as the simple harmonic
oscillator length factor= (%/mw)?.

The interaction matrix element involves an inte-
gration over all nucleon coordinates as well as those of
the meson. The latter integration leads to the pion-
single nucleon scattering amplitude, whereas the former
becomes a weighting factor whose magnitude is deter-
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mined by the probability that all nucleons remain in
their unperturbed states following the collision. Experi-
mental conditions require that the meson scatter
“elastically” from the nucleus as a whole in order to
register a quadruple count. If it is assumed that the
entire momentum transfer, as determined by the
pion-nucleus elastic scattering, is given to a single
nucleon, the weighting factor is given by a sudden
perturbation or a Born approximation treatment as

f\Ifo*e“‘”\I/ odT

" f]\I/(,[?dr

for the struck nucleon in the ground state and the

b =exp(—a?) ©)

(Z) exp(—37?) excited states of the harmonic well, and

[
b= = (1—-2a?) exp(—a?) 4)
f |0 |2dr

for the struck nucleon in the x exp(—37?) excited state.

In Egs. (3) and (4), « is chosen as the direction of
momentum transfer. Since ¥, and ¥; of Egs. (1), (2),
(3), and (4) are in “natural” length units, the mo-
mentum transfer 2¢ must be evaluated in corresponding
units. To this end the size of the harmonic well must
first be established, and then the expectation value of
the nucleon kinetic energy found. A reasonable criterion
for well size can be had by requiring that (%) for the
nucleons be the same as for the more commonly used
model which assumes constant density with a sharp
edge at R=r¢A*% The resulting radius coefficient 7, is
chosen in accordance with other evidence:

7 (3/2)X4+(5/2)X3\ %
=3/ PATER) )—
mw 7 e

=1.93(/mw) = (3/5)r?A%. (5)

We have chosen 7o=1.28 X101 cm, 4 =7 for lithium.
The quantity in parentheses is a weighted average of
(n+3) over the seven nucleons.

The expression (5) defines w, and hence the harmonic
well size. The expectation value of kinetic energy in
the x direction is:

LKE)=%n+2)hw=%w/4 for the ground state, (6)

and

KE)o=(c*p*/2mc*)o (M
giving

{*p%o=(102.3 Mev)2.
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TasBLE II. A partial listing of the factors involved in calculating “corrected” pion-nuclear
cross sections from pion-nucleon scattering amplitudes.2

sinfe.m.dbo.m. (cpm)o.m 2(Br0)o.m.

O1ab Bo.m. sinf1abdf1ab (cHrm0)em 2 (Bm)o.m. 2a exp(—a?) (1 —2a2) exp(—a?) |£0) | -2 | fO) ] z+2
20 24° 16’ 1.445 1.019 0.332 0.988 0.933 74.1 mb 64.6 mb
40 47° 48’ 1.334 1.076 0.655 0.898 0.706 27.1 25.7
60 70° 6’ 1.187 1.162 0.957 0.795 0.431 2.98 3.77
80 91° ¢/ 1.039 1.268 1.230 0.685 0.167 1.98 0.231

100 110° 33/ 0.9105 1.381 1.467 0.584 —0.0439 7.42 4.53

120 128° 57/ 0.8107 1.488 1.658 0.503 —0.188 10.9 7.60

140 146° 27 0.7409 1.575 1.799 0.445 —0.275 11.7 8.64

160 163° 23’ 0.7001 1.632 1.885 0.411 —0.320 114 8.71

180 180° 0.6869 1.652 1.914 0.400 —0.333 11.2 8.65

2 c.m. refers to the pion-nucleon center-of-mass system, assuming the nucleon is initially at rest in the lab system.

In the same units,

fexp(—xz/Z)(az/axz) exp(—a?/2)dx
(Bo=—

f exp(—x?)dx
=1 for the ground state. (8)

Hence (k%=1 corresponds to
(®p?)=(144.7 Mev)2. (9)

The unit of “natural” momentum is then 144.7 Mev.
The coordinates involved in Egs. (3) and (4) have
origin at the center of mass of the nucleus as a whole,
and the collision is treated as elastic with respect to
the nucleus as a whole to establish over-all conservation
of energy and momentum. The entire momentum
transfer is considered to be concentrated initially on
the struck nucleon, so it receives a (nonrelativistic)
velocity change 7 times that of the nucleus center of
mass. Thus the relative momentum change for the
struck nucleon is reduced by the factor (4—1)/4

to give
(6/T)Acpx
a=——"
144.7 Mev

defining @ of Egs. (3) and (4).

The value of X used for the cross-section calculations
is that of the meson in the pion-nucleon center-of-mass
(c.m.) system before collision. The fact that over-all
conservation of energy and momentum is relative to an
elastic collision on the nucleus as a whole decreases the
kinetic energy transfer to the struck Li nucleus com-
pared to the amount that would be transferred to a
free nucleon. (For 180° scattering a pion of 78-Mev
initial kinetic energy has 69.9 Mev after being scattered
elastically by Li and would have only 38.0 Mev after
being scattered by a nucleon at rest.) Thus the (scalar)
momentum of the pion in the pion-nucleon c.m. system
is greater affer scattering than before (scattering off the
energy shell). This last effect complicates the calcu-
lation of the single-nucleon scattering contributions.

All four nucleons in the ground state of the harmonic

(10)

well are governed by the b, probability amplitude, as
well as two-thirds of those in the first excited state

(those for which ¥;~ (z) exp[ — % (#?+3*+29)]). One-

third of the nucleons in the state ¥ (those for which
Wi~ exp[ — 1 (x?+4?+22)]) are governed by &:. Thus
effectively 8/3 protons and 10/3 neutrons of the lithium
nucleus are characterized by b, while § protons and
2 neutrons have the probability amplitude b;. Hence
the scattering amplitude for the nucleus as a whole

becomes

(f_(@) - (8/3)buf -0, (10/3)bof+(0)
A /1 x

A
+(1/3)b1f—7f9)l(2/3)b1f+;0) for =, (11)
and
(@) ~ s/ oy
A/t A X
+(1/3)b1f+;0) ; (2/3)blf";0) for m, (12)
where

S(0)=Fso+ (Fa1+2F 33) cosb,
f=(0)=3[ (Fso+2F1) ~+ (2F11+4F 15+ Fy1+2F33) cosf],

are interpolated from the available pion-nucleon
analyses.” Table II lists the values of some of the
quantities involved in the cross-section calculation for
nine scattering angles.

Certain obvious corrections should be made in
applying the above scattering amplitudes to obtain
values for do/dQ in the laboratory system. One of these
is a correction for the difference in solid angles in the
pion-free nucleon center-of-mass system and the lab
system. Also a phase space correction (p%/v)'/(p*/v)
due to the increase of the pion momentum and velocity
in the pion-nucleon center-of-mass system after

7 De Hoffmann, Metropolis, Alei, and Bethe, Phys. Rev. 95,

1586 (1954); Fermi, Metropolis, and Alei, Phys. Rev. 95, 1581
(1954).
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collision (from the unprimed to the primed values) is
indicated by the general theory of reaction processes.

For scattering from the energy shell, meson theory
indicates that the f,.() and f_(f) should be taken as
intermediate between the values for the initial and
final c.m. energies. We have not altered these amplitudes
in the calculations, however.

If a Fourier analysis is made of ¥y and ¥; in Egs.
(3) and (4), the Fourier components giving largest
contribution to the integrals will be those for which
chk of the nucleon in the nucleus center-of-mass
system corresponds to —ea before collision and +a
after collision. For each Fourier component of initial
nucleon momentum one should, in principle, determine
the incident meson kinetic energy in a Lorentz frame
where the nucleon is at rest and use experimental phase
shifts appropriate to that energy. There would also be
solid angle and phase space corrections to the scattering
amplitude that would be functions of the initial nucleon
momentum. We have not attempted to carry out the
above extremely complicated calculations, but it is of
interest to note certain qualitative features implicit
in them. For 180° scattering, @ corresponds to 138.7-
Mev/c momentum, and the meson kinetic energy in
the rest frame of a proton with initial momentum —a
is 105 Mev. If a Fourier momentum component
—1.5a is chosen for the nucleon before collision, the
corresponding meson energy in the nucleon rest frame
is 120 Mev. Since f;(f) and f_(6) at 180° increase
rapidly with meson kinetic energy in the nucleon at
rest frame, we might expect the 180° scattering to be
better represented by applying the nuclear form factor
to the scattering amplitudes associated with 100- to
120-Mev meson kinetic energies. We have accordingly
carried through calculations at all angles, using scatter-
ing amplitudes as well as solid angle and phase space
corrections appropriate to the case of the nucleons
initially at rest. Then, at 180°, we have also carried out
the calculations using scattering amplitudes and solid
angle and phase space corrections appropriate to initial
nucleon momentum towards the incident meson of 75,
124, and 207 Mev/c, corresponding to 7'x in the nucleon
rest frame of 92, 102, and 120 Mev. These calculated
points are indicated on Figs. 4 and 5 along with the
experimental points and the calculated angular distri-
bution assuming the nucleons initially at rest. We also
show, for comparison, the effect on the 180° point of a
10 percent increase in the nuclear linear scale factor and
of omitting the phase space correction—both for the
case of the nucleons initially at rest.

An additional effect which we have not taken into
account is the increase in kinetic energy of the meson on
entering the nucleus. The would also tend to require
that the scattering amplitudes f.() and f_(6) be
chosen corresponding to higher meson kinetic energies.
The experimental points in Figs. 1 and 2 are relatively
well matched by the theoretical curves for the nucleon
at rest and T,=78 Mev. Use of T,~100 Mev for the
meson in the nucleus would give much poorer average
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agreement. In the 110° to 180° region the experimental
points increase more rapidly than the nucleon at
rest curve, and an extrapolated experimental point
at 180° matches the calculated points corresponding
to initial nucleon momentum ~100 Mev/c directed
towards the incoming meson.

It is seen that the position of the calculated curve at
180° is fairly sensitive to the choice of nuclear size, and
the difference between the experimental and calculated
points near 180° for various possible initial nucleon
momentum choices can be altered considerably by
simultaneously choosing a value of the nuclear radius
for best fit. Thus, one probably should not place too
much emphasis on differences of the order of a factor
of 2 at large angles between the calculated and experi-
mental curves, in view of the over-all crudeness of the
theory. Rather, we emphasize order of magnitude
fitting of the over-all features of the experimental curve.

The dip in the region of 70° is sharper in the theo-
retical predictions than in the experimental cross
sections. Several incoherent processes, not included in
the coherent addition of Egs. (11) and (12), may have
contributed :

(a) In this region of low cross sections, multiple
scatterings within the nucleus may become relatively
more important, thus raising the angular distribution
curve.

(b) Elastic (incoherent) spin flip scattering is
possible for the proton in the P state, assuming a shell
model of the nucleus. Spin flip scattering, with a sinf
dependence, can occur at 90°, but will not be important
in the backward direction.

(c) A low-lying 480-kev level with spin  exists in
lithium. Since the ground-state spin is £, spin flip
scattering could give rise to an excitation of the nucleus
slight enough to be included in the elastic scattering
measurement.

(d) The motion of nucleons within the nucleus will
produce some smearing in angle for scattering measured
in the lab system, and hence may degrade the sharpness
of angular features.

(e) The resolution of the experiment at 70° is 4=4°.

Although all of the above are possible contributing
factors, (e) alone is sufficient to account for a large part
of the difference between the experimental and theo-
retical curves in the region of the dip.

As mentioned earlier, one obvious feature of the
experimental curves not contained in the theoretical
curves is the interference between Coulomb and
nuclear scattering at the smallest angles. This was also
seen for aluminum.® It is constructive for =~ mesons
and destructive for 7+ mesons.

The relatively good match of experimental and
predicted cross sections, as well as the considerations
above, show that a fairly simple single-scattering model,
based upon the elementary interactions of pions and
nucleons, can account for the general form of the
angular distribution from a light nucleus.



