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Scattering of 31.S-Mev Positive Pions from Carbon

P. P. KANE*
Department of Physics, Unieersity of Rochester, Rochester, New Fork

(Received July 10, 1958)

Measurements were made at laboratory angles from 40' to 145' on the scattering of 31.5-Mev positive
pions from carbon. Pulse-height analysis was used to select elastic scattering events. The observed differ-
ential cross sections for elastic scattering indicate destructive interference between the Coulomb and nuclear
scattering'amplitudes. The presence of inelastic pion scattering is inferred from a combination of different
methods of study: pulse-height analyses, absorption measurements, and detailed comparisons of the data
obtained in the case of carbon with those obtained in the case of copper and lead. An upper limit of 2 is
placed on the spin of the 9.6-Mev state of C'~. This is not in disagreement with the results of other experi-
ments and existing theoretical predictions.

1. INTRODUCTION

HE scattering of low-energy pions from carbon has
been studied in many laboratories. In addition to

the early measurements made at Cornell, ' ' there exist
the Columbia experiments'4 at 62 Mev and at 80 Mev.
Although inelastic scattering of pions leading to large
energy losses was observed by Byfield et al. , the 80-Mev
experiment was the first to exhibit pion scattering
involving excitation of low-lying states of carbon. As a
by-product of the pion-nucleon scattering investigation
program, data were obtained at Rochester' on the
angular distribution of elastic scattering of 40-Mev
positive pions from carbon. In order to increase the
relative effectiveness of the S-state pion-nucleon scat-
tering amplitudes, we decided to make measurements on
the nuclear scattering of pions at an energy below
40 Mev. The theoretical treatment' " of the problem
emphasizes the great importance of a clear separation
of elastic scattering from other processes. For an ade-
quate understanding of the experimental results, such
a separation is necessary. In Baker's experiment' the
separation was made by a differential range technique.
In the present experiment, substantial attention was

again devoted to the question of a good criterion for the
selection of purely elastic scattering events. However,
the adopted procedure was different. It is described in

Sec. 3. Since the energy difference between the ground

state and the 6rst excited state of C" is about 4.4 Mev"
and since the higher excited states are also rather well
separated in energy, this element was the obvious choice
as the scatterer. Even with this choice, it was essential
to have a pion beam of well-defined energy. Such beams
were not available at energies lower than about 30 Mev.
Hence the experiments were performed in the 30-Mev
range.

2. EXPERIMENTAL ARRANGEMENT

The positive pion beam was obtained by bombarding
an aluminum target in the Rochester synchrocyclotron
and using the focusing properties of the fringing mag-
netic field. Additional energy selection was provided by
a magnet with sector-shaped pole pieces. In order to
reduce the lateral blow-up of the beam resulting from
multiple Coulomb scattering in air, helium paths were
used over a considerable length of the beam trajectory.
The general arrangement is shown in Fig. 1. A typical
range curve of the incident beam shows that there is an
8.5% contamination of the beam, mostly attributable
to muons and electrons.
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FIG. 1. Pion beam arrangement at the cyclotron. Arrow near P
indicates the proton beam. T speci6es target location. A is an
absorber which is useful in reducing the energy spread of the pion
beam. C stands for the analyzing magnet. Two counters 1 and 2
de6ne the incident beam.

"F.Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77
(1955).
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FIG. 2. Scattering set-up for 40' measurements.
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FIG. 3. Angular spread of the beam about the forward direction.

The incident beam was de6ned by two counters,
called 1 and 2. Two counters, 3 and 4, defined the
scattered beam. The 1—2—3—4 accidental counting rate
was not large. However, an anticoincidence counter,
labelled 5, was used to make it negligible. All scintil-
lators were made of the Sintilon type of plastic phos-

phor. Counters 1, 2, and 3 were mounted on RCA-1P21
photomultiplier tubes, the fourth on RCA-6655, and the
fifth on RCA-6810. All counters, except the fourth, were
one-eighth inch in thickness. The fourth was one-

quarter inch thick. The first two counters were 1 in.
)&2 in. , the third was 12 in. )&4 in. , the fourth was
1 in. X4 in. and the fifth was 3 in. )&4 in. The fourth
counter defined the solid angle subtended at the target.
The arrangement of the counters in a typical scattering
measurement is shown in Fig. 2.

The pulses from all counters were sent to broad-band

amplifiers and then to fast-diode-coincidence circuits.
The output of each coincidence circuit was in turn
amplified and fed to a trigger generator, employing an
EFP60 tube and delivering pulses of length 0.09 micro-
second. In order to achieve good time resolution, 1—2

and 1—3—4 coincidences were made in the cyclotron
room itself. A typical delay curve revealed resolving
times of the order of 20 millimicroseconds with a Rat-top
region of at least 10 millimicroseconds. In the research
room, the 1—2 trigger generator output and the fifth
counter output were used to give pulses corresponding
to 1—2—5 and 1—2—5 events. The 1—2—5 pulse was in turn
combined with the 1—3—4 trigger generator output to
give pulses corresponding to 1—2—3—4—5 events. Such
events represent interactions between the incident beam
and the target. The efficiency of the 1—3—4 coincidence
circuit was measured to be 96.7~2%%uq.

The total angular spread of the beam about the
forward direction, resulting from the initial beam
spread, multiple Coulomb scattering in the target, and
pion decay, was measured by rotating the scattering
counters 3 and 4 about the zero-degree position. The
resulting curve is shown in Fig. 3. The width of the
curve at half height is ~7 degrees and is a measure of
the angular acceptance of the scattering counters.

The pulses from the tenth dynode of the fourth
counter were fed to a cathode follower, the output of
which was used for pulse-height analysis. Pulse-height
measurements were made at the laboratory angles 40',
55', 70', 90', 105', 120', and 145'. The background was
determined from the pulse-height spectrum obtained in
the absence of the carbon target. During the back-
ground measurements, an absorber was placed between
counters 3 and 4 to provide the same degradation of
energy as that resulting from the carbon target. At 40',
the background was about one-fifth of the counting
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Fxo. 4. Pulse-
height spectrum of
scattered beam for
copper at 40'. The
scintilla tor used for
pulse-height analysis
was ~~ in. thick.
Lower energy pions
appear in higher
pulse-height chan-
nels and vice versa.
The peak around
channel 10 corre-
sponds to elasti-
cally scat tered pions.
Counts in the neigh-
borhood of channel
6 represent positrons
and positive muons.

rate due to elastic pion scattering from carbon. It was
much smaller at larger angles.

3. SCATTERED BEAM COMPOSITION

The "scattered" beam actually contains positrons,
muons, protons, and both elastically and inelastically
scattered pions. Whenever the intensity of the com-
petitive components is large, it is difficult to determine
accurately the number of elastically scattered pions,
Therefore, a reliable method for extracting the elastic
pion scattering contribution had to be developed. The
method depended upon the calibration of the pulse-
height-analyzing part of the electronics by means of
the incident beam. The target was oriented so as to
minimize the energy spread of the scattered beam
(Fig. 2). With such a target orientation, the mean
target thickness traversed by the beam during calibra-
tions was the same as that traversed during scattering
measurements. Therefore, knowing the shape of the
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FxG. 5. Pulse-
height spectrum for
lead at 55'. The
peak around channel
13 corresponds to
elastically scattered
pions. Counts in
the neighborhood of
channel 6 represent
positrons and posi-
tive muons.
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FIG. 7. Pulse-
height spectrum for
carbon at 55'. Elas-
tically scattered pions
appear in channels
around 11. Counts
in channels around
6 represent positrons
and positive muons.
Structure of the
pulse-height distri-
bution is explained
in Sec. 3.
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incident beam pulse-height spectrum, calculating the
small upward shift due to nuclear recoil and estimating
the magnitude of the broadening caused by geometrical
effects alone, we could determine the shape of the pulse-
height spectrum of the elastically scattered pions and
extract the elastic-scattering contribution from any
combination of beam components.

The geometrical broadening of the pulse-height spec-
trum of the scattered beam arises mainly from two
causes.

1. The angular divergence of the scattered beam is
such that the maximum path length, traversed by the
beam in the pulse-height counter, is slightly longer
than that traversed during the calibrations. This fact
results in an asymmetrical broadening on the high pulse-

height side.
2. The difference between the maximum and mini-

mum path lengths within the target is larger for the
scattered beam than for the direct beam, on account of
the increased angular divergence of the scattered beam.

The half-intensity width of the calibration spectrum
was in all cases about 29%. Simple calculations of the

geometrical effects led us to the conclusion that their
contribution to the width of the elastically scattered
pion spectrum should be less than 6% for scattering
angles less than 150'. The resultant total width should
then be less than 30%. This conclusion is confirmed by
the pulse-height spectra obtained in the case of scatter-
ing from copper at 40' and from lead at 55'. These are
shown in Figs. 4 and 5. The full widths of these spectra
are in good agreement with the expected values.
Figures 4 and 5 reveal in addition certain tails which
are discussed below. Con6dence was thus established
in the procedure developed for evaluating the number of
elastically scattered pions. Typical pulse-height spectra
obtained in the case of scattering from carbon are shown
in Figs. 6—8. They exhibit a substantial broadening on
the high-pulse-height side, which is clearly due to an
admixture of events that do not correspond to the
elastic scattering of pions. Such events were, therefore,
considered in some detail. The broadening of the carbon
spectra could be attributed to the presence of positrons,
muons, protons, and inelastically scattered pions in the
scattered beam.

Positrons can arise from muon decay before or after
the analyzing magnet. Positrons of the former kind have
the same momentum as the incident pions and their
pulse height is much smaller than that of the pions.

40- 77 ON CARBON AT 40o 40-
ON CARBON AT l20

FIG. 6. Pulse-
height spectrum for
carbon at 40'. Elas-
tically scat tered pions
appear in channels
around 10. Signifi-
cant contributions
from processes other
than elastic pion
scattering are shown
to be responsible for
the diffuse nature
of the pulse-height
spectrum (Sec. 3).
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heights pectrum for
carbon at 120'. The
peak around channel
10 corresponds to
elastically scattered
pions.

50-

IO-

2 6 IO I4 I8 22 26

CHANNEL NUMBER

I I I I I I I I I I I I I

2 6 IO l4 I8 22 26
CHANNEL NUMBER



P. P.

TABLE I. Comparison of calculated maximum number of muons
with the corresponding number estimated experimentally.

Element Angle

Maximum number of muons
per 106 1-2 coincidences

Calculated Observed

Copper
Lead
Carbon
Carbon

40'
55'
40'
55'

23.8
17.0
6.6
0.8

20&2.9
25&2.9
28&1.9

18.5m 1.1

» P. P. Kane, Ph. D. thesis submitted to the University of
Rochester, 1957 (unpublished).

Therefore these positrons are not the cause of the
observed broadening of the pulse-height spectrum. The
number of positrons of the latter kind, that give a
pulse height comparable with or greater than that of
the pions, can be estimated and was found to be
negligible.

The number of muons arising from direct decay of
pions can be estimated from the background and was
found to be small. Muons that cannot be attributed to
this cause must originate in Coulomb scattering from
the target. Coulomb scattering of muons that have the
same momentum as the incident pions cannot be the
cause of the broadening in the high channels since such
muons have slightly less pulse height than the corre-
sponding pions. The alternative processes that give
rise to muons in the scattered beam are the following:

(1) Coulomb scattering by the target of a pion
through a small angle, followed by decay into a muon;

(2) decay of the pion into a muon, followed by small-

angle Coulomb scattering of the muon by the target.

The contributions of both processes were calculated
in detail. " The contribution of process (1) is two
orders of magnitude smaller than that of process (2).
The calculations were designed to give the maximum

possible contribution of muons. Most of the muons
resulting from these processes have P' in the neighbor-
hood of 0.28 as opposed to 0.335 for 31.5-Mev pions.
Therefore, the pulse height corresponding to these
muons was about 20% higher than that of the elasti-

cally scattered pions.
Since Coulomb scattering is involved in these proc-

esses, the net effect is proportional to Z' for a given
number of scatterers, where Z is the atomic number of
the scattering material. Therefore the effect should be
much larger for copper and lead than that in the case
of carbon. Hence, significant comparisons can easily be
made between these calculations and the observed

yields in the case of copper and lead. The comparisons
are given in Table I. The agreement between the calcu-

lated and the experimentally observed values for copper
and lead is worth noting. It leads us to the expectation
that similar calculations may be reliable in the case of

carbon. However, the observed number of events in the

case of carbon is much larger than the calculated

TABLE II. The ratio, R, of the high-energy proton count to
the combined intensity of high-energy protons and inelastically
scattered pions.

Angle

40'
55'
70'
90'

120'
145'

0.16
0.30
0.40
0.12
0.30
0.30

'sBernardini, Booth, Lederman, and Tinlot, Phys. Rev. S2,
105 (1951).

'9 Bernardini, Booth, and Lederman, Phys. Rev. 82, 1075
(1951).

~ G. Bernardini and F. Levy, Phys. Rev. 84, 610 (1951).

number of muons, suggesting the presence of other
types of particles having roughly the same pulse height.

Protons are produced in stars following the absorp-
tion of pions by carbon nuclei. From photographic
emulsion work'~" such protons are known to have a
continuous distribution of kinetic energies, extending
up to an energy of about 100 Mev. The thicknesses of
the third counter, and of absorbers between the third
and the fourth counters, imposed a low-energy cutoff
at 17 Mev for observable protons. Introduction of
3 2 inch copper absorber between counters 3 and 4 in
the case of 40' and 55' scattering measurements did not
change the 1—2—3—4-5 counting rate substantially, indi-
cating that most of the observed protons had energies of
at least about 30 Mev. Range curves of the scattered
beam at 70', 90', and 120' showed similarly that
rather few low-energy protons were being observed.

We examine next the contribution of high-energy
protons. Pulse-height channels around 18 or 19 corre-
spond to an energy dissipation of about 6 Mev in the
fourth counter. If high-energy protons appear in these
channels, they must have energies above 80 Mev.
Unfortunately, pions that have transferred about 10
Mev of excitation energy to the carbon nucleus appear
in roughly the same channels. Therefore, additional
measurements of 1—2—3—4—5 counting rates were made
with different absorbers between counters 3 and 4, and
compared with the zero-absorber pulse-height results.
The absorber measurements gave the number of high-
energy protons only; the pulse-height data gave the
combined intensity of high-energy protons and in-
elastically scattered pions. Let R be the ratio of the
former to the latter. The values of R at different angles
are listed in Table II. The error in the determination of
R is about 25%. However, it is quite clear that R is
less than unity at all angles studied. Therefore, the
presence of inelastically scattered pions is established.

There are excited states" of carbon at 4.4, 7.6, and
9.6 Mev. The third excited state contributes pions
having a pulse height corresponding to channel 18 or 19.
We can see a prominent peak around these channels in
the case of the carbon pulse-height spectrum at 55',
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shown in Fig. 7. Hence, counts in the neighborhood of
these channels were attributed mainly to the scattering
involving this state. Corrections were made for the
possible muon and high-energy proton contaminations
discussed above. The possibility of contributions from
states around 11 Mev is not ruled out. Our measure-
ments are ambiguous to the extent that such admix-

tures from higher states are not clearly resolved from
the 9.6-Mev state contribution.

Counts in channels 11 to 18, that could not have
arisen from protons or elastically scattered pions or
muons, were attributed to inelastic pion scattering. As

mentioned above, some of these are due to scattering
involving the 9.6-Mev state. The rest are contributed

by first and second excited state scattering events.
During the course of this analysis the number of pro-
tons having energies between 25 and 70 Mev was
obtained as a by-product.

4. CORRECTIONS AND ERRORS

In order to deduce elastic scattering cross sections,
one must apply several corrections to the pulse-height
data. The following comments are relevant to the
corrections.

(1) Only 91.5% of the incident beam consists of

plons.
(2) Counting losses amount to 1% in the case of the

measurement of the incident beam.
(3) Efficiency of the 1—3—4 coincidence circuit was

determined to be 96.7%2%.
(4) The pion beam traversed roughly 1 g/cm' of the

carbon target during each scattering measurement. If
we assume a value of 200 mb for the absorption cross
section of carbon for pions of this energy, the trans-
mission of the target i.s seen to be 99%.

(5) Pions decay between counter 2 and the target,
and after leaving the target. The first process reduces
the pion Qux incident on the target. The muon, arising

from the second process, might be missed by the
scattering counters. The resulting correction for the
scattered intensity due to the two cuases is +5%.

(6) Pions interact with absorbers and counter 3.
The resulting correction for the scattered intensity is

+0.25%.
(7) Muons of the same momentum as the pions are

also scattered by the target. They appear at a slightly
lower pulse height than the pions but are not clearly
resolved from them. The muon contribution to the
incident beam was known to be 6.5%. Therefore, the
number of scattered muons could be calculated for each

angle and subtracted from the number of counts in the

appropriate channels to obtain the true elastic scatter-
ing contribution.

(8) The finite angular acceptance of the counter
telescopes was taken into account at each angle. The
correction was quite large in the case of the forward
angles but only of the order of 1% at backward angles.

Aside from statistical errors, the most significant un-
certainties in the measurement are connected with
errors in the determination of (1) efficiency of the
1—3—4 coincidence circuit, (2) orientation of the target,
(3) beam purity, and (4) distance between the target
and scattering counters. The combined error from these
sources is less than 4%. The error arising from im-
purities in the target was never greater than 7%, even
at the smallest angles. The error due to the finite angular
acceptance of counters is small at most angles, except
in the neighborhood of the minimum in the elastic
scattering cross section. Since the inelastic scattering
of pions was determined in an indirect manner, the
corresponding cross sections are subject to rather large
errors which cannot be easily estimated.

5. RESULTS AND DISCUSSION

TAnLz III. Cross sections in rnb/steradian for various processes
involving 31.5-Mev pions. o 0(tt) is the differential elastic scattering
cross section. o~s(e) is the differential cross section for scattering
involving the excitation of the 4.4-Mev and 7.6-Mev states of
carbon. os(8) is the differential cross section for the 9.6-Mev
state scattering. o„(e) is the differential cross section for the pro-
duction of protons from about 25 to 70 Mev.

Laboratory
Element angle

Carbon

~ l', 0

Copper
Lead'

40
' '55o

70o
90

105
120o
145
40
'55o
70'
90o

4.77 &0.68
0.72 &0.16
3.79 ~0.35
3.98~0.38
6.45 &0.58
6.48 &0.50
7.25 &0.63
125 &14.0
298 &23.0

18&6.4
41.4 +4.1

0.68 &0.65
0.70 &0.25
1.1 &0.35
1.0 +0.3
0.64 %0.30
1.2 &0.40
1.2 ~0.28

6.60~0.98
4.28 ~0.59
1.3 ~0.29
1.6 &0.3
1.0 ~0.24
1.5 ~0.33
2.0 &0.37

3.0 &0.52
3.0 &0.40
2.6 %0.39
2.1 +0.33
2.2 %0.35
2.8 &0.40
2.3 &0.40
27 &5.4
25 ~5.0

24.5 &6.5
29 ~2.9

The final results are given in Table III. The differ-
ential cross sections for elastic scattering in the case of
the forward angles can be compared with the values to
be expected from a pure Coulomb interaction between
the pion and the nucleus. We represent the carbon
nucleus by means of a uniformly charged sphere and
calculate the resulting cross section in the first Born
approximation. Since Ze'/Ae is 0.077 for carbon, the
approximation is expected to be valid. Here, Ze is the
nuclear charge, e and v are the charge and velocity of
the pion, and )s is Dirac's constant. f(8), the amplitude
of the pion wave scattered at an angle 0 by the nuclear
charge, is found to be

f(8) = —(2pZe'/h'K'5 X3X Pgi (K&)/K&7, (1)

where j& is a spherical Bessel function of order 1, E is
2k sin(8/2) and k is the pion momentum in wave
number units. Thus

do/dQ=
~ f(8) ~'= (d /dQ), X9[ji(KE)/K&7', (2)

where (do./dQ), is the cross section for point charge.
Within the limits of experimental error, the observed
elastic scattering cross section of carbon at 40' is equal
to the cross section given by Eq. (2). However, the
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FrG. 9. Angular distribution of the elastic scattering cross
section of carbon in the laboratory system for positive pions at
31.5 Mev. The solid curve was computed in the Grst Born approxi-
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FlG. 10. Angular distribution
of the combined cross section
for inelastic scattering of 31.5-
Mev positive pions involving
the excitation of both 4.4-Mev
and 7.6-Mev states of carbon.

"Williams, Rainwater, and Pevsner, Phys. Rev. 101, 412
(1956).

ss R. H. Miller, Nuovo cimento 6, 882 (1957).

observed value at 55' is lower than the computed value
(Fig. 9), suggesting destructive interference between
the specifically nuclear and the Coulomb scattering
amplitudes. This effect was observed previously by
Williams et al."

The data on elastic pion scattering from carbon at
low energies are summarized in Table IV. The variation
in the case of the backward elastic scattering cross
sections from 31.5 to 40 Mev is small. Further, as the
kinetic energy of the pions diminishes, the minimum
in the elastic scattering cross section shifts toward
smaller angles.

We shall now discuss the results on inelastic scat-
tering. Bernardini and Levy, " By6eld e] al. ,

' and
Miller" have established the existence of inelastic pion
scattering from carbon leading to energy losses greater
than 15 Mev. The energy resolution of the three experi-
ments was not good enough to identify inelastic scat-
tering processes involving the first few excited states of
carbon. Both the 80-Mev experiment' at Columbia and
the present experiment show the presence of the latter
type of inelastic scattering. In the case of 40-Mev
measurements, ' no attempt was made to establish the
existence of inelastic scattering, although it might have
been possible to do so. The 80-Mev experiment with
negative pions shows a steady increase of inelastic
scattering cross sections, for 5-Mev, 10-Mev, and 15-

TABLE IV. Differential cross sections for the elastic scattering of
positive pions from carbon at low energies, in mb/steradian.

+Energy
Angle in~
laboratory+

40'
45'
55'
60'
70'
90'

105'
110
120'
133'
140'
145'
162'

31.5 Mev

5.77%0.68

0.72~0.16

3.79~0.35
3.98&0.38
6.45&0.58

6.48%0.50

7.25&0.63

40 Meva

2.47%0.82

2.18%0.16

4.10+0.30

5.36&0.26

7.15&0.72

60 Mevb

7&4

7+5
2&2

3+1.6

4&3.5

& See reference 5.
b See reference 3.

~ M. E. Gove and M. F. Stoddart, Phys. Rev. 86, 572 (1952);
Burcham, Gibson, and Rotblat, Phys. Rev. 92, 1266 (1953);G. E.
Fisher, Phys. Rev. 96, 704 (1954);H. E. Conzett, Phys. Rev. 105,
1325 (1957).

~ J. W. Ha6'ner, Phys. Rev. 103, 1398 (1956).
's J. H. Fregeau, Phys. Rev. 104, 225 (1956).

Mev energy loss, with increasing angle of scattering.
The present experiment, done at a much lower energy
and with positive pions, gives a rather diferent angular
dependence of the cross sections pertaining to diGerent
inelastic processes. The combined cross section for
inelastic scattering involving both the 4.4-Mev and
the 7.6-Mev excited states of carbon suggests an
isotropic distribution from 40' to 145' in the laboratory
system (Fig. 10). However, a strong forward peaking
is noticeable in the angular distribution of the 9.6-Mev
state scattering cross section (Fig. 11). In view of the
difference in energy and the sign of the pion charge,
our results are not necessarily in disagreement with
those at 80 Mev.

Experiments on the scattering of protons by carbon
in the 10-Mev region" give evidence of an angular
distribution for scattered protons corresponding to the
4.43-Mev level excitation, which is approximately sym-
metrical about 90 in the center-of-mass system and
which exhibits a minimum at 90'. Deuteron scattering
measurements at'4 15 Mev reveal more complicated
angular distributions of inelastically scattered deu-
terons. A decrease in the inelastic scattering cross
sections with increasing angle of scattering is indicated
by the electron scattering data. "In conclusion, we wish
to point out that inelastic scattering processes involvirIg
pions, nucleons, deuterons and electrons exhibit angular
distributions that are quite characteristic of the nature
of the scattered particles.

At 31.5 Mev, the reduced de Broglie wavelength, X,
for pions is 2.4)(10 " cm. The radius of the carbon
nucleus is less than 2X. Therefore only 5 and I' states
of the incident pion are significantly involved in the
scattering process. The pion spin and the spin of the
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Fn. 11. Angular distribution of the cross section for inelastic
scattering of 31.5-Mev positive pions involving the excitation of
mainly the 9.6-Mev state of carbon.

FIG. 12. Angular distribution of the carbon cross section for
production of protons in the energy range from 25 to 70 Mev.
31.5-Mev positive pions were incident on carbon.

ground state of C" are zero. The 9.6-Mev state of
carbon plays a dominant role in the scattering of posi-
tive pions. Hence its spin is unlikely to be larger than
two units. This conclusion is in agreement with a sug-

gestion of Morinaga" and with a prediction of Glassgold
and Galonsky. " The latter authors conclude on the
basis of the o.-particle model that the 9.6-Mev state is
1 or 2+. On the assumption that the 9.6-Mev state
belongs to the same configuration as the ground state,
Pal and Nagarajan" deduce the total angular mo-

mentum of the 9.6-Mev state to be 2 units, although
they have some difficulty in fitting the intermediate-
coupling parameter to the energy values of the excited
states of carbon. Using a (d,e) reaction, Graue" makes
an assignment of 1 to the 9.6-Mev state. This result
is in contradiction with the more recent one of Fregeau,

"H. Morinaga, Phys. Rev. 101, 254 (1956).
'r A. E. Glassgold and A. Galonsky, Phys. Rev. 103, 701 (1956).
SM. K. Pal and M. A. Nagarajan, Phys. Rev. 108, 1577

(1957).
"A. Graue, Phil. Mag. 45, 1205 (1954).

obtained by means of electron scattering experiments.
The latter suggests the assignment 0+ or 2+. Our con-
clusion is not in conflict with any of the foregoing
assignments.

The high-energy protons, produced in interactions of
positive pions with carbon nuclei, exhibit an isotropic
angular distribution within the experimental uncer-
tainties (Fig. 12). This result is in agreement with that
of Byfield et al.' obtained at 60 Mev.

In conclusion, it may be said that considerably better
energy resolution in pion scattering experiments would
be very helpful in the analysis of the complex processes
that take place.
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