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Further work is being done to extend the measurements
to the other resonances of W' and to other nuclides
as well.
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N the study of antiproton interactions in nuclear

emulsions a total of 413 antiproton annihilation
stars have been found to date.™ Most of these data
come from emulsion exposures to enriched antiproton
beams*® at the Bevatron. In all this work the anti-
protons are incident on the emulsion stacks with a
kinetic energy of 200 to 250 Mev. As described earlier,
the antiproton tracks are picked up near the entrance
edge of the stack and followed along the track until
they either interact in flight or come to rest.! Of the
413 antiproton stars observed, 217 came to rest and
gave annihilation stars at rest, while 196 annihilated in
flight (see Table I for further details). The interactions
in flight, which determine the cross section, range in

TaBLE I. Number of antiproton interaction events observed and
emulsion path length scanned.

Number of interactions

P-annihil. D
Emul- Path h h . stars ine-
sion length Path length (g cm™2) in at P-H lastic
type (cm) Ag Br C,O,N H flight rest scatt. scatt.
G5, K5 22862 4180 3110 1380 122 124 159 7 341
G5,3X%X
diluted® 1506¢ 1390 1140 1360 114 72 58 3 5
Total 3792 5570 4250 2740 236 196 217 10 841

a This path length includes 602 cm from work with unseparated anti-
proton beams (Antiproton Collaboration Experiment, reference 1; Rome
group, reference 2; Uppsala group, reference 3) as well as results with a
separated antiproton beam (1394 cm) reference 4 and doubly separated
antiproton beam (290 cm) (reference 5).

bIlford G5 3 X diluted is an emulsion with three times the normal
gelatine concentration, density =2.66 g cm™3, -

¢ This path length comes entirely from stack 88 exposed in the doubl
separated antiproton beam (reference 5).
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TasLE II. Antiproton-hydrogen scattering events.®

scatt angle D energy

Event Z(}:.m. system) (lab system)
number (degrees) (Mev)
3S-34 17.6 175
3S-326 30.8 120

3-26 334 72

6-6P 44 175
3S-22 48.5 184
3S-38 50 142
3S-244 50 230
3S-140 53 135
3S-1002 79 161
3S-293 117.8 208

a Five of these events have been reported in reference 4.
b From Uppsala Group (reference 3).

kinetic energy from 230 to 20 Mev with an average
energy (weighted according to path length) of ~150
Mev. In this note we would like to discuss the rare
types of antiproton interactions that do nof lead to
annihilation, namely the p-H scattering events and
the antiproton inelastic scattering events. The elastic
scattering of antiprotons from free hydrogen nuclei
can be identified uniquely in photographic emulsions
from the kinematics of the events.

Ball and Chew have recently proposed a model for
the antinucleon-nucleon interaction in terms of a
modified nucleon-nucleon potential.® Their results,
owing to the nature of the approximation methods
used in the evaluation of the phase shifts, are valid at
moderate energies, namely 75<200 Mev. In addition
Fulco” has evaluated the differential cross section based
on the Ball and Chew phase shifts. The angular distri-
bution is characteristic of a single diffraction peak,
with a minimum at 6,.,.~90° and a very small cross
section in the backward direction. The integrated
forward-to-backward cross-section ratio is about 14 to
1. At present our statistics are still very limited;
however, the agreement with the above predictions is
excellent. From the 10 $-H elastic scattering events
found in emulsions to date, we obtain a scattering
Cross section oz.m seatt=71_217 mb. As is shown in
Table II, nine of the events lie in the forward hemi-
sphere while one lies in the backward hemisphere in
the c.m. system. A p-H scattering event can be recog-
nized reliably when the recoiling proton is at least 3 u
in range. This introduces a cutoff angle for antiproton
scattering of 0,.m.=4.3° at 230 Mev and 0,.,,.=5.4°
at 150 Mev (our average energy), and fo.m.=12° at
30 Mev. For purposes of this experiment the effect on
the cross section is negligible.

The $-H annihilation events can, in general, not be
uniquely identified in photographic emulsions. How-
ever, we can single out that group of stars which must
contain the $-H annihilation events. The requirement
is for a star in flight with an even number of charged
pions and no visible nuclear excitation. Among 219
stars in emulsion analyzed to date,® 93 of which occurred
in flight, we have found 5 stars which fulfill those
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TaBLE III. Inelastic antiproton scattering events from complex nuclei.

_ 63 _ T3 D eIr‘lgrgy
D scatt. angle P energy, after
Event (lab system) incident scattering
number (degrees) (Mev) (Mev) AT3/T3p Additional prongse
3S-294 11 ~260 246 0.05 One; Tpe=5.2 Mev, 0+ ab) = 53°. Deviation from coplanarity 1°.
1-4» 16 ~224 ~210 0.06 Two; Tp+=35.8 Mev, and recoil 1.6 .
3S-254 16 ~200 188 0.06 One; T'p=1.2 Mev, 0p+(1aby=70°. Deviation from coplanarity 16°.
3S-1022 28 67+5 31 0.5 None.
3S-228 37 ~150 115 0.2 Two; T'p+=2.2 Mev, and recoil 5 p.
3-2b 47 163410 132 0.2 Two; Tp+=1.3 Mev and T,+=0.6 Mev.
3S-249 47 ~35 17.5 0.5 Two; Tp+=1.2 Mev and Tp,+=0.7 Mev.
3S-312 64 ~46 31.5 0.3 One; Tp+=06 Mev, 0+ (1ap) =49°. Deviation from coplanarity 14°.
3S-88 64 160410 133 0.2 One; recoil 2 u.

a Published previously (reference 1). In this event the antiproton leaves the stack after scattering and its identity as an antiproton can thus not be

uniquely established. We will count it as 0.5 event here.
b Published previously (reference 1).

¢ The energies are assigned on the assumption that the observed prongs are protons.

conditions: two with charged-pion multiplicity N ,+=2,
two with NV,*=4, and one with N,+=6. These events
thus represent an upper limit to the number of p-H
annihilation events.® The corresponding path length in
hydrogen is 97 g cm™2, giving a p-H annihilation cross
section, ¢5.H annin < 8637758 mb.

In addition to the above-mentioned events we have
observed 8 or 9 inelastic scattering events of antiprotons
with complex nuclei (see Table III). In general these
correspond to rather small energy loss and a fairly
large scattering angle. In comparing these with the
elastic scattering events from complex nuclei,’® we have
found about 100 events in the angular interval 2 degrees
to 25 degrees but only one event with a scattering
angle greater than 25 degrees. Thus the larger-angle
scattering appears to be principally inelastic. Our
criterion for the inelasticity of a scattering event was
visible nuclear excitation or ionization change corre-
sponding to an energy loss of AT;/T5>0.2. It is,
however, possible that some additional inelastic scat-
tering events with A7';/T5<0.2 may be present among
the elastic scattering events observed.

On an independent-particle model the inelastic scat-
tering events correspond to the elastic scattering from
a single bound nucleon. As such it should reflect the
antiproton-nucleon elastic scattering cross section. We
see that although ¢5.u scatt and 5.5 annin are roughly
comparable, the inelastic scattering is strongly sup-
pressed, and amounts to ~4.3%, of the annihilation
events in flight. The suppression of the inelastic scat-
tering process must be due to two effects: (a) the Pauli
exclusion principle, which is particularly effective here
because of the strong forward peaking of dos-u scatt/dQ2;
(b) the high annihilation probability, which frequently
leads to the annihilation of an antiproton in the same
nucleus as that in which scattering took place. The
effect observed here is similar to that observed in the
antineutron production in complex nuclei by charge
exchange of antiprotons, wiz. p+“p”’—7+n!t The
latter also involves the re-emission of an antinucleon
from the complex nucleus and has been shown to be

independent of the nuclear size. Such re-emission can
presumably occur only in a fringe collision in the
low-density region of the nucleus. The inelastic scat-
tering cross section per emulsion nuclens (excluding
hydrogen) is 05 ine1=45_1s"2* mb and is to be compared
with 5.0 scatt="71_21"" mb. We see that the two
cross sections are comparable within the experimental
error, which is consistent with an optical-model calcu-
lation performed for antineutron production.!?
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N continuing the study of the interactions of anti-
protons in nuclear emulsions, we have examined a
total length of 16.0 meters of antiproton path in the
energy region 50 to 200 Mev. We report here on our
measurements of the elastic scattering of antiprotons
in nuclear emulsion. The total path length was obtained
from the various exposures to the unseparated anti-
proton beam! and from a separated-beam exposure.?
In these experiments, stacks of 600-micron Ilford G.5
nuclear emulsion have been exposed to antiprotons
from the Berkeley Bevatron. For the purposes of the
elastic-scattering measurement we have selected only
tracks due to antiprotons identified by means of an
annihilation star. In the range interval corresponding
to 50 to 200 Mev, these tracks were carefully examined
for scattering events with projected angle of scattering
greater than 2°. A scattering event was accepted as
elastic if there was no visible change of grain density
and no visible recoil or excitation of the struck nucleus.
The grain-count criterion adopted eliminates inelastic
scattering events with AT;/T52>0.2. However, some
slightly inelastic scattering events (AT3/T5<0.2) may
still be present in .our data. Scattering from free
hydrogen in the emulsion and inelastic scattering from
complex nuclei are discussed in a separate communi-
cation.?
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Fic. 1. Number of scattering events with projected angle
greater than 1.5° as a function of the space angle of scattering.
The solid histogram shows the results on 8.1 meters of antiproton
track in the energy range 50 to 200 Mev, and the dashed histogram
shows the distribution expected from point-nucleus Rutherford
scattering.
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TasrLe I. Numbers of antiproton scattering events with pro-
jected angle >2° observed per 30-Mev interval in a 16-meter
path length in emulsion.

Space angle of Energy interval (Mev)

scattering Total,
(degrees) 50-80 80-110 110-140 140-170 170-200 50-250
2-4 18 7 11 8 7 51
4-6 6 6 6 6 3 27
6-9 4 4 4 2 2 16
9-12 3 2 1 2 2 10
12-18 1 2 1 0 0 4
18-24 0 0 2 0 0 2
24-180 0 1 0 0 0 1
2-180 32 22 25 18 14 111
Path length (cm) 146 222 310 414 508 1600

We have checked our scanning efficiency both by
rescanning and by measuring a sample in which we
included projected angles greater than 1.5°. In the
latter case we may compare the results with point-
nucleus Rutherford scattering. Figure 1 shows the re-
sults on 8.1 meters of antiproton track. For scattering
events with projected angle greater than 2° the scanning
efficiency is 100%,. A total of 111 such scattering events
were found in 16 meters of path length. Table I lists
the number of antiproton scattering events for various
antiproton energy intervals as well as the corresponding
path-length distribution. The number of events ob-
served in this experiment is insufficient to allow a
comparison with theory in the separate energy intervals;
we shall thus consider the data in the entire energy
interval 50 to 200 Mev. The histogram in Fig. 2 shows
the experimental angular distribution (see Table II).
Of the 111 scattering events, only one occurred at an
angle greater than 25°. The solid curve represents the
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F16. 2. The angular distribution for the entire energy interval
50 to 200 Mev. The histogram shows the observed number of
elastic scattering events with projected angle greater than 2°.
The solid curve shows the distribution expected from the charged-
black-sphere model. Solid-angle corrections, to take account of
the 2° cutoff criterion in projected angle, have been applied to
the computed curve.



