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In a scintillation-counter experiment the interaction of antiprotons with protons in the energy region
133 to 333 Mev has been studied. Antiprotons, produced internally in the Bevatron, channeled externally
by a system of magnetic quadrupoles and bending magnets, and identified by time of flight, entered a target
containing liquid hydrogen. This target was completely surrounded by a system of scintillation counters
which detected both scattered antiprotons and annihilation secondaries. An electrostatic-magnetic velocity
spectrometer was used in the external magnetic channel to increase the ratio of antiprotons to pions. The
D—p total, elastic, inelastic, and charge-exchange cross sections, and the angular distribution of elastic
scattering were measured at each energy. The inelastic cross section is approximately one-half the total
cross section at these energies. The results are discussed in connection with current theories.

INTRODUCTION

CCURATE measurements of antiproton-proton

cross sections are of considerable importance in
the development of a theory of nuclear forces. Diffi-
culties encountered in obtaining antiproton beams of
high intensity and purity have limited the scope of
experiments with these particles. In previous experi-
ments the total p-p cross section has been measured
for energies in the range 190 to 700 Mev,! the inelastic
scattering cross section has been measured at 450 Mev,?
and the elastic scattering has been measured at lower
energies.’*

The purpose of the experiment presented here was to
measure simultaneously and with improved precision
the p-p total, elastic, inelastic, and charge-exchange
cross sections as a function of energy. An intermediate-
energy region was selected for study because of current
theoretical interest. Because the yield of antiprotons is
low at low energies, the hydrogen target was made as
thick as possible consistent with the requirement that
the antiprotons scattered at large angles have sufficient
energy to escape the target. With the single experi-
mental arrangement used, the maximum energy was
determined by the strength of the magnets in the beam
channel.

ANTIPROTON BEAM

The antiproton beam developed for this experiment
was similar to that used in earlier counter experiments,*
but had the following important additional advantages.

1. Use of a larger-aperture quadrupole system, to-
gether with the increase of Bevatron beam intensity

* Work done under the auspices of the U. S. Atomic Energy
Commission.

+ Commonwealth Fellow. On leave of absence from Atomic
Energy Research Establishment, Harwell, England.

1 Cork, Lambertson, Piccioni, and Wenzel, Phys. Rev. 107, 248

1957).
( 2 Chamberlain, Keller, Mermod, Segrg, Steiner, and Ypsilantis,
Phys. Rev. 108, 1553 (1957).

3 Agnew, Elioff, Fowler, Gilly, Lander, Oswald, Powell, Segre,
Steiner, White, Wiegand, and Ypsilantis, UCRL-8231, March,
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during the past 18 months, gave nearly an order-of-
magnitude increase in the flux of the external negative
beam containing the antiprotons.

2. An electrostatic-magnetic velocity spectrometer
reduced the background of fast particles in the beam
without reducing the antiproton intensity.

3. The provision of several internal targets made it
unnecessary to relocate the external magnetic system
for each momentum.

4. The normal shift in channel momentum as the
Bevatron field increased during the 50-msec beam pulse
was offset by a pulsed correcting magnet.

5. To avoid loss of particles near the edges of the
momentum interval, the momentum dispersion effected
by the Bevatron field was subsequently canceled by a
large bending magnet.

Figure 1 shows the over-all arrangement of the anti-
proton channel. Separate internal targets were used for
each of the four momenta; only one is shown in the
figure. Targets were of beryllium measuring % by § inch
by 6 inches long. Each target was so located that nega-
tive particles of the desired momentum were selected
in the forward direction; in this way the antiproton
yield was at a maximum and the apparent source size
was a minimum. After a steering correction was applied
with deflecting magnet C4, an 8-in.-aperture quadrupole
set Oy focused the beam onto a 2X8-in. horizontal
collimating slit at the entrance to the quadrupole
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F16. 1. Experimental arrangement. Compensator Cy corrects for
changes in the Bevatron field. Ci, Cy, and H are deflecting magnets.
Quadrupole sets Q; and Q; have 8-in. aperture. Q3—Qs have 4-in.
aperture. Counters A through F are 4X4X}-in. plastic scintilla-
tors used for time-of-flight measurement.
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Fic. 2. Optical properties of the magnetic system (schematic).
The solid and dashed lines in the plan view represent particles of
low and high momenta, respectively, after dispersion by the
Bevatron field. The effects of chromatic aberration have been
neglected. The elevation view shows how fast particlesin the beam
(striking slit) were separated from antiprotons (undeflected) by
the velocity spectrometer.

set Q2. The velocity spectrometer was set to give no
deflection to the antiprotons, which then passed through
the slit. Fast particles in the beam were deflected verti-
cally 1 to 3 in., depending on the momentum. Most of
these fast particles struck the edge of the slit and were
absorbed or degraded sufficiently so that they were
removed from the beam by the deflecting magnet H.
The momentum width of the beam, about +59, was
determined by the horizontal width of the collimating
slit and the dispersion produced by the Bevatron field.
Q2 acted as a field lens, redirecting particles of different
momenta toward the center of the deflecting magnet H,
where the large deflection of 45° served both to deter-
mine accurately the average momentum selected and to
direct particles of different momenta along the axis of
the following iterated 4-in.-aperture quadrupole system
(Qs— Qo).

On the basis of previous experience the length of the
4-in. system was made sufficient for identification of
antiprotons by time of flight at the highest energy to be
studied. Improved time resolution in new photomulti-
plier tubes made this length more than adequate.
Magnet C, deflected the beam 6° in order to eliminate
positive protons produced as secondaries in the channel.

. Figure 2 shows schematically how particles of differ-
ent momenta behave in the beam channel. The transi-
tion (without appreciable beam loss) from the 8-in. to
the 4-in. system was aided by several factors. Excursions
in the vertical direction after the focus at the slit were
kept small by the focusing in Q; and in the deflecting
magnet. Canceling the momentum dispersion at de-
flecting magnet H minimized the horizontal aperture
required beyond that point. The 4-in. lenses were
spaced relatively closely to permit the transmission of
particles with rather large angular divergences. This
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large angular acceptance also served to contain the
Coulomb scattering introduced by the time-of-flight
counters, especially at low momenta.

Some loss of antiprotons occurred at the slit because
of Coulomb scattering in the 0.060-in. stainless steel
vacuum wall of the Bevatron. Losses due to this effect
were estimated to have reduced the antiproton in-
tensity by at least a factor of two at the lowest mo-
mentum studied (600 Mev/c). Helium bags extending
from the exit of the Bevatron to the spectrometer and
from the spectrometer to the exit of Qs displaced the
air in order to minimize scattering in the region ahead
of the time-of-flight counters.

A thin-foil technique similar to that described pre-
viously! was used to direct the circulating proton beam
of the Bevatron onto the internal target. In this way a
beam pulse largely free of radio-frequency bunching as
well as synchrotron and magnetic field ripple was
obtained.

The length of the beam pulse was about 50 msec,
and during this time the Bevatron field changed enough
to introduce a significant variation in the momentum of
particles going toward the external beam channel. To
offset this effect the beam was directed through a special
compensator Cy just ahead of C; (Fig. 1). This con-
sisted of pole tips mounted on the return yoke of the
Bevatron magnet in such a way as to direct stray
return flux from the Bevatron across the beam trajec-
tory. This field varied more rapidly than, and in the
direction opposite to, that in the Bevatron gap. In this
way the variation of the average momentum of par-
ticles directed down our channel was reduced from 39,
to less than 19, during the 50-msec period.

Table I gives the yields of antiprotons and fast par-
ticles (w mesons) measured at the end of the magnetic
channel. No corrections have been made for Coulomb
scattering or decay in flight.

VELOCITY SPECTROMETER

The velocity spectrometer is of the parallel-plate
type in which crossed electric and magnetic fields are
used to select, by null deflection, charged particles of a
given velocity. The device consists of two electrodes,
8 in. in width and 19 ft in length, within a vacuum
enclosure, 1.5X1.5X20 ft, around which are wound

TaBLE I. Beam characteristics. The momentum band width is
+5%. Yields per proton incident on the beryllium target were
measured at the exit of the magnetic channel and correspond to
operation with the spectrometer off. Operation of the spectrom-
eter at 300 kv rejects fast particles by the factor shown.

Angle of
Average emergence Solid _ _ Spectrometer
momentum from angle p/b T~/p /™ rejection
(Mev/c) target (103 (10712 (10—¢ (106 factor
(£3%) (degrees) sterad) =20%) =40%) =+£50%) (=20%)
600 0 2.2 6 4 1.5 30
700 0 1.8 12 5 2.4 10
800 0 1.6 22 5 4.4 7
900 7 1.4 48 6 8 4
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magnetizing coils. The particle beam enters and leaves
the enclosure through thin, 0.012-in., aluminum windows
8 in. in diameter. The electrodes are of 0.002-in. stain-
less steel stretched across a frame of 2-in.-o.d. stainless
steel tubing. They are separated by a gap of 63 in. at
the entrance end, tapering to 2 in. at the exit in order
to accommodate with little loss of aperture a converging
beam from an 8-in. quadrupole lens while producing the
maximum separation for a given voltage. In normal
operation a gap voltage of 300 kv was maintained with
the plates oppositely charged with respect to ground;
corresponding magnetic fields were of the order of 100
gauss. With more careful electrode fabrication and a
better vacuum system the voltage gradient can prob-
ably be increased considerably.

In operation a particle of velocity B is selected by
adjustment of the magnetic field B so as to give o= E/B
with average electric field £. Particles of velocity 8o are
passed with no net deflection, while others are displaced
at the output of the spectrometer by a distance

ePEr1 1
y=———] <1>
2pclBe B
and have an angular deflection
edEr1 1
o= ] @
pclBo B

where 8 is the velocity of the deflected particle of mo-
mentum p and charge e, and [ is the effective length of
the spectrometer.

Figure 3 shows how the fluxes of detected anti-
protons and fast particles in the beam varied as a
function of magnetic field in the spectrometer for a
fixed electric field. The vertical width of the target was
made small, so that its magnified image contributed

TRANSMISSION BY VELOCITY SPECTROMETER
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F1c. 3. Relative transmission by the spectrometer at 700
Mev/c of antiprotons and of fast particles. The spectrometer was
operated with a gap voltage of 300 kv. Each curve is separately
normalized to unity. The observed widths are largely accounted
for by Coulomb scattering in the vacuum wall of the Bevatron.
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F16. 4. Liquid hydrogen target and surrounding counters. The
target flask of 0.010-in. stainless steel was surrounded by a 0.003-
in. copper heat shield and a 0.040-in. aluminum vacuum wall in
the forward direction (gasket details are not shown); a, ¢, and .S,
through Ss were plastic scintillation counters. The dashed rec-
tangle shows position of an absorber of lead or aluminum when
used in an experiment to measure annihilation detection efficiency.

little to the beam width at the slit. Much of the ob-
served width of the beam is accounted for by Coulomb
scattering in the stainless steel vacuum wall of the
Bevatron. In spite of this scattering, the separation
factor achieved in this experiment was much greater at
lower momenta, as shown in Table I. This is expected
for two reasons. First, as Egs. (1) and (2) show, the
separation is a sensitive function of momentum. Second,
the muon contamination of the separated beam is less
at low momenta because of the greater spread in
laboratory angle of emission in 7 decay.

HYDROGEN TARGET

A specially constructed thin-walled liquid hydrogen
target was used in the cross-section measurements (see
Fig. 4). The hydrogen flask was of stainless steel 0.010
in. thick. In the evacuated space surrounding the flask
was a thin (0.003-in.) copper heat shield at liquid
nitrogen temperature. The outer vacuum wall, at room
temperature, was made thin over a large solid angle in
the forward direction, so that antiprotons scattered at
angles up to 60° in the laboratory could escape. Finally,
the target was constructed in such a way that scintilla-
tion counters could surround the whole structure. This
was necessary because anmnihilation and scattering
events could be distinguished reliably only by means of
a detector having large solid angle.

DETECTION OF INTERACTIONS

Figure 4 shows the hydrogen target surrounded by
plastic scintillation counters. These counters were
divided into three groups. The forward counter ¢
measured transmitted antiprotons and corresponded to
the good-geometry detector of the standard attenuation
experiment. Ten s counters, Sy through S5, a left and
a right half for each of five zones, detected scattered
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F1c. 5. Block diagram of basic electronics. ‘A through F are
time-of-flight scintillation counters; @, ¢, and S;—.S; are scintilla-
tion counters that detected the interactions of antiprotons in
hydrogen. C; through Cs are coincidence circuits; D; through Ds
are discriminators. M is a multichannel circuit in which individual
counter pulses were mixed for display on an oscilloscope.

antiprotons as well as annihilation secondaries. Finally,
the @ counters, which detected mainly annihilation
secondaries emitted in the backward direction, covered
the sides and entrance face of the hydrogen target.
A iin.-thick layer of lead (not shown in Fig. 4) was
placed between the hydrogen target and the a counters.
This thickness was estimated to be the optimum for
conversion of v rays from 7° mesons formed in annihila-
tion without appreciable attenuation of the charged =
mesons. With the exception of the entrance a counter,
which was 1 inch thick, all the counters were of %-inch
terphenyl-loaded polystyrene sheet.

ELECTRONICS

A block diagram of the basic electronics is shown in
Fig. 5. Six }-in.-thick plastic scintillation counters of
area 4X 4 in. were used to identify antiprotons by time
of flight over the 30-ft distance from the exit of Q; to
the exit of Q¢ The associated electronic circuits were
similar to those used previously.! There were two im-
portant differences. First, the photomultipliers were
type RCA C7251 instead of RCA 6810. The newer tubes
with spherical cathode surfaces were found to give
appreciably better time resolution. These tubes have a
more uniform transit time from the surface of the
photocathode. Therefore, a larger-diameter light pipe
was used to give increased photon-collection efficiency.
Second, a time-of-flight anticoincidence was added.
That is, an additional signal from counter 4, the first
time-of-flight counter, was timed for fast particles
(8==1) and introduced in anticoincidence into one of the
intermediate coincidence circuits. This is particularly
effective in the suppression of accidental coincidences.
It can be used to reject fast particles whenever the
time-of-flight difference between slow and fast particles
is longer than the pulse length produced by a slow
particle in the first counter. Figure 6 shows delay curves
measured for 700-Mev/c particles with and without the
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anticoincidence in operation. The peaks show clear
separation of K~ mesons and antiprotons. At each
energy, contamination of the antiproton beam is esti-
mated to be less than 19 and has been neglected in all
cross-section calculations.

For each antiproton detected a fast gate (2)X10~8
sec) was produced; this was mixed with each of the
signals from the counters surrounding the hydrogen
target. The gated signals were inserted at intervals
along two transmission lines, added with opposite
polarity, displayed on a Tektronix-517 oscilloscope, and
photographed. The oscilloscope sweep was triggered
each time an antiproton entered the hydrogen target.
Any one or more of the seventeen pulses shown
schematically in Fig. 7(a) appear on the oscilloscope
trace. The first pulse is the gate itself. The next three
pulses are from a three-channel chronotron which gives
an accurate measurement of the antiproton time of
flight. Next are the ¢ and ¢ pulses followed by pulses
from each of the ten scattering counters. Finally the s
pulse appears if there is a pulse in any of the scattering
counters. Figure 7(b) shows several traces taken from
the 35-mm film that recorded the data. Parallel out-
puts from the gating circuit furnished pulses so that
counts in ¢, @, and s as well as the coincidences as, at, st
could be recorded on scalers. In this way the per-
formance of the electronics could be monitored con-
tinuously.
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F16. 6. Delay curve for time-of-flight counters. Curves with
and without a time-of-flight anticoincidence pulse show rejection
of background due to fast particles. The ordinate is normalized
to the number of fast particles in the beam measured without the
anticoincidence counter pulse. The abscissa is the cable delay
between counters 4 and F.
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ANALYSIS OF DATA

At each energy, a number of runs was made with and
without liquid hydrogen in the target. The p-p cross
sections were obtained by a difference method. Since
only 10 to 259, of the antiprotons interacted in the
hydrogen and the target material, most antiprotons
were detected simply as a transmission, a count in ¢
only. Other events were tentatively classified as follows.
A count in only one s counter was a scattering; a count
in only two s counters was either elastic or inelastic
scattering depending upon whether or not the included
angle between the two counters was consistent with the
kinematics of an elastic scattering event in which both
scattered and recoil particles were detectable. A count
in ¢ or in more than two s counters was an inelastic
event. Finally, an event in which none of the counters
surrounding the hydrogen target counted was classified
as a charge exchange.

CORRECTIONS, RESULTS, AND UNCERTAINTIES

Figures 8 through 10 show the experimental results
along with cross sections obtained from related experi-
ments. Table IT summarizes our results and indicates
some of the corrections required. The forward-scatter-
ing correction Acgo was obtained from the ‘“optical
theorem”® in terms of the measured total cross sec-
tion o7,

Aco=AQy(kor/47)%. 3)

Here AQ is the solid angle subtended at the hydrogen
target by the ¢ counter and %k is the antiproton wave
number.

When a scattered particle emerged in the large-angle

3 @ Sig S2rS3r54rSsRS

CCC3 ¢ Sy Sy S3.8aSs

F16. 7. (a) Drawing of oscilloscope trace showing all possible
pulses. Pulses @, ¢, S1—Ss, and s are explained in text; § is the
antiproton gate; and Ci, Cs, and C; are pulses from a three-channel
chronotron which gives an accurate time-of-flight measurement.
(b) Oscilloscope record showing 30 sec of “typical”’ operation
(800 Mev/c). Five of the traces show an antiproton transmitted
by the hydrogen target (no interaction). The fifth trace from the
top shows an annihilation into at least six secondaries, while the
last trace shows a charge exchange (no count in g, ¢, or s).

5H. A. Bethe and F. de Hoffmann, Mesons and Fields (Row,
Peterson and Company, Evanston, Illinois 1950), Vol. 2, p. 76.
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Fi6. 8. Energy dependence of total, elastic, and charge-exchange
Pp—p cross sections. Results of this experiment are indicated by
open circles. The solid circles are total cross sections from
reference 1; the solid triangle (from reference 4) and the solid
square (from reference 3) are for elastic scattering cross sections.
(For the last point we have made a 7-mb forward-scattering
correction.) For convenient reference, p-p and p-n total cross
sections in the same energy range are shown. The indicated
uncertainties are discussed in the text, and are both statistical
and instrumental in origin.

region covered by the a counters it had low energy and
was absorbed in the target and surrounding material.
If this backward scattered particle was the antiproton,
its annihilation was detected, and these events were
indistinguishable from normal annihilations. For this
reason, there was a maximum angle (see Table II)
beyond which antiproton scatterings could not be
measured in this experiment.

In about 109, of all scattering events both scattered
particles were detected. Because we cannot tell which
particle was the antiproton, we have arbitrarily assigned
half an event to each of the angular zones in which a
count occurred. As predicted from considerations of
counter geometry, 809, of all scattering events de-
tected in S5, and smaller amounts for the other counters,
were of this type. Therefore, we do not know in detail
the angular distribution above and just below 90°
(c.m.).

In correcting for large-angle scattering we have
assumed that at each energy the angular distribution is
of the same shape as that obtained from the phase
shifts at 140 Mev calculated by Ball and Chew.%7

There is a possibility that some annihilation events

6 J. S. Ball and G. F. Chew, Phys. Rev. 109, 1395 (1958).
7 Jose R. Fulco, Phys. Rev. 110, 784 (1958).
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F16. 9. Angular distributions of the elastic scattering at four energies. The point at §=0 was obtained from the measured total cross
section with the help of the “optical theorem.” It is a minimum value, as is predicted for a purely absorptive interaction. The solid
curves are obtained with the help of the optical model for a classical “black sphere” interaction. Indicated uncertainties are statistical

only. The dashed curve labeled FULCO is from reference 7.

were classified as elastic scattering or charge exchange.
In estimating that such cases were infrequent, we have
considered the characteristics of the annihilation process
measured here and elsewhere,®? together with the high
detection efficiency of our counter system for both
charged particles and v rays. Another estimate of the
contamination of the charge-exchange events by anni-
hilations was obtained from the results of a separate
experiment. With incident antiprotons of momentum

8 Barkas, Birge, Chupp, Ekspong, Goldhaber, Goldhaber,
Heckman, Perkins, Sandweiss, Segré, Smith, Stork, van
Rossum, Amaldi, Buroni, Castagnoli, Franzinetti, and Manfredini,
Phys. Rev. 105, 1037 (1957).

9 Brabant, Cork, Horwitz, Moyer, Murray, Wallace, and

Wenzel, Phys. Rev. 102, 1622 (1956).

600 Mev/c, a thick target of lead (and later of alumi-
num) was placed behind the empty hydrogen target
(see Fig. 4). With this arrangement all incident anti-
protons annihilated within the space enclosed by
counters, and the annihilation-detection efficiency was
observed to be high, 979, for lead (98.5%, for alu-
minum).

For the charge-exchange events the angular distri-
bution is not known. Antineutrons produced at large
angles have relatively low energy and are absorbed with
fairly high probability in the heavy material surround-
ing the hydrogen target. The charge-exchange cross
sections presented in Fig. 8 and in Table IT have been
corrected, with the assumption that the antineutrons
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TasLE II. Antiproton-proton cross sections.
Observed Minimum Maximum Corrected Charge-
Total elastic cutoff cutoff Forward Backward elastic exchange Inelastic
Kinetic cross Cross angle angle scattering scattering cross cross cross
energy section section (degrees, (degrees,  correction correction section section section
(Mev) (mb) (mb) c.m.) c.m.) (mb) (mb) (mb) (mb) (mb)
133+13 1668 59_g*6 14 93 7 6 72 1,1 10_5*2 84 ;114
19716 15247 53_;1%5 14 119 8 3 64_4t7 11_4%2 77 10722
265417 12447 39_st 14 120 8 3 50_;%6 8_3*2 66_y710
33317 11444 38_473 14 121 8 3 49_;*5 7_g12 58_;18

are scattered predominantly forward (into the s
counters). If the angular distribution is nearly sym-
metric. in the center-of-mass system, as is prediced by
the calculations of Fulco,” then these cross sections
should be increased by about one-fourth.

The following outline contains a summary of experi-
mental uncertainties and of the corrections applied
in arriving at the experimental values for each cross
section. Because most of the corrections and uncer-
tainties were only slightly energy-dependent, average
values are given.

(1) All cross sections:
(a) a count in @ in accidental coincidence with anti-
proton: 13+19%,;
(b) uncertainty in number of hydrogen atoms per
square centimeter: 4=2%,.
(2) Total cross section:
(a) statistical uncertainty: 4=4%;
(b) forward scattering into ¢ counter: 5419%,.
(3) Elastic scattering cross section:
(a) statistical uncertainty: 4-8%;

(b) measured counter inefficiency: 0_¢H%;
(c) scattering through gaps between s counters:
44-29,;
(d) scattered antiprotons that annihilated in de-
tectors and surrounding materials: 84+49;
(e) forward scattering into ¢ counter: 124-29;
(f) annihilation of backward scattered antipro-
tons: 6=49%,;
(g) annihilations that simulated scattering events:
0_67%;
(h) plural scattering: 5-£19%,. A correction was also
applied to the angular distribution.
(4) Charge-exchange cross section:
(a) statistical uncertainty: 4=179%;
(b) elastic scattering through gaps between s
counters: 20+10%;
(c) undetected annihilations: 0_gs5H%;
(d) annihilation of antineutrons in detectors and
surrounding material : 64=49%.
(5) Inelastic cross section:
(a) reflects the corrections and uncertainties of the
other cross-section measurements.
DISCUSSION

In Figs. 8 and 10 the p-p total, elastic, and inelastic
cross sections show similar dependence upon energy.

The total cross section agrees with previous results.!
The values of the total cross section, Fig. 8, have an
inverse velocity dependence over the energy range
measured. The inelastic cross section is one-half and
the charge exchange is about 79, of the total. The
angular distribution at each energy, as is shown in
Fig. 9, is peaked strongly forward, suggesting diffraction
scattering from a strongly absorptive interaction.

Recently several models have been proposed to
account for the observed antinucleon-nucleon inelastic
and elastic cross sections. The semiphenomenological
model by Ball and Chew® is applicable in the range of
energies studied here. The essential feature of this
model is the use of the Yukawa formalism and a poten-
tial that correctly describes the experimental nucleon-
nucleon interaction at these energies. The annihilation
interaction is attributed to a short-range absorbing core,
and the W.K.B. approximation is used to calculate the
phase shifts and to estimate the probability of absorp-
tion for each partial wave. In this way both annihilation
and scattering cross sections are obtained. From the
calculated phase shifts, Fulco has obtained the angular
distribution for the p-p elastic scattering and charge-
exchange interactions at 140 Mev.” The predictions are
in good agreement with our measurements [Figs. 9(a)
and 107].
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Fic. 10. Energy dependence of total and inelastic p-p cross
sections. For each of the four energies represented in Fig. 8 the
total cross-section data were subdivided into three energies with
the help of the chronotron information. The uncertainties indi-
cated for the total cross-section points (open circles) are statistical
only. The inelastic cross section is indicated by open squares.
Uncertainties are discussed in the text. The solid square is an
annihilation cross section from reference 2. The solid curves, from
reference 6, represent theoretical energy dependences of the
inelastic cross section for two potentials which give correctly the
p-p and p-n cross sections in this energy range.
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The phenomenological model of Koba and Takedal®
also divides the region of antinucleon-nucleon inter-
action into two parts, an absorbing core and a surround-
ing meson cloud. The most appealing feature of this
model is that it seems to account for the high multi-
plicity of pions and low multiplicity of K mesons ob-
served in antinucleon-nucleon annihilation. In analogy
with the continuum theory applied by Feshbach and
Weisskopf to the absorption of neutrons,! antinucleon-
nucleon absorption and scattering cross sections are
obtained for an interaction which is completely ab-
sorbing inside a volume of radius 7,. The absorption
cross section is given approximately by the relation
oo=m(ro+A)?, where A is the center-of-mass wave-
length of the antiproton. The energy dependence of o,
shown in Fig. 10 is in good agreement for ro= (0.90
#+0.05)X 107 cm. Koba and Takeda have pointed out
that the rather large ““core” radius required to explain
the observed annihilation cross section is approximately
equal to the nucleon “size” as determined by high-
energy electron-proton scattering.}? Measurements with
high-energy protons and pions give a similar “size.””$:14
For the annihilation process this size is not obviously
applicable, although Tamm! has given reasons for
expecting that the effects of an extended “core” should
be observed in antinucleon-nucleon annihilation. Ball
and Chew find that in this intermediate energy range
the magnitude of the annihilation cross section is in-
sensitive to the assumed radius at which complete
absorption occurs. In their model the probability of
annihilation is determined almost entirely by the meson
forces. It is expected that a greater knowledge of the
nature of the nucleon core can be obtained from meas-
urements of the annihilation cross section at high
energies.

The experimental results are suggestive of the classi-
cal “black sphere” interaction, for which the absorption
and elastic cross sections are each half the total. The
solid curves of Fig. 9 were obtained from optical-
model considerations. This angular distribution of

107, Koba and G. Takeda, Progr. Theoret. Phys. Japan 19,
269 (1958).

11 H, Feshbach and V. F. Weisskopf, Phys. Rev. 76, 1550
(11924}%?‘ E. Chambers and R. Hofstadter, Phys. Rev. 103, 1454
(1?35\6232 Rarita, Phys. Rev. 104, 221 (1956); Cork, Wenzel, and
Causey, Phys. Rev. 107, 859 (1957).

1 Cronin, Cool, and Abashian, Phys. Rev. 107, 1121 (1957);
Walker, Hushfar, and Shephard, Phys. Rev. 104, 526 (1956);
Cool, Piccioni, and Clark, Phys. Rev. 103, 1082 (1956) ; Maenchen,
Powell, Saphir, and Wright, Phys. Rev. 99, 1619 (1955).

151, E. Tamm, J. Exptl. Theoret. Phys. U.S.S.R. 32, Suppl. 1,
178 (1957) [translation: Soviet Physics JETP 5, 154 (1957)3.

CORK, GALBRAITH, LAMBERTSON, AND WENZEL

elastic scattering is given by

do k2R4[J1(2kR sin(6/2)) ]2’

a9 2R sin(6/2)

(4)

where the effective radius R is determined from the
total cross section by 2rR*=o7.

We attach no special significance to the good fit of
these curves to the experimental angular distributions,
except to note that almost any model that predicts the
measured annihilation and elastic-scattering cross sec-
tions may be expected to give fair agreement with the
observed angular distribution. The forward scattering
calculated by Fulco is about 109, above the minimum
given by the “optical theorem” for a purely absorptive
interaction. The large-angle elastic scattering where
our measurements were least precise is relatively sensi-
tive to the amount of potential scattering in the inter-
action. This can be seen from a comparison of the solid
and dashed curves of Fig. 9(a). Similarly, the charge-
exchange scattering is expected to be relatively sensitive
to details of the model used to describe the interaction.

The Ball-Chew model predicts an irregularity in the
energy dependence of the p-p absorption cross section
at each energy for which the top of the potential barrier
is reached by a partial wave. Since our measurements
are more accurate for the total than for the absorption
cross section, we have looked particularly for irregu-
larities in the behavior of the total cross section as a
function of energy. Using the information given by the
chronotron, we have divided the data at each energy
into three subgroups of different energies. Figure 10
shows the total cross sections measured in this way at
each of twelve energies.
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F1c. 7. (a) Drawing of oscilloscope trace showing all possible
pulses. Pulses a, ¢, S,—S;5, and s are explained in text; & is the
antiproton gate; and Cy, Cs, and C; are pulses from a three-channel
chronotron which gives an accurate time-of-flight measurement.
(b) Oscilloscope record showing 30 sec of “typical” operation
(800 Mev/c). Five of the traces show an antiproton transmitted
by the hydrogen target (no interaction). The fifth trace from the
top shows an annihilation into at least six secondaries, while the
last trace shows a charge exchange (no count in a, ¢, or 5).



