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ABSTRACT 

UCRL-8279 

In a scintillation-counter experiment the interaction of antiprotons 

with protons in the energy region 133 to 333 Mev has been studied. Anti

protons, produced internally in 'the Bevatron, channeled externally by a 
system of magnetic quadrupoles and bending magnets, and identified by 

time of flight, entered a tar get 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 p-p total, elastic, ine

~astic, and charge-exchange cross sections and the angular distribution of 

elastic scattering .were measured at each energy. The inelastic cross sec

tion is approximately one-half the total cross section at these energies. 

The results are discussed in connection with current theories. 
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INTRODUCTION 

Accurate measurements of antiproton-proton cross sections are of 

'considerable importance in the development of a theory of nuclear forces. 

Difficulties encountered in obtaining antiproton beams of high intensity and 

purity have limited the scope of experiments with these particles. In pre

vious experiments the total p-p cross section has been measured for ener

gies in the range 190 to 700 Mev, l the inelastic cross section has been 

measured at 450 Mev, 2 and the elastic scattering has been rrreasured at 

1 
. 3, 4 

ower energ1es. 

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 interme

diate-energy region was selected for study because of current theoretical 

interest. Because the yield of antiprotons is low at low energies, the hy

drogen target was made as thick as possible consistent with the requirement 

that the antiprotons scattered at large angles have suffieient energy toes

cape the target. With the single experimental arrangement used the maximum 

energy was determined by the strength of the magnets in the beam channel. 

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

tcommonwealth Fellow. On leave of absence from Atomic Energy 

Research Establishment, Harwell, England. 
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ANTIPROTON BEAM 

The antiproton beam developed for this experiment was similar to 

that used in earlier counter experiments, 1 but had the following ~mportant 
additional advantages. 

1. Use of a larger-aperture quadrupole system, together with the 

increase of Bevatron beam intensity 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-millisecond beam pulse was offset by a pulsed car

r ec ting magnet. 

5. To avoid loss of particles near the edges of the momentum in

terval, the momentum dispersion effected by the Bevatron field was subse

quently canceled by a large bending magnet. 

Figure 1 shows the over -all arrangement of the antiproton channel. 

Separate internal targets were used for each of the four momenta; only one 

is shown in the figure. Targets were of beryllium measuring 1/2 by 3/8 

inch by 6 inches long. Each target was so located that negative 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 

C 1, an 8 -inch-aperture quadrupole set 0 1 focused the beam onto a 2- by-8-

inch horizontal collimating slit at the entrance to the quadrupole set Q2 . 

The velocity spectrometer was set to give no deflection to the antiprotons, 

which then passed through the sliL Fast particles in the beam were de

flected vertically 1 to 3 inches, 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:!: 5o/o, was determined· 

by the horizontal width of the collimating slit and the dispersion produced 
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by the Bevatron field. 0 2 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 determine accurately the average 

momentum selected and to direct particles of different momenta along the 

axis of the following iterated 4-inch-aperture quadrupole system (Q3 -Q6 ). 

On the basis of previous experience the length of the 4-inch 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 2 deflected the 

beam 6 ° in order to eliminate positive protons produced as secondaries in 

the channel. 

Figure 2 shows schematically how particles of different momenta 

behave in the beam channel. The transition (without appreciable beam loss) 

from the 8-inch to the 4-inch system was aided by several factors. Ex

cursions in the vertical direction after the focus at the slit were kept small 

by the focusing in 0 2 and in the deflecting magnet. Canceling the momentum 

dispersion at deflecting magnet H minimized the horizontal aperture required 

beyond that point. The 4-inch lenses were spaced relatively closely to per

mit the transmission of particles with rather large angular divergences. 

This 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-inch stainless steel vacuum wall of the Bevatron. 

Losses due to this effect were estimated to have reduced the antiproton 

intensity by at least a factor of two at the lowest momentum studied 

( 600 Mev/ c). Helium bags extending from the exit of the Bevatron to the 

spectrometer and from the spectrometer to the exit of Q3 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 previously! was used 

to direct the circulating proton beam of the Bevatron onto the internal tar get. 

In this way a beam pulse largely free of radiofrequency bunching as well as 

synchrotron and magnetic field ripple was obtained. 

The length of the beam pulse was about 50 milliseconds, and during 

this time the Bevatron field changed enough to introduce a significant 
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variation in the momentum of particles going toward the external beam 

channel. To offset this effect the beam was directed through a special com

pensator c 0 just ahead of c 1 (Fig. 1). This consisted 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 trajectory. 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 particles directed 

down our channel was reduced from 3o/o to less than 1 o/o during the 50-mil

lisecond period. 

Table I gives the yields of antiprotons and fast particles (1T 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 inches in width and 19 feet in length, within a vacuum enclosure, 

1. 5 X 1. 5 X 20 feet, around which are wound magnetizing coils. The par

ticle beam enters and leaves the enclosure through thin, 0. 012-inch, alumi

num windows 8 inches in diameter. The electrodes are of 0. 002-inch stain

less steel stretched across a. frame of 2-inch-o. d. stainless steel tubing. 

They are separated by a. gap of 6 i inches at the entrance end, tapering to 

2 inches at the exit in order to accommodate with little loss of aperture a 

converging beam from an 8 -inch quadrupole lens while producing the max

imum 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 probably be increased considerably. 

In operation a. particle of velocity 13 0 is selected by adjustment of 

the magnetic field B so as to give 13 0 = E/B with average electric field E. 

Particles of velocity 13o are passed with no net deflection, while others are 

displaced at the output of the spectrometer by a distance 



Table I. Beam Characteristics 

The momentum band width is ± 5o/o. 
6" 

Yields per proton incident on the beryllium target were 
measured at the exit of the magnetic channel and correspond to operation with the spectrom-
eter off. Operation of the spectrometer at 300 kv rejects fast particles by the factor shown. 

Average Angle of Solid pjp tr-/p .p/ Tr- Spectrometer 
momentum emergence angle rejection 

(Mev/c) from target 
(l o- 12±20o/o) (10- 6±40%) (10- 6 ±50o/o) 

factor 
(± 3o/o) (degrees) (lo-3 (±20o/o) 

sterad) 

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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Table I. 1Beam Characteristics 

6" 
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 spectrom
eter off. Operation of the spectrometer at 300 kv rejects fast particles by the factor shown. 

Average Angle of Solid pfp rr-/p .p/rr- Spectrometer 
momentum emergence angle rejection 

(Mev/c) from target 
(1o- 12±20%) (10- 6±40%) (1 o- 6±50%) 

factor 
(± 3%) (degrees) (1 o-3 (±20%) 

sterad) 

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 

I 
....J 
I 
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( 1) 

(2) 

where 13. is the velocity of the deflected particle of momentum p and charge 

e, and J. is the effective length of the spectrometer. 

Figure 3 shows how the fluxes of detected antiprotons and fast par

ticles in the beam varied as a function of magnetic field i~ the spectrometer 

for a fixed electric field. The vertical width of the target was made small, 

so that its magnified image contributed little to the beam width at the slit. 

Much of the observed width of the beam is accounted for by Coulomb scat

tering 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 Eqs. ( l) 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 1T decay. 

HYDROGEN TARGET 

A speci9-lly constructed thin-walled liquid hydrogen target was used 

1n the cross-section measurements {see Fig. 4). The hydrogen flask was of 

stainless steel 0. 010 inch thick. In the evacuated space surro~?ding the flask 

was a thin (0. 003-inch) 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 scintillation counters could surround the whole structure. 

This was necessary because annihilatl.on and scattering events could be dis

tinguished reliably only by·means of a detector having large solid angle. 
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DETECTION OF INTERACTIONS 

Figure 4 shows the hydrogen target surrounded by plastic scintil

lation counters. These counters were divided into three groups. The for

ward counter t measured transmitted antiprotons and corresponded to the 

good-geometry detector of the standard attenuation experiment. Ten s 

counters, s 1 through s 5, a left and a right half for each of five zones, 

detected scattered antiprotons as well as annihilation secondaries. Finally, 

the a counters, which,detected mainly annihilation secondaries emitted in 

the backward direction, covered the sides and entrance face of the hydrogen 

target.· A i-inch-thick layer of lead {not shown in Fig. 4) was placed be

tween the hydrogen target and the a counters. This thickness was esti

mated to be the optimum for conversion of'{ rays from iTO mesons formed 

in annihilation without appreciable attenuation of the charged 7T mesons. 

With the exception .of the entrance a counter, which was l inch thick, all 

the counters were of l I 4-inch plastic sheet. 

- ELEC TRONIGS 

A block diagram of the basic electronics is shown in Fig. 5. Six 

1 I 4-inch-thick plastic scintillation counters of area 4 by 4 inches were used 

to identify antiprotons by time of flight over the 30-foot distance from the 

exit of a3 to the exit of a 6 The associated electronic circuits were simi

lar to those used previously. 1 There were two important differences. 

First, the photomultipliers were type RCA G72Sl 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 A, the first time-of-flight counter, was timed for fast particles 

(13 ::::; 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 betwe~n 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-Mevlc 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 estimated to be less than 1o/o and has beenneg1ected.in all cross-

section calculations. 1 
-8 

For each antiproton detected a fast gate (2 X 10 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-

51 7 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. 7a appears on the oscil-' 

loscope 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 a and .!_ pulses followed by 

pulses from each of the ten scattering counters. Finally the .! pulse ap

pears if there is a pulse in any of the scattering counters .. Figure 7b shows 

several traces taken from the 35-mm film that recorded the data. Parallel 

outputs from the gating circuit furnished pulses so that counts in .!_, a, 

and ~ as well as the coincidences as, at, st could be recorded on 

scalers. In this way the performance of the electronics could be monitored 

continuously. 

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 25o/o of the antiprotons interacted in the ·hydrogen 

and the target material, most antiprotons were detected simply as a trans

mission, a. count in t only. Other events were tentatively classified as 

follows .. A count in only one .! counter was a. scattering; a count in only 

two ~ 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 a 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 a.s a charge 

exchange. 
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CORRECTIONS, RESULTS, AND UNGER T AINTIES 

Figures 8 through 10 show the experimental results along with cr.oss 

sections obtained from related experiments. Table II summarizes our re

sults and indicates some of the corrections required. The forward-scat

tering correction A. a 
0 

was obtained from the vt optical theorem115 in terms 

of the measured total cross. s.ection aT' 

Here A.0
0 

is the solid angle sub tended at the hydrogen tar get by the t 

counter and k .is the antiproton wave number . 

(3) 

. When a scattered particle emerged in the large-angle region covered 

by the.~ counters it had low energy and was absorbedin the target and 

surrounding material. If this backward scattered particl.e was the antipro

ton, its annihilation was detected, and these events werercristinguishable 

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 l Oo/o of all scatteri~g events both scattered particles were 

detected. Because we cannot tell which particle was the antiproton, we 

have arbitrarily as signed half an event to each of the angular zones in which 

a count occurred. As predicted from considerations of counter geometry, 

80o/o of all scattering events detected in S 5, ax1d 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. 
6

• 
7 

There is a possibility that some annihilation events 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, 8 • 9 together with the high detection 

efficiency of our counter system for both charged particles and-y rays .. 

Another estimate of the contamination of the charge-exchange events by 

annihilations was obtained from the results of a separate experiment. With 



Table II. Antiproton-proton cross sections 

Kinetic Total Observed Minimum Maximum Forward Backward 
energy cross elastic cutoff cutoff scattering scattering 
(Mev) section cross angle angle correction correction 

(mb) section (degrees, (degrees, (mb) (mb) 
(mb) c.m.) c.m.) 

133 ± 13 166±8 59 + 6 
-8 14 93 7 6 

197 ± 16 152± 7 53 +S 
-7 14 119 8 3 

265 ± 17 124± 7 39 + 4 
-5 14 120 8 3 

333 ± 17 114± 4 38 + 3 
-4 

14 121 8 3 

Corrected :Charge,.-
· elastic exchange 

cross cross 
section section 

(mb) (mb) 

72 + 9 
-11 

10 +2 
-3 

64 +? 
- -9 

11 +2 
-4 

50 + 6 
-7 

8 +.2 
-3-

49 +S 
-7 

7 +2 
-2 

Inelastic 
cross 

section 
(mb) 

84 +14 
-12 

77 +12 
-10 

66 +10 
- 9 

58 + 8 
-7 
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incident antiprotons of momentum 600 Mev /c, a thick target of lead (and 

later of aluminum). was placed behind the empty hydrogen target (see Fig. 4). 

With this arrangement all inc:ident antiprotons annihilated within the space 

enclosed by counte;r s, and the annihilation-detection efficiency was ob

served to be high, 97% for lead (98. 5o/o for aluminum). 

For the charge-exchange events the angular distributio:n 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 II have been corrected, with the assumption that the 

a:ntineutrons are scattered predominantly forward _(into the .! counters). 

If the angular distribution is nearly symmetric in the center-of-mass 

system, as is predicted by the calculations of Fulco, 
7 

then these cross 

sections should be increased by about one-fourth. 

The following outline contains a summary of experimental uncer

tainties and of the corrections applied in arriving at the experimentaL values 
. ' 

for each cross section. Bec:ause most of the corrections and uncertainties 

were only slightly energy-dependent, average values are given. 

(1) AlL cross sections 

(a) a count in a in accidental coincidence with antiproton: 11- ± 1 o/o 

"(b) uncertainty in number of hydrogen atoms per square centimeter: 

± 2% 

(2),.Total cross section 

(a) statistical uncertainty: ± 4o/o 

(b) forward scattering into t counter: 5 ± 1 o/o 

(3), Elastic scattering cross section 

(a) statistical uncertainty: ± 8% 

(b)- measured counter inefficiency: 0 +1% 
-0 

(c) scattering through gaps between ~ counters: 4 ± 2o/o 

(d) scattered antiprotons that annihilated in detectors and surrounding 

materials: 8 ± 4o/o 

(e) fo~ward scattering into t counter: 12-± 2o/o 

(f) annihilation of backward scattered antiprotons: 6 ± 4o/o 

(g) annihilations that simulated scattering events: 0 +Oo/o 
-6 
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(h) plural scattering: 5 ± 1 o/o. A correction was also applied to the 

angular distribution. 

Charge-exchange cross section 

(a) statistical uncertainty: ± l 7o/o 

(b).· elastic scattering through gaps between s counters: 20 ± l Oo/o 
+0 

(c) undetected annihilations: 0 _
25

% 
(d). annihilation of antineutrons in detectors and surrounding material: 

6±4o/o. 

(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. 1 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 7o/o 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 absorp

tive interaction. 

Recently several models have been proposed to account for the ob

served antinucleon-nucleon inelastic and elastic cross sections. The semi

phenomenological model by Ball and Chew 6 is applicable in the range of 

energies studied here. The essential feature of this model is the use of the 

Yukawa formalism and a potential 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 ab

sorption 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. 7 The predictions are in good agreement 

·with our measurements (Figs. 9a and l 0). 

The phenomenological model of Koba and Takeda 10 also divides the 

region of antinucleon-nucleon interaction into two parts, an absorbing core 
I 

and a surrounding meson cloud. The most appealing feature of this model 
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is that it seems to account for the high multiplicity of pions and low mul

tiplicity of K mesons observed in antinucleon-nucleon annihilation. In 

analogy with the continuum theory applied by Feshbach and Weisskopf to the 
. 11 
absorption of neutrons, antinucleon-nucleon absorption and scattering 

cross sections are obtained for an interaction which is completely absorbing 

inside a volume of radius. r 
0

. The absorption cross section is given ap

proximately by the relation a a = 'IT {r 0 + +.-)
2

, where -k is the center -of-mass 

wa~e length of the antiproton. The energy dependence of a a shown in 

Fig. 10 is in good agreement for r
0

:;;; {0. 90± .05) X 10- 13 em. Koba and 

Takeda have pointed out ~hat the rather large "core'' radius required to 

explain the observed annihilation cross section is approximately equal to 

the nucleon 11 size" as determined by high-energy electron-proton scattering. 12 

Measurements with high-energy protons and pions give a similar 11 size .•tl3, 1 4 

For the annihilation process this size is not obviously applicable, although 

Tamm 15 has given reasons for expecting that the effects of an extended 
11 core" should be observed in antinucleon-nucleon annihilation. Ball and 

·Chew find that in this intermediate energy range the magnitude of the annihi

lation cross section is insensitive to the assumed radius at. which complete 

absorption occurs. In their model the probability of annihilation is deter

mined almost entirely by the meson forces. It is expected that a greater 

knowledge of the nature of the nucleon core can be obtained from measure

ments of the annihilation cross section at high energies. 

The experimental results are suggestive of 'the classical "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 elastic scattering is 

given by 

j J 1 {2 kR sin 
8 

/2) l 2 

[ 2 kR sine /2 J (4) 

where the effective radius R is determined from the total cross section by 

27rR 2 = a 
T 

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 eros s 
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sections may be expected to give fair agreement with the observed angular 

distribution. The forward scattering calculated by Fulco is about 1 Oo/o 
above the minimum given by the 11 optical theorem'' for a purely absorptive 

interaction. The large-angle elastic scattering where our measurements 

were least precise is relatively sensitive to the a!llount of potential scat

tering in the interaction. This can be seen from a comparison of the solid 

and dashed curves of Fig. 9a. Similarly, the charge-exchange scattering 

is expected to be relatively sensitive to details of the model used to des

cribe the interaction. 

The Ball-Chew model predicts an irregularity in the energy depen

dence 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 measure

ments are more accurate for the total than for the absorption cross section, 

we have looked particularly for irregularities in the behavior of the total 

cross section as afunction 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 section.s measured 

in this way at each of twelve energies. 
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Fig. 1. Experimental arrangement. Compensator c 0· corrects 
for changes in the Bevatron field. c 1, c 2 , and H are de
flecting magnets. Quadrupole sets Ql and 0 2 have 8-inch 
aperture. 0 3 -06 have 4-inch aperture. Counters A through 
F are 4-by-4-by-1/4-inch plastic scintillator s used for time
of-flight measurement. 
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Fig. 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 particles in the 
beam (striking slit) were separated from antiprotons (undeflect
ed) by the velocity spectrometer. 
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Fig. 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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Fig. 4. Liquid hydrogen target and surrounding counters. The 
target flask of 0. 010-inch stainless steel was surrounded by 

t 

a 0. 003-inch copper heat shield and a 0. 040-inch aluminum 
vacuum wall in the forward direction (gasket details are not 
shown); ~· .!_ and S1 through s 5 were plastic scintillation 
counters. The dashed rectangle shows position of an absorber 
of lead or aluminum when used in an experiment to measure 
annihilation detection efficiency. 
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Fig. 5. Block diagram of basic electronics. A through F are 
time -of-flight scintillation counters; ~· .!__, and S 1 - S 5 are 
scintillation counters that detected the interactions of anti
protons in hydrogen. C 1 through c8 are coincidence circuits; 
D 1 through D8 are discriminators. M is a multichannel 
circuit in which individual counter pulses were mixed for dis
play on an oscill~scope. 
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Fig. 6. .Delay curve for time -of-flight counters. Curves with 
and without a time -of-flight anticoincidence pulse show rejec
tion of background due to fast particles. The ordinate is 
normalized to the number of fast particles in the beam meas
ured without the anticoincidence counter pulse. The abscissa 
is the cable delay between counters A and F. 
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MU-15491 

Fig. 7a. Drawing of oscilloscope trace showing all possible 
pulses. Pulses ~· !_, S1-s 5, and ~ are explained in text; 
6 is the antiproton gate; and cl, c2, and c3 are pulses from 
a three-channel chronotron which gives an accurate time-of-
flight measurement. 

7b. Oscilloscope record showing 30 seconds of 11 typical11 

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, t, or~). 
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Fig. 8. Energy dependence of total, elastic, and charge-exchange 
p-p cross sections. Results of this experiment are indicated 
by open circles. The solid circles are total cross sections 
from Ref. 1; the solid triangle (from Ref. 4) and the solid 
square (from Ref. 3) are for elastic scattering cross sections. 
(For the last point we have made a 7-mb forward- scattering 
.correction.) For convertient 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. 
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Fig. 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. In
dicated uncertainti.es are statistical only. The dashed curve 
labeled FULCO is from Ref. 7. 
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Fig. 10. Energy dependence of total and inelastic p-p cross sec
tions. 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 
indicated 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 Ref. 2. 
The solid curves, from Ref: 6, represent theoretical energy 
dependences o{ the inelastic cross section for two potentials 
which. give correctly the p-p and p-n cross sections in this 
energy range. 


