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ANTIPROTON-NUCLEON GROSS SECTIONS FROM P .• 5 to 1.0 Bev 

TommyElioff 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

July.l8, 1960 

ABSTRACT 

Antiproton-production and nucleon-interaction .cross sections 

were determined for antiprotons in the energy, range 0. 5 to 1.0 Bev. 

The production of antiprotons in hydrogen by 6.0-Bev incident protons 

was investigated by observing the number of antiprotons produced in 

polyethylene and carbon targets within the Bevatron .. The antiprotons 

were identified by a system of scintillation and velocity-selecting 

Cherenkov counters. The results indicated that antiproton production 

in hydrogen is .negligible compared with production in carbon .. The 

excitation function and .momentum distribution were recorded Jor 

antiproton production in carbon and compared with statistical-model 

expectations. 

After the antiprotons .made their exit from the Bevatron, they 

were directed by. a system of bending and focusing magnets .to a liquid 

hydrogen target. An array of plas.tic scintillation .counters, which 

nearly completely surrounded the hydrogen target, was used to de

termine the antiproton-proton total, elastic, inelastic, and charge

exchange cross sections at five energies in the above energy, range. It 

was found that the total cross sections are everywhere much larger than 

the nucleon-nucleon cross sections for comparable energies. Near 

500 Mev the total antiproton-proton cross section is about 120 mb, and 

it slowly decreases to 100 mb near 1 Bev. The inelastic cross section, 
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which is principally due to the annihilation process, represents 

nearly 2/3 of the total cross section. The elastic scattering distribution 

is ·highly peaked in the forward direction and can be fitted by optical..: 

model analysis. 

The total and partial eros s sections were also determined for 

the collisions of antiprotons with deuterons. The antiproton-deuteron 

cross sections were found to be approximately 1.8 times the antiproton

proton eros s sections.. Corrections were made for the shielding of 

nucleons within the deuteron so that w~ could o.bserve the antiproton

neutron interaction. The results indicate that the antiproton-proton and 

antiproton-neutron eros s sections are very nearly equal and that they 

satisfy the relations governed by charge independence. 

(/ 
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I. INTRODUCTION 

As antiprotons are now included in the observed spectrum of 

subatomic particles, a knowledge of their interaction with nucleons .is 

essential for a complete description of nuclear forces. To this end, 

a considerable amount of experimental data on the antiproton-proton 

interaction has .already been obtained even .though the discovery of the 

antiproton was relatively recent 
1 

and in spite of the fact that antiproton

production cross sections are relatively small at the Bevatron ene.rgy. 

Complete surveys of the previous experimental data as well as existing 

theoretical implications, which chiefly pertain to antiprotons having 

energies only up to several hundred Mev, may be found in the reports 

of Segr~2 • 3 
and Chamberlain, 

4 

The fundamental purpose of this experiment was to continue 

the investigation of the antiproton-proton (p-p) cross sections at. higher 

antiproton kinetic energies-- specifically from 534 to 1068 Mev. By 

cross sections we mean ,the total (at)' the elastic (a e), the inelastic 

{a.), .and the charge-exchange (a ) cross se.ctions. What is calle.d 
~ c 

inelastic cross section here is synonymous with annihilation cross 

section for antiproton kinetic energies below the threshold (288 Mev) 

for pion production. Above 288 Mev, the inelastic cross section in

cludes both annihilation and inelastic scattering or pion production. 

Most of the prior antiproton experiments utilized antiprotons 

having kinetic energies from 0 to 300 Mev, For this ~nergy interval, 

the characteristic features of the p-p interaction are briefly: 

(a) The p-p cross s.ections are several times the nucleon

nucle.on cross sections .of corresponding energy. 

(b) The annihilation process constitutes a large fraction ofthe 

p-p total cross section, whereas there is no inelastic process in the 

nucleon-nucleon system. 



-7-

Although these feature.s were .at first thought unusual in con-
' " ' 5 

trast to the nucleon-nucleon data, the ,calculations of Ball and Chew 

based .ori th~ conventional Yukawa pion~exchange ~echanism showed 

the result to be expected. The predictions of the Ball-Chew model are 

in excellent agreement with the experimental data from 50 to ZOO Mev. 

The ~alculations by Ball and Chew are not applicable above Z50 Mev; 

however, a model of the ·p-p interaction advanced by.Koba and 
6 ' 

.Takeda is applicable at higher energies and it is of interest to compare 

the results of this experiment with their predictions. 

It should be mentioned that the determination of the p-n (also 

li-p) cross section is just as important as the p-p . Thus an additional 

purpose of this .experiment was to measure p.:d (antiproton-deuteron) 

cross sections and thus obtain the p-n cross sections by a subtraction 

procedure between p-d and p-p data. A comparison of the p-p and 

p.-n results then reveals the amount of interaction iri the two possible 

isotopic spin states of the nucleon-antinucleon syst~rn. Only one 

experimental · p-~ cros·s s.eCt'ion (at 450 Mev) 
7 

was known prior to this 

· experirri.ent. 

A particularly important reason for exploring the high-energy 

p-p cross s.ections was the 'hope of explaining an apparent contradiction 

in two previous .experiments near 500 Mev. The experim.ent of 

Chamberlain et al. 
7 

measured .the t~tal p-p cross section iri poor geometry 

and als.o the inelastic cross section, while the experiment of Cork 

et aL 
8 

measured .the total cross section in good geometry .. If one 

believed the results of both experiments, one was led to the conclusion 

that there was no diffraction scattering, whereas the inelastic cross 

section was verynearly the totalcross se.ction. In sharp .contrast, the 

subsequently dete~:i:nined l~w-energy results (O to ZOO Mev)· displayed 

·a ·forward diffraction peak, and one found a . :::::a.. Up to the time of · e 1 

this experiment the situation remained a puzzle and led s:ome theoris.ts 

to search for unusual potentials that might des crib~ the inte.raction near 

500 Mew. 9 
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It is possible that s_ome idea of nucleon structure may result 

_from a study of the· p-p - interaction at high energies. If one assumes 

that a physical nucleon is composed of a core region surrounded .by a 

virtual pion cloud, then the annihilation process presumably will take 

place whenever the .core regions of nucleon and antinucle.on come in 

contact. Thus, because of this direct relation of the annihilation process 

to the core region, one might expect. the annihilation cross section to 

reveal the core size. Chew has pointed out. that this is .not possible 

at low energies becaus.e the pion potential is very effective in enhancing 

the annihilation cross section by deflecting the antiproton in toward the 

. . l 0 h . . . bl h h" h h core reg1on; owever, 1t 1s conce1va e t at at some 1g energy t e 

effect of the pion cloud may become nggligible and here the core radius 

may be determined. 

The antiproton energy, range (534 to 1068 Mev) of this experi~ 

ment was selected for the reasons already mentioned, and in addition 

because it appeared to be the optimum energy interval in which to 

explore antiproton-production eros s sections. Antiproton production 

in hydrogen and carbon were of particular interest here. When 6.~Bev 

protons bombard carbon, the proton-nucle9n processes 

p + p - p + p + p + p, 

ptn-+p +p+p+n 

are expected to be of importance. Of course production in hydrogen 

(l) 
{2) 

would involve (l) only. Hydrogen is the more desirable element because 

the fundamental process is not obscured by the presence of other nucleons, 

as in carbon. A knowledge of the exact threshold for antiproton production 

would be useful in determining if the above nucleon-nucleon processes 

are important or if s,ome other processes such as pion-nucleon collisions 

are also pres.ent. Additional features such as the angular and .momentum 

distributions of the produced antiprotons would be expected to shed -some 

light on whether one can predict relative production rates by statistical

model considerations. More precise theoretical results are lacking for 

high-energy processes with multiparticle final states such as the .ones .above. 
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Antiproton production in hydrogen was of interest because of 

h . lt f h . 11 • 12 . h" h h d . t e pr1or resu s o al).Ot er exper1ment 1n w 1c t e pro uctlon 

of approx 500-Mev antiprotons _was found to be greater when the target 

material was a free proton than when it was an average nucleon in 

carbon. Statistica1-.model predictions indicated that the reverse 

should be ,true largely because of the extra Fermi energy of the nucleons 

in ca.rbon. In section IV the results of this .experiment on antiproton 

p;roduction in hydrogen are given; the results are in disagreement with 

those of Reference 12. . The experimental excitation function and some 

information on the momentum and angular distributions .of antiprotons 

produced from carbon are also. presented and .compared with statistical

model predications as. well as the experimental results of others. 

Ip. Section V additional details of the p-p inelastic pr.ocess are 

analyzed. An upper limit is set to .the amount of inelastic scattering 

that is included with the annihilation in. the .total inelastic eros s section. 

The p-p elastic scattering is prominent in the forward direction. 

The angular distributions at fo:rward angles are given and .coll,lpared with 

optical-model expectations. 
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II. APPARATUS 

A. Antiproton Beams 

As the threshold for antiproton production from stationary 

nuc1eons is 5.62 Bev; one finds at the Bevatron that antiprotons are 

rare particles in comparis.on with the copiously produced pions. Con

sequently one of the principal experimental tasks is to form a relatively 

pure antiproton beam. In a counter exper{ment such as this, the anti

proton beam is an electronically selected.component of a momentum

analyzed beam of negatively charged particles of all kinds--predominantly 

pions. The characteristics of the magnetic channel for momentum analysis 

.are dis.cussed in the following paragraphs, and the counters used for the 

ele,ctronic selection are described in Section B. 

The magnetic channel used here was similar to those .of previous 

.experiments. 
12

• 
13 

This system differed in that it was physically 

longer and the .momentum spread of particles traversing the channel was 

slightly larger. In general the elements comprising the .channel were 

arranged .so that higher antiproton energies (up to 1100 Mev) were 

attainable. Specifically the five energies utilized here were 534, 700, 

816, 934, and 1068 Mev. 

A schematic diagram of the experimental area is shown in Fig. 1 

and its principal components are identified in Table I. The Bevatron 

internal proton beam strikes either a carbon or a polyethyle.ne target 

schematically represented by To Nmrmally, to dispose o~ radio-frequency 

structure, the Bevatron internal beam first encounters £primary target 

consisting of s.everal nylon strings. The energy loss resulting from 

repeated passage through these .fibers caus,es the protons to spiral in 

toward target T. By controlling the manner in which the circulating 

beam strikes the strings, we could obtain a .more uniform internal 

beam with a duration of 75 to 100 milliseconds. This procedure for 

beam spill was us.ed for the major part of the experiment; however, 

certain modifications mentioned in Section IV were made in order to 

study antiproton production. 
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Table J 

Experimental components of Fig. 1 

Component description 

Bevatron target area 

Thin window of Bevatron vacuum 

system (O.OZO~in. Al) 

Brass collimator, 6 in. in diam by 

8 i,n. thick 

60-in. ~long deflection magnets with 

12~by 7 -in. aperture 

(8Ml = 17 deg, eMZ = 25 deg) 

Sets of quadrupole focusing magnets 

of 8~in. aperture 

Plastic scintillation counter 3-1/2 in. 

in diam. by 1/4 in. thick 

Plastic s.cintillation counte.r 3-l/16 .in. 

in diam. by 1/4 in. thick 

Antiproton narrow- band velocity

selecting Cherenkov counter which 

utilizes cyclohexene radiator 

(n.= 1.46, p = 0.8 g/ml) 3-1/4 in. 

in diam. and 4. 7 in, long. The 

velocity resolution is Al3 = 0. 03 

in the range 0. 95 > 13 > 0. 70. 

Mes.on Cherenkov counter which 

utilizes the same radiator a.s VSC II 

but views .only Cherenkov light that 

is totally internally reflected, i.e. , 

for 13 > 0. 95. 
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Table I (contin~ed). 

Compon~nt description 

Plastic .sCintillation counter 5 ino 

in diam. by 3/8 in. thic.k 

Area for hydrogen target and final 

counter system 
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To obtain p beams of the five desired energies through our 

fixed system of magnets, we utilized several target positions in the 

region represented by T (Fig, 1), This was to allow observation of 

the antiprotons at small angles from the Bevatron beam direction. 

Selection of these po$itions was facilitated by the use of the IBM 650 

program "Ethelbert", which computes the path of charged particles 

through the Bevatron magnetic field. Three positions were selected 

(at each position a carbon and a polyethylene target were used al

ternately) for which the magnetic channel could select antiprotons in 

the desired energy range with angles of emission 0 to 4 deg with re

spect to the Bevatron internal- beam direction. Small angles of 

emission were desirable for maximum antiproton intensity, It was 

then also possible to obtain an external beam of a given momentum at 

three different angles of emission, <two of which were greater than 

4 deg. This feature allowed us to obtain a crude angular distribution 

for the produced antiprotons. 

After the antiprotons were produced in the selected target (T), 

they were deflected away from the Bevatron by the Bevatron magnetic 

field and magnet Ml; subsequently Ql focused them in the region s1. 

Q2 refocused.the antiprotons in the region S2. M2 served to direct 

the antiprotons of the desired momentum along the beam line toward 

Q3 and to cancel the momentum dispersion caused by the Bevatron 

field and Ml. Finally the antiprotons entered the aperture of Q3, 

which brought them to the final focal point F3 (see Fig. 6) located in 

area A of Fig, l. 

To reduce losses due to air scattering, the beam traversed a 

helium atmosphere from its exit at W to the region A at the terminal 

end of the channel. The momentum spread, .C::.p jp, of the system 

described above was ±3%. At 10 pulses per minute for a normal 

Bevatron beam of approx 7.XIo 10 
protons per pulse, apprOximately 

10
5 

pions and 5 antiprotons traversed the magnetic channel during 

each Bevatron pulse. More precise production rates are given in 

Section· IV, 
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In order to quickly set up the antiproton beams with assurance 

that all magnets were properly ali,gned and to be certain that all magnet 

currents were correctly set when alternatin~ between various Bevatron 

targets ~nd different antiproton momenta, we used a device called the ,... 

Beam Profile Indicator to immediatelyobserve the beam-intensity 

. distribution at any point in the magnetic .channeL This device is des-
14 

cribed in more detail elsewhere. 

Basically the Indicator is a .. row of 21 plastic s.cintillator elements. 

Each scintillator has a l-cm
2 

area to the beam direction and is viewed 

. by a 1 P2l photomultiplier tube. Transistor circuits amplify and 

integrate the output of each tube .. When particles traverse the scintillators, 

the accumulated charge fro~ each element is ,read out in sequence 

and displayed on an oscilloscope where the beam intensity pattern 

appears as a histogram. A typical beam pattern is shown in Fig. 2. 

The device can be momentarily inserted at any point in the beam and can 

also be rotated about the beam direction to get the profile in any plane 

through the beam direction. 

B. Beam Counters 

The magnetic channel that formed a momentum-analyzed beam 

of negatively charged particles has been described in-Section A. In 

this section we describe the counters used to select the antiprotons 

from other particles of different mass in the beam. 

At momenta at which the velocity of pions is quite .different from 

the velocity of antiprotons, one can distinguish the antiprotons e~tirely

by--tih?-e:;.<!>f-ihght techniques. However, at the energies involved in this 

experiment, at which the .velocity of the antiprotons approaches that of 

the pions, we found that a combination of time-of-flight technique with 

velocity-selecting Cherenkov counters provided the optimum detection 

efficiency. Three scintillation counters, s
1

, s 2 , and 53' were used 

for the time-of-flight measurement. The positions of these counters 

t 
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Fig. 2. Oscilloscope photograph of beam-intensity pattern 
behind hydrogen target. Each step in the histogram 
represents l em in the vertical olane. 

ZN -2553 
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along the beam are shown in Fig .. 1 and their dimensions are given in 

Table .I. In order for the pulses from the three scintillators to have 

fast rise times each scintillator was viewed by an RCA 7 264 photo

multiplier tube, which has a fully rounded photocathode. Experimental 

delay curves determined at normal beam intensities showed that the 

time-of-:flight measurement rejected only 99o/o of the pions. The effective 

discrimination against the remaining pions was obtained by the use of 

the ~elocity'-~electing ~herenkov counter, VSC II, and the pion 

Chererikov counter C. 
VSC II is in principle exactly like the original velocity-selecting 

Ch k t . d . d b w· . . .d d Ch b 1 . 15 ' 16 Th . eren ov coun er es1gne . y 1egan an . am er a1n. · . e 

particular model used here, VSC II, is almost twice as large as the 

earlier version, which was designed for use in beams utilizing 4-in.

diameter quadrupole magnets, ,wherea::s here 8-in·. quadrupoles are 

used. An additional modification is ih the use of three RCA 7046 

photomultiplier tubes. A schematic diagram of VSC II and C is 

given in Fig. 3. 

The VSC II counter functions as follows: When a charged 

particle of velocity. v traverses a mediJim which has an index of 

refraction n, Cherenkov light is emitted at an angle 8 with respect 

to the particle direction, where e is given by 

cos e = c 1 
{3) -= 

nv nj3 

and.c c is the velocity of light. As s.een in Fig. 3, the refracted light 

leaves the radiator at angle (j I, whereafter it is guided by the 

cylindrical mirror and the three plane mirrors (arranged in a triangle) 

to the photomultiplier tubes. The plane mirrors .merely serve to re

move the tubes from the beam. · Light emitted by a particle of given j3 

reaches the photomultipliers only when the radiator, cylindrical mirror, 

and photomultipliers have the proper separation gpverned by the angle 8 1 • 
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Front view 

MU-20696 

Fig. 3. Schematic diagram of the VSC II and C counters. 
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These components slide on rails so that the counter can be easily ad

justed for different velocities. The .entire instrument is contained 

in a lighttight black box. The light from particles slower or faster than 

the desired velocity. misses the cylindrical mirror and is abs.orbed by 

the baffle or the .outer black box. Accidental counts are minimized by 

the requirement that all three photomultipliers give an output in co

incidence. 

Figure 4 shows the Efficiency for two particular velocity settings 

(indicated by the arrows) of the VSC II corresponding to antiprotons 

having momenta of 1200 Mev/c and 1640 Mev/c. The curves were 

actually obtained by sending protons of different velocities down the 

magnetic channel. The efficiency is defined as the ratio of the fourfold 

coincidence s1 s 2 s3 VSC II to the threefold coincidence of s 1 S 2 s3. 

The VSC II radiator material was. cyclohexene. The liquid was 

contained in a thin-walled lucite cylinder 4. 7 in. long and 3. 25 in. in 

diameter. Cyclohexene (CH:GH(CH2)3 CH2) was chosen because of its 

low density,, 0.81 g/cc, its inabilityto scintillate, and chiefly because 

its· ir.efr:aetive~_i:mdex (n = I, 46) was optimum for use _in ,both VSC II and 

C. The cyclohexene index 1.46 corresponds to a wave length of 4250A. 

This is an average effective wave length estimated from the response of 

the RCA 7046 tube to the Cherenkov radiation spectrum that is trans.mitte.d 

through the lucite containe.r of the radiator and the lucite light pipe on 

the face of the 7046 tube. As shown in Fig. 4, the calculated settings 

agree with the experimental s.ettings determined by protons. 

We now turn to the other reason for the use of index 1.46, i.e., 

the C counter. Actually VSC II and C are two independent counters 

which utilize the same Cherenkov radiator. VSC II is used to detect 

antiprotons (or protons) of a selected velocity. C is used here specifically 

to count pions. 
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Fig. 4. Efficiency of the velocity- selecting- Cherenkov 
counter VSC II as a function of velocity. For two 
particular velocity settings of the counter correspond
ing to antiproton momenta of 1200 and 1640 Mev/c (in
dicated by the arrows), protons of various velocities 
(indicated by the experimental points) were sent 
through the counter. The resulting curves show the 
resolution and efficiency for the two desired velocity 
settings. 
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To be more explicit, it is first to be noted that owing to the 

mobility .of the VSC II mirrors and tubes, there is a .ce.rtain degree of 

freedom in the choice of the index of refraction of the radiator. One 

can easily see from Eq. (3) and Snell's Law that for an index 

n > y'2, there is some velocity 13 1 for which the Cherenkov light is 

totally internally reflected within the radiator. In this experiment it 

was desired to count antiprotons in the velocity range 0. 7 .613 :f 0. 9, 

while· the corresponding mesons of the same momenta have 13 ~ 0. 998. 

Therefore if n = 1~46 is chosen, we have l3 1 = 0.95. This .means that 

total internal reflection occurs for the Cherenkov radiation .emitted by 

the pions and this light is trapped within the radiator .. In order to vent 

this pion light artd at the same time accept negligible light from the 

antiprotons, a lucite light pipe of cross s.ection of l in.2 was put in 

optical contact near the front end of the radiator and coupled to another 

photomultiplier tube. The setup is displayed in Fig. 3. Most of the 

light from the pions, perhaps after several reflections around the 

radiator •. eventually reaches the 681 OA photomultiplier tube. This is 

the C pion counter. 

Figure 5 pres.ents a delay curve taken with scintillation counters, 

s 1 ,. S 2 , and s 3 delayed for pions and with C in anticoincidence .with 

S 1, S 2 , s3 .. ·This .cu;ve shows that C is 99.985% efficient in dete.cting 

pions and thus, since it is used.in anticoincidence, is able to reject 

all but O.Ol5o/o of accidental pions that might count as antiprotons. The 

various counter efficiencies are given in Table II. 
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0 28 

Relative C delay (nanoseconds) 

MU-20698 

Fig. 5. Pion-rejection efficiency of the C counter when 
used in anticoincidence with scintillation counters 
S1, Sz, and S3. 
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Table II 

Beam counter efficiertcies 

Antiproton detection 
efficiency (o/o) 

100 

100 

100 

100 

Mev/c 80 
VSC II 1 Pp--

~= p 
1640 Mev/c· 92.5 

'./ 

c ::::o 
s 1s 2s 3 VSC II coincidence 80 to 92.5 

with c anticoincidence 

(all delayed for p ) 

Pion detection 
efficiency(o/o) 

100 

100 

100 

2 

1 

1 

99.985 

/' l3Xl 0 
-6 
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C. Apparatus for the Detection of Antiproton Interactions 

This apparatus refers to the hydrogen (and deuterium) target 

andthe final counte.r assembly, which were used to measure the p-p 

and p-d cross sections. The counter assembly consists of 27 

scintillation counters which approximate a 4 TT geometry about the 

hydrogen target. The arrangement is represented in Figs. 6, 7, and 8. 

1. Hydrogen Target 

The schematic diagram in Fig. 6 shows a portion of the target 

assembly in relation to the surrounding counter system. Although it 

is not shown in the figure, a reservoir that can be filled with either 

hydrogen or deuterium is connected directly to the target container @ 
A liquid hydrogen jacket partially surrounded this reservoir when 

deuterium was used; it served to condense the deuterium, which was 

maintained in a closed system. When hydrogen was used as the target 

material, the deuterium was removed from the entire system and 

liquid hydrogen was introduced into the reservoir formerly used for 

deuterium. The target flask@ is .a stainless steel cylinder 12 in. 

long and 6 in. in diameter with 0.008-in .. walls, except for the beam 

entrance window, which is 0.010-inch Mylar. In the evacuated region 

around @is .a 0.003-in. copper heat shield@. The outer vacuum 

wall at the exit end @ is a 0.035-in. -thick aluminum dome, which 

allowed particles leaving the target at large angles to avoid the heavier 

target structure. The entrance window of the vacuum system was 

0.010-in. Mylar. 
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Fig. 6. Side view of target and counter system. For 
clarity the figure is n~ drawn precisely to scale. 
The target container ~is a stainles steel cylinder 
12 in. long and 6 in. in diameter, which could be 
filled with liquid hydrogen or deuterium. Sixteen 
scintillation counters, S-1 through S-16, cylindrically 
surround the target. Counters A, B, C, D, a, 13, y, o, 
S4, Ss are shown more explicitly in the next figure. 
The lead between the target and the scintillators is 
removable. 
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Fig. 7. Schematic view from the beam-exit end of the 
counter system. Counters A, B, C, D, a, p, y, 5, s4 
and s5 and their overlapping regions are displayed as 
well as the end view of counters S-1 through S-16. 
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Fig. 8. The antiproton-interaction detection system. 
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2. Interaction Detectors 

The counter system surrounding the target was designed to 

distinguish between.the various antiproton interaction processes. The 

fundamental idea is that the surrounding scintillator s count all outgoing 

charged particles resulting from incident antiprotons on the hydrogen, 

whether they be antiprotons or the products of antiproton interactions 

within the target. A method similar to this was first used by Coombes 
17 -

et al. to obtain p-p cross sections at lower energies. 

The particular arrangement of the counters is shown in 

_Figs .. 6 and 7. Sixteen counters, designated S-1, 5~2, · · · 5~16, 

encircle the target likethe staves of a :baniel;each is 38 by 4.1 by 

0.375 in. Counters a., 13, 'I· o, A, B, C, and D form concentric rings 

in the forward direction when viewed from the target; each ring has 

four azimuthal divisions. The projected arrangement is most clearly 

seen in. Fig. 7. s4 and -5
5 

are good-geometry c.ounters used for total

cross-section measurements.. Most of the above counters were made 

of 0. ~7 5-in. -thick plastic scintillators (97% polystyrene, 3% terphenyl, 

and 0.03% terphenyl butadiene), which were .viewed by RCA 6810A 

photomultipliers. An exception to the above was the backup counter E, 

which was 1.0 in. thick and .viewed by four 6810A tubes. The counters 

s4 and s5 , which were used in coincidence with s
1

, s 2 , and s
3 

for 

electronic cross- section measurements, also differed in that -RCA 

7 264 tubes were used. 

Finally, the system was constructed so that a layer of lead-

approximately 0.375 in. thick in any radial direction from the target--
' 

, could be inserted between the target and the s.cintillation counters. 

The purpose of the lead was to convert 'I rays from the neutral pions 

resulting from antiproton annihilation. 

A photograph of the complete counter assembly as seen during 

the experiment is shown in Fig. 8. 
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Do Electronics and Antiproton Identification 

A simplified block diagram of the basic electronics is shown 

in Figo 9. The .electronl.c identification of antiprotons was accomplished 

fi:rrst by a fast coincidence (:res,olution of:::: 4Xlo.:. 9 sec) of the scintillation 

counters s
1

, s
2

, • and s
3 

in anticoincidence with the mes.on counter C. 

~other coincidence circuit -~eceived the signals from the three VSC II 

photomultipliers to produce the final VSC II signal. Finally a third 

coincidence circuit placed VSC II in coincidence with s
1 
s2s3 C and 

thus signaled the transmission of an antiproton through the'magnetic 

channel and its incidence on .the hydrogen target. As s.een in Table II, 

this system had a pion-rejection rate of 3Xlo_6.o/o; thu~ the ratio of pions 
- . . 

counted accidentallyto the total number of pions that pass through the 

system was 3Xl0-B Since the ratio of pions .to antiprotons is approximately 

5Xlo
4

, there was oniy one accidental pion in every 10
3 

electronically 

ide~tified antiprotons. However; even further discrimination against 

this small background :vas made by the photographic method described 

belowo 

As s.chematized in Fig. 9, the identified antiproton (i. eo , the 

outputofthe 2X10-B coincidence) was put in coincidence with each of the 

counters. surrounding the hydrogen target by means of the 27 two-channel 

coincidence circuits. Each of the 27 possible outputs was delayed 
I 

sequentially with alternate polarities for oscilloscope presentation .and 

each output was gated to eliminate mutual interference. The identified 

p signal was also used to trigger a four- beam oscilloscope, which 
,· . 

displ~yed the 27 two-channel coincidence outputs along with the beam 

counters used to produce _the trigger. The drawing in Figo lOa .shows 

the positions of all possible pulses 0 Traces l and 2 display the beam 

counters with the exception of . VSCIL Here the final discrimination 

against the remaining pion contamination was made by rejection of any 

event that had a C pulse. This was approximately one event in a 

thousand. Since s
2 

and C had the same polarity, they were .electronically 

gated so that an accidental s2 pulse could not simulate C, and vice versao 
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Fig. 9. Simplified block diagram of the basic electronics. 
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Fig. 10. (a) Positions of all possible pulses on oscilloscope 
film. 

(b) Actual photo of five events. All five events 
are seen to have pulses S1, Sz, S3 and not C, thus 
identifying five incident antiprotons . In the first three 
events only countersS4orS5 or both signal, which means 
the antiproton did not interact. In the fourth event the 
antiproton annihilated, sending pions into counters 
S3, S4, Sl 0, and 515. In the last event only a single 
count is detected in Sl, which is typical of an elastic 
scattering into that counter. 
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In addition, the time-of-flight criterion was made more .stringent by the 

measurement of the relative positions of sl' s2' s3 to within 2 nano

seconds. The pulses labeled M are timing markers .used for identification 

of the positions of the other pulses; T 
1 

T 2 , and T 3 are beam-spill-time 

indicators used to identify more accurately the Bevatron energy at which 

the antiproton was formed. 

The oscilloscope traces were photographed on 35 mm film. As 

many.as six events c.ould be recorded during .a Bevatron pulse without 

interference between the various traces. Figure lOb is an actual 

photograph of the film in which five events are seen. The top trace 

of each of the four groupings is the first event. 
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III.. PROCEDURE 

A. . Data Accumulation 

The experimental run .can .. be divided into four sections in which 

major experimental conditions for. the study of the intera-ction eros s 

sections were varied. These sections were chronologically 

(0 Hydrogen target--lead converter in. 

(2) Deuterium target- -lead converter in. 

(3} Deuterium target--lead converter out. 

{4) Hydrogen target--lead converter out. 

During each condition above, the five selected momenta were .run 

in sequence and, for each momentum, runs were made alternately with 

hydrogen (or deuterium) target full and then empty. To obtain statistical 

accuracy, especially in view of the p-d - p-p subtraction, it was necessary 

to have nearly_ 10,000 antiprotons inci,dent at each momentum for each of 

the four conditions; thus approximately 200,000 p events were recorded 

in the entire experiment. 

Additional changes 1n Bevatron inte.rnal targets were made during 

some of the above runs in order to. study antiproton production .. These 

changes affected only the flux of antiprotons through the magnetic channeL 

A ~pecial run was made for the p excitation function in which the Bevatron 

energy was varied. 

Information on p production .and on the p-p (or p-d) total eros s 

sections was electronically monitored on scalers during :the course .of the 

experiment. The electronic information was found to be in agreement 

with the film data in all cases. In order to obtain the antiproton partial

interaction cross sections the oscilloscope film had to be analyzed. The 

film was scanned .visually and the information recorded on special data 

sheets for rapid tabulation. 
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B. Classification of Antiproton Interaction Events 

The particular geometry of the counter system surrounding the 

hydrogen target was influenced to some extent by prior information .on 

the p-p interaction at low energies. To be more specific, the anti

protons that enter the hydrogen .target can interact principally in three 

ways. They can 

(a) scatter elastically, 

(b) annihilate or inelastically produce mesons, 

(c) charge-exchange. 
17 18 19 . 

From the low-energy data ' ' we know that the elastlc scattering 

is peaked in the forward direction and that, upon annihilation, 4.8n 

mesons (about 2/3 of them charged) are produced on the average. 

In view of these factors, half the interaction detection counters 

(see Figs. 6 and 7) were designed to cylindrically surround the target, 

for the purpose of detecting the major fraction of the annihilation pions. 

The remaining counters formed concentric rings in the forward direction. 

Their principal task was to detect elastically scattered antiprotons as 

well as some of the annihilation pions. The central disc counte.rs s4 
and s5 detected the noninteracting antiprotons. 

As mentioned in,Section 11-D, whenever an identified antiproton 

(i. e. , electronically certified by the s
1 
s2s3 VSC II C trigger) entered 

the hydrogen, all the counters surrounding the hydrogen were interrogated. 

The resulting information was photographed on the oscilloscope and 

classified as follows: 

(a) Pass-Throughs. If the good-geometry counters s
4 

or s
5 

or both were the only counters that signaled, the antiproton passed through 

the hydrogen without interaction. 

(b) ·Elastic Scattering. If a single counter of the small-angle .rings 

counted, it was considered an elastic scattering event, since the rec.oil 

proton did not have sufficient energy to leave the target. However, in 

the larger rings it was possible to have an additional counter signal due 

to the recoil proton. This latter event was accepted as an elastic s.catter

ing only if the event was coplanar within the finite counter size. 
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(c) Inelastic :Scattering or Annihilation.· This wa·s the classification 

for events in which any three or more .counters signaled. It also includes 

those two~counter events in which the kinematics were not consistent 

with elastic s_cattering. 

f - + - 0 We note that annihilation events .o the type p + p - TT + TT + n'IT 

(where n is an integer of average value -~ 3) are not confused with 

elastic scattering chiefly because of the coplanarity condition. This 

was verified when the lead conv~rter was .used and the number of elastic 

scattering events remained unchanged. The particular annihilation mode, 
- + -p + p ---? n + TT , of course cannot be distinguished _from elastic .scattering. 

However, this mode was not observed in bubble .chamber ~E!Xperiments 

at low energies, 
18

• 19 andthus can be estimated to const~tute less than 

0.3o/o of all annihilations. The other possible annihilation.modes are 

unambiguous. 

(d) Charge Exchange. This final classification is for the events 

in which none of the surrounding counters gave a signal and therefore 

a charge-exchange event of the type p + p -ti + nt~a:s -aSsumed to take 

place. This classification.can be simulated by annihilations that produce 

on_ly n° mesons; .· h~wever, runs with and without lead .converter showed 

that any correction was within the statistical error of the charge~ex-

h . · Th" · . . h . . 18, l 9 c ange cross section. IS again agrees wit previous estimates. 
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C. Experimental Checks 

1. Proton-Proton Cross Sections 

Although we felt that the antiproton events could be positively 

identified by the system described in the preceding sections, conclusive 

tests were :i:nade. One method of testing the entire system -is to measure 

well-known cross sections such as proton-proton cross sections. To do 

this, positive proton beams were formed by scattering a 1. 2-Bev internal 

Bevatron beam from an additional target in the position denoted by T 

~il Fig. 1. With all magnet currents reversed, the positive protons 

traversed the magnetic channel and entered the hydrogen target in 

precisely the same way as the antiprotons. The proton-proton cross 

sections were measured at two energies .and the results are presented 

in Table III. Excellent agreement was obtained with the results of other 
. 20 21 

exper1ments. ' 

Table III 

+ p-p- cross sections for two energies 

+ p energy 

(Mev) 

528 

940 

Total 

30 ± 7 

49 .± 5 

p + -p cross sections (mb) 

Elastic 

24 ± 5 

26 ± 3 

Inelastic 

6 ± 3 

23 ±_3 
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2. Tests for Accideritai Coinc1dE!mces 

The 27 counters surrounding the hydrogen target were subject 

to accidental counts resulting from the high flux of neutrons in the Bevatron 

experimental area. The concrete shi~lding ar.ound the area A (Fig.· 1) 

was not suffic~ent to eliminate. this background entirely. To determine 

the accidental rate a number of runs were made during which the p 
trigger from the 2XlQ-B -sec coincidence (Fig. 9) was put out of delay 

with .respect to each of the 27 signals from the counters encircling 

the hydrogen.target. The oscilloscope traces were photographed as in 

a nor_rnal run. Any .pulses that occurred during this time were due to the 

accidental co:unts. The results showed that an average counter had a 

probability of :.:::= 1. SXlO-
3 

for counting accidentally during a real event. 

Corrections were made for this effect in the final analysis. 
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IV. ANTIPROTON PRODUCTION 

A. Production in Hydrogen 

The measurement of antiproton-production eros s s.ections is 

still a difficult task. This is because no external proton beams of 

sufficient energy and intensity exist at present. Consequently one has 

to perform such experiments by utilizing the internal circulating beam 

of the Bevatron. It s.eemed possible that antiproton production in p-p 

collisions might be measured (by CH2 - C subtraction) at the same time 

as the antiproton-interaction eros s sections were being measured. The 

high production rate for hydrogen indicated by a previous experiment
12 

served as an incentive .to explore the production phenomenon more 

accurately in this experiment. Target-flipping mechanisms were developed 

which could flip either the C or the CH2 targets to identical positions 

within the Bevatron. The C and CH2 targets .themselves were designed 

to have the same number of carbon atoms and at the same time possess 

identical physical dimensions. This was accomplished by cutting holes 

in the carbon target. Extensive measures were also undertaken--

_through the installation of a primary lip and various clipping devices 

around the Bevatron tank- -to insure negligible probability that the in

ternal-beam protons would hit the target holde.rs .and to insure that they 

would be stopped .after one traversal of the target. To dispose of 

possible unknown systematic errors in the Bevatronbeam, the C and 

CH2 were used alternately on each Bevatron pulse. 
. 11 12 

The results of this experiment contradict the prev1ous results ' 

in that antiproton produc:tion in hydrogen was found negligible compared 

to production in carbon. The ratio of the differential cross s_ection for 

production {for 1684-Mev/c antiprotons produced at 0 deg by 6.0-Bev 

protons) by a free proton to production by, a carbon nucleus was found to 

be -0.035±0.025. This is to be compared with the value +0.11±0.06, 

obtainedfrom the earlier estimates. 
11

• 
12 
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The only: conclusions .that can be reached now are that pro

duction in hydrogen is very s.mall and that more accurate .measurements 

must await an external proton beam which can be used in conjunction 

with a liquid hydrogen target and thus. avoid the subtraction process. 

B. Production in Carbon 

After failing to observe antiproton production i:h hydrogen, we 

used .carbon targets exclusively during the remainder of the experi

ment and considerable data were accumulated on antiproton production 

in carbon. Information on the excitation function, momentum distri

bution, a:hd angular distribution respectively is presented in the 

following paragraphs. 

Excitation Function 

The only prior information on the production of antiprotons as 

a function of Bevatron energy consisted of three experimental points 

for 1200-Mev/c antiprotons p~oduced in a copper target. 
1 

This infor

mation was not sufficient for determining the shape of the excitation 

furiction. Ih Fig. 11 we present the results .of this experiment for the 

production of 1684-Mev/c antiprotons. The experimental points were 

determined by counting the antiprotons traversing our magnetic channel 

and monitoring the Bevatron internal beam incident on our carbon target 

by means of the Bevatron induction electrodes. 
22 

Corrections were made 

for detection efficiency, transmis.sion through the magnet system, and 

absorption by material in the beam;. therefore, the experimental 

points actually refer to production at ·the Bevatron target. No correction 

has been made for self-absorption in the carbon target. 

In order to analyze antiproton production within a nucleus, one 

must make an assumption as to the basic interaction process. Here we 

first assume that antiprotons are produced in carbon by, the prot.on-nu.cleon 

processes 
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n= 7/2 

4.4 

Proton energy 

-n=5/2 -

( Bev) 

MU-20701 

Fig. 11. Excitation function for 16 84- Mev/ c anti protons 
produced at 0 deg in carbon. The experimental 
points correspond to the number of antiprotons 
produced externally to a 2-in. -long carbon target. 
The curves are taken from a statistical model. 



p+n-p+p+p+n, 

p+p-p+p+p+p. 

-41-

(4) 

(5) 

(Other possible processes, such as the production of antiprotons by 

pion-nucleon collisions, are mentioned briefly at the end of this section.) 

High-energy processes with multiparticle final states are most easily 

analyzed by. statistical methods, owing to the difficulty involved .in more 

precise theoretical calculations. For the particular reactions above, 

(4) and {5), statistical calculations have been made by. Amaldi et al. 
23 

in order to predict the relative yield of antiprotons in.the laboratory 

system as a function.of antiproton momentum and angle of emission. 

Thes.e calculations assume that the production cross section is 

proportional only to the volume of phase space available, and that the 

kinetic energy available in the center-of-mas.s system is distributed 

among the four final-state particles according to statistical factors. 

The nucleons in the nucleus are considered to be a completely de

generate Fermi gas with maximum energy of 25 Mev; this nucleon 

distribution is folded into the calculations. Thus Arnaldi et aL arrived 

at a formula for the distribution of antiprotons as a function of their 

momentum and angle and als,o of the incident proton enet:gy: 

105 s (p, fl)dp dfl= -
2 

p 
>:< 2 

(p) +l dW 
0 

n 16 
dp dfl 

where 

{6) 

:W 
0 

= the total energy in the center-of-.mas s system (in units of 

m ) ' 
n p 

(W0 -4) .=phase-space volume where n .= 7/2 for Eq. (4) and 

n= 9/2 for Eq. (5), 
>:c. 

p = antiproton cente.r-of-mass .momentum, 

p = antiproton laboratory- system momentum, 
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f..L = cos 8, where 8 is the laboratory- system angle of emission 

with respect to the .forward direction, 

P(W
0

)d W
0
= the probability that W 

0 
(in the center-of-mass system) of 

the incident nucleon and one nucleon in carbon lies between 

where 

W 0 and W 
0 

+ d W 0 . 

It is given by the expression 

A= 2Tf(T+l), 

B = [8 T f (T
2 

t 2T)] l/
2 

, 

C = 2 (T + 2) , 

and T is the incident proton energy (lab) and T f is the maximum 

Fermi energy expressed in proton mass units (mp). P(W
0

) may be 

found plotted explicitly for T = 6.5 in Fig. 7 of Ref. 23. We have 

used Eq. (6) and evaluated S ( p = 1684 Mev/c, f..L = 1) as a function 
n 

of incident proton energy for the two cases n = 5/2 and n = 7/2. 

The results are plotted in Fig. 11 along with the experimental data. 

A rather arbitrary normalization of the calculated results has been 

made with the experimental point at 5.1 Bev. 

In Fig. 11 one sees that the threshold for antiproton production 

in carbon is about 4.3 Bev. This would be expected from Processes 

(4) and (5) when the target nucleons have a maximum Fermi energy of 

25 Mev, the value assumed in the statistical calculations. This feature 

lends support to the initial assumption that proton-nucleon collisions 

are primarily responsible, as much lower thresholds would be noticed 

for reactions such as (7) and (8) below. 

There are of course .other factors (which we will only mention) 

that could modify the calculated excitation curves of Fig. 11. One 

could explore other nuclear models to modify the function P(W
0

). There 
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is also the possibility that other processes, aside from (4) and (5)-

such as the formation of deuteron or helium nuclei in the final state- -

could modify the curves. Lastly, the assumptions of a statistical model 

are always subject to some question. 
I ' ' 

Production of antiprotons can possibly also take place by a 

.two-step reaction within the carbon target if a high-energy pion is 

first made by a proton-nucleon collision. The pion then proceeds to 

initiate one of the following reactions: 

'TT +p-p+p+n, 
+ 

'TT +n-p+p+p 

(7) 

(8) 

The threshold at the Bevatron to produce a pion of sufficient energy 

in carbon (again assuming 25 Mev for the maximum Fermi energy) is 

about 3. 2 Bev. Although no antiprotons were detected at our lowest 

energy of 4Q 25 Bev. (see Fig .. ll), we cannot rule out (7) and (8), as 

the pion flux in the carbon target is considerably smaller than the 

proton flux. We can only estimate that the eros s s.ection for production 

of antiprotons by pions is probablyno greater than for the production by 

protons. 

Momentum Distribution 

Data on the production of antiprotons as. a function of their 

. . . . T bl IV I f · f h · 8,17 • 24 momenta are g1ven .1n a e . n orniahon rom ot er exper1ments 

is .also presented for comparison. Although the other experiments used 

a beryllium target instead of a carbon target,. the difference should be 

negligible for the type of high-energy process .under conside.ration. In 

·the next section we fl.nd that differences in angles of emission such as 

those seen in Table JV have little effect on the comparison between 

various momenta. The fifth column. of the table gives the ratio of pions 

transmitted down the magnetic channel to incident protons on the target. 

This ratio is presented: to show that the numbe'r of pions versus .mo

mentum is relatively constant in. any given· experimental arrangement 

and that one is therefore able to use the pions to monitor the p rates. 
ft",' 
.'1·"~ 
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Thus .column 6 (p-/;r-}_ should, to a fair approximation, represent the 

relative antiproton production rate. The data are plotted in Fig. 12. 

For column 7 of Table IV we have calculated the more desirable 

ratio of antiprotons to incident protons for this experiment. These 

numbers have been corrected for counting efficiency and losses along 

the magnetic .channel, so that 'they actually refer to antiprotons produced 

.at the. carbon target. Although the relative values ofp/p + a.re probably 

ac.curate, there is about a 20o/o uncertainty in the absolute p+ monitor. 

Because of this _factor and differences. in the targets as well as solid 

. angles of acceptance and .transmissions of the various spectrographs, 

this ratio is not tabulate.d for the other experiments listed in the table . 

.. Dis.crepancies of this nature are probably, reflected by the variations 

seen in .column 5 • 

In Fig. 12 experimental data are again, compared with a 

statistical model. 
23 

The cu.rve shown is obtained from (6) for 

n = 7/2, T + = 6.1 Bev, 8 = 0 deg, and it is normalized to the experi-
p . 

mental point at 1684 Mev/c. It is seen that the model has reasonably 

indicated the shape of the momentum distribution. To re.late the ordinate 

of Fig. 12 to cross .section for ·the data of this expe.riment, the 1684-Mev/c 

point should be compared to the 14.9- jJ.barn/sr(Bev/c) point inFig. 11. 

. In making .such a normalization .one should actually use the column 

pjp+ in Table IV for correctness; however, if the column pj;r- (plotted 

in Fig .. 12) is used, the result is not appreciably, different in the momentum 

range of this experiment. 



Table IV 

Production of antiprotons of various momenta by 6-Bev protons 

a a . b 
Momentum Angle of Target Target- 11'-/p + pj;r- pjp+ Reference 

(Mev/c) emission length material (10=7) ( 10- 5) ( 10 -ll )' 
(de g);( lab) (em) 

L200 5 5.08 carbon ' 12 1.80±0.03 13.8±0.2 · This .. experiment 

1400 3 5.08 carbon 11.2 2.86±0.03 22.1±0.3 This experiment 

1531 L5 5.08 carbon· 1L8 3.55±0.04 34. 7±0.4 This experiment 

1684 0 5.08 carbon 11.8 3.80±0.04 39.2±0.4 ·This experiment 

1825 1.5 5.08 carbon 11.9 ·. 3.62±0 .. 03 37 .4±0.4 . This experiment 

1700 0 15.3 beryllium 13.0 4.5 ±0.5 Ref. 24 I 
~ 

2000 0 15.3 beryllium 12.0 . 4.8 ±0.5 Ref. 24 U1 
n 

2800 0 15.3 beryllium 9.0 2.9 ±0. 9 Ref. 24 

750 8.5 ! 5. 3 beryllium 8.0 0.2 ±0.12 Ref. 8 

900 3 15.3 beryllium 12.0 0.4 ±0.24 Ref. 8 

1150 2.5 15.3 beryllium 20.0 1.2 ±0. 7 Ref. 8 

1410 6.2 15 .• 3 beryllium 22.0 l. 9 ±1.1 Ref. 8 

600 0 15~3 beryllium - 40. 0.15±0.07 .Ref. 17 

700 0 15.3 beryllium 50. 0. 24±0.12 Ref. 17 

800 0 15.3 beryllium 50. 0.44±0.·22 Ref. ·.17 · 

900 7 15.3 beryllium 60. 0.80±0.4p Ref. 17 

aTransmitted through magnetic channel 
b 

Corrected at carbon target 
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3-2 3.6 

Antiproton momentum ( Bev /c) 

MU-20702 

Fig. 12. Momentum distribution for antiprotons produced 
by approx 6-Bev protons on carbon and beryllium. 
The experimental points are taken from Table IV. 
The curve is calculated by a statistical model (Eq. (6) ). 
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Angular Distribution 

Results on the angular distribution were obtain~d for three 

momenta. As only three targets were available within the Bevatron, 

three angles of emission were observed for each momentum. In 

Table V one sees that the production rates do not change appreciably 

within the angular intervals used in this experiment. For 6.1-Bev 

protons, the statistical model-·-i. e., (6)--predicts that the relative 

antiproton production rate should fall (relative to 1.0 at 0 deg) to 

0.8 at 8 deg, and to 0.5 at 15 deg, and approach zero at 25 deg. Owing 

the small differences in the angles of emission for this experiment, 

no significant c.omparison can be made. 

Table V 

Antiproton production rates versus angle of emission in the forward direction 

Antiproton momentum 
(Mev/c) 

1400 

1400 

1400 

1531 

1531 

1531 

.1684 

1684 

1684 

Angle of Emis sian 
(deg) (lab) 

3 

13 

7 

L5 

u 
8 

0 

9 

8.5 

22!1'1±0,.3 

zo.3±1.,4 

2,2~2±0.,7 

34a7±0A 

34;2±1. .. 2 

35 •. 2±0.,9 

39.2±0..4 

37.0±0.8 

36.1±0.9 
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V. ANTIPROTON-PROTON CROSS SECTIONS 

A. Calculations and Results 

The ~antiproton-proton interaction events, identified by, the 

methods described earlier and classified according to the four 

categories enumerated in Section III-B, were used to calculate the 

fundamental p-p eros s sections by means .of the following formulas: 

1 
ln (~x£ ) O't = 

N I IO' 

1 ln '~X lo'-Ii) 0'. = 
I 1 N' o:;;.h Io~ 

1 c + le I' ) 
0' = in X-e 

N I I' +I I 
e c + Ie + I I' +I i 

1 . 
ln c e 

0' = X c 
N I + I I' + I I + I e e c 

where 

I
0 

= the number of incident antiprotons, 

I = the number of pass -throughs, 

I. =the number of inelastic events, 
.1 

' I = the number of elastic scatters, e 
I = the number of charge exchanges, 

I )· 

c 2 
N =the number of protons/em in the target. 

(9) 

( 1 0) 

(11) 

( 1 2) 

The unprimed quantities in the foregoing equations refer to measurements 

made with the hydrogen target full, while the primed quantities refer 

to background measurements ,obtained when the target container was 

empty. Formulas (9) through (12) are derived in the Appendix. 

Experimentally one imposes the restrictions 

( 13) 

( 14) 
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from these relations it is easily. seen that the cross-section formulas 

above .can be combined. to yield the anticipated result, 

at=a.+a +a. 
1 e c 

(15) 

The analysis of all the antiproton-proton interaction events has 

,yielded the results given in Table VI for the five antiproton energies. 

investigated here. 

Table VI 

p-p cross sections at various energies 

Cross sections (mb) 

p energy Total Elastic Inelastic Charge-exchange 
(Mev) 

534±25 118±6 42±5 70±3 6.0±1.3 

700CII:33 116±5 42±4 66±3 7. 2±1.5 

816±37 108±5 38±4 63±3 7.1±1.2 

948±42 96±3 33±3 56±2 6.8±1.0 

1068~46 96±3 30±2 60±2 5. 7±1.1 
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B. Corrections and Uncertainties 

The errors quoted in· Table VI are chiefly, the IE±andard deviations 

due to counting statistics together with some uncertainty in the following 

corrections which were made. 

The Total Cross -Section 

The total cross sections were corrected for forward scattering. 

This was done by. measuring the cros.s sections at three different cutoff 

angles (3, 4.2, and 5.3 deg) determined by counters s4 and .s
5

. The-se 

results were plotted versus s .. olid angle (determined by, the .cutoff angle) 

and extrapolated to zero s.olid angle by. a .straight-line least-squares fit . 

. The result gave the same correction factor as one would obtain by use 

of the optical theorem
25 

and the assumption da /d0(0°)::::: 1
0 

2
, where 

1
0 

is the imaginary, part of the forward- scattering amplitude. This 

correction factor (3 deg to 0 9-eg) amounted to approximately 2 mb . 

. Small corrections of the order of 1 o/o to 2% have been made for 

accidentals (see SectionJII.C) and for annihilations in counters s4 and 

ss. 
Elastic-Scattering Cross .Section 

The same correction for forward scattering has been made as 

·in the total cross section, as well as similar corrections for a.ccide.ntals 

and annihilations in counters and surrounding material. An additional 

correction (:::::1 o/o) has been made for scatterings that find their way 

through small cracks between counters and thus simulate charge ex

change. 

No correction has been made for backward-scattered antiprotons. 

that may not have sufficient energy to leave .the .tar get and hence 

annihilate in t.he hydrogen, because of the uncertainty in the angular 

distribution.at large angles. It is noted, however, that experiments at 

lower energies (lOO.to 480 Mev), 
17

• 
18

• 
33 

wJ;lere the angular distributions 

are known to large angles, indicate .that this correction would probably be 

negligible. 
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Inelastic Cross Section 

Here the sum of the two previous corrections ;cto_:: the total-and 

the elastic cross sections for annihilations in counters and _for 

accidentals has been subtracted. 

Charge-Exchange Cross Section 

For the charge-exchange cross sections corrections have Jikewise 

been made for antineutron annihilations in the surrounding counters, 

for ·accidental events that would make .a charge exchange appear as a 

pass-through or elastic scattering, and for the s.mall fraction .of one

count elas_tic scatterings that travel through a crack .b~tween counters, 

thus_ recording spuriously as charge-exchange events.-

'A correction that has also been considered is for the effect due 

to annihilations entire.ly into n° mes.ons. During the runs with- and 

without lead converter for the 1r
0 

gamma rays, no appreciable change 

was detected in the charge-exchange cross .section; however, estimates 

from bubble chamber data 
18

•- 19 indicate that possibly :20o/o of the charge

exchange cross section determined without converter could be due to 

zero-prong annihilations. If this were true, one would .subtract 
' - a6 

~L 5 mb from a and add it to a . .. Theoretical results at ~ 140 Mev 
c l 

_are in agreement with this estimate. _We have accordingly corrected 

the portion of the data obtained without lead converter to give the final 

results presented in Table VI. 
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' C. Discussion of Results 

1. General Features 

The results for the antiproton-proton cross sections given in 

Table VI are plotted in Fig. 13 for the purpose of comparing them with 
. b. db h 1 - . 7,8,17,18,19,27 the .cross sectlons o ta1ne y ot ers at ower p energ1es 

. d . . 't 28 t h" h . 0 bl an .1n a recent exper1men a 1g er energ1es. ne sees a reasona e 

transition between the low-energy cross sections, and those determined 

by this experiment. There is excellent agreement between our highest

energy points and the data of Ref. 28. From 500 to 1000 Mev the p-p 

cross .sections still remain much larger than nucleon-nucleon cross 

sections in this energy range. 

The general trend of the p-p cross .sections is a slow decrease 

with increasing energy; the cross sections vary approximately as 

l I ·T; -l/Z where Tp is the antiproton laboratory-system kinetic 

energy. Although the charge-exchange cross section appears ·to be 

nearly a constant 7 mb in our energy range, it is not inconsistent with 

the energy dependence of the other cross sections. Our values for the 

charge-exchange cross section are in agreement with other values 

obtained by different methods and near the energies under discu-ssion 

here. For example, Weingart et al. 
29 

obtained the value 10.9±5.8 mb 

at 455 Mev. They used a C and a CH2 target to initiate the charge 

exchange and a large block of plastic scintillator to detect the antineutron 

annihilation. A recent experiment in the 7 2-in. hydrogen bubble chamber, 

using 930-Mev antiprotons, 
30 

has yielded a value of 8.5±0.9 mb for the 

charge-exchange .eros s .section. 

At this point, the clarification of a puzzling situation created by 

.·two prior experiments 
7

' 
8 

should be .mentioned, as there has been .con

siderable speculation on whether the prior data were in serious error.' 9 

The problem can be .clearly seen if one observes Table VII~: 
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MU-20703 

Fig. 13. p-p cross sections as a function of antiproton 
kinetic energy. The open symbols are total eros s 
sections; closed symbols are inelastic cross 
sections (for T- < 288 Mev they are annihilation 

cross sections)F open symbols encircling a dot 
are elastic cross section; open symbols crossed by a 
vertical line at the bottom of the figure are charge
exchange cross sections. The various types of symbols 
refer to different experiments; the references are 
correlated with the symbols in the upper right corner 
of the figure. 
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Table VII 

Comparison of p-p cross sections near 500 Mev 

Experiment Total Total Inelastic Elastic Charge-
(0 de:g) (14 deg) exchange 

Chamberlain et al. 
7 

104±8 89±7 
(457 Mev) 

Cork et al. 8 97±4 
(500 Mev) 

This experiment 118±6 93±5 70±3 42±5 6±2 
(534 Mev) 
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If the cross sections of Refs. 7 and 8 are taken at their face value, 

there is -7±11 mb ofdiffraction scattering between 0 arid.l4 deg (lab), 

with an absorption cross section very nearly equal to the total cross 

section, Using the results of this experiment the difficulties can be 

removed by the following conclusions: 

(a) The 89 mb of Chamberlain et aL 
7 

is perhaps 20 mb, high. ' ' ' 8 . 
(b) The 97 mb of Cork et :al. . i.s 20 mb low. 

(c) The O"t(l4 deg) of Chamberlain et al. is reasonable. 

Owing to the circumstances that (a) and (b) correct possible error:cs. in 

opposite directions, one was forced to conclude that there was a large 

absorption cross section without diffraction scattering. The results 

of this experiment should be more reliable, as .a more effective :means 

of detecting the annihilation process was used and the elastic as well 

as the total and annihilation cross sections could be measured 
' . 8 

simultaneously. For example, the cross ~sections of Cork et aL are. 

consistently lower than their later values, 
17 

obtained by methods 

similar to those of this experiment. The inelastic c.ross section of 

Chamberlain et aL 
7 

was subject to a larger statistical uncertainty 

than this experiment because of the H 20-02 subtraction procedure. 

There was some additional uncertainty in their method of detecting the 

annihilation events. Our present results show that the diffraction 

scattering near 500 Mev is approximately 1/3 of the total eros s section, 

and is sharply peaked in the forward direction. 

2, The Ineastic Process 

It is of interest to consider the behavior of the inelastic cross 

section near 300 Mev. The inelastic cross section as defined earlier 

is due entirely to the annihilation process below 288 Mev, while above 

this energy the following processes may also be included: 

p + p ..... p + p + nO ( 16) 

p + p -+ n + p + ;r+ 

p+p-+n+p+n 

( 1 7) 

( 18) 
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In Fig. 13 an apparent rise in the inelastic cross section can be noticed 

between 350 and 500 Mev, if one considers .the data of this .experiment 

together with those of Coombes et al. 
17 

. This effect is possibly due to 

the onset of pion-production processes such as the ones listed above. 

These processes have the distinctive feature .that only two charged 

particles are produced in the final state; thus the analysis of our two

particle inelastic events obtained with lead converter allows us to 

estimate the cross s.ection for (17) and (18). The same procedure 

cannot be done· for (16) without the use of the lead converter, because 

of its being indistinguishable from the more abundant annihilation mode 

( 19): 
. + - 0 pt p-+TI tTI tn1T ( 19) 

The results indicate that the inelastic processes (17) and (18) comprise 

together approx 5 mb of the inelastic cross section at each of the anti

proton energies of this experiment. This value of 5 mb is about half 

the value for the similar processes 

n + p ....... p + p + 1T (20) 
+ 

n + p - n + n + 1T , (21) 
21 

observed at 980 Mev. This may be due to the strong competition 

with the annihilation process in the p-p case. Goldhaber et al. 
33 

have observed a few events of the type (l6) through (18) in an experiment 

in which 480-Mev antiprotons interacted in the 30-in. propane bubble 

chamber. As the events of this type are difficult to identifyif the anti

proton leaves the chamber, they do not yet have an e$timate of the 

cross section. 

In the n-p interaction at 980 Mev
21 

the process 

n + p - n + p + tr
0 

(22) 

has twice the cross section of Processess (20) and (21) combined. If 

this .ratio should persist for p-p interaction, one could .say that meson 

production by p-p .collisions could be as high as 15mb .. Consequently, 

from our value of a. (in TableVI) at 948 Mev, the annihilation.cross 
1 
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section would have 41 mb as a lower limit. This estimate, in view 

of the manner by· which it was attained, rests on the assumption that 

double-pion production is negligible, as it is in the p-p . and n-p inte.r-
, 21 31 32 

achons below l Bev. ' ' 

. We will not attempt to present an analysis of annihilation events 

according to their pion multiplicity, because of the poor resolution of 

our counter system for high multiplicities. For multiplicities greater 

than 4,. there is a strong probability that two pions will ente.r the same 

counter. Further corrections arise from the pion-production processes 

mentioned in the last paragraph, the annihilations into strange particles, 

pion interactions within the hydrogen target after annihilation, and the 

escape of s.ome pions through cracks between counters. 

3. Angular Distribution of Elastic Scattering 

The experimental points for the angular· distribution of anti

proton-proton elastic scattering are plotted in Figs. 14, 15, and 16 

for the various antiproton energies. From the figures it is seen that 

most of the elastic scattering is peaked forward with 40 deg (center-of

mass angle). Although our system could detect elastic scattering from 

40 to about 135 deg, the angle of scattering could not be determined 

within this interval. For the energy interval of this experiment only a 

few millibarns of the total elastic scattering eros s section are attributed 

. to scatters greater than 40 deg. The experimental point at 0 deg is a 

lower limit determined by means of the optical theorem from the total 

cross section measurements. (See.Section V. B.) 

In Fig. 16 we have plotted for comparison the data of a recent 
. 24 28 

exper1ment ' near the same energy. Armenteros et al. performed 

their experiment with techniques similar to this experiment, but had 

better angular resolution, especially at large angles. The two sets of 

data are in very good agreement. 
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Tp = 534 Mev 
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MU-20704 

Fig. 14. Angular distribution of p-p elastic scattering 
at 534 Mev. 
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Fig. 15. Angular distribution ofp-p elastic scattering at 
700 and 816 Mev. 
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Fig. 16. Angular distribution of p-p elastic scattering 
near 1 Bev. 
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The -curves shown in Figs. 14, 15, and 16 were calculated by 

means of the optical model, 
34 

in which the scattering amplitude, 

diffraction cross section,. and absorption cross section are given re-

spectivel y by 

ae = 

a. = 
1 

00 

~ 1/lt ( 

00 

27T 1 
00 

2 
(1-a) J

0 
( 

}1. 

I 1-a 12 pdp ' 

27T 1 2 
( 1-a ) pdp . 

p sin 8/2)pdp ' 

For an incident wave of unit amplitude and zero phase, a is the 

amplitude and phase of the transmitted wave; p is of course the 

distance from the scattering center measured in a plane orthogonal 

to the incident-wave direction. 

The particular p dependence of a used to fit data at 0.98, 
24 28 

1.25, and 2.0 Bev ' was 

a= 

a = 0 
2 2 2 

-(p -Ro )/Po 
1-e 

for 0 < p ~ R
0 

, 

for p > R
0 

. 

(23) 

(24) 

(25) 

(26) 

This corresponds to a black region of total absorption which has radius 

R
0 

surrounded by a region where the absorption decreases _exponentially 

from R
0 

with increasing p. Equations (23), (24), and (25) become, 

with the insertion of (26), 



f(8) 

where 

R 2 
-0 
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J l (x) + _P...::.o_2_ jexp 

X 2}t 

.ao 

x= 
2R 

0 
sin 8/2, x 1 = 

2 2 
a e = n R 0 + 1/ 2 1T p 0 ' 

2 2 
a i = n Ro + 3 I 2 n Po • 

..!:_ (x ") 2n 

n'. [

n-l (-1/ 1 2J·l \ - (x) , 
L J.i • 

.1.=0 

(27) 

(28) 

(29) 

The values of the parameters R
0 

and p
0 

determined from the experi

mental cross sections appear in Table VIII. The values from Ref. 28 

are also shown. To obtain these parameters, our cross sections at 

700 and 816 Mev were averaged for the calculation at. 7 58 Mev while 

those at 948 and 1068 Mev were combined to calculate the angular 

distribution at 1000 Mev. This was done because the angular distributions 

at these energies were nearly identical. 



T- (Mev) 
p 

534 

758 

1000 

(980) 
28 

(2000) 
28 
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Table VIII 

Optical-model parameters 

-13 
R

0 
(10 em) 

-13 
Po (10 em) 

0.95 0.93 

0.95 0.87 

0. 75 0.93 

0 .. 73 1.03 

0.57 0.98 
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Although the cross sections are approximately the same, a 

,slight difference arises .between the parameters of this experiment at 

1000 Mev and those of Coombes et al. 
24

• 
28 

at 980 Mev. This is be

cause .we do not include the charge-exchange cross section as part of 

the absorption .cross section in (29). As the charge-exchange cross 

section is s.mall, there is no great change. The angular distribution 

c.urves of Figs. 14, 15, and 16 were calculated by means of (27), with 

the above parameters. Agreement with the experimental data is 

. reasonably good. No special significance can be attached to such 

agreement, as the optical model can only attempt to describe qualitative 

features of high-energy elementary processes in a phenomenological 

manner. However, the results may be useful for comparisons that can 

be made with similar circumstances in the nucleon-nucleon cas.e. We 

have taken the particular condition (26) because of its reasonable fit 
28 

to the data of Armenteros et al. at 980 Mev. Owing to our lack of 

information at large angles, a comparison .between various density 

distributions is not feasible. It is shown, however. in Ref. 28,. that 

conditions ( 26) give a much better- fit to the data than a model of a 

completely gray region. 
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D. Conclusions 

The p-p cross .s«=ctions determined bythis .experiment extend 

the experimental information on the p-p interaction to nearly 1100 Mev. 

Prior information was known only to about 300 Mev. From Fig. 13 

the obvious features are that the total p-p cross sections remain 

nearly twice as large as the more familiar nucle.on-nucleon eros s 

sections of corresponding energy. Nearly 2/3 of the p-p total cross 

sections are due to the annihilation phenomenon. 

For the antiproton energy range of 50 to 250 Mev, the p-p 

cross sections can .be understood in terms of the theory of Ball and 

Chew. 5 Their model stresses the analogy between the antiproton-

proton and the nucl~on-nucle.on systems. They use the Gartenhaus

Signell-Marshak potential, 
35

• 
36 

which seems to represent the nucle.on

nucleon interaction up to about 200 Mev, and suitably modify it for the 

aniinucleon case. The result is that a nucleon appears to an antiproton 

as a black hole or core region surrounded by a potential due to the pion 

cloud. The experimental data shown in.Fig. 13 lend support to this mod;el. 

In the energy range of applicability--i.e., 50 to 250 Mev--one finds 

CJ ~ CJ. ::::: at/jZ, Thus the Ball-Chew mode.l in its .predictions is very 
e 1 : 

nearly like a classical black- sphere region of size - )1. (pion 
• 'IT 

Compton wave length). This:.i~sexplained by the effectiveness of the outer 

potential due to the pion cloud in drawing the antiproton into the core 

region (the size of which is thought to be much less than )1. ), where 
'IT 

it annihilates. 

The methods used in the Ball-Chew calculations render them 

inapplicable in our energy range. However, a model along the s.ame 

trend of ideas has been proposed by Koba and Takeda. 
6 

Their pre

dictions are applicable at high energies and are in accordance with our 

measured .cross sections. Their model is a completely phenomenological 

core region surrounded by a .pion cloud. The core region is likened to 

a black sphere whose radius a
0 

is: l:eft a•S' an adjustable parameter. 
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Out.sid~ the core region is the potential due to the pion cloud, which 

they. surmise can in principle be calculated by meson theory at high 

energies in a manner perhaps similar to that of Ball and Chew at low 

energies. It is expected.that the pion potential will become less 

effective ~as one approaches high energies, and the annihilation cross 

.section should become n a
0 

2
. This feature has also been pointed out 

by, Chew. 
1° Koba and Takeda considered the effect of the .core region 

alone. As the classical approach is not valid in the energy region 

300 to 800 Mev, they solve the Schr()dinger equation and obtain for the 

annihilation cross section 

2 
a a = n (ao + Jt) (30) 

2 
instead of the classical result (] = n a It is found that higher-

a . 0 
order partial waves that classically would never reach the core .can be 

partially absorbed, thus the absorption cross section is increased 

relative to the scattering cross section. Koba and Takeda find for 

a
0 

= 2/3 Jt = 0, 94X 10 -l
3 

em that the ratio of the elastic scattering 
1T . 

cross section to the annihilation cross section is l/2. From our 

experimental data in Fig. 13 one sees that (] / (]. is l/2 near l Bev 
e 1 

and only slightly larger at 534 Mev. The experimental data (Fig. 13) 
-13 

for (] i can very nearly be fitted by Eq. (30) for a
0 

= 0. 95Xl0 em. 

For this value the high-energy points lie slightly above the curve, but 

this might be accounted for by a difference between (]. and (] , be-
l a 

cause of meson production or inelastic scattering. 

The .optical-model analysis of the angular distributions of the 

elastic scattering also indicates .a rather large opaque nuclear structure. 

In the region near 300 Mev, the differential scattering can be fitted by 

a completely black region of radius z )t 
17 

In the proceding s.ection 
1T 

it is seen that our data from 534 to 816 Mev can be fitted by a black 

region of radius 2/3 Jt surrounded by a region of decreasing 
1T 

grayness. Similar conditions exist to 2 Bev, as shown in Table VIII. 
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In view of the above observations.itis ,probably, not unreasonable 

to think of the p-p interaction region as having a structure whos.e total 

size is - )t , within which the core region, where annihilation takes 
TT 

place, may be nearly as large as 2/3 )t 
TT 

If the core region is in-

deed this large,. the annihilation cross s.ection _must approach a constant 

30 rnb at very. high energies. In general,. theorists .expect the core 
. d ( 2 -13 3 7. 38 . ·Size. to be of the or er )t . 0. l XlO ern). · ' The phenomenological 

p 
impenetrable core regions of the Gartenhaus-Signell-Marshak and the 

Gammel- Thaler potentials used in the explanation of nucleon-nucleon 

interactions are of size ;6 1/3 .)t • 
36

• 
39 

Considering the close analogy 
TT 

to nucleon-nucleon scattering made by the Ball-Chew theory, the ab-

sorptive .region in the antinucleon-nucleon case might be of comparable 

size. However, evidence from other types of high-energy experiments 

h 1 t .' 40 . d" . h sue as e ectron-pro on scattenng In Icate a root-mean-square c arge 

radius o.f 0.77Xlo-
13

c'fu.· It is noticed that high-energy nucleon-nucleon 

d . . 1 . 25,31,41,42 1 1 an pion-nuc eon experiments a so suggest near y opaque 
. -13 

regions. of radius :::::10 em. While such analyses .are not always 
. 43 

taken.too seriously, in view of the assumptions made, Tamm has 

indicated that a large core region is not out of the realm of theoretical 

expectations. It should be of interest to explore the p-p cross s.ections 

. at energies beyond 3 Bev for information of this type. 
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VI. DETERMINATION OF ANTIPROTON-NEUTRON CROSS SECTIONS 

A. Discussion 

In order to attain a complete understanding of the antinucleon

nucleon system, information .must be acquired not only for the p-p 

interaction, but also for the p-p (or n-p ). As in the nucleon-nucleon 

case, one can then determine the amount of interact~on in each of the 

two possible isotopic spin (I) states of the antinucleon-nucleon system, 

The p-n system is purely I = l state, while the p-P system exists 

with equal probability in the I = 1 ahd I = 0 states. Tests for the 

validity of charge independence can thus be made from a knowledge of 

the p-p and p-n cross sections. 

The experimental factors involved in the determination of the 

p-p cross sections are considerably more attractive than those for 

the p-n .or n-p cross sections. For the former, p beams exist, 

hydrogen targets are at hand, and both particles involved are charged. 

In the latter one is faced with the necessity of providing a neutron 

target or an antineutron beam, in addition to the difficult feature of 

detecting a neutral particle. The feasibility of obtaining antineutron 

b '1' . h . - H 3 . · d 44 h earns utl 1z1ng t e reachon p + p...., n + e was :~.nvestlgate ; t e 

procedure was found very difficult. However, the use of antineutrons 

from the p-p charge-exchange process seem to offer promise. 
30 

The other alternative--which we have chosen here--is the 

indirect use of a neutron target via the deuteron. The hydrogen target 

used to obtain the p-p cross sections in Section V was equally capable 

of containing deuterium, and a relatively ample supply of antiprotons 

was at hand. Thus in principle the subtraction of the p-p cross 

sections from the p-d cross sections could be made and values for 

the p-!J. cross section assessed. To this end we have determined the 

p-d cross sections at the same five energies as the preceding P"'P 
data. The p-d data will be presented first as their validity. seems 

secure (by virtue of the fact that they are ascertained in the same 

manner as the p-p results. The subtraction procedure .used for the 

p-n values, which is subject to some uncertainty, is discussed in a 

subsequent section. 
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B. Antiproton-Deuteron Cross -Section Results 

The various types of p-d interactions- -i. e. scattering, 

annihilation, etc. --were identified in the same manner as outlined in 

Sec. III. Calculation of the cross sections and correction factors was 

performed by the methods already mentioned for the p-p cross sections. 

The results a.re listed in Table IX and plotted in Fig. 17. 

No distinction can be made by our detection system between 

elastic p-d scattering and quasi-elastic p-p or p-n scattering. 

Observations of the corresponding p + d reaction at 660 Mev 
45 

indicate 

that the probability of the deuteron 1 s .remaining intact is quite s.malL 

It has therefore been assumed that the scatterings are all quasi-elastic. 

In the deuteron analysis no allowance has been made for the momentum 

distribution of the nucleons in the nucleus. Because of the predominant 

forward scattering, only about 20% of the scatterings are accompanied 

by a recoil nucleon that has sufficient energy to escape the target. For 

the runs made without lead converter there is .s.ome possible confusion 

between p-pd elastic scattering and the p-pd two-charged-pion 

annihilation mode, due to the deuteron internal momentum (pd refers 

to the bound proton within the deuteron). Comparison of runs with and 

without converter has shown, however, that the effect is quite small 

and within the limits .of our statistical errors. The difference between 

lead in and lead out also revealed .no confusion between the majority of 

the elastic scatterings in which no recoil nucle.on was detected and the 

p-nd on~-charged-pion annihilation mode. This is principally because 

the one-charged-pion mode is expected to be somewhat rare. A low

energy experiment by Horwitz et aL 
19 

found only one event of this type 

in 34 p-d annihilations. (It should be mentioned that the runs with 

and without the lead c.onverter mentioned above were found to be 

statistically the same in most cases.) The results in Table .IX represent 

all the data combined. 

.. 



-70-

Table IX 

p-d cross sections (mb} 

T- at a a. a 
p e 1 c 

(Mev) 

534 210 ± 5 80 ± 6 126 ± 5 3. 3 ± 1. 3 

700 189 .± 5 67 ± 5 117±4 5.4 ± 1.4 

816 196 ± 6 78 ± 5 112±4 6.5 ± 1.5 

948 178 ± 5 '71 ± 5 102 ± 4 4.4 ± l.l 

1068 184 ± 3. 68 ± 4 109 ± 5 5.6 ± 1.0 
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Fig. 17. Energy dependence of antiproton-deuteron eros s 
sections. 
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An additional small correction ~o the elastic scattering may 

result from the meson-production process (sometimes referred to as 

inela~tic charge exchange), p + nd ...... n + n + n"'. Judging from the 

magnitude of the cross section for similar processes (17) (18) in the 

p-p case, one could not expect a correction of more than 4 or 5 mb. 

From Fig. 17 it is seen that the energy dependence of the p-d 

cross sections is very similar to that of the p-p cross sections. The 

total and inelastic cross sections are l. 8 times the corresponding p-p 

cross sections, while the factor for elastic scattering is approx 2.0. 

The .charge-exchange cross sections are slightly smaller in deuterium. 

We re.call that the charge-exchange process can occur only for the 

proton, consequently one might expect the same value for a c (p-p) 

and a (p-d). However, the shadow correction discus sed in the next c 
section would reduce a c(p-d) relative to a c {i)-p), as is observed. 

The only other existing data for the p-d ·reaction (obtained by 

Chamberlain et al. 
5

) have also been plotted in Fig. 17. They have 

measured a. and the total cross section in poor geometry with a 

cutoff angle tlab) of 14 deg. As their value of at 
140 = 174 mb is within 

3 mb of our value for at 
13

• 
20 

, we assume that the elastic scattering 

at 534 and 457 Mev is the same, and thus we obtain an additional value 

of the total cross section from their data at 457 Mev. 
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C. The "Eclipse" Effect and Antiproton-Neutron Cross Sections 

To introduce this section we refer again to the analogous cir

cumstance in the nucleon-nucleon system. Experimental information 

on nucleon-deuteron and nucleon-nucleon cross sections at high energies 

(:::: 1 Bev) show tha_t the sum of free-nucleon cross sections is approxi

mat~ly 1 Oo/o greater than the deuteron eros s section. Since the deuteron 

is a rather loosely bound structure, it is conceivable that at high energies 

(where )t. .d t. < </ ai ) the free-neutron and free-proton cross 
. 1nc1 en . 

sections might be additiv~. 'However, it is found that a quantitative ex-

pression for the deuteron cross section, where x is the incident 

particle, must be written as 

- a (x, d) ::: a (x, p) + a (x, n) - C , (31) 

where C is a correction factor sometimes called the "eclipse 11 or the 

"shadow" factor. This correction is due to the partial shielding of one 

nucleon by the other within the deuteron. 
46 

The shadow factor was first 'studied in detail by Glauber. . 

By means of diffraction theory Glauber has calculated a general ex

pression for C in terms of the outgoing-wave amplitudes and phases .. 

In view of the lack of knowledge of these factors, Glauber develops 

an approximate formula for the correction factor. of the total eros s 

sections, 

Ct ~ 4rr/k
2 

Re ffp(O) fn(~)} ( r-Z> d , (32) 

where f(O) refers to the forward scattering amplitude, r is the neutron-

proton separation, and the angular parentheses refer to an average value 

in the. deuteron ground state. The result of (32) is very similar to what 

one would obtain by a simple classical computation of the decrease of 

incident flux when one nucleon :is on fr·ont of the other; however, the 

work of Glauber differs in th2-t the coherent diffraction s~:attering of the 

two nucleons is taken into account. One of the approximations made for the 
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particular expression (32) is that r is larger than the nucleon-inter

action range. Under the additional assumption of a purely absorptive 

interaction, Glauber obtains, for the total deuteron cross section, 

For the absorption cross section the relation 

l a. (x, d) = a. (x, p) + a. (x, n} ~ -
1 1 1 Zrr 

0". (x, p} (J. (x, n} 
1 1 

(33) 

(r -2)d (34) 

is found. A similar expression for the scattering cross section can also 

b d . d 46 e eterm1ne . 

To calculate the last term in the last two equations, the deute.ron 

wave function must be known. Three different wave functions corres

ponding to a square-well potential, a Hulthen potential, and an attractive 

potential with a hard core were used to estimate at (tt ~ d}. The .respective 

results for the last term in (33} were 4.2, 5.3, and 3.3 mb. 
47 

The experi

mental result in the pion energy range 0.79.to L5 Bev was found to be 

6±2 mb. For the nucleon-deuteron interaction near 1 Bev, the three 

wave functions above yielded correction factors of 5. 7, 7. 2, and 4. 5 mb 

respecitively. 
48 

Experimentally, the correction was found to be 7.4 mb. 

Thus for the particular cases mentioned the Glauber correction seems 

adequate. In addition it is noticed that the Hulth~n wave function yielded 

the closest agreement in both of the above cases. 

Considerations of the same corrections in the circumstance where 

the incident particle is an antiproton result in extremely large shadow 

factors. This is due to the large size of the p~p (and presumably the 

p-n~ cross sections in relation to the nucleon-nucleon cross sections. 

The validity of the approximate Glauber formulas (33» and {34~ is in 

serious doubt, especially in view of the assumption that the radius of 

interaction is much smaller than the size of the deuteron. 

/ 
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Blair has calculated the shadow effect by means of a semiclassical 

model
49

which does not use this last assumption mentionedabove. It is 

therefore certainly more appropriate in the. antinucleon case. Blair 

indicates the equivalence of his calculations to the Glauber result, and 

Keller 
50 

has shown that Blair 1 s .c.orrection factor in practice is the 

same as the more general Glauber results. For small values of the 

free-nucleon cross sections the Blair calculations yield the same re-

sults as the approximate Glauber factors, and hence the same agreement 

for the n d and p + d cross sections mentioned in the previous paragraphs. 

The disagreement with the approximate formulas becomes strongly 

apparent when the free-nucleon cross sections are 60 mb or greater, as 

is. the case of antinucleons. The Blair calculations rest principally on 

the assumptions that the impulse approximation is valid and that the 

interaction can be represented by a black disc. These calculations were 

made in anticipation of p-d cross sections such as ours. 

In Table X the Blair correction factors for the inelastic or 

absorption,cross sections .are shown. The model for the deuteron used 

was the Hulth~m wave function, 

·4J =G~ d · 2n 

j3(a+j3) 
2 

(a-j3} 

exp (-ar)-exp (-j3r) 

r 

6 -13 
with j3 = a, which corresponds to a triplet effective range of 1. 75X10 em. 

If a value j3 = 7a is us.ed the correction factors are 2 mb larger. If the 

Gartenhaus wave function
51 

was used the correction factors were found 

to be approx 2.5 mb smaller. Thus the correction factors are not extremely 

sensitive to the deuteron model used, ·as noted by Blair. 
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Table X 

Evaluations of the p-n cross sections (rnb) 

T- (Mev) a. (p-d) a .. (p-p) "a. (p-n)" G. a. (p-n) 
p 1 1 1 L 1 

·<; 534 126±5 70±3 56±6 23 . 79±6 

700 117±4 66±3 51±5 20 71±5 

816 112±4 63±3 49±5 19 68±5 

948 102±4 56±2 46±4 17 63±4 

1068 109±4 60±2 49±5 18 67±5 

-- -- --- -- --- -- - -

T- (Mev) at (p-d) at (p-p) p 
110 (p-n)" 

t C,t at {1>-n.) 

534 210±5 118±6 92±8 27 119±8 

700 189±5 116±5 73±7 23 96±7 

816 196±6 108±5 88±8 24 112±8 

948 178±5 96±3 82±6 20 102±6 

1068 184±3 96±3 88±4 21 109±4 

--- --- -- --- -- ---
T- (Mev) 

p 
a (p-d) 

e 
a (p-p) 

e 
"a (p-n)" 

e 
a (p-n) 

e 

534 80~6 42±5 38±8 40±10 

700 67±5 42±4 25±7 ·.·.·{., 25±8 

816 78±5 38±4 40±7 44±9 

948 71±5 33±3 38±6 '. 
f 39±7 ... 

1068 68±4 30±2 38±5 2. :.' ~'- 42±6 
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The correction factor.s for the total or e.lastic cross sections 

merit additional consideration" Shielding of the absorption cross 

section is more easily understood because absorptive processes by the 

. two nucleons are mutually exclusive events. In the .total cross section 

other factors are involved, such as interference effects, double scattering, 

and scattering by one nucleon followed by absorption.by the other. It is 
46 52 . . . 

shown by Glauber ' that all these effects are taken 1nto account by 

his general correction formula for at' of which (33) is an approximation. 

The difference between the formula. for the total cross s.ection (33) and 

the one for the absorption eros s section (34) is simply a factor of 2. 

This difference is valid only for a purely absorptive .interaction; however, 

it is independent of the opacity of the interaction region. (In view of the 

use of the optical theorem in conjunction with the last assumption to 

obtain (33), the re.sulting correction to the total cross s.ection should be 

a minimum correction") We therefore employ this factor of 2 together with 

the more explicit Blair results to obtain the total-cross-section corrections 

shown in Table X. The elastic p-n cross s.ection was obtained by sub

tracting a i from at" The results are plotted in Fig. 18 for a com

parison with the p-p values fr·om Fig" 13. 

The fourth column of Table X, where the cross s.ection is dis

tinguished by quotation marks,isXlte"appanenti: p-n cross section. This 

is obtained by a direct subtraction of a (p, p) from a (p, d). The last 

·column is the true p-n eros s s.ection, where the correction factor 

(column 5) has been added to the apparent cross 'Section. 



.c 
E 

(/) 

c 
0 
+-
0 
Q) 
(/) 

(/) 
(/) 

0 ..... 
0 

c 
0 
Q) 

0 
::> 
c 

c 
0 
Q) 

0 
::> 
c 
+
c 

<1: 

-78-

Antiproton kinetic energy (lob) (Bev) 

MU-20707 

Fig. 18. Comparison of p-p and p-n eros s sections in 
the energy range 450 to 1068 Mev. 



D. Conclusion 

From the presentation in Fig. 18 it is seen that the p-n and 

the p-p cross sections are statisticallythe same within the energy 

interval of this experiment. It should be emphasized that this. conclusion, 

as well as the following ones,· rests on the validity of the Blair correction 

factors.employed to obtain the p-n cross sections. These.correction 

factors have not been experimentally. proven for antinucleon cross 
r• 

sections. as .they have been for nucleon and pion cross s.ections. In 

. f th t• d . h d . . 46 • 49 f h h. ld . . v1ew o . e as sump 1ons ma e .1n t e er1vat1ons o t e s 1e 1ng 

factors, they are not·expected to be entirely accurate, but to provide 

a reasonable estimate. The shadow correction to the annihilation cross 

sections see.ms the mos.t reliable, because fewer assumptions are involved. 

The other shadow corrections would seem to be more uncertain because 

of the assumption of a purely absorptive interaction with zero phase shift. 

The equality of p-p and p-n cross sections may not be totally 

. unexpected. The near equality is noted .in the calculations by Ball and 

Fulco 
53 

for antinucleons in the energy range 50 to 250 Mev. Their 
5 

theoretical results are bas.ed on the theory of Ball and Chew. As .the 

low~energy experimental results for the p-p cross sections support 

the theoretical expectations, it would not be surprising for the p-n 

cross sections .to do likewise, although no experimental p-n information 

exists .at low energies. 

The p-p system may interact through the isotopic spin states 

I= 0 and!= 1 with equal probability. The p-n, however, exists .only 

in the I.= 1 state. Thus within the limits of our errors, the equality of 

the p-n and p-p eros s s.ections reveals that the antinucleon-nucleon 

interaction occurs in the I = 0 and I = 1 states with the same probability. 

There. exist inequality relations between p-p and p-n cross. sections 

which are independent of detailed nuclear models and require only the 

charge independence of nuclear forces. These inequalities follow from 

the fundamental relations between the scattering amplitudes f
0 

and £
1 

between initial and final states of T = 0 and T = 1, which are 

.. 
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a e (p, p) = 1 I £0 +£112 ' 
4 

ac(p,p) = 
1 I £0-£11

2
' 

4 

ae(p,n) = 1.£1 1
2 

· 

Th 1t . . 54,55,56 e resu 1ng express1ons are 

da (p-p) 
c (00) ( /4 2 .. (- (- 2 ~ k rr) {at p, n) - at p, p)} , 
dn 

a (p, p) + a (p, p) ~ 1/2 a (p, n), e c · e 

(36) 

(37) 

(38) 

[ac (p,.p)} 1/2 -{ ae(p,n)} 1/21~{ae(p,p)} 1/2-<{ac(p,p)}1/2+{ae(p,n)},l/2 

(39) 

I {a c (P·;P)}l/2 -{a e (p, p)} 1/2 I'-{a e (~, n)} 1/2 <{a c (p,p)} 1/2 + {a e (p, p)} 1/2 ' 

(40) 
~ f- l / r -

~ae;(p~'A)} Jl/2..~ (a e X"P~~:)} T/2k:ca c (p.,p)} 1/2 ~{a e (p, n)} 1/2 + {a e (p-.p)} 1/2 . 

(41) 
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Relations (38.), (39), (40), and (41) are all satified by our data of Fig. 18. 

The first r~lation (37) is satisfied by our ·values for (J t · and a value 

6.5 mb/sr for the differential charge-exchange cross section .obtained 

by Poirier et al. 
30 

The antinucleon-nucleon 4ata are therefore con

sistent with the relations governed by ch~rge independence in the energy 

.·range 500 to 1100 Mev. They: are likewise in accordance with the 

predictions of Pomeranchuk
55 

who has theorized that the p-p and the 

p-n eros s sections should become equal at high energies as a con

s.equence of conservation of is.otopic spin. An additional theorem due to 

Pomeranchuk, 
57

. based on the dispersion relations for elastic scattering 

of nucleons in the forward direction; states that the p-p and the p-p 

cross .sections s.hould be the same at high energies. At the energies 

under investigation here and at those of Ref. 28, the p-~ cross .sections 

are much larger than the p-p cross s.ections. However, if the particular 

energydependence of the antiprc;>ton cross s.ections (see Section V. D, 

Eq. (30) ) noted here continues to higher energies, the antiproton .cross 

sections .may well approach the proton cross sections, which are very 
58 

nearly a .constant 40 mb from 2 to 6 Bev. · 
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APPENDIX 

Antinucleon Cross-Section Formulas 

In the determination of the p-p total and partlal cross s.ections, 

the experimental apparatus determines the following quantities: 

I
0

, the number of antip:rotons entering the target, 

I , the number of noninteracting antiprotons leaving the target, 

I , the number of elastically scattered antiprotons, 
e 

where 

I., the number of antiprotons that have inelastically, scattered 
1 

or annihilated, 

I , the number of charge-exchange interactions, 
c 

I 0 = I + I + I. + I e 1 c 
(42) 

For a very .thin target, the above quantities immediately yield the cross 

s.ection for the process in question. However, for a thick target, one 

must compensate for the number of antiprotons that annihilate in the 

target after they have scattered, for example, 

First we recall the well-known. formula for the rate of attenuation 

of the incident beam due to all processes 

. (43) 

·Where I is the intensity at any point in the target and at is the total 

cross section. After the incident beam has travers.ed a thickness of 
2 

N nucleons/ em , we have 

-a N 
I=I e t , 

0 
. where 1

0 
is the number of particles incident on the target. 

(44) 

In the case of the inelastic eros s section, one must replace I 

in (43) by the amount of beam that is attenuated by inelastic processes 

(such as ·annihilation) alone, 

dl. 
1 = a.dN, 

1 
(45) 
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This equation for the inelastic cross section is not always exact. In 

(46) 

order for (46) to be valid, scattering must not decrease the path length 

for annihilation in the material. This is to say the tar get must be 

sufficiently large so that an elastic scattering near the front end of the 

target does not cause the antiproton to immediately leave the material. 

In the preceding experiment, the target was 6 in. in diameter and the 

beam was of the order of 2 in. Scattering was found to be sharply 

peaked in the forward 20 deg (lab). In addition, the exit window was 

slightly rounded so. that, in the first order, the path length for annihi

lation did not change even if the antiproton scattered. Further, it must 

be assumed that the annihilation cross section does not change greatly 

with energy, so that the cross section after s.cattering is approximately 

the same as before. The same type of analysis applies also to the charge

exchange process, although the magnitude of its effect is small owing 

to its small cross section. Therefore, the antineutron annihilation 

eros s section is assumed to be the same as the antiproton annihilation 

.cross section. The charge-exchange scattering is assumed to be pre-

dominantly forward .. All these factors seem appropriate for the p-p 

interaction in the energy range of this experiment. 

In elastic scattering, ambiguities arise because the incident as 

well as the scattered p flux is decreased by annihilation and. charge 

exchange. We find the number of antiprotons scattered (di ) in target 
e 

thickness dN is 

di = a I dN - a. I dN - a I dN . 
e e 1e ce 

Rearranging and using (44), we have 

di e 

dN 
+ (a +a ) I = a I= aeiO exp (-atN). i c e e 

(47) 

(48) 
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This first~order linear equatiqn is readily integrable. (It is the same 

form as the equation for the activity of a two-element radioactive decay 

chain, which is found in most nuclear physics- text. 
59 

The solution is 

Ie =C exp [- (<7 i +a c) N]+ exp [- (<7 i+<r c)~ rr0a e exp [- (<7 t -<7 i -<7 c )N] dN 

We note J -- (4 9) 

(]t = (]. + (] + (] (50) 
, 1 e c 

Therefore we can write (49) as 

or 

Ie = C exp [-(ai+ac)NJ + exp[-(ai+ac)NJ[~I0 exp (-a eND (52) 

The constant of integratiori C is readily identified as I
0 

. We can 

now rewrite the last equation as 

(53) 

The factor in braces is seen to be the attenuation of the incident beam due 

to inelastic processes and charge exchange. By definition we can write 

it as 

(54) 

Substituting into (53), we have 

I = (I
0

- I.- I) [1-exp (-a N0 e 1 c - e ~ (55) 

Rearranging and using (42), (7:I ob)tain 

a N=ln e . 
e I . 

(56) 



.. 

-86-

The above formulas are idealized for a pure target material. In 

practice we have to consider the windows of the tar get. container, 

which have cross section (J >!<and thickness N>:c. Thus for a full target 
e 

we actually measure 

a N + a *N* = in ) ' e e 

and with target empty we measure 

) . 
The usual subtraction yields the final formula for elastic scattering 

in terms of the immediate experimentally determined factors, 

1 
(

-I + I I' ) 
Jn e X -·---

I I' +I' . e 
.a e = 

N 

(57) 

(58) 

(ll) 

Proceeding in the identical manner, we find the formula for the 

charge-exchange cross s.ection is given by 

a c = 
l 

N 
(

I+I +I 
e c .1-.n 

I + I 
e 

I' + I' ) 

X I' + I' e+ I I 

e c 

For completeness we.note that, by, the target-e.mpty and target-full 

subtraction, (44) and (46) bec.ome 

1 CO I' ) (Jt = in ~X~ , 
N 

l 1~2 xia'-Ii'). (J. = 
1 

N t>-Ii . Io I 

( 12) 

(9) 

(1 0) 

The .last four formulas were used to determine .the p-p and p-d cross 

sections. 
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