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ABSTRACT 

Antiproton-production and nucleon-interaction cross sections were in­

vestigated 26r antiprotons in the energy range 0.9 to 1.0 IHrtr. The antiprotoas 

were distinguished ivoxa other particles produced at the Bevatroa by a system 

of scimillatioa- and velocity-selecting Cerenkov counters. The excitation 

:&mction and momentum distribution were recorded for antiprottm production in 

carbon and conapared with statistical model eaqpeetatioas. 

The antiprotons were directed by a system of bending and focusing 

magnets to a liquid hydrogen target. An array of plastic sciatiUation counters, 

which almost completely surrounded the hydrogen target, was used to determine 

the p-p total, elastic, inelastic, and charge-exchange cross sections. Near 

900 Mev the total p-p caross section is about 120 mb, and it slowly decreases 

to 100 mb near 1 Bev. The inelastic cross section, 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 

Utted by an optical m.odel. 

The total and partial cross sections were also detemoiaed for the coUisioas 

of antiprotons with deuterons. I he p-d total and inelastic cross sections were 

found to be approxinuttely 1.8 tiiaaes the p-p cross secticms. Correcti<ms were 
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made for the shielding of nucleons within the deuteren in order to ascertain the 

p-n interaction. The results indicate that the p-p and p-n cross sections are 

very nearly equal in this energy region, and that they satisfy the inequalities 

required by charge independence. 
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I. IN'TRODUCTION 

This report presents our final results in the investigation of antiproton-

nucleon cross sections in the energy range 534 through 10^8 Mev. By cross 

secticms, we mean the total (uj, elastic (9 ). inelastic (9|)« and charge-exchange 

(9 ) cross sections. jDoelastic cross section here is syaoaymous with annihilation 

cross section for antiproton kinetic energies below the threshold <288 Mev) for 

pion production. Above 288 Mev, the inelastic cross section includes both 

annihilation and pion production (withoitf aanihilatioa). A prelimkMtry report 

of the p-p results has been given. A portion of our results, together with a 

survey of other recent antinucleon eaq>erim«nts, is ccmtained in reports by 
2 3 

O. Chanberlain and W. A. Wenxel. 
The particiilar energy range for antiprotons here was selected to esrtend 

4 5 6 7 the lower energy n%easurements of others ' ' ' as well as to explain an apparent 

contradiction in previous results near 900 Mev. From the results of earlier 
8 9 experiments. ' <me would conclude that there was little diflfracticm scattering, 

whereas the inelastic cross section was very nearly the total cross section. In 

sharp contrast, the subsequently detemained low-energy results (0 to 200 Mev) 

displayed a forward diffraction peak, and one found 9 « Q.* The low-energy 

results were ia good agreement with calculatioas l|y Ball and Chew based on 
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coaventioaal Yukawa pion-exchange mechanism. Y^iile these calculations 

are not applicable above 250 Mev, a plausible ntodel of the p-p interaction advanced 

by Kobe aad Takeda iadieated a similar behavior at the eaergies under investi­

gation here. 

In addition to the basic cross-section nsieasurenaeats we have determined 

the angular distribution of p-p elastic scattering at forward angles. These 

results are compared with an optical nsodel. For the p-p inelastic process 

the amount of i^on production included with the annihilation in the total inelastic 

cross section has been estimated. 

A forther purpose of this experlnoent was to measure p-d (antiproton-

deuteroa) cross sectioas and thus obtala the p-n cross sections by a subtraction 

procedure between p-d and p-p data. Compariscm of the'p-p aad'p-a results 

reveals the amount of interaction! itt,lhe two possible isotopic spin states of 

the aucleon-antinucleon system. These results are given in See. VI. 

While it had been hoped that some iaformatioa on antiproton production 

cross sections in hydrogea could be ofeNtaiaed, it was not possible to assure that 

the CH, ts-î gat aad the carbon target used within the Bevatroa were irradiated 

ideatieally by the Bevatron beam. 8oxa» comnaents are iacluded ia Sec. XV oa 

the attenapt to measure productioa ia hydrogea. Results for productioa in carbon, 

such as the excitation function aad noomentum distribution of antiprotons, are 

pres«a.ted. 
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n . APPARATUS 

A. Antiproton Beams 

The antiproton component of the beam was electronically selected from a 

naonaeatum-aaalysed beam of aegatively charged particles —predominantly pioas. 

The magnetic ehaaael that formed the naomentum-analysed beam was similar to 
12 13 thoae of previous experimtents. ' Our system differed ia> that it was ^ysicaUy 

longer, and the momentum spread of particles traversiag the ehaaael was slightly 

larger. Specifically, the five eaergies v^liaed were 534, 700. 816, 946, aad 

1068 Mev. 

A schenaatic diagram of the experimeatal area is shown ia Fig. 1, aad 

its priacipal comLptments are identified in Table I. The Bevatron internal proton 

beam strikes either a carbon or polyethylene target T. The beam duration is 

approxinMitely 100 msec. To obtain p beams of the five desired energies through 

our fixed system of magnets, we utilised several target positicns (T) in the 

Bevatron magnetic fiald region. This allowed observation of antiprotoas at small 

laboratory angles, which was desirable for oMaining maximum intensity. Three 

positioas were found (at each position a earb^a aiwl a polyethylene target were used 

alternately) for tiMch the naagaetic channel would transmit aatiprotcms ia the 

desired naomentum range with laborfitory angles of emissitm betweea 0 and 4 deg. 

We will not elaborate on the mtagaetic channel, as details of our particular 
14 15 

systena here have been presented in reports by Chamberlain and Tiche. The 
general characteristics of the beam produced by this system may be described 

9 by mozaentum spread Ap/p of afe 3%. For this interval, approximately 10 

{^ons and 5 ^itiprotons were transmitted through the channel for each Bevatroa 

pulse, during which nominally 7X10 protons were incident on the Bevatroa 

target T. More precise productioa rates are givea ia Sec. IV. 
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In order to view the beam sise aad position initially, and thereafter to 

be certain that all naagnet currents were correctly set when altematiag betweea 

various Bevatroa targets aad different aatiprotoa momenta, we used a device 

called the Beam Profile Indicator to observe the beam-intensity distribution 

visually at any point in the naagnetic channel. Basically, the Indicator is a row 
2 

of 21 i^astic scintillator elements. Each scintillator has a 1-cm area per­

pendicular to the beam direction and is viewed by an RCA 1P21 photomultiplier 

tube. When particles traverse the scintillators, the proportionate aeeunaulated 

charge fromi each photomiultiplier current is sequentially displayed on an 

oscilloscope inribiere the beam intensity pattern appears as a histogram (this device 
16 is described in detail elseia^ere ). A typical beam pattern is shown in Fig. 2. 

The device could be inserted at desired positioas mlsmg, the beam and could also 

be rotated about the beam direction to obtain the profile ia aay plaae through the 

beam directioa. 
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B. Beam Counters 

The counter system used to select antiproteois from the momentwm-

analyaed beam of negatively charged particles consisted of three scintillation 

counters, S|»S2'^3 '̂̂ ^ "̂̂ ^ Cerenkov counters, VSC-U and ^. The positions of 

these counters along the lM>am are shown in Wig. I, and their dimensim&s are given 

in Table I. The three scintillators were viewed by RCA 7264 ^totomultipUer 

tubes. Time-of-flight measurenMtnt between these counters rejected 99% of the 

pions. Effective di8criminati<m against the remaining jplotut was obtainctd with tiie 

Cerenkov counters shown schen^atlcally in Fig. 3. 

VSC-II was a narrow-band velocity selector tuned to antiproton velocity, 

and similar to the velocity-selecting Cerenkov counter described by Wiegand and 
17 •>« 

Chamberlain. The function of ^ was to detect particles having velocities greater 

than that of the antiproton (i. e . , electrons, pions, muons). Thus 7^ was used 

in anticoincidence. As described in the following paragraphs, it was possible 

to use the same Cerenkov radiator for both VSC-IX and Xi. 

When a charged particle of velocity P traverses tbm radiator, which has 

an index of refraction n, Cerenkov light is emitted at an angle 8 with respect to 

the particle direction, where B is given by the expressioa 
cos 8 M _-g- . (I) 

As seen in Fig. 3. the refracted light then leaves the radiator at angle 8*, aad 

is then guided by the cylindrical ntirror and the three j^aae aciirrora (arranged in a 

triangle) to the photomultiplier tubes. The plane mirrors merely serve to renwve 

the tubes from the beam. Light emitted by a particle of given P reaches the 

photomultipliers only when the radiator, cylit»irical mirror, aad photomultipUers 
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have the proper separation governed by the angle 8*. These comipoaeats slide 

on rails so that the counter can be easily adjusted for different velocities. The 

entire instrument is contained in a light-tight box. The light from particles slower 

or faster than the desired velocity misses the cylindrical mirror and is absorbed 

by the baffle or the outer black box. Accidental counts are nainimiaed by the re-

quirenaent that all three photomultipliers give an output in coincidence. 

Figure 4 ahows the efficiency for two particular velocity settings (indicated 

by arrows) of VSC-II. corresponding to antiprotons having mom.enta of 1200 Mev/c 

aad 1640 Mev/c. The curves were obtained by sending protons of different velocities 

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

coincidence Ŝ Ŝ̂ Ŝ  VSC-II to the threefold coincidence Ŝ Ŝ Ŝ̂ . 

The VSC-II radiator naaterial was cyclohexene, contained in a thin-walled 

Incite cylinder 3.25 in. diam by 4.7 in. l«tg. Cyclohexene (CH:CH(CH2)3CH2) 

was chosen because of its low density (0.81 g/cc). its inability to scintillate, aad 

chiefly because its refractive iadex was suitable for the combiaati<» of VSC-II 

and IS. The optical index of cyclohexene is 1.46 at wavelength 4250 ^ This is 

the average useful wavelength estimated from the response of the RCA 7046 

photomultiplier to the portion ol the Cerenkov radiation spectruax transmitted 

through the lucite container of the radiator and the lucite light pipe cm the photo-

m^ultiplier tube. 

Although VSC-II and "C are independent counters, they utiUae the same 

Cerenkov radiator. This is possible for a radiator with index of Refraction (n)>y~Zt 

For this case, total internal reflection occurs for the Cerenkov light from particles 

faster than a certain velocity (3*. Specifically for n » 1.46, one finds p* <^ 0.95. 

The antiprotons detected by VSC-II were in the velocity range 0.7^ p j$ 0.9, while 

pions of the sanM momenta have p >. 0.99. Thus total internal reflection occurs 
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for the Cerenkov radiation emitted by the pions, and this light is trapped within 

the radiator, bt order to veat this pioa light and at the saxae time accept aegUgible 

light from the antiprotons, a Incite light pipe was optically connected to the front 

end of the radiator and coupled to another plK>tomultipUer tube. The setup is 

di8{dayed in Fig. 3. Most of the light from the pions. perhaps after several 

reflections around the radiator, eventually reaches the 6810A ]^<Homultiplier 

tube. This is the Ĉ  counter which, when used in anticoincidence with S., Ŝ * 

and Sj (delayed for pions). rejected all bv^ 0.015% of the pions. 

C. Antiproton Interaction X)etectiw> System 

Figure 5 shows a portion of the target assembly in relation to the counter 

systemi. The counter system consisted of 27 scintillation counters which alnaost 

completely surrounded the target flask. This flask could be filled with liquid 

hydrogen or deuterium. , 

The geometry of the counter system (Figs. 5 uxd 6) was designed to 

distinguish the various antiproton interaction processes. The basic idea is that 

the surrounding scintillators detect all out-going charged particles resulting from 

antiproton interactions w^iila the target (similar to the method used by Coombes 
4 

et al. ). Sixteen counters, designated S-1, S - 2 * " S-16. encircled the target 

like the staves of a barrel, while counters a, ^, y, S, A« B, C, and D formed 

concentric rings in the forward direction when viewed from the target. S^ aad 

S. were good-geoaietry counters used for the total-cross-section measurenoents. 

These were constructed of 0.375-in. -thick plastic scintillators (97% polystyrene, 

3% terpheayl, and 0.03% tetraphenyl bv^adieae), viewed by RCA 6810A photo-

multi|diers. 



-$' UCRL-9288 Rev. 

Finally, the system was designed so that a layer of lead, approxinaately 

0.375 in. thick (1.86 radiation lengths) in any radial direction from the target. 

could be inserted between the target and the scintillation counters in order to 

convert y rays from the neutral pions resulting from antiproton annihilations. 

A simplified block diagram of the basic electronics is shown in Fig. 7. 

The electronic identification of antiprotons was accomplished first by a last 

coincidence of the sciztfiUation counters S., S,, and S. in anticoincidence with the 

meson counter "C, Another coincidence circuit received the signals frona the 

three VSC-n photomultipUers to produce the final VSC-II signal. Hnally a 

third coincidence circuit placed VSC-n in coincidence with S.S^SJC, and 

thus signaled the transmission of an antiproton through the magnetic chaimel 

and its incidence on the hydrogen target. The pion-rejection rate, i. e . . the 

ratio of pions counted accidentally to the total number of picas thi^ pass through 
-8 4 

the system, was 3X10* . Since the ratio of pions to antiprotons was "5X10 , 
3 

there was only one accidental pioa in every 10 electronically identified antiprot<a&s. 

However, even forther discrimination was obtained by the photographic method 

described below. 

As schematised in Fig. 7, the signal from an identified antiproton. i. e . , 

the output of the 2X10' coincidence, was put in coincidence with each of the 

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

incidence circuits. Each of the 27 possible outputs was delayed sequentially with 

alternate polarities for oscilloscope presentation, and each output was gated to 

eliminate nnutual interference. The identified p signal was also used to trigger 

e four-beam oscilloscope, which displayed the 27 two-chanael coincidence outputs 

along with the beam counters used to produce the trigger. The drawing ia Fig. 8(a) 
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shows the positions of all possible pulses. Traces I aad 2 display the beam 

counters udth the exceptioa of VSC-U. ifere the fiaal diserimiaatioa agaiast 

the remaining i^on contaminati^ was laade by rejection of raay event that had a 

'S pulse, approximately one e v e ^ ia a thousaad, Siace S, aad "C had the same 

polarity, they were electronically gated so that an accidental $2 poise could not 

simulate "C, and vice versa, tn addition, the time-of-flighl criterion was made 

more striage«tt by the measurement of the relative posiUoas of S^.S^. aad Sj 

to within 2 nsec. The pulses labeled M in Fig. 8(a) are timing auirkers used 

to identtfy the posiUons of the other pulses; r^r^, and TJ are beam-splU-tlme 

indicators used to ideally the Bevatron eaergy at which thm antiproton was formed. 

The oscilloscope traces were j^totegraj^ed oa 39-mm fiUn. As nuuay as 

six eveats could be recorded duriag a Bevatroa pulse without iaterfereace be­

tweea the various traces. Figure 9(b) ie MI actual photograf^ of the film ia which 

five events are seen. The top trace of each of the four groupings is the first event. 
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m. PROCEDURE 

.; .1 Wh^nliqiiidhydrogen.waji used as the target^inate«ii^r''it was «»rr(Minded.by the 

lead converter (see Fig. 5) approximately half the time. The lead was inaportant 

to insure accuracy in the inelastiG cross secti<m, as well as to indicate what 

fractitm of the inelastic cross section was due to annihilation, in either ease, 

i. e. • with or without lead, runs were naade in sequence for the five «b|eeted 

aatiprotoa momenta aad, for each monaelilum, runs were made with the hydrogen 

target alternately fuU and empty. This same procedure u«s repeated with 

deuterium as the target zaateiial. 

To olMiain the desired statistical accuracy, it was necessary to have 

~ 20,000 antiprotons incident on the target for each cross-seetton measuremeat. 

Information icm p production, aad on the p-p (or p-d) total cross sectioas, was 

electronically noonitored during the experiment. In order to obtain the p 

partial-interacticm cross sectioas, the oscilloscope film had to be aaalyased. 

Aaalysie of the filna data was guided by the fact that aatiprotoas eateriag 

the hydrogen target can iatoract in three ways; by elastic scattering, annihilation 

or inelastic scattering, aad charge-exchaage. From low-energy dato ' ' we 

know that elastic scattering is peaked ia the forward direcUon aad that, vapwx 

annihilation, 4.8 e naesons (about 2/3 of them charged) are produced on the average. 

Therefore, half the interaction detectton counters (Figs. 5 and 6) surrounded 

the target in order to detect the major fraction of the annihilation |doas. The 

remaining counters in the forward directioa detected elastieaUy scattered anti­

protoas as well as same of the aanUdlatton pions. The central disc counters 

S^ aad Sj. monitored the noninteraeting antiprotoas. laformatloa photographed 

oa the oscilloscope (£tg. 8) was therefore classHed as follows: 
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(a) Pass-throttghs. If the good-geometry couaters. S. aad/or S. were 

the oaly couaters that siyaaled, the aatiprotoa passed through the hydrogea without 

interactton. 

(b) Elastic scattoriag. If a aiagle co«aiter of the snaall-aagle rings 

counted, it was considered an elastic scattering event, since the recoil proton 

did not have sufficieat eaergy to leave the target. However, ia the larger riags it 

was possible to have aa additional counter signal due to the recoil proton. This 

eveat was accepted as aa elastic scatteriag <mly if the event was coplanar within 

the resolution of the system. 

(c) Inelastic scattering or annihilation. This classified event* in which 

any three or miore counters signaled. It also included those two-counter events 

whose geonaetry was inconsistent with elastic scatteriag. 

(d) Charge exchaage. This fiaal classification was for the events in irrtiich 

none of the surrounding counters gave a sipial, aad therefore aa eveat of the type 

p f p -» a 4- a was assumed to have taken place. 

A test was nmde to prove our system iadeed capable of distinguishing be­

tween the classifications listed above. This test consisted of measuring known 

proton-proton cross sections. Positive proton beaois were fonaed by scatteHng 

a 1.2-Bev internal Bevatron beam from an adUlitional target located in the region T 

(see Fig. 1). With all mafpaet currents reversed, the p traversed the magnetic 

channel and entered the hydrogen target in precisely the saaae ooanner as the p. 

If the system could separate p-p elastic scattering from p-p inelastic events 

normally producing only one pion at these energies, it should easily distinguish 

p-p elastic scattering from p-p inelastic events in which up to 8 i^ons can be 

produced upon annihilation. The p-p total, elastic, and inelastic cross sections 

were aaeasured at 528 and 940 Mev. The results, which have been presented in 

Table HI of reforence 1, were found to be in excellent agreeaumt with previously 

nieasured p-p cross sections. 
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IV. ANTIPROTON PRODUCTION 

A. Production in Hydroj|ea 

It seemed possible that the cross section for antiproton productioa ia p-p 

collisions naight be measured (by a CH2-C subtractioa) at the same time the 

p-iateractioa cross sectioas -wmrm beiag measured. The relatively high productioa 

rate in hydrogea indicted by a previous experinaent served as incentive to ea^dore 

toe producUon phenomenon more accuratoly here. Because aa external protoa 

beaa» at the Bevatrtm does not exist, we approached this phase of the experisoent 

by utiliaing the Bevatron internal beam. It was therefore necessary to use target 

naaterials such as C and CH, and resort to a subtraction process as before. 

To easure greater reliability ia the subtractioa process, tor get fii|qpiag 

mechanisms were developed to flip either the C or the CH^ targets to ideatical 

positioas withia the Bevatroa. The C and CH^ targets themselves were designed 

to possess the same number of carbon atoois aad at the same time have ideatical 

eateraal physical dimensions. This wm.9 accomplished by cutting holes in the 
18 carbon target. A primary lip was installed ahead of the desired target at a 

distance corresponding to the half-wave length of Bevatroa radial oscillations. 

Heavy clif^^g devices were also stationed arouad the Bevatroa taak to easure 

negligible probability that the internal beam protons would hit the torget holders, 

and that they would be stopped after warn traversal of the target. To minimise 

unkaowB systematic efifects of the Bevatron beam, the C and CH, were used 

alternately on each Bevatroa pulse. 

To determine the Bevatron radial position of the primary lip, observed 

production in the target was calculated n^ipreximkately as a foacticm of the lip 

radius. It had been expected that the characteristic â aipc of this curve would 
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indicate a lip position at which the protons would be focused onto the torget T 

(Fig. 1). Unfortunately, there was no agreement between the calculated curve 

and toe observed effect, so it was not possible to guarantee that both CH2 and C 

targets were equally irradiated. If the torgets themselves were acting to any 

appreciable extent as their own lips, then the effectiveness of the proton beam 

in penetrating the targets would have been subject to variatioas due to mimite 

misalignments. 

Our results s h o i M that the CH2 target was only 95% as effective as the 

carbon target (with the sarc^ number of carbon atoms) for producing 1684 Mev/c 

antiprotons at 0 deg. Owing to possible errors la this phase of the experiment, 

it i s diffictUt to make a quantitative estimate of production in hydrogen. Even 

with a correction for absorption in torgets. our results are consistent with 

no production of antiprotons from hydrogen. Thus, serious doubt is cast cm 

the earlier results for 1190 Mev/c antiprotons, where productton in hydrogen 
12 was found to be large with respect to productioa in carbon. However, the 

present results are still indecisive due to uncertainties in Bevatron beajox dyniumics, 

and more accurate measurem.ents zaust await external proton beams. 

.^^rt from experimental difficulties, the above results might be explained by 

the particular p naomentum chosen. Laboratory momentum 1684 Mev/c was used 

because antiprotons of this momentuxn have a velocity equal to the c. m. velocity 

resulting from 6-Bev nucleon-nucleon collisions. Fromi a statistical calculattoa 

of the antiproton c. na. xnomentum distribution, similar to the method used by 
19 — 

Amaldi et a l . , one would expect the laboratory p mom.entumt distribution to 
peak at " 1684 Mev/c. Hagedom has similarly calculated the antiproton c.ao. 

20 momentum distribiition; however, he included the effect of final-state interactioas 
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in MMeh the p can annihilate with one of toe toree final-state nucleons. In toe 

c m . system,, antiprotons having small relative momentum wlto one of the nucleons 

wotild be expected to be most susceptible to annihilation. This reduces tlM observed 

number of low-energy antiprotons in the c. na. system, and hence those in the 

laboratory system, at * 1684 Mev/c. Unfortunately, exploration of the CH, - C 

difference was not undertaken at momenta other than 1684 Mev/c. 

B. Production in Carbon 

The only prevtous information oa toe production of antiprotons as a 

function of Bevatron energy consisted of toree experimental points for 1200-Mev/c 
21 antiprotons produced in a copper target. This inform.ati<« was not sufficient to 

deternaine toe shape of the excitation function. In Mg. 9 we present toe results 

of this experiment for the production of 1684-Mev/c antiprotoas. The experimeatal 

points were determined by c o w i n g toe antiprotons traverstog our magnetic ehaimel 

and mcHAitoring the Bevatrok internal beam iacideat oa our carboa target by meaas 

of toe Bevatroa iaductioa electrodes. Correctioas were made for detectiwt 

efficieacy, traasmission through toe naagnet system, and absorption by material 

in the beam; therefore, toe experimentol points actoally refor to production at the 

Bevatron target. These corrections introduce son&e uncertaiiUy in toe absolute 

cross section. Only the relative statistical errors are shown in f ig . 9. 
19 Our data can be compared wito the statistical calculations of Amaldi et a l . , 

who assunoed that to a nucleus such as carbon, toe princix^ antiproton productton 

processes are: 

P + n-*p + p + p + n; (2) 

and ^ 
p + p -•"p + p + p + p . (3) 
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For toese reactions, toe cross section was considered to be proportional only 

to toe volume of {^lase space available. The kinetic energy available In the center-

of-maas aystem is distributed aaM>ag toe four final-state particles according to 

stotistical foctors. The nucleons to toe nucleus were considered to be a completely 

degenerate Fermi gas with maximuna energy of 25 Mev. The following formula 

resulted for toe laboratory distribution of antiprotons as a function of their 

momentum and angle, and also of incident proton energy: 

2 
S ( p , (l)dp d ^ a ••.•g" II-. ii.1 if 2' ^P dfi 

(P + 1) 

P(WQ) (WJJ - 4)* 
r a 2 T r 
! - ( # ) 

^ max 
(P4^ + I 

1/2 
dW, f 

** (P^ >̂  
.0 "̂̂  max' (4) 

where 

W|. B toe total eaergy to toe c. m. system (ia protoa n&ass uaits m ) , 

(W_-4)^ w phase-space volume, ixdiere n « 7/2 for Eq. (2), and 9/2 for Eq. (3), 

p^ e antiproton c. m. monaentum, 

p m antiproton laboratory-system znomentum. 

M » cos 0, where 9 is the laboratory angle ot emission of the p with respect 

to the forward direction. 

P(Wo)dW^. the probablUty that W^ (to toe c. m. systom) of toe Incident nucleon, 

and one nucleon to carbon, lies between W^ and W. <f <^^A« 



-16- UCRL-9288 Rev. 

We have evaluated S (p e 1684 Mev/c. |x » 1) as a fimctioa of incident protcm 

energy for the two cases a » 5/2, 7/2. The results are plotted in Fig. 9 along 

wito toe experiznental data. A rather arbitrary normalisation of toe calculated 

results has been made with the experimental point at 5.1 Bev. 

It is seen that the experimental values do not increase as rapidly as ex­

pected wito tocreastog energy, stoce a value of n between 7/2 and 9/2 is predicted 

for Eqs. (2) and (3) to a purely statistical model. Thus the assumption of the 

statistical model may not be completely valid. Otoer types of nuclear models 

might be more appropriate for computing the function P(WQ). It is also true that 

if other processes are important, aside from Eqs. (2) and (3) — such as the fomaation 

of a deuteron or helium nucleus to the final state — a smaller value for n to 

accordance with the experimiental data would be predicted. Reports from C£RH 
% 

show that an appreciable number of deuterons, as well as some He , are produced 
22 23 to 24-Sev proton collisions. ' 

In Fig. 9 one sees that the threshold for^aatiproton production in carb<m 

is abotrt 4.3 Bev. This would be expected from processes (2) and (3) when the 

target nucleons have a maximum Fernai energy of 25 Mev. the value assumed 

to toe statistical calculations. This feature lends support to the initial asaunaptioa 

that proton-nucleon collisions are primarily responsible here, as much lower 

thresholds would be noticed for reactions such as (5) and (6): 

It" + p -• p + p + n i (5) 

Tf + n -• p + p + p . (6) 

Such processes can occur torough a two-step process withto toe carbcm target 

if a high-energy pion is first made by a proton-nucleon collision. This pion toen 

proceeds to inittote reactions (5) and (6). The threshold at the Bevatron to produce 

a pion of sufficient energy to carbon (agato assumtog 25 Mev for toe maximum Fernai 
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energy) i s about 3.2 Bev. As no antiprotons were detected at our lowest energy of 

4.25 Bev, our results show no evidence for reactions (9) aad (6). 

Data oa the productioa of aatiprotoas as a foaetioa of toeir momeato are 

givea ia Table II. where iaformatioa from other experiments is also presented 
9 4 24 for comparison. ' ' Table II (filto col.) gives toe ratio of pions tr«ismitted 

through the magnetic channel to incident protons on the torget. This ratio is 

presented to show toat the nunaber of transmitted j^oas vs zaonaei^um is relatively 

coastaat ia aay givea experimeatal arraagemeat, aad toat oae is toerefore able 

to use toe pioas to saJMditttr toe relative p rates. For col. 7 of Table II we have 

calculated toe noore desirable ratio of aatiprotoas to tocideat protoas. These 

aumbers have beea corrected for couating eiSLcieacy and losses along toe magnetic 

channel, so that toey actoally refer to antiprotons produced at the carboa target. 

Although toe relative values of p/p are probably accurate, there is about a 20% 

uncertainty to toe abeolut<i& p nuanfJAer. Because of this foctor, and dilforences to 

toe targets as well as to toe solid angles of acceptance aad transniissions of the 

vartous spectrographs, this ratio is not tabulated for the otoer experiments listed 

to the table. 
19 In Fig. 10, experimental data are agato comimred wito statistical results. 

The curve shown is obtatoed from £q. (4) for a « 7/2, T . ** 6.1 Bev, and 8 * 0 deg, 
P 

and it is normalised to toe experimental potot at 1684 Mev/c. It is seen that the 

calculations have todicated toe shape of toe momentum distributiOB reasoaably. 

No precise quaatitative results were obtaiaed for the aagular distributioa 

of aatiprotoas produced at a givea momeatum. Qualitotively, we found to our 

momeatuna raage that toe productioa cross sectioa at " 10 deg to the laboratory 

system was about 12% smaller than toe cross section at 0 deg. 
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V. ANTIPROTON-PROTON CROSS SECTIONS 

A. Calculations and Results 

The antiproton-protoa interaction events, identified by the aaetbods 

described earlier aad classified according to toe four categories enumerated ia 

Sec. lU. were used to calculate toe fondMnental p-p cross sectioas by means of 

th» following formulas: 

\^ 

I 0 I' 
*̂ t" "w T" ̂ r^ i * '̂̂  

* - ^ i « ' 0 V 0 *i i . . . 

I ' ^ * ^ e '̂ ^ cr̂  « ^ I n . -.J >^li4:| r 1 • (9) 
' I? / 

îHnere 

9g » - ^ I n j ~ . | Xp ^ i"̂ , ^ I I / , (10) 
e e c / 

IQ S the number of tocideat antiprotons, 

I K the number of pass-toroughs, 

I. « the number of toelastic events, 

I «s the number of elastic scatters, e 
I a the number of charge exchanges, 

N B the number of protons/cm to toe target. 

The unprimed quantities in toe foregoing equations refer to naeasurements made wito 

toe hydrogen target full; toe primed quantities refer to background measurements 

obtatoed with the target container emivty. 
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The analysis of all toe p-p interactioa events has yielded toe results given 

in Table III for the five p eaergies investigated here. The results are practically 

the same as given to an earlier report to which " 60% of the data were analysed. 

Slight changes on the order of I to 2% seen ia toe table result from the toclusiim 

of all toe data; conaequently, smaller errors are reported here. 

The angular distribution of fr-p elastic scatteHag is showa in Figs. 11, 12, 

and 13. Most of the elastic scatters are ctmtained withto a ccme of half-angle 40 deg 

(center-of-mass). Although our systen^ could also detect the elastic scattering 

fronci 40 to 135 deg (center-of-mass), the angle 8 could not be reaolved in this case. 

The experimental points at 0 deg are lower limits deternsdned by means of toe optical 

toeorem from toe total-clN»#8-section measurenaents. In Fig. 13 we have fdotted 

toe data of Armenteros et al. for comparison, who performed toeir experiment 
24 with techniques similar to this experiment, but had better angular resolution, 

especially at large angles. The two sets of data are in very good agreenaent. 

The curves shown to Figs. 11, 12, and 13 were calculated by meaaa of toe 

optical model of Ferabach, Serber, aad Taylor, to which toe scattertog amplitude, 

difiCraction cross section, and absorx>tion cross section are given respectively by 

f(8)B 4 - j <*-»>''^oil? •*» I ) P<*P' <") 

cr̂  « 2ii r f l -a I * p d p , (12) 

1 
and w 

OTj « 2tr (1 - a ^ p d p . (13) 
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For an tocident wave of unit amplitude and aero phase, a is the amplitude aad 

phase of toe transmitted wave; p is of course toe distance from toe scatteriag 

center, measured in a plane ortho|pnal to toe tocident-wave direction. The 
24 particular p dependence of a used by Armenteros et al. was 

a « 0 , for 0 < P a^Q i 

*0 " * ' 

a » 1 - mxp 
PQ 

, for p >^RQ . 

This corresponds to a black region of total absorption having radius R surrounded 

by a region where toe absorxition decreases exponentially fromt B^ wito increastog p. 

The values of toe parameter. R^ and p^. determined from the experimentol cross 

sections, appear in Table IV. The values frona reforence 24 are also showa. To 

obtaia these parameters, our cross sectioas at 700 aad 616 Mev were averaged for 

toe calculatioa mt 758 Mev. and those at 948 and 1068 Mev were combtoed to 

calculate toe angular distribution at 1000 Mev. TMe was done because toe angular 

distrilNitiexui at toese energies were nearly identical. 

Owing to our lack of iaformati<m at large angles, a comparison bet̂ Rwen 

various density distributions other toan thoae to Eq. (14) is aot feasible. It was 

showa, however4nreference 24, that toe c<»kditions of £q. (14) give a better fit 

to the data at 980 Mev than a model of a completely grey regi<Mi does. 

It is of iitterest to consider the behavior of toe toelastic cross sectioa 

above toe threshold for naeson productioa. The inelastic cross secttoa as deftoed 

earlier is due to the aanihilatioa process below 288 Mev, while above this eaergy 

toe followtog reactions nnay be tocluded: 
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p ^ p ^ p . p * , ^ (19) 

p + p - ^ a f p + e * , (16) 

p-fp-»iB4-p + ir' , (17) 

p + p - * a + a - f « . (18) 

(Dottble-id<m production is aegUgiMe below I Bev, as i s toe ease to the p-p 
26 and n-p iateracttons. ) These processes have toe disttoctive foatore that oaly 

two charged particles are produced to toe final state, excof^ for process (18) to 

which the gammas from, toe « decay m i | ^ a i ^ a r upon cmiversiem as «me or two • 

charged particles; tons the analysis of our <me- Mad two-pai^de toelastic eveats 

obtaiaed with the lead coaverter allows us to estimate the cross sectioa for (16), 

(17), aad (18), The sauae procedure cannet be used for (19) without toe lead con­

verter, because this process is aot distiaguished by our ceuzfters from the mere 

abundant aanihilatioa naode 

— + - 0 
p - f p - ^ t r +1T - f a w . (19) 

We fiad that toelastic processes (16), (17), aad (18) takea togetoer compose 9s^ mb 

of the iaelastic cross sectioa at each of the p energl^sis of this ea^riaumt. This 

result is la agreemeat wito the naore accuri^e dato of Xonmg et al. for 930-Mev 
27 aatiprotoas ia the Berkeley 72-iaeh hydrogea bubble chamber. They obtato 

1.6, 1.1, aad 0.96 mb respectively for processes (19), (16), and (17). 
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B. Corrections and Uncertainties 

The errors quoted in Table III are the standard deviations due to counting 

statistics together with the estimated uncertainty in the following corrections. 

I. The Total Cross Section 

The total cross sections were corrected lor forward scattering. This was 

done by zae&suring the cross sections at three different cutoff anglea (3, 4.2, and 

5.3 deg) determined by counters S. and S.. These results were plotted vs solid 

angle (determined by the cutoff angle) and extra]K»lated to aero solid w»gle by a 

straight-line least-sqitares fit. The result gave the same correction factor aa one 
2fi a 2 

wotild o^ain by using the optical theorem and the assumption da/da(0 )« 1Q $ 

u^ere IQ i s the imaginary part of the forward*scattering amplitude. This cor-

rection factor (3 deg to 0 deg) amounted to appreidmately 2 mb. 

Snaall corrections of the order of 1% to 2% have been made for accidentals 

and fbr annihilation, in c«mnter. S^ and S .̂ The accidentals are due to the high 

flux of neutrons in the Bevatron experimental area. The concrete shielding around 

area A (fig. I) was not suffici«&t to eliminate this background entirely. To de­

termine the accidental rate, a num^ber of runs were made during which the p 
-8 trigger from the 2X10 sec coincidence (Fig. 7) was pat out of delay with respect 

to each of the 27 signals from the counters encircling the hydrogen target. The 

oscilloscope traces were photograi^ed as in a noantnat run. Any pulses that 

occurred during this time were due to the accidental counts. The results showed 

that an average counter had a probability of ""LSXIO for counting accidentally 

during a real event. Corrections were made for this effect in the analysis of the 

various events. 
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2. Elastic-Scatterinp Cross Section 

The sam,e correction for forward scattering has been n%ade as in the total 

cross section, as well as similar corrections for accidentals and annihilations in 

counters. An additional correction ('* 1%) has been made fbr scatterings that find 

their way through small cracks between counters and so simulate charge exchange. 

No correction has been naade tot backward-scattered antiprotons that may 

not have sufficient energy to leave the target and hence annihilate in the hydrogen, 

because of the uncertainty in the angular distribution at large angles. However, 
5 7 2 

other experiments, in which the angular distributions are known to large angles, ' ' 

indicate that this correction is small ( ^ 1.0%). 

3. Inelastic Cross Section 

Here, correctio«uB for lumihilations in counters and for accidentals have also 

been made. We note that annihilation events of the type p f p - » n -i-tr'-fnv 

(where n is an integer of average value " 3) can be distinguished from elastic 

scattering chiefly because of the coplanarity condition. This was ymn^^d when the 

lead converter was used and the number of elastic scattering events remained un-

changed. The particiilar axmihilation mode, p 'K p-» «̂  -t̂  tr , cannot of course be 

distinguished from, elastic scattering by our system. However, this mode has been 

estimated from bubble chamber experiments to constitute less than 0.3% of all 
5 26 annihilations. ' The other possible annihilation modes are unam^biguous. 

4. Charge-Exchange Cross Section 

For the charge-exchange croas sections, corrections have likewise been 

zaade for antineutron annihilations in the surrounding counters, for accidental events 

that would make a charge exchange appear aa a pass-through or elasUc scattering, 

and for the snaall fraction of' small-angle elastic scatterings that would normally 
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be counted in only (me counter, but can occasionally travel tiirough a crack between 

counters and be recorded aa a charge-exchange event. A correction haa also been 
0 made for annihilations that produce v saesiMEUi imly. Previous experiments indicate 

that possibly 20% of the charge-exchange cross section (as determined here when 
5 6 the lead converter was not used) could be due to *'sero-prong annihilati<ms". ' 

This amounts to about 1.5 mb. Low-energy theoretical calculaticms agree with this 

estimate, and our resvdts determined with lea4 cimverter corroborated an effect 

of ab^Kt this siae. 

The data taken without lead converter included the process p -f p-« n t n 4- v 

as part of 9 • while fbr the data with lead converter this process is recorded as 
c 

part of 9 . . Since the cross section for this process is yet unknown, we have made 

no correction, however it H believed to be *" 1 nob. ' 

C. Discussion 

The results for the p-p cross sections given in Table in are plotted in 

rig» 14, to compare thexn with the cross sections olitained by otl^rs at nearby p 
4 5 8 9 6 24 32 energies. > * *^' ' • Qgao sees a reasonable trauxsition between the low-energy 

cross sections and those determined by this eaqp^eriment. There is excellent agree­

ment between our highest-energy points and the data of reference 24. In the energy 

interval of this experiment the general trend of the p-p cross sections is a slow 

decrease with increasing energy; the cross sections vary approximately as 
-1 /2 — 

T ' , where T is the p laboratory-system kinetic energy. Although the 
P P 

charge-exchange cross section appears nearly constant, it is not inconsistent with the 

energy dependence of the other cross sections. Our values fbr the charge-exchange 

cross section are in agreement with other data (obtained by different methods) not 

presented in Fig. 14. For example, Weingart et al. obtained the value 10.9*5.8 mb 
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33 at 455 Mev. They used a C and a CH target to initiate the charge exchange 

and a large block of plastic scintillator to detect the antineutron annihilation. The 

experimtent of ifinaichs et al. irtilising 930-Mev antiprotons in the 72-inch hydrogen 

bubble chamber has yielded a value of 7.8*0.6 mb lor the charge-exchange eroaa 
31 section. 

We have discussed in a previous report the puaaUng situati€»i creat4liby 

ta 

8,9 

earlier experimental results near 500 Mev. As seen in Fig. 14, these data 

indicated a large absorption cross section with little diffraction scattering. 

The situation seems largely resolved, as our present data show the diffraction 

scattering near 500 Mev to be '*' 1/3 of the total cross section. 

In the antiproton energy range 50 to 250 Mev, the p-p cross sections are 

understood in terms of the theory of BaU and Chew. Their model stresses the 

analogy between the p-p and the nucleon-nueleon systenas. They f|se the 
34 35 

Gartenhaus-Signell-Marshak potential, ' which seems to represent the nucleon-

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

case. The result is that a nucleon appears to an antiproton as black hole or core 

region, surrounded by a potential due to the pion cloud. The earlier experimental 

data (also shown in Fig. 14) lend support to this model. In the energy range of 

applicability, I. e . , 50 to 250 Mev one finds C^ « cr. « 9^/2. Thus the Ball-Chew 

model in its predictions is very nearly like a classical black-sphere region of else 

\ (pion Compton wave length). This is explaSnE«| by the effectiveness of the outer 

potential due to the pion cloud which draws the p into the core region where it 

annihilates. 

The ntethods used in the Ball-Chew calculations render thena inapfdicable in 

our energy range. Hbwever, a noodel along the same trend of ideaa has been 

proposed by Koba and Takeda. Their predictions are applicable at our energies 
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and accord vtAth our measured croas sections. Their model consists of a 

com.pletely phenomenological core region surrounded by a pion cloud. The core 

region is likened to a black sphere whose rddius a. is left as an adjustable 

parameter. Outside the core region is the potential owing to the |^on could, which 

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

a manner perhaps similar to that of Ball and Chew for low energies. It is expected 

that the pion potential will become less effective as one approaches high energies, 
2 

and the annihilation cross section should become tr a. . This feature has also been 
36 pointed out by Chew. 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 SchrSdinger equation and obtain 

9^ « IT (a^ + h)^ (20) 

* 2 for the annihilation cross section, instead of the classical result 9 » « a^ . a 0 

It is found that higher-order partial wavea 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 
-13 

a^ m 2/3 k aOj94X10 cm that the ratio of the elastic scattering cross section 

to the annihilation cross section is 1/2. From our experimental data in Fig. 14 

one sees that 9 /cf' i» 1/2 near 1 Bev, and only slightly larger at 534 Mev. The 
»13 data for 9. can very nearly be fitted by Eq. (20) for a^ « 0.95X10* cm. For tiiia 

value the high-energy points lie slightly above the curve, but this nUght be accounted 

for by a difference between (y. and 9 • because of pion production. 

The optical-model analysis of the angular distributions of the p-p elastic 

scattering indicates a rather large opaque nucleon structure. In the region near 

300 Mev, the differential scattering can be fitted by a completely black region 
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of radius "X^ . In the preceding section, it is seen that our data from 534 to 

816 Mev can be fitted by a black t«^9^ of radius 2/3 K ,̂ ptirrounded by a 

region of decreasing grayness. Similar conditions exist up to 2 Bev, as siiown 

in Table IV. 

In view of the above observations it is not unreasonable to think of the 

p-p interaction region as having a structure whose total sice is " k, within 

which the core region u^ere annihilation taken place may be as large as 2/3 k . 

While arguments from meson theory favor a smaller annihilation region of the order 
-13 37 38 

of k » (0.21X10 cm), ' Tamm has pointed out that a larger core region is 
39 within the realm of theoretical expectations. Perhaps the determination of the 

p-p partial cross sections in the multi-Bev regiim will yield terther inforxnaticm 

on this point. 
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VI. DETEBMINATION OF ANTIPBOTON-NEUTBON CBOSS SECTIONS 

In order to understand the antinucleon-nudeon system completely»ial(»rmatien 

xmist be acquired not only for the p-p interaetioa, b«^ also for the p-n (or n-p). 

A* in the nueleon-nttcleoa ca*e, one can then determine the amount of interaction 

in each of the two po**ible i*otO{dc *pin (I) *tat** of the antfuucleon-nucleon •y*t«Bi. 

The p-n eyetem i* purely I • 1 state, while the p-p •y*tem exi*t* with equal 

probaMlity in both I & 1 and I » 0 *tate*. Te*t* for the validity of charge inde­

pendence cim thu* be made from a knowledge of the p»p ajoA p-a cros* •ection*. 

The experimental factor* involved in tiM detemains^on of the p-p cro** 

*ection* are considerably naorea^active than tho** lor the p-a or n-p croes section*. 

For the former, p beam* exist, hydrogen target* are at hand, and both particles 

involved are charged. In the latter, one ia faced with the necessity of providing a 

neutron target or an antinvutron beam, in addition to the difficult feature of de­

tecting a neutral particle. The feasibility of obtaining antineutron beams vdtiliaiag 
— 3 40 

the reaction p 4- p -*- n 4- JHUt was investigated by Moyer et a l . , the procedure wm» 
found very difficult. However, the use of antineuttron* frcnn the p-p charge-ex-

31 change process seem to offer promise. 

The other alternative, chosen here, i* to make indirect u*e of a neutron 

target yfi»t the deuteron. The hydrogen target u«ed to obtain the p-p cro** *ectioas 

in Sec. V was equally capable of contadning deuterium, and a supply of antiproton* 

was at hand. Thus in principle, the suMraction of tiut p-p cross •ection* from the 

p-d cro** *ections could be naade, and values lor the p-n cross section a**e**ed. 

To thi* end we have determined the p-d cro** *ection* at the aame five energie* 

a* the preceding p-p data. The p-d data are pre*«rUed fir*t, a* their validity 

*eem* secure because they are ascertained in the same aoanner a* the p-p reeult*. 
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The aubtraction procedure ueed for the p-n valuea, subject to sonae uncertainty, 

is discussed in the subsequent section. 

•^ Antiproton-Peuterwat Cross-Secti<m 

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

were identified in the naanner outlined in Sec. IIL Calculation of tto cross sections 

and correcticm factors wa* performed by the method* already mentioned fbr the p-p 

croa* aection*. The reeult* are liated in Table V and plotted in Fig. 15. 

Ho diatinetion can be made by our detection *y*teaa between elaetic p-d 

*catt*aing and qua*i-elaetic p-p or p-n acattering. Obeervation* of the cor-
4 41 

responding p d reaction at 660 M«v indicate, however, that the probaMlity that 

the deuteron rentains intact i* quite small. Becau** of the predominant forward 

ecattering, only about 20% of the ecattering* are aceonapaaied by a recoil proton 

with eufficient energy to escape the target. For the data taken without the lead 

converter some p-p^ elastic scatters may not be distinguished from the p-p^ 

two-charged-^on annihilation noode (see Eq. 19) because of the deuteron internal 

mLomentum (p. refers to the bound prot^i within the deuteron). Comparis<m of runs 

with and without converter has shown, however, that the effect is within the limits 

of our statistical errors. The difference between lead in and lead out alao revealed 

no amMguity between the majority of the elaatic acatterings, in which no recoil 

nucleon was detected, and the p-a. one-charged-pi<Mt annihilation n&ode. 

An additional soiall correction to the elastic scattering may result from 

the meson-production process (or inelastic charge exchange), pf n -«'n-fn4^«'' . 
d 

Judging from the magnitude of the cross section fbr similar proce**** in the p-p 
31 caee, one would not expect thi* reaction to be more than ^ 1.0 mb. 
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From Fig. 15, it is seen that the energy dependence of the p-d cross section* 

is very similar to the p-p results. The total and inelastic cro** *ection* are 1,8 

time* the correeponding p-p cro*8 sections, while the factor for elastic scattering 

is approx. 2.0. The charge-exchange cross section* are sUghtly smaller ia 

deuteriuna. We recall that the charge-exchange proce** can occur only for the 

proton: consequently <me*might expect the same value for tf (p-p) and 9^(p-d). 

However, the ahadow correction di*eu**ed in the next eeetion would reduce 

9-(p*d) relative to & (p*P)* A* IS obeerved. The only other exieting datum fbr 

the p-d reaction (ol^ained by Chamberlain et al. ^ ha* al*o been picked in Fig. 15. 

It i* in agreement with our results. 

B. Antiproton-Neutron Cross Section* # 

Experimental i|Ubrmation on nucleon-deuteron and nucleen-nucleon cro** 

*ection* at high energie* ( " I Bev) indicate* that the *um of free-nucleon cro** 

*ection* i* approximately 10% greater than the deuteron cro** aeetion. Thu* a 

quantitative expreesion for the deutercm ere** *eeUon, where x i* the incident 

particle, nauet be written a* 

9(x,d) « 9(x,p) + 9(x,n) - C, (21) 

where C i* a correction factor eometlme* called the "eclipee" or "shadow" factor. 

This correction is due to the partial shielding of one nucleon by the other within 

the deuterouo 

42 

The shadow factor was studied in detail by Glauber. By meana of dif­

fraction theory Glauber has calculated a general expreaaion for C in terms of the 

outgoing-wave amplitudes and phases. In view of the lack of knowledge of these 

factors, he develops an approximate formula for the correction factor of the total 

cross sections, 

t̂ = ^ « ^ | yO)f^(0)| (r'^^' («) 
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where f(0) refers to the forward scattering amplitude, r i* the neutron-pmton 

eepari^ion, and the angular parentheaes refer to aa average value in the deuteron 

ground state. The result of Eq. (22) i* very similar to what one would obtain by 

a simple classical computation of the decrease of incident fiux when one nucleon i* 

in fros^ of the other; however, the work of dauber differ* in that the coherent 

diffraction scattering of the two nucleons is taken into account. One of the mjaor 

approximations made fbr the particular expre**ion (22) i* tiukt r i* larger than the 

nucleon-interaction range. Under the additional a**um|^on of a purely abeorptive 

interaction, Glauber obtain*, for the total deuteron cro** *ectiott«, 

1 / . 2 \ 

ff^ix,d) « fr^(x,p) + 9^(x,n) - ^ 9j(x,p) 9j(x,n) \ r * > ^ . (23) 

For the absorption cross secticm the relation 

9|(3i^d) m 9|.(x,p) + 9^{x,n) - 2^ 9j(x,p) 9|(x,n) ( » * ) ^ (24) 

is foux^ A similar expression for the seatteriag cro** aectiLon can aleo be de-

To calculate the laat tema in the la*t two equation*, the deuteron wave 

function noAiet be known. Three different wave Unction* corre*poi»ding to a *qttare-

well potential, a iiulthen potential, and an attractive polea^al with a hard core were 

ueed previouely to eetimi^e 9f(ir''-d). The reepective reeult* lor the laet term in 
43 £q. (23) were 4.2. 5.3, Mid 3.3 mb. The experinoental reeult in the ]^on energy 

range 0.79 to 1.5 Bev wa* found to be 6 * 2 mb. For the nueleon-deuteron interaction 

near 1 Bev, the three wave function* above yieMed correction factor* of 5.7, 7.2, 
44 and 4.5 mb respectively. Experimentally, thm correction was found to be 7,4 mi 

Thus for the particular case* mentioned the Caiauber correction seesas adequate. 
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Considerations of the same corrections in the circumstance wimr9 the 

incident particle is an antiproton result in extremely large ehadow factors. This 

is because of the large size of the p-p (and presunaably the p-n) cross section* in 

relation to the nucleon-nucleon cross section. The validity of the af^roximate 

CHauber formulas (Eqs. 23, 24) is in serious doul^, especially in view of the 

assumption that the radiua of interaction is much smaller than the else of the 

deuteron. 

J. S. Blair haa calculated the shadow effect by nteans of a *emiclaa*ical 
45 model which doea not require thia last assumption. It is therefore certainly 

more appropriate in the antinucleon case. For small values of the free-nucleon 

cross sections, the Blair Calculations yield the same recults as the approximate 

CHauber factors, and hence the same agreement for the ii-d and p -d croas sections 

nientioned in the previous paragraphs. The disagreement with the approximate 

C^auber formulas becomes strongly apparent wh«a the free-nucleon cross sections 

are 60 mb or greater, as in the ca«e of antinucleona. The Blair calculations rest 

principally on the assumptions that the inxpulae ai;f>roxineiation is valid, and that 

the interaction can be repreeented by a black disc. These calculations were made 

in anticipation of p-d croas aeotions such as ours. 

In Table VI, the Blair correction factors, C., for the inelastic or absorptiwn 

cross sections are shown. The model for the deuteron used was the JHEulthen wave 

function 

^d" 
l ^ g U f g ^ 1 ^/^ exp}, -or] - exft -pr] ^ ^̂ 5) 

(tt-0) J 
4 -1 

with p s 6 a , u^ere p » 3/p (1 4- -̂  ap) , corresponding to a triplet effective 
-13 range p « 1.75X10 cm. Jn the second colunrm of the table we have the apparent 

neutron cross section "9(p-nV defined by the direct subtraction 9(p-d)-9(p*p)* 

from the data of Tables in and V. The true or corrected neutron croas sections 

are shown in the final colunm. 
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The correction factors for the total or elastic cross sections merit additional 

consideration. Shielding of the absorption cross section is more easily understood 

because absorptive processes by the two nucleons are nxutually exclusive events. 

In the total cross section other factors are involved, such as interference effocte, 

double ecattering, and scattering by one nucleon followed by absorption by the other. 
42 46 

It is shown by Qauber * that all these effects are taken ioto account by his 

general correction formula for a , ' of which Eq. (23) is an approximation. 

The difference between the formula for the total cross section Eq. (23) and the one 

l|>r the absorption cross section (Eq. 24) 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 aesumpUon to obtain £q. (23). the resultii^E correction to 

the total cross section should be a minimum correction. We therefore eznploy this 

factor of 2 together with the more explicit Bli^r results to obtain the total-crosa-

section corrections shown in Table VI. The elastic p-n cross section was obtained 

by subtracting 9̂ ^ from 9 . . The results are plotted in Hg. 16 for a comparison 

with the p-p values. 

C. Conclusiona 

From the presentation in Fig. 16 it i* seen that the p-n and the p-p croaa 

section* are statistically the same within the energy interval of this experinaent. 

It should be emphaeised that thi* ccmclu*ion re*t* on the validity of the Blair cor­

rection factors employed to obtain the p-n croas sections. These correction factors 

have not been experiznentally proven for antinucleon cross sections as they have 

been for nucletm and pion cross sections. In view of the assumptions made in the 
42 45 derivatione of the shielding factors, ' they are not expected to be entirely 



-3-1- UCSL-9288 Rev. 

accurate, but to provide a reasonable estinaate. The shadow correction to the 

annihilation cross sections seezns the moat reliable, becauae fewer assumptions 

are involved. The other shadow corrections would seem, to be laaore uncertain be­

cause of the assuxnption of a purely absorptive interaction with aero 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 Fulce for antinucleon* in 
47 the energy range 50 to 250 Mev. Their theoretical results are based on the theory 

of Ball and Chew. As the low-energy experinaentali. results for the p-p cross 

sections support the theoretical expectations, it would not be surprisiz^{ for the 

p-n cross sections to do likewise, althoujg^ no experimental p-n information exists 

at low energies. 

The p-p syetezn may interact through the isotopic S|^n states I «> 0 and 

1 s 1 with equal probability. I he p-n, however, exists only in the 1 * 1 state. 

Thus within the linuts of our errors, the equality of the p-n and p-p cross section* 

reveals that the antinucleon-nucleon interaction occurs in the 1 « 0 and I « 1 states 

with the same probability. There exist inequality relatione 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 fromi the 

fundanaental relations of the scattering amplitudes between initial and final states 

of T s 0 and T » 1. The resulting egress ions , which have been summarised in 

Reference 48. are as follows: 



d9^(^-p) , ^ , _ 2 , . , ^ ^ , . ,^ . , , 2 
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^ r ^ (0°) >^ (k/4ir)' t 9^(p-n) - 9^(p-p)] ^ , (26) 

<y,<P-P) + Oc(P'P)>i/i 9,(p-n) , (27) 

|{9^(p-p)> '̂̂ ^ - I 9^(?-u)) ^^^ I ̂ {9^(i-p)> ^/^^ {9^(p-p)> */^ + { 9^6^-n)> */^ . 

(28) 

}{or^{p-p)} ^/^ - {9^(p-p)} */^ 1 ${9^(p-n)} */^<{9^(]F-p)} *^^ {cr^(p*P)} ^/^ . 

(29) 

|{9^(p.n)i ^/2 - {9.(p-p)} ^/^ I ${9^(p-p)) ^/^$(9^(i-n)> ^/^ + {9^(p-p)) ^/^ . 

(30) 
Relations (27) through (30) are s%ltafied by our data of Fig. 16. The first 

relation (Fq. 26} is satisfied by our value for ff. (at 948 Mev) and a value 4.6 mb/sr 
31 

for the differential charge-exchange cross section obtained by tfinrichs. The 

aatinucleon-aucleon data are therefore consistent with the relations required by 

charge independence in the energy range 500 to 110 Mev. For this relatively low 

energy range the data is also in accordance with the theorem of Pomeranchuk 

which states that the p-p and the p-n cross sections should become equal i;t)%|pi 

energies • as a consequence of conservation of isotopi<i spin.--^ ~i^. 

An additional theorem due to Pomeranchuk, based on the dispersion relations for 

elastic acattering of nucleons in the forward direction, states that the p-p and the 
50 p-p cross sections should also be the same at 'high energies. ' At the energies 

under investigation here and in those of reference 24, the p-p cros* sectitms re­

main much larger than the p-p cross sections. Recent cros*-*ection nckeaeuremeiU* 

up to 20 Bev/c ehow larger p-p cro** section*} ' however, the p-p and p-p 

total cross sections seem to be approaching each other at higher energies. 
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Table I. Experimental component* of Fig. 1. 

Symbol Conaponent description 

T Bevatrcm target area. 

W Thin window of Bevatron vacuum 
system (0.020-in. Al). 

C Bras* collimator, 6 in. diam by 
8 in. thick. 

Ml, M2 60-in. -long deflection magnets with 
l2-by-7-in. aperture 
( a j ^ j . H d e g . 8 j^2 .25deg) . 

Ql, Q2, Q3 Sets of quadrupole focusing mafoet*. 
8-in. aperture. 

S| Plastic *clntillation counter, 3-1/2 in. -
diam.by 1/4 in. thick. 

S, Plastic scintillation coimter 3-1/16 in. -
^ diam. by 1/4 in. thick. 

YSG II Antiproton narrow-band velocity-
selecting Cerenkov counter utilising 
cyelohexene radiator, (n « 1.46, 
p s 0.8 g/ml) 3- l /4- in. -diam. by 
4.7 in. long. The velocity resolution 
A^ m 0.03 in the range 0.95 >p>0.70. 

"C Meson Cerenkov counter utiliBing the 
same radiator a* VSCII, b«rt view* 
only Cerenkov light that i* totally 
reflected internally, i. e . , for 
P>0.95. 

S^ Plaetic *cintillation counter, 5 in. diam. 
by 3/8 in. thick. 

• / % Area for hydrogen target and final 
counter aystem. 



TaMe II. ProducticHa of ai^proton* of various naoxne^a by 6-Bev protims. 

Momentum 
(Mev/c) 

Angle of 
emiemlon 
(deg)(lab) 

Target 
lenf^h 

(cna) 

Target 
material 

'7P^ 
-7 

(10 ' ) (10-*) 
f/p* 
(lO'^S 

1200 

1400 
1531 

1684 

1825 

1700 

2000 

2800 

750 

900 

1150 

1410 

600 

70© 

800 
900 

5 

3 

1.5 

0 

1.5 

0 

0 

0 

8.5 

3 

2.5 

6.2 

0 

0 

0 
7 

5.08 

5.08 

5.08 

5.08 

5.08 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 

15.3 
15.3 

carbon 

carbon 

carb«n 

carbon 

carbon 

beryllium 

beryllium 

beryllium 

beryllium 

beryllium 

beryUium 

beryllium 

beryllium 

beryllium 

beryUiuna 
beryllium 

12.6 
11.2 

11.8 

11.8 

U . 9 

13.0 

12.0 

|.o 
8.0 

12.0 

20.0 

22.0 

40. 

50. 

50. 
60. 

1.8:£0.1 

2 . 9 ^ . ^ 
3.5:M).3 

3.8ib0.2 

3.6^0.3 

4.5*0.5^ 

4.8*0.5** 

2.9*0.9^ 
0.2e0.i2*^ 

0.4*0.24* 

1.2*0.7* 

1.9*1.if 
0.15*0.07* 

0.24*0.12* 

0.44*0.22 
0.80*0.40 

13.8*0.8*^ 

22.1*1.5*^ 

34.7*2.1*= 

39.2*1.6*= 

37.4*2.2*= 

^Transmitted thro îif^ naag^oetic chamatel. 

Corrected at carbwa target. 

*=Thie experim«ttt. 

Reference 24. 

^Reference 9. 

Reforence 4. 
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Table III. p-p crosa sections at various energies. 

p energy 

(Mev) 

534*25 

700*33 

816*37 

948;^42 

1068*46 

Total 

118*6 

116*5 

108*5 

96 ±3 

96*3 

Flastic 

42*5 

42*4 

38*4 

33*3 

30*2 

Cross 

-

sections (tnb) 

Inelastic 

70*3 

66*3 

63*3 

56*2 

60*2 

-

Charge-exchuage 

6.0*1.3 

7.2*1.5 

7.1*1.2 

6.8*1.0 
5.7*1.1 
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Table IV. Optical-model parai iaeters 

•^- ^ 0 *»0 

(Mev) l \ (1©**^ cm) (lO"^^ cm) 

534 0.89*0.10 1.04*0.04 

758 0.88^^.05 1.00*0.02 

1000 0.70*0.04 1.02*0.02 

(980)^ 0.73*0.06 1.03*0.03 

(2000)* 0.57*0.17 0.98*0.07 

Reference 24. 

» 
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Table VL Evaluations of the p-a cross sections (mb). 

i 
(Mev) 

534 

700 

816 

948 

1068 

T_ 

(Mev) 

534 

700 

816 

948 

1068 

T 
p 

(Mev) 

534 

700 

816 

948 

10^8 

"ffjip-n)" 

56*6 

51*5 

49*5 

46*4 

49*5 

"^^(p-a)" 

92*8 

73*7 

88*8 

82*6 

88*4 

••a^(p-n)" 

38*8 

25*7 

40*7 

38*6 

38*5 

23 

20 

19 

17 

18 

^< 

27 

23 

24 

20 

21 

a|(p-a) 

79*6 

71*5 

68*5 

63*4 
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Fig. 9. Eaeeitatioa foaetioa for I6t4-Mav/G aatiprotoas prodaead at 0 dag ia 

carbon. Tba carvas are takaa froaa a statistical awdal. 

f ig. 10. Momaatam distribution for aatiprot<MBS prodaead by approx 6-Bav protoas 

oa carbon and barylUam. The aacperiaMi^al points are takaa from TaMa Q. 

Tha carva is ealculatad by a statistical modal. 

Fig. 11. Aagalar distribatioa of p-p elastic seattariag at 534 Mav. 

Fig. 12. Aagalar distribatioa of p>p elastic seattariag at 700 aad 816 Mav. 

ftg. 13. Aagalar distribaticm of l^p elastic scattering near 1 Bav. The 

980-Mev points are from Armaataroe at al. (referaaca 24). 

Fig. 14. Slu>iivn are p-p cross sections as a toactioa of aatiprotwa Mnatic energy. 

The opea syEnbols are total cross saetioas; closed symbols are iaelaatie 

cross saetioas (for T < 288 Mav they are aaaihilatioa cross aactioas)} 

? 
opea syaabols cacireliag a dot are elastic cross seetioa; open symbols 

crossed by a vertical line at the betton» of the figara are charge-exchange 

cross sections. The varioas ty|MS of symbols refer to different eiiperi-

naeats; the refereaces are correlated with the symbols ia the apper ri|^t 

corner of the figare. 

f ig . 15. Energy depeadeaca of p-d cst>ss sections. Sqaare symbol iz^cates 

a reaalt from reference 8. 

Fig. 16. Comparison of p»p and p-n croas sections ia the energy range 

4S0 to 1068 Mav. 



MUB-289 

I 

Fig. 1. Schematic view of the Bevatron exper imenta l a rea . 
Components a re identified in Table I. 
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ZN-2553 

Fig. Z. Oscil loscope photograph of beam-intensi ty pat tern 
behind the hydrogen ta rge t . Each step in the h is togram 
r e p r e s e n t s 1 cm m the ve r t i ca l plane. 
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Side view/ Front view 

Fig. 3. Schematic d iagram of the VSC-II and C counters . 
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.72 .76 .80 .84 .88 

Particle velocity ()3)( ^=v/c) 

M U - 2 0 6 9 7 

Fig. 4. Efficiency and resolut ion of_the veloci ty-select ing 
Cerenkov counter VSC-II for p momenta of 1200 
and 1640 Mev/c (indicated by the a r rows) . 



BEAM 

I 

B.C.D 

Fig. 5. Side view of t a rge t - coun te r sys tem. For c lar i ty , 
the figure is not shown to exact sca le . Container (^ 
could be filled with liquid hydrogen or deuter ium and is 
a s ta in less s tee l cylinder 12 in. long by 6 in. diam with 
0.008-in. wal l s , except for the O.OlO-in. Mylar entrance 
wall. Sixteen scinti l lat ion counters , S-1 through S- l6 , 
surround container @ cylindrical ly. The lead between 
the t a rge t and sc in t i l la tors is removable . Heat shield @ 
is 0.003-in. copper; a thin region "̂ ^ of the vacuum 
wall is 0.035-in. aluminum. 
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S/6 

Fig. 6. Schematic view from the beam-exi t end of the 
counter sys tem. 
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Beam 

r 
S2 

vsc 

S3 

27-
Counter 
system 

4xl0'^sec 

4xl0"^sec 

Coinc. 
Anti-
Coinc 

Coinc. 
2xlO'Qsec 

Coinc. 

Delay 

27 
Two-channel 
coincidence 

circuits 

-• To Trace I 

To 4-beam 
• oscilloscope 

trigger 

•• To Trace 2 

-*• To Trace 3 

-* To Trace 4 

M U - 2 0 6 9 9 

Fig. 7. Sinaplified block d iagram of the basic e lec t ronics . 
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(a) 
SI S3 S5 S7 S9 SI I SI3 SIS M 

S2 S4 S6 S8 SIO SI2 SI4 SI6 

M / 8 8 B D E S 4 r 2 M 

Ss r A C a T, T, 

(b) 

ZN-2555 

Fig. 8. (a) Posi t ion of al l possible pulses on osci l loscope 
film. 

(b) Actual photo of five events . All five a re seen 
to have pulses S, , S , , S, , and not C, thus identifying 
five incident pro tons . In the first th ree events only 
counters S. o r Sj.. or both, signal, meaning that 

In the fourth event the antiproton did not in terac t , 
the antiproton annihilated, sending pions into counters 
S3, S4, SIO, and 515. In the last event only a single 
count is detected in SI, which is typical of an elast ic 
sca t te r ing into that counter . 
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1 r 

n= 7/2 

1—r 

n=5/2 

4.0 44 4.8 5.2 5.6 

Proton energy ( Bev ) 

6.0 6.4 

M U - 2 0 7 0 1 

Fig. 9. Excitat ion function for l684-Mev/c antiprotons 
produced/at 0 deg in carbon. The curves a r e taken 
from a s ta t i s t i ca l model . 
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Fig. 10. Momentum distr ibut ion for antiprotons produced by 
approx 6-Bev protons on carbon and beryl l ium. The experi-
rnental points a r e taken from Table II. The curve is 
calculated by a s ta t i s t ica l model . 
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70 

6 0 

1 1 ^ 1 f 

0 20 40 60 

©crn. (deg) 
M U - 2 5 6 4 2 

Fig. 11. Angular dis tr ibut ion of p -p elast ic sca t ter ing 
at 534 Mev. 
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Sr.m (deg) ' cm. 

Fig. 12. Angular dis t r ibut ion of p -p e las t ic sca t te r ing 
at 700 and 816 Mev. 
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9 0 "I 1 \ 1 r ^ r 
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bC3 

Tp (Mev) 
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948 
980 

1068 
- 1000 

•n I 
60 80 

e_„ (deg) 

Fig. 13. Angular dis tr ibut ion of p-p elast ic sca t ter ing 
n e a r 1 Bev. The 980-Mev points a r e from 
Armente ros et al. ( reference 24). 
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(This experiment) 
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Antiproton kinetic energy (lob) (Bev) 

1.2 

M U - 2 0 7 0 3 

Fig. 14. Shown a re p -p c ro s s sections as a function 
of antiproton kinetic energy. The open symbols 
a re total c ro s s sec t ions ; closed symbols a re 
inelas t ic c ro s s sect ions (for Tp < 288 Mev they 
a re annihilation c r o s s sect ions); open symbols 
encirc l ing a dot a r e e last ic c ros s section; open 
symbols c r o s s e d by a ve r t i ca l line at the bottom 
of the figure a r e charge-exchange c ross sect ions. 
The var ious types of symbols refer to different 
exper imen t s ; the references a r e cor re la ted with 
the symbols in the upper right co rne r of the figure. 
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Fig. 15. Energy dependence of p-d c ro s s sect ions. 
Square symbol indicates a resul t from reference 8. 
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Fig. 16. Comparison of p -p and p-n c ros s sections in 
the energy range 450 to 1068 Mev. 




