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We report here meaaurementa of the antiproton-proton, elaatic, 

inelaatic, and. charge-exchange croaa aectiona for antiproton energiea of 

53•, 700, 816, 948, •nd 1068 Mev. The total croaa section remain• large 

with respect to nucleon-nucleon croas aectiona in the eame energy range. 

It hae not yet been poaaible to determine preeiaely what fraction of the 

inelastic eros s aection ia due to annihilation. 

The antiproton beam wae formed in a manner almilar to that of 
. 1 z 

previous experiment a. • A achema.tic diagram. of the experimental area 

ia preeented in Fig. 1, and Table I identlfiea the principal component a. 

The 6-Bev internal proton beam of the .Bevatron impinaeci on a carbon or 

polyethylene target at one of three different taraet position• schematically 

represented by T. Choice of the proper target enabled our mae a 

apectrograph to aelect antiprotons within the cleaired energy range at 

angle• from 0° to 5° (lab) with reapect to the direction of the incident 

proton beam. The ratio of antiproton• to other negative particle• 

(mostly pions) transmitted through the apectrograph waa about 1/ZO,OOO 

for the hi peat antiproton energies. 

1 Chamberlain, Segre, Wiegand, and Ypailantia, Phya. Rev. 100, 9•7 (1955). 

z Agnew, Chamberlain, Keller, Mermod, Roaera, Steiner, and Wiegand. 

Phya. Rev. ~ 1545 (1957). 
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Table I 

F-Xperimental components of Fig. 1 

Component description 

Bevatron target area 

Thin window of Bevatron vacuum syatem 

Brase collimator 6-in. -diam by 8-in. -thick 

60-in. -long deflection magnets with lZ-by 7-in. aperture 

()Ml :: 17o, OMZ = Z5o 

Set& of quadrupole focusing magnets of 8-in. aperture 

Plastic scintillation counter 3'! in. diam. by { in thick 

Plaatic scintillation counter 3 1/16 in. diam. by 

1/4 in. thick 

Antiproton Darrow,.. band Yttloc1t.y--aelecting- Cherenkov .• 

counter which utilizes a cyclohe..xene ' . ·, , 

tn I!! lo46, .,.= 0 .. 8) .. rAdi&tor ·li in. diam • .: ·· ,. 
and 4. 7 il\o long •. The velocity resolution is 

A~ a: .• 03 i~ the range Oo 95 > j3 > 0. 70 
Meaon Cherenkov counter which utilizes the same 

radiator ae VSC II but views only Cherenkov 

light that is totally internally reflected, i.e. 

lor ~ > 0.9! 

Plaatic: scintillation counter 5 in. cliam. by 3/8 in. thick 

Area for Hz target and final counter ay•tem 



The aatiprotona were dietinguiahed from other paltic:lee in the beam 

by their time oi flight between the acintillation CO\Ultere sl. Sz· ancl s3 in 

colncicluce with a count hom the antiproton velocity- aelectina Cherenkov 

counter, VSC II. !n addition it was required that the meson Cherenkov 

coUDtel", <:. did not count. The ratio of pions counted accidentally to pions 

-7 tranamitted thl"ouah the ayetem wae leee than 10 • 

Identified antiproton• which traveraed the mapetic channel entered 

a taraet poaitioaed. immediately behind. s3. Thia target could be filled with 

either Uqui4 bydrosen or deuterium and waa completely au.rroUAde4 by an 

array of scintillation countera. ·ngure l diaplaya a aide view of the taraet 

and counter ayatem. Fisure 3 ehowa the counter 8yatem from the beam-exit 

end. Cotmters s4 and s5 cletected the tranamittecl antiproton•. The other 

l5 counter• cletected either a scattered antiproton or the producte from 

inelutic: antiproton-proton coUialona. The coincidence count• between the 

incident antiproton and the 2.7 counters were dieplayed on an oacillo•cope 

ancl photosraphecl wheuver an antiproton entered the taraet. 

The pulaee photoaraphed on the oac:iUosc:ope film were elaeeifieci aa 

follows: 

(a) If s4 and s5 counted or if s5 counted alone, the antiproton 

ciid not interact. 

(b) Ela•tic ecattering occurred if a einale count wa.a detectecl in one 

of the counter ring1 (see Fig. 3) or in counter& 8-1 tbroup. S-16 around tho 

taraet. For ecattering anglea areater than 15° in the laboratory 1yatem., 

the recoil proton waa alao ob1ervable. 

{c) Inelaatic scattering or annihilation occurred when any three or 

m.ore counters registered or when two counters registered and the kinematics 

. were not eoneietent with elaetic ec:atterina. 
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(d) A charge-exchange colliaion occurred when none of the counter• 

regiatered. 

Th-e analyaia of 70~ of the film data baa yielded the croaa aectione 

ahown in Table n. These cro•e aections include am.all corrections for 

aceidentals cause<l by neutron background in the Bevatron area, annihilation• 

in counters. and the escape of particles throuah amall epacea between 

countera. In the case of the total and the etaetic cross sections, an experi-

mental correction has been made to include forward scattering by extrapolating 

total cross-section measurements at small cut .. ot£ angles to zero solid angle. 

"P enersy 
(Mev) 

534.25 

700 • 33 

816 • 37 

948 :t 42 

1068 •46 

'fable II 

p-p Croas sections at various energies 

Total 

119 •6 

11465 

105.6 

96.) 

96.4 

p-p Croea section (mb) 

Elaatic 

44.6 

.33 :t: 3 

3011:3 

Inelastic 

69 :t 5 

64 :1: 4 

60 • 5 

56.3 

58.3 

Charge 
••change 

7 = 2 

S:t:l 

Figure 4 abowa the erose aectiona given 'by this experiment and, for 

comparison, the reeult. of previous experiments. 3 • 4• 5 

3 Coombes, Cork, Galbraith, Lambertson, and Wenzel, Phya. Rev . ..!.!!• 
1303 (1958). 

4 Apew, Elioff, Fowler, Gilly, Lander, Oswald, Powell, Segre, Steiner, 

White, Wiegand., and Ypsilanti a, Antiproton Interactions in Propane Below 

200 Mev, UCRL-8822 Abstract, June 1959. 
5
cork, Lambertaon, Piccioni, and Wenzel, Pbya. Rev. 107, 248 (1957). 

i 
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In order to obtain as euran.ce that our system could reproduce known 

erose sections, a positive proton beam waa sent through our apparatus. This 

waa done by scattering a 1. 2- &v internal .Bevatron beam from a fourth 

target positioned near the region 1' of Fig. 1. We obtained the proton-proton 

cross sections a.t 2 energies and the results are tabulated in Ta.ble III. Precise 

agreement was obtained with the reaultl of other experiments. 6• 7 

+ p eneray 
(Mev) 

528 

940 

Table III 

p + •p Cross eeetlona for two energies 

p + -p Cross sections (mb) 

Total Elastic 

Z4 :t: 5 

Inelastic 

6 * 3 

23.3 

The new antiproton results presented here agree reasonably well 

with the results of a previous experiment at 457 Mev. 8 An apparent 

paradox drawn from the information of two prior experimenta8• 5 seem.a 

to be nonexistent. Th~ somewhat incomplete prior data (incomplete in the 

aenae that the elaatic~acatterins cross section was never measured) 

indicated a very large absorption croaa 1ec:tioa with little or no diffraction 

acatteri.o.a--a phenomenon that is difficult to explain. 9 A clarification of 

the situation can beet be seen by the comparisons of Table IV. 

6References Dll, BS, and Sl in W. Hess, Summary of High-.F.nergy Nucleon• 

Nucleon Croee Section Data, Revs.Modern Phya. lO, 368 (1958). ---·-·· ... -·---...------
7 Ba.taon, Culwick, Clepp, and Riddi£ord in Proc. 1958 International Conference 

on High-Energy Physics at CERN (CERN, Geneva, 1958), p. 74. 

8 \ 
Chamberlain, Keller, Mermod, Segre, Steiner, and Ypeilantia, Phya. 

Rev. 108, 1'33 (1957). 

9Proc. 1958 International Conference on Hip-Energy Physice at CERN 
trlr.,.,.J. r-... --.... '"aa' __ ....... • ...... 
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Table IV 

Comparieon of p-p cro1u sections near 500 Mev 

p-p Crena aeetione (mb) 

Experiment Elastic 

Reference 8 10 •• 8 89.7 

(457 Mev) 
: 

bfa.eac• 5 97.4 

(SGO Mev) 

Tbia experim.eat ll9•li 93 * 6 69.5 4t4. 6 6. z 

(534 Mev) 

k'rom the 534-Mev data, one observes that more than half of the 

acattertna is atrongl.y peaked forward within a 14° laboratory an&J.e. The 

latest rea\ilta also indicate that the total elaetic-eca"erina cross section 
/ 

,Fonatitutea "'-' 1/3 o{ the total croaa section in the energy ranae we have 

/ measured. Thi. • ratio. baa been indicated by a phenomenological black­

sphere model of Koba and Takeda for a epb.erG radiu.e of ,-v'}./3 -ll/m..,C. 10 

It ia aurpriain& that the inelastic:~ oro•• section doea not decrease 

appreciably with increasing energy which tnay indicate a longer-rauge 

annihilation interaction tllan expected. 9 'l'he Ball-Chew theory, 11 which is in 

agreement with the low-energy antiprotoa data. attribute• the anaibilation 

illteraetion to aJ.rat.b!r ehort•range absorbing eoro. 01 course the in•laatic .. 
10z. K.oba and G. Takeda, Progr. Theoret. Phys. (Kyoto) !!• 269 (1958). 

11 J. Ball and Q. Chew. Phya. Rev.~· 1395 (1958). 
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cross section as presented here includes both annihilation and .n'leson 

production. From the partial analysis of the 948-Mev inelastic: event&, 

it appears that not more than about 10 mb of the inelastic cross section can 

be due to meaon production. (The remaining 46mb must then be attributed 

to annihilation.)· This analysis is based on the as•umption that production of 

2 or more meson• is negligible except in annihilation. The assumption 

seem& warranted because double meson production is known to be very 

small in nucleon-nucleon collisions at this energy. 7 • 1 Z, 13 

Upon completion of our analysia we hope to more fully discuss the 

inelastic process. In addition to the antiproton-proton cross sections, 

we have the antiproton-deuteron cross sections at the same five energies. 

These results will be presented in a later publication. 

We are grateful to hofe11or Emilio Seare for hla interelt and advice 

during the criti&lltagea of the experiment. We thank Dra. Richard Lander, 

Norman Booth, and Jan Button for their help during the course ol the 

experiment. 

1 Z Itowler, Shutt, Thorndike, Whittemore, Cocconi, Hart, Block, Harth, 

Fowler, Garriaon, and Morria, Phys. Rev. lOl, 1493 (1956). 

13 W. A. Wallenmeyer, Pbya. Rev. lOS, 1058 (1957). 
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Z."'ig. 1. Schematic view of the Bevatron experimental area. See Table 1. 

P1.g. Z. Side view of target anci counter ayetem. ilor clarity, the fiaure i• 

not ebown precisely to scale. 'The container 
,':\ 
(& whlch could be 

filled with liquid hydrogen or deuterium is a stainless 1teel cyliDder 

lZ 1n. long and 6 iG. in diameter with 0.008-in. walls except for the 

beam entrance wall which is 0.010-in. mylar. Sixteen ac.intillation 

counters, S-1 through s .. 16 cylindrically aurround the container (_~ 

Each h.aa dim•neiona 38 by 4.1 by 0.)75 in. Scintillator• SE' A, i:>, C, D. 

e.. f>, y. 6, s ... and s5 are shown more explicitly in the next figure. The 

lead between the target ana the ilCintillator& ia removable. Th• ht:at 

ehield io o.oo3 ... in. copper; ([::..) is a thln. region of the vacuum 

wall which ia 0.035·in. aluminum. 

.F'ig. 3. Schematic view from the beam-exit end of the counter ey~Jtem. 

which diaplays counter a A, r .• C, D, 4, p, y, 6, s4 , and,$5 and their 

overlapping regions as well as an end view of counters S-1 through S-16. 

li'ig. 4. Antiproton·proton total, elastic, inelastic. and charge-exchange 

cross aectione as a function of antiproton laboratory kinetic energy. 

The round points are the results of this experiment. The trianaular 

points <U'e !rom reference 5 and reference 3. Th• square pointe al'e 

from reference 4, .For clarity the inelastic pointe are darkened. 
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