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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ABSTRACT
. Existing experimental information about the nucleon~antimicleon intere

action 45 reviewed and a description is given of & theoretical model, based
on tha Yukawe theory, which seems able to explain the e:ipariment.al results.
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1.

In 1955, Chanberlain, SegréI; Wiegand, and Ypsilantis, working with a
beam of perticles from the Bevatron, established the existence of the antiprotoon.l
fksﬁxéqretieany expected, they found this particle to have & msss equal to that
.0f the ?roton and é charge equal but opposits in sign. Later the aﬁtineutron was
found: byQCOrk, Lambertson, Picclioni, end Wenzel and also observed to have the ex-
pacled pz;oparb':les ;g {(Neutron and antineutron, even though ihey are both neutral,
ere not the same particle. '?’gf example, they are capable of mutusl annihilation,
a process that cennot ocour for tﬁo neutrons. )

Hany experiments were thén undexrtaken t.o determine the interactions of antie
. protons, and the first important fact established was that amit;ngtion actually
occurs when proton and antiproton coms sufficiently ‘0108? %o each other. This
experiment was carried out with emnlsvions ina collaboratién between & group in
Kome under Professor Amaldi and a large Berioeley group.® It wes found that on
tha average about five pions vere emitted per amnihilation, & number that some
thaorists find surprisingly large, but which depends on 86 many complicated cone
giderations that no clean-cut interpretation has yot been possible.

Further experiments have given the detéiled cross sections for protonesnti=
proton scaﬁtering and énnihilation ab intermediate enorgies, that is between about
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. 100 and LOO Mev. The processes involved and the corresponding cross sections are

es followst ,
SO 5 ...~ | ~Cross _section
P+ P-2p+p O geat  (scattering)

p+ Parnen o’ ex (charge-exchange)

L ann

pr P Lation , o (amihilation)

 Ordinary inclastic seattering, with plon production, is negligible at these energies.
The total eross section 1s, then,

= + &
c'total a;ca's ’ex *%mn °

In Figs 1 & compilation of many different experimental results for these cross
sectdons is shown, and 1t i seen that good agreement exlats between the various
ﬁéasurgmnta. Anguler distributions for elastic scattering have also been measureds
- exemples are shown in Figs. 2 and 3. | _ J
 ‘The most striking aspeet of those experimentsl results is the magnitude of the
tot.al proton~sntiproton cross section, which at these energles ‘i,e 'fgwo to three times
88 large &8 the corresponding nueleonwnuclaon c:;oas sections. This difference led
people at first to suppose that the forces acting béween nucleon and antinucleon
st be quit.e different from 'thofse batween two nucleons., lLet us consider now what
field thoory has to say about this question.
' 11, |
. It has been pos'aiblg to understénd many properties of the nueleon in terms
of the Yukewa hypothesis that the nucleon 45 @ source of theffeneson £ield in the
same sense that a cherged perticle is & source of electromegnetic fiold. The

I3
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. Yukewa picture of the physical nucleon is divided roughly into three regionss
(1) An outer "fringe" at distances larger than or of the order of the pion
Compton wavelengthy - = B/ms ¢ = L x 10713 em. Here single virtual pions
occur in a well defined distribution, with a strength éharacterized entirely by
the plonenucleon coupling constent, £9%c-0.,08% 0.01. General eonsiderationses
such as eonservation laws and the uncertaimby principleeegive us confidence that
ve understand this reglon. If the plon is indsed the lightest particle that imtere
aeﬁs atrongly with the nﬁcleon. then according to the uncertainty prineiple it
mst doninate the ocuter parts 6f the nucleon structures and if we belleve that
strong intersctions conserve perity and isotopic spin and are essentlally loocal
vin nature, then the distribution of virtusl plons at large distances is determined
entirely by symmetry considerations. Experiments on the longerange perts of the
nucleonw-nugleon force and on the zeroeenergy limits of plonenucleon scattering
and photopion production give quantitative confirmation of these oconclusions. By
any ordinayy standards, then, we can claim t0 have & rather eompiete understanding
of the "fringe" of the mucleon. ’

(2) The intermediste structure of the misleon, &t distances amaller than rp
but grester than the nucleon Compton wavelength, r, = r /1, is by no meens eézn-
pletely understood, but it seems still to be dominated by virtual pions, and the
Yukswa theory has had semiguantitative suceess in desoribing this intermediate
region. In particular, the theory seems to give a nueleonenusleon force at inter-
mediaste distances which 45 remarkably close to that required by experiment. When
we 8dd the faot that the snomalous nucleon magnetic moments are fairly well underw
stood in terms of this pion cloud, we conclude that & good deal is inown, at least
empirically,; about the intermediate structure of the mueleon.
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(3) Finélly there ié the "core" of the nucleon, the structure at distances
smaller than the ﬁucieon Cbmpton wavelength,. Almost nothing is understood about
'.this region theoretically although we expect it to contain virtual strange par- |
" ticles and antinucleons. Empiriéally it gives risé to a sirong repulsive fofce
between two nuéieons, the famous "hard core" of the potential. )

 What relevance do these considerations have to antiﬁucleons? Well, if the
principle of charge conjuggtion means what we think it does, the above picture of
the nﬁdleon leads us to just as complete a picture of the antinucleon. Every
virtual pion in the fringe and intermediate region is éimply to bevreplaced by
a corresponding antipioﬁ. The point I am trying to make is that if we claim‘to

understand the nucleon-nucleon interaction at large and intermediate distances

| in terms of the corresponding portions of the pion cloud, then we understand ex-

, éctly as much about;the nucleon-antinucleon interaction. We sre not in the posie

tion of being able to plead ignorance about the "mysterious'antiﬁucleOn. We can-
not make ad<hoc qgsumptions-about the NN interaction at'large qnd intermediate
- distances without the danger of doing violence to well established prinéiples.
| The magnitude of the NN total cross section in itself does not imply that
banything beyond the conventional Yukawa pion-exéhange mechanism is involved. A&
classical iﬁpact parameﬁer equél to the pion Compton wavelength corresponds to a
total cross section of 130 mh. Thus the astonishing fact, if there is one, is
that ﬂp aﬁd Pp eross sections are 5o small, not that pp eross sections are so large.

~~ The usual theoretical description of the NN interaction differs according to
the region of structure involved. At iarge separations; where singiy occurring
fringe pions are dominant, the potential energy is exactly giveh by

2 - > S WPy = r

V1"=f Ty T2 ol.VUZ.V er

s
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 where the length unit is the pion Compton wavelength. The constent f.ie the
pim-nmiaan coupling constant and might be called the “pionic charge! of ths
| nucleon. The value is such that fg/ﬁe = 0.,08. Because the pionic chérge of the
antinucleon is the opposite of that for the mucleon, this part of the interaction
Bimply reverses sign in the NN Byetém;

" b, intermediste distances double pion exchange becomes important, end these

. contributions have the same magnitude and sign in both NN and NN systems. (As

& general rule, terms due to exchangs of an odd number of pions reverse sign while
those dus %o an even number do not.) Unfortunately no reliable éxpreaaien exists
" for the interaction dus to multiple pion exchange, and at inﬂermdiaw distances
there also are corrections to the single~pion formula due to nucleon recoil.
 However if 6ne tends to be optimistic there is reason to believe that the most
imperi;ant parts of the interaetién at intermediaste distences ¢an be and have been
calculated in terms of one- and twowpion exchenge. Thus we are in a position to
constructs at least roughly, 'the Nﬁinteractlon potential, except in the region
of the core. . | |

For the core we musi makae an assumption, but we are guided by both theory and -
experiment, Theoretically it is clear that there are two distinet contributors to
the WN intera;_ztion. First them are pion exshanges, which are in one-to-one corre=-
- spondence with pilon exchanges in the NN interaction and whiech are represented by
the long~ and intermdiata;ran:ge potential diseussed previously. Second, however,
there is the possibility of annihilation; which has no counterpart in the NN systemj
the annihilation mechanism corresponds in the theory to an absorptive interaction
whose range 4s of the order of the nucleon Compton wavelength. The experimental
'faet of aigniﬁcsme. is the large average number of pions cbserved in NN annihilae

tion.
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Putting these two facts together suggests that the very<short-range part
~of the NR interaction should be represented not by a hérd core but by a black
hole.h That is to say, once the cores of N and N touch, annihilétion is inev-
itable. If firtual.pions are formed, there are so many that £he chance of all
being reabsorbed to lead back to the NN system is negligible. |

Before describing the detailed quantum treatment of this model, let me
emphasize its classical significance. We have & small black hole, surrounded
sometimes b& a reﬁulsive "wall® (Fig. La) and sometimes by an attractive "well®

P b).

@) ()

Fig. L. The general form of the nucleon-antimucleon
potential according to the Yukawa theory. In (a) the
outside potential is repulsive and in (b) attractive.
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| Bath situations ocour because the nuclear force has & strang spin depenﬁenne and

may be either attractive or repulsive dspending on how the apins are oriented.
The cross section is clearly determﬁned by the outer potential, With a
repulsion,.one gets elastic scattering, unless the kinetic energy ovefcomss the
barrier. With an atbréctioh, one sometimss gets scattering, but tﬁa lowere
engularenonentun collisions may lead to & spireling in, followed by sbsorption,
$hat s to say, annihilation, The exact size of the black hole 18 clearly not
important, so our model contains no free paremeters and makes unambiguous pree-
diotions, | |
- II1.

~ Ball and Fulcos have made deteiled calculations of the proton-antiproton
oross sections on the basis of this model., Thedr results are shown a8 the solid
curves in Figs. 1to 3; and the agreement.uith expariment is evidently satiefantéry
ét tﬁe energies considered. The model cannot be taken sericusly above about 200
Mev, because the fast relative motion of the nucleon and antinuclecn invalidates
the potential concept. A '

We may ask at thia point how the theory wes abla to produce the 1arge diffore
ence between NN and NE eroaa sections, with such similar forces in the two cases.
fo'ﬁhﬁwer this question wé must understand the underlying reason for the small NN
aroas sections. First of all, the 5 phase shifts of the Nl system are anomalously

vamall bacause of a kind of "Ramsausr effect," a aancellatian of the effect of the

repuxsive cors against an attractive ‘outside region. The NN systomy with the repule
give core replaced by e black bole'makas full use of the outside potential. A
somewhat aimilar'pheﬁomanon‘occﬁrs in the P atatés where in tﬁe NN system a repule
sive long=-range one-pion potential tends t¢ couniteract & shorterange attractive

P
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twoepion potential. The reversel of sign of the onespioh psrt in the NV system
-rémoves this cancellation, giving & etrong overeall attraction that accounts for
'a Q:argo part of the total plansewave cross section.

| A finel word sbout what to expect at very high enmergiss, 1.6+, in the multie
Bev range. It is very hard to see how the concepts discussed here can lead 4o
iarge amihilation eross sections in this region of energy. We have been depending
on the plon cloud S0 deflect the anbinucleons inward so het they strike the mucleon
core end eve snnihilated, But for sntiprotons in the Bev rangs the plon cloud csne
not do moh deflecting. Fringe collisions will leed only %o miltiple meson produce
tion, end the snnihilation ercss section should shrink 4o the sise of the black hole
hat we have been taliing sbout. BExactly what this size 18 we do not know but 4%
st be closer to 10 then t0 60 mb. Experiments %o determine the very-highwenergy

" protonesntiproton eross sections are now being plamméd.

This peper was prepared under the suspices of the ﬁ. S¢ Atomic Energy Comiesion,
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