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University of Califormia
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October 29, 1958

ABSTRACT

The effective mean free path for aptimucleons in muclear matter
is ecalculated at intermediate energies from the Fermi ges model, in terms
of the mucleon-antinucleon total and differential scattering cross wctions.
The results are used to obtain the immginary part of the optical-model
potential in the formalism of Riesenfeld and Watson.

Work done unfer the auspices of the U. 8. Atomic Energy Commission.

t A visitor from the Argentine Army.
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I. INRCDUCTION
The antiproton bean from the Berkeley Bevatron has been used in

many experiments with waumrs,l bubble chmnhets,z and photographic emlsions

3
to study the interacticn of entinucleons with nmucleons end nuclei.

Since the most successful theoretical spproach 10 the problem of
the micleon-nucleus smttering hag been mede through the optical model of
the mzc!mm,& GMagoms has recently preaenm a de‘baim calculation of
the antinucleonsmicleus interaction using this formalism. His work has
shown that the most importunt parameter of the problem is the imaginary
part of the centrel optical potential, since its value becomes very large
es & result of the large antimucleon~mucleon cross section. Unfortunately,
at the time ummm made his calculation, neither the HeN @ifferential
seattering cross sections nor the total cross sections were known at the
required energies, so that he could not obtain the actual value of the
effective cross section. Therefore he chose for the immginary part of
the optical potential two extreme values: one corresponding to the totel
experimental cross section as measured izﬁ Reference 15 at 450 Mev, and
the other corresponding to the annihilation part only of this cross section.

Work done under the suspices of the U. 8. Atomic Erergy Commission.

t A vizitor from the Argentine Army.
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Since, at the energies here considered, these two extreme velues
differ by a factor of 2, we have considered it asdvisable to calculate the
effect of the Pauli principle in the scatiering, using the now knowm
differential croes aeetiom.é

In doing this we have chosen for the imeginary central optical

potential the standard definition,

X
< % (1)

1
ch i F)
vhere k 15 the antinucleon momentum in the NeN barycemtric system,
M the nucleon mass, and i’s the “effective moan free path” defined by

R " S (2)
B pT 39

wvhere @ is defined below (Fornmla (4)), and p and A as in Reference Lb.

Within this formalism cur problem has been reduced o calculating
the "effective N~ cross section,” i.e., the part of the total §-N cross
section not excluded by the Paull principle.

In order to 4o that we have followed the ideas of Goldberger! and
Hayakswa, Kawei, and Kikuchig in their calculations of the same effect in
the nucleon-mucleus system. However, there are two main differences
between the Nenucleus and Nenucleus interaction. The first is that the
Pauli principle applies only to the nucleon inside the sucleus (and not
to the incoming entinucleon), end also only to the scattering part of the
cross section (the annihilation part is entirely unaffected). The second

13 that the N-N differential scattering cross section is strongly peeked
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. in the forward direction owing to diffraction from the annihilation

process, thus invalidating the assumption of isotropy of the angular
distribution. Also ve take an energy dependence of the Hell seattering
cross section as 1k instead of 1 k=, as chosen by Hayakawe in the

N-N case. Therefore we have maintained the picture ar the nutleus as &
mixture of two noninteracting Permi gases at zero temperature, but we

have dropped the hypothesis of isotropy and bave inetead used a differential

W-N scattering cross section of the form

%ﬂu%[zt+3mse+¢m28] ,
which fits fairly well the theoretical and measured differential cross
sections for pep and pen scattering in the energy range between 100 and
250 Mev. It would be possible to have a better £it with higher powere
of cos 8, but the calculation becomes uoreasonably complicated. COnsmeﬂng
the rough nature of the mndel, elaborate computations are unjustified.

Ome difficulty with the Fermi gas model that plays an important
part in antinucleon phenomena is the lack of any consideration of the
real shape of the nﬁeieus. As we shall gee, the interaction of antinucleons
with the nucleus is mainly on the nuclear surface, where the density of

nucleons is swaller apd the Pauli principle less effective. Some

consideration of this effect can perhaps be accomplished by using a
small value of the Permi energy. VYe have chosen 33 Mev for this paremeter,

corresponding to A = 1.2 x 10~13

cm. A secord deficiency of our
calculation is that the uniform k dependence of the coefficients of

the cos @ exypangion of the differentisl cross section fails to represent
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the narrowing of the forward diffraction~scattering peak with increasing
energy, and therefore underestimates the effect of the Pauli principle at

the higher energies. This error is not very important, however.

IX. CALCULATION OF THE "EFFECTIVE MEAR FREE PA'

let ¥, and F' be the antimucleon momenta in the laboratory
system, before and after the collision respectively, and ?’2 and Fa'
the corresponding momente of the target mucleon. The Fermi model gives
rige 40 a uniform distribution of ?2 bounded by the Fermi momentum FF,
wvhich we agssume %0 have the same value for neutrons and protons. The
Paull principle requires Py’ > Pp. See Fig. 1.
If we write the differential scattering cross section in the
mucleoneantinucleon barycentric system as %%] F'l - ?2 |=K+Lcos® +Mcos” e,

ve get for the effective seattering cross section

- P

a@eat(Pl) = --——-“ Pl f(Jl + I, + J‘B)dx s (3)
F 4]

where

J

1 = b2 K % [(1+x2—2a2)z1+22]
o 2t LK (1~x)[2.1-(1+x-2a) ]

24
i

Esx M X {322+(1+x_-2d2)21+(1~32) (l+xa-2a2)32a

-(l+x2~2a2) {%(l+x2~2&2)2+(1-x2)2] 23}

ha
4
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AT 3 QD (1)

We consider a mucleus with the sasme number of protons and neutrons
and average over the §~p ang S-n cross sections (the former including

charge exchange), therefore defining

v = <°azmih> +<-‘ss<:a.1;> ’ ()

where

i
<a > = 2 ?-I—-E-]: o n (I is the isotoplc spin).
g o

We now determine X, L, and M by fitting the averaged theoretical
sngular distributions of p-p end p-n Beattering at different ezxergieers.6
The integretion (3) has been made mumerically and the results,
expressed in terms of the mean free path Xs, are shown in Fig. 2. For
comparison the mean free paths obtained (a) from an isotropic angular
distrzﬁuuon {with the same k aeg;enaence), and (b) from complete neglect

of the exclusion principle, are also plotted.
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Finally, Table I shows the imaginery part of the central optical-
model potential, according to Formula (1), at several different energles,

together with the corresponding values for t.he case of no Paull principle

effect.
TABIE I
Optical potentials: Vg; in Mev (A = 1.2 x 107 cm)
Byab (in Mev)
50 100 140 200 @ 260
¥With exclusion prineiple 64" 6] 7 80 8%
Without exclusion principle 90 103 106 107 108

The value of )"s haes been extraepolated.

e
o
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III. CORCILUSION

'Ifhe large value of the nucleon-antinucleon cross section has long
been known to imply a very short mean free path for antinucleons:in
melear matter. The exclusion-principle effect considered here increases
soevhat the mean free path, but not enough to change the conclusion that
nearly all antimaeleon interactions cccur on the nuclesy surface.

In the same energy range the nucleon effective mean free path is
larger than 5 x 10~10 em, showing e striking difference between the

micleon-mucleus and antinucleon-mucleus interaction.
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FIGURE CAPTIONS

Fig. 1. Coordinate systemg and limits of integration.

Fig. 2. Mean free path of antinucleons in nuclear matier.
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