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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, express
or implied, with respect to the accuracy, com-
pleteness, or usefulness of the information
contained in this report, or that the use of
any information, apparatus, method, or process
disclosed in this report may not infringe pri-

~vately owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any
information, apparatus, method, or process dis-
closed in this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the
Commission to the extent that such employee or contractor
prepares, handles or distributes, or provides access to, any
information pursuant to his employment or contract with the
Commission.
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ABSTRACT

The effective mean I'ree path for antimicleons in mucliser wmar =»
is calculated at interrediatve energles from the Fermi pgas model, in terus
of che nucleon-antinucieon 4otal and differential scadiering cross sections.
Ihe results cre used to obiain the imaginary port of the optical-wmodel
potential in the formalisn of Riesenfeld and Watson. 4 compar-ison 1e

made. with the aucleon-muclecn case.
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I. INTRODUCTION
The antiproton beam from the Berkeley Bevetron is used in
experinents with ccunters,l bubble chambers,z and photographic emuls;Jns}
to study the interaction of antinucleomns with nucleone and nuclei.
Since the most successful theoretical approach to the problem oi tn:
nucleon-nucleus scattering has been made through the optical mcdel of the

nncleus,u Glassgolds

hes recently presented a detailed calculstion of

the antinucleon-nucleus interaction using this formslism. His work has
shown that the most important parameter of the problem ig the Imaginary
part of the central opticel potential, since its velue hecomes very large
as a result of the large antinucleon-nucleon cross section. ‘Unfortunately,
at the time Glassgold made his calculation, neither the N-N differential
scattering cross sections nor the total cross sections vere known av ihe
required energies, so that he could pot obtain the sctual value of the
effective cross section. Therefore he chose for the imaginary part of

the optical potential tvo extreme values: ane corresponding to the tuwsl

experimental cross section as measured in Reference la at 450 Mev, and inv

other correspording tc the ennihilation part only of thie crosas seciion

Work fdope under the auspiees of he .S, Avomic Muergy Lumpisgion

A v g (Lt ko A_-Ir_Lt P
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Since; at the energies here considered, these two extrene valuee
differ by a factor of 2, w2 have considered it ad?isable to calculate
the effect of the Paull principle in the scattering, using the now known
Gifferential cross Bections, —

Iz doing this we bave chosen for the imaginary central optiecal

potential the standard definition,

k1
'] = o e 1y
C1 M Xg ? (”}

where k is the aantinucleon momentunm in the W-N barycentric systemn,

M the nucleon maess, and K; the "effective mean free path" defined by

T 1 bt N
= omcomm o == 3
8 p U 3¢

(2)

whore § 1is defined below (Formula (L)), and p and A es in Refereuce hb.

Within this formalism our problem has been reduced to calculating
the “effective N-N cross section,” i.e., the part of the total N-N cross
section mot excluded by the Pauli principle.

In order to do that ve have followed the ideas of Goldberger7 ard
Heyakawa, Kawal, and Kikuchis in their calculations of the same effect in
the nucleon-pucleus system. However, there are two main differences
between the N-pucleus and N-nucleus interaction. The first is that the
Pauli principle applies only.to the nudzon imside the nucleus (and not to
the incoming antinucleon), end also only to the scattering part of the
ecrnes section (the amnihilation part is entirely unaffected). The secord

15 tiat the W-il differential scattering cross section is strongly peakeé.



LLRL. '8!& ol

in the forward direction owing to diffraction frew toe smaihilasuion
procees, thus invalideting the assumption of isotropy of the angular
distribution. Also we take an energy dependence of the NN scattering
cross section as 1/k 1instesd of 1f }:2, as chosen by Hayakawa in the N.N
cage. Therefore we have maintained the pileturv of the nucleus as a
mixture of two noninteracting Fermi gases at zero temperature, but we
have dropped the hypothesis of isotropy and have instead used an anguisr

distribution for N-N scattering of the form

ao(le) = A{k) + B(k) cos & + C(k) cosae,

which fits fairly well the theoretical and measured differential crose
sections for p-p sand p-n scattering in the energy range between 100

and 250 Mev. 1b,6

It would be poseible to have a better f£it with higher
powers of c¢o8 6 , but the calculstion becomes unreasonably complicated.
Considering the rough nature of the model, elaborate computations are
anjuetified. t

For example, a difficulty with the Ferml gas morlei thet plays aup \
izzxpof;tnnt part in sntinucleon phenomena is the lack of any consideration
of the real shape of the nucleus. As we shall see, the interaction of

antinucleons with the mucleus 1s mainly on the nuclesr swrface, where the

density of nucleons is smaller and the Paull principle less effective.

3ome consideration of this effect can perhaps be accomplished by using s
spnll value of the Ferml enmergy. We have chogen 33 Mov for this parameter,
corresponiing to A = 1.2 X 10742 om

The uniform % dependence of the coeflicients of the cos ©

=xpansicn o the . =2ramial croce secticn, sitbourh fairly good for tle

“oxal scacteving v, scotion, doer act rewr: 29t tht nerrowang of tae
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forvard aifiraccion-ceaciering peak with ivereesing energy, ant \herefore
underestimates the effect of the Pauli principle at the higher energies.

This errar is not. very importan®, however.

IT. CALCULATION OF THE "EFFECTIVE MEAN FRER PATH"

let f"’l and 1'51' be the antinucleon momenta in the laboratory
system, before and aPter the collision respectively, and '15’2 and f?;"
the corresponding momenta of the target nucleon. The Ferml mixlel gives
rige to a unifora dietribution of P2 bounded by the Fermi monentum PI-*’
which we assume to have thé sare value for peutrons and protons. The
Bauli principle reguires Pa' !> Pp. Bee Fig. 1.

If vwe write the differential scattering croes section in the

nuclean-aatinucleon barycentric system as %% 1 }'?'ql - ?'? ! =K+ Lecos 8 + M coa?' 0,

we get for the effective ¢ross section

o
- 5By ~ _ '
u(Pl) = W 5 (Jl + 35+ 33)u , {3)
| O

wore

i}

o
J l&stera [(1+x"~a:2)zl+z2} -

1
2, 2, 2 - -
Jdy = -2#° Lx {1 - x%) [zle(l?g - 207) zj) ,
(
) 2 242 | 2 2, . 2.2, P 2.3,
Ty = 22 Mx ‘}?ZQ+(1+x - N U S WA <2 )
2 PR 0 2. pal
- (1 + 2 ~’¢\Cz’,‘l-;5-(1 P Ladl )T - e xT)T Zﬁi,
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P )3

2 ¥

P s b4

"1 Pl
Z, = =2 gin”t -»f‘ﬁeg 5
1 1+ x

2
7, = 2 Z. = ,
2 ’ 3 (1 + x2)= (1 - xB)
and »

p . 2 3Mi+xS) - Bx°
S 1A (1 -8

We congider a nucleus with the same mumber of protome ard neutrons
and averege over the S»p aod E—n cross sections (the former including

charge exchange), therefore defining -

5 = Cagny * 7 L) (4)
wvhora
e j} - ; aL+1 I (1 i3 the isotopic spin)
“C a‘mr{h;- - T:O It anndiby ' o g
isca‘t - scat

Ged ¥ iy ths factor that accounts for the Paull principle.

We now determine K, L, awd M by fitting the a.*va*eraged theoretical

angslere distributions of i;mp ang. 5»:1 scattering et differeant ererglien.
The integretion (%) bhas been made nurericzlly apd the resulis,

er szesced in torms of ihe mween Free path g » 8Te ghovn in Mig. 2. For
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¢ i Ivascn the reaa free naths obtained {(a) from en isotropic anguvlar

tintibution (vith the same k dependence) and {(b) from v = 1

.1 e., complete neglect of the exclusion principle) are also plotted.

Finally, Tauble I shows vhe imeginary pert of the central cpticsl-

" model potential, according to Formula {1), at several different energies,

toge ther with the correspordiang values Tor the case of

TABLE I

A

o=

1.

Optical potentials: VCI

in Mev {A

“1%
1.2 x 1012 cm)

b (in Mav)
50 100 140 200 260
¥ calculated 64> 73 7 80 84
Yool Q0 10% 106 108 108

Tre value of XE has been eitrapoliated.

- -
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III. CONCLUSION

The large value of the nucleon-antinucleon cross section has
lopng been known to imply a very short mean free path for antinucleons
in nuclear matter.” The exclusion-principle effect considered here
increases somewhat the mean free path, but not enough to change the
conclysion that nearly all antinucleon interactions occur on the nuclear
surface.

In the same energy range the nucleon effective mean free path is
larger than 5 x 10'13 cm, shovwing a striking difference between the

nucleon-nucleus and antinucleon-nucleus interaction.
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Ag (10-13 cm)

Fig. 2.
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| —— For %%:A(k)+B(k)cos 8 + C(k)cos? 8

——— For Y =1

do _ 93(k)
—w.— For 48 c 3
2 | 1 ! |
70 100 150 200 250
Mev)
E|ob ¢
MU-15,851





