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In formula (12) the factor Op (y, b) in the exponent should be replaced by 
l- 2 op (y , b), corresponding to absorption of the wave amplitude by a factor 

e -d/z% where d denotes the distance traversed through a medium in which 

the mean free path is h 3 l/Fp . This hss the effect of doubling the cross- 

section estimate in Eq. (14) to 66 mb <” Cr pN <” 94 mb. There a;e no other 

changes. We also wish to refer to estensi-ve studies by Professor Marc Ross 

and Dr. Leo Stodolsky on this and related nuclear coherence subjects which 

are in press but of which we were not ;LW~;~ 7.0 lvhen this calculation was done 

and submitted for publication. 
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Recent data’ on the small angle coherent photoproduction of p, mesons 

from nuclei, 

y + (A, 2) -p, f (A, z) 

shows an energy and momentum dependence very similar to that observed in 

elastic pion and proton diffraction scattering. The similarity of small angle 

no photoproduction with scattering of pions and protons is to be expected, 2 

since the p, has quantum numbers in common with the photon. 

It has also been observed’ that p, photoproduction at 0’ and 4.4 BeV/c 

depends on the atomic number, A, of the target approximately as A 5/3 , This 

means that the nucleus is neither completely opaque (which would lead to a 

dependence 0: A 413 ) nor completely transparent (which would be M A2) to 

the p, mesons. Since we have neither extreme case, it should be possible 

to determine the mean free path of the p, in nuclear matter by analyzing this 

A dependence, and, combining this with a knowledge of the nuclear density, 

deduce the total p, -nucleon cross section at this energy. We can then compare 

the resulting cross section with the predictions of various symmetry schemes, 

and, by studying this process at higher energies, trace the possible approach 

of the p,- nucleon cross section to an asymptotic value. 

The calculations presented here are based on the simplified eikonal ap- 

proximation3 which has proved useful in the analysis of high energy scattering 

in terms of nuclear potentials constructed from known individual nucleon 
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scattering parameters. In particular, in order to estimate the accuracy of 

this method, we apply it first to the calculation of the total pion-nucleon and 

proton-nucleon cross sections by matching the A dependence of pion-nucleus 

and proton-nucleus total cross sections. 

If the nucleus is represented as a purely absorbing medium of density 

p (r ) , then, in the simplified eikonal approximation, the total cross section can 

be expressed’ by an integral over b, the impact parameter 

where a is the total cross section of the projectile on a free nucleon, averaged 

over protons and neutrons, and r s b -t z d2 
2 . 

In a simple hard sphere model, the uniform density is p for r <roA l/3 =R 

and zero everywhere else; so Eq. (1) can be integrated directly to give 

2 

“T = 47r g +e -poR (2) 

A more realistic model of the density is the so-called “modified Gaussian” 

distribution, which has the form 

P 
P (1”) = 

r2- c2 
l+ew B 

(3) 

where 

B=& s (4) 
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and s is the usual nuclear skin’depth. 4 In this case, the total cross section 

can be written 

where cp(x,y) = Jrnrx y( z I, dr, e +y) is the Lerch Zeta function. 5 

We can now ask the question,“What value of a must we insert into Eq. (1) 

to match the experimental dependence of gT on A ?ff 

The theoretical curves and experimental points6 for elastic pion scatter- 

ing at 3 BeV/c are shown in Fig. 1. We note two important points. First, the 

value of a is given by 

%N = 25 f 10 mb 

which agrees, within wide error limits, with the free pion-nucleon cross section. 7 

Secondly, the results are independent of the type of nuclear surface used, since 

both the hard sphere and modified Gaussian models give the same result. 

In Fig. 2 we investigate the same problem for proton scattering at 

19.3 BeV/c. 8 Here we find that 

- 
cTNN = 45 f 5 mb (7) 

which, again, is in good agreement with the free particle cross section. 7 

An important feature of this result, as seen in Fig. 2 and Eq. (7),is that 

it is possible to make a much more accurate determination of 0 for the proton 

case than it was for the pion case because the data for the former exists over 

a much wider range of A. 

It should be noted that for a heavy nucleus like lead, with about 40 more 

neutrons than protons, the use of the size parameters from electron scattering 
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(which give the charge radius) is 

lead, we have said that the mass 

indicated in Ref. 8. 

not justified. In calculating the result for 

radius exceeds the charge radius by 0.5 f, as 

As a final check of this approximate method, we have compared the 

magnitude of the total cross section for lead as predicted by Eq. (1) with the 

experimental value of 

aT - = 3.29 + 0.1 bn (8) 

The theoretical value, taking into account the above mentioned difference 

between the mass and charge radius is 

oT = 3.0 bn (9) 
and is low by 9%, 2 3%. 

Part of this difference can be attributed to the fact that we neglected the 

real part of the p-p scattering amplitude in deriving Eq. (1) 0 If we denote the 

ratio of the real to imaginary part of the amplitude by CZ, then the analogue of 

Eq. (2) is, to order a2, 

*T 

_ e-PcR p@R3+3R + 2 se+ 6 - 
po /_a2 

If we take a! N l/4, 7 the real part of the amplitude enhances the cross 

I 
i I 

section by about 3%. This brings the difference between Eq. (8) and Eq. (9) to 

to about 6%, which is within the accuracy of our results. 
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I~olstcrc~~d I)y this success, Wc move on to the ,I,, coherent production 

process and attempt to obtain a value for the p,-nucleon cross section. For 

this process we arc interested in computing only the reaction cross section. 

We must also take account of the fact that the momentum transfer in an in- 

dividual collision inside the nucleus is not zero, but in fact has a minimum 

value 
m2 

A min =% 

which, for the data in Ref. 1, is Amin = 62.2 MeV = 0.316f -1 
. 

The forward amplitude for the photoproduction process may be written3 

f,=2,<f>/bdbidzexp/ -Tb(y,b)dy/p(r)eiAz 
0 -ca 

(12) 

where < I > e iAz is the forward amplitude for p, photoproduction by an 

individual nucleon at coordinate r = (z, b) and where we have converted the 

sum over scattering centers to an integral over the nuclear volume. 9 For 

the hard sphere model, Eq. (12) can be integrated to give 

f* = 
2n< f >p, 

p0-k iA 

(13) 
$ ,-(2~0 + iA)R R 1 

2pO-k iA ’ (2pO+ iA) 

In Fig. (3) we plot the forward differential cross section obtained by 

taking the absolute magnitude squared of the amplitude in Eq. (12)) together 

with the: experimental results of Ref. 1. We deduce from this graph that 

the total p, -nucleon cross section is 

33 q 0 
PN 

% 47mb (14) 
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An accurate measurement of p, photoproduction on lead would greatly 

incrcnse the accuracy of this estimate. Such a measurement would be of 

interest in view of the importance of knowing Cr 
PN 

for comparison with 

the prediction of some symmetry schemes. In particular, the total cross 

section is determined from the forward scattering amplitude, and so is a 

direct test of W(6) w predictions. 10 In the high energy limit (presumably 

dominated by Pomerachon exchange), the helicity of the p, does not change 

in the scattering, and the equality 

apN = %N 

should hold. Therefore, in investigating the production of non-strange 

(15) 

resonances (as, for example, the + and w) at higher energies, one should 

strive to include as wide a range of A values as possible. 

Finally, we note that the cross section in Eq. (14) corresponds to an 

absorption mean free path 

m 
1 s- 

abs p;?: N 1.2 X10-13 cm 

which is an order of magnitude smaller than the decay path a 12 X10 -13 cm 

for 4.4 BeV/c co mesons. This justifies our neglect of the finite o, lifetime 

in these calculations and the accuracy of this approximation improves with 

increasing energies since the decay path grows in proportion to the p, energy. 

IX-I addition, the investigation of coherent photoproduction at higher energies 

has the advantage that the minimum momentum transfer given by Eq. (11) be- 

comes small enough to be neglected so that the forward amplitude can be 

determined analytically in terms of more realistic nuclear density distributions. 

/ 
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FIGURE CAPTIONS 

1. ~T+A-T+A at 3 BeV/c. The theoretical curves are taken from the 

hard sphere model and normalized to A = 64. Data from Ref. (6). 

2. P+A -p + A at 19.3 BeV 
/ c. The theoretical curves are taken from 

the modified Gaussian model and normalized to A = 208. Data from Ref. (8). 

3. Y i- A-J, +A at4.4BeV c. 
/ 

The data points are taken from Ref. (1). 

The theoretical curves are taken from the hard sphere model and normalized 

to A = 64. 
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One cannot extrapolate to zero momentum transfer on the basis of an 

electron scattering form factor of the type F(q’) = 1 - (q2a2/6). Such a 

procedure corresponds to an amplitude of the type 
-- 

fT = f(0) < e ia. r 

and we see, by comparison to Eq. (12)) that this extrapolation procedure 

neglects the absorption of the p. in the nucleus. This is clearly not justi- 

fied in the case of any strongly interacting particle. 

10. H. Harari, private communication; 
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