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In this paper we report the results of an experiment performed at Frascati with the
1.1 GeV electron-synchrotron, on the photoproduction of n-mesons in complex nuclei.
The reaction studied was

(1) y+nucleus — n-+residual nucleus ,

for nueclei of different atomic weight 4, by measuring the differential cross-section
do(A)/dQ2* for this process. The measurements were made at a total energy in the
center of mass H¥* = (1600 4+ 35) MeV and an angle of the outgoing % around 90° in
the center-of-mass system (c.m.s.) of the y-ray and target nucleon. Under these con-
ditions the momentum transfer in reaction (1) is sufficiently high to virtually exclude
coherent v production. Due to the interaction of the produced » with nucleons inside
the nucleus, the dependence of do(4)/dQ* on A is strictly related to the total cross-
section for the process

(2) n+nucleon — all channels .
The average »n momentum in the w-nucleon c.m.s. for reaction (2) is, in our case,
P = (2504 50) MeV/c. The aim of the present experiment is the measurement of the

interaction cross-section of process (2). We assume no change in momentum of the 7
when going outside from inside the nuclear matter. This approximation does not alter

*} Present adress: Polytechnical Institute of Tomsk, Tomsk.
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our conclusions. On the other side we do not know yet the depth of the #n-nucleus
potential.

Our indirect method of measuring reaction (2) is practically the only one available
considering the decay time () of the eta. As the incident photon has a long interaction
length in nuclear matter, and as the mean decay length of the  is greater than a nuclear
diameter, it follows that, for nuclei with A>12, (do(4)/dQ*)(1/A) were constant if the
y-nucleon interaction were small, and (do(4)/dQ*)/4 o« A-% were the n-nucleon inter-
action large. The latter would lead to infer that detected =’s would have been produced
clogse to the nuclear surface.

We have measured the dependence of the photoproduction cross-section on the mass
number A for H, D, Li, C, Al, Cu, Ag and Pb.

n line of flight

Fig. 1. — Bxperimental arrangement. C,, C,, €, and C, are two pairs of lead-glass Cerenkov counters:
8, 8., 8;, 8, are veto scintillation counters, € is the collimator, 7' the target and Q the quantameter.
Each photon detector covers a typical laboratory solid angle of 12 msr. a) side view, b) top view.

V273 Pb, 6% concrete.

The experimental arrangement (Fig. 1) is the same as that described in a previous
paper (2). It is based on the detection of the two photons from the n--yy decay mode
by use of two total-absorption Cerenkov counters. The recoil nucleon was not observed.
The methods used to separate reaction (1) from double n® photoproduction and other
backgrounds are the same as those decribed in ref. (%).

We have verified that for our kinematical conditions we may neglect: a) the inter-
action among the nucleons during the photoproduction step (3); b) the contribution

(*) G. BeLLETTINI, C. BEMPORAD, P. L. BRACCINT and L. FoA: Phys. Leit., 18, 333 (1965).

(*) C. Baccr, R, BALDINI-CELIO, C, MENCUCCINI, A, REALE, M. SPINETTI and A. ZALLO: Phys.
Rev, Lett., 20, 571 (1968).

(3) M. L. GoLpBERGER and K, M, WatsoN: Collision Theory (New York, 1965), p. 687,
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of ceherent production (< 2%) (4); and ¢) the influence of the exclusion prineciple for
final-state nucleons in reactions (1) and (2).
The detection efficiency for the = has been calculated by the Monte Carlo method,

assuming different models for the Fermi
motion of the nucleons (°). The results
were found to be practically model-in-
dependent.

‘We estimated also that two-step pro-
cesses such as

Y -+nucleus — w+nucleus - y-+nucleus

give very small contributions to pro-
cess (1).

Our results are given in Fig. 2, where
the quantity (do(4)/dQ*)/A is plotted
as a function of the quantity In A% We
have assumed () 7= 1.3-10-23 ¢m in the
expression for the nuclear radius R=7,43%.

The absolute value of do(4)/dQ* de-
pends on the apparatus which, in our
case, is moderately insensitive to the
scattering of the v’s inside nuclear mat-
ter. This point iz made eclearer in the
following.

The points for H and D were taken
from our previous results (>78), but the
photon energy was corrected to corre-
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Fig. 2. — The quantity (do(4)/a0*)]4 as a function
of A° in a logarithmic scale. (do(4)/dQ*)/4 is the
differential cross-section for photoproduction of =
in a nucleus at 6y = 90° in the vy-nucleon ¢.m.s. The
full line is the best-fit curve for eq. (4), A4 =
=10-1*em, The dashed line is the expected Dbe-
haviour if we consider only the contribution of the
process m+nucleon —mw-nucleon as deduced from
process (12) by detailed balance, Agy = 6:10-1% c¢m.
The dot-dashed line represents the expected be-
haviour for A <107 cm,

spond to the same average c.m.s. energy of the photon-nucleon interaction in the nucleus.
The data of Fig. 2 show that the quantity (do(d4)/d0Q*)/4 decreases rapidly with
increasing 4. According to what we said this result indicates a strong interaction

of the »n in nuclear matter.

We will now attempt to put this conclusions in a more quantitative form. One can

write

(dG(A))/
(3) 2}/ 4
a0*

do
= (a)ﬂ fa:

where (do/d2*)y is the eta photoproduction cross-section on free nucleons.
Measurements in deuterium indicate that the v phetoproduction cross-sections at 90°

c.m. on neutrons and protons are approximately equal (%), so our results should be
quite independent of the relative distribution of protens and neutrons inside the nucleus.
fa is the fraction of the u’s which survive absorption or scattering inside the nucleus

() M. Lax and H, FEsEBACH: Phys. Rev., 81, 189 (1951);
1020 (1961).

(®) A. WATTENBERG: Hand. d. Phys, 40, 450 (1957).

(*) R. HERMAN and R, HorsTADTER: High-Energy Electron Scattering (Stanford, Cal., 1960), p. 62.

(") C. Bacci, R, BALpiNt-CELIO, C. MENCUCCINI, A. REALE, M. SPINETTI and .A. ZALLO: to be
published.

® C. Bacci, G. PENSo, G. SaLviNi, ¢, MENCUCCINI and V. SILVESTRINI: Phys. Rev. Leit., 16,
157 (1966),

S. M. BERMAN: Nuovo Cimenio, 21,
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and are detected by the apparatus. f, is directly related to the mean free path of the
eta in nuclear matter and is the function of direet interest in our study.
We assume f, as follows (%):

1
(4) fa= 5 |exp [/l 4V,
v

where V is the volume of the nucleus; I’ is the path of the outgoing 7 in the residual
nucleus and . is the mean free path of the eta for those interactions which cause the
eta to be undetected by our experimental apparatus. The best fit of (do/dQ2%*)y-f, to
our experimental values is shown in Fig. 2.

Some of the curves for this function for different values of A, are shown also in
the same figure.

The resultant best-fit value for Ay is

(5) Aegr= (1353).10-13 om. .

Given the small value of A, and the fact that f, is insensitive t0 Ay for Ag<< 10718 cm
we are led to the conclusion that A< 1.9-10-1% em,
From 7.4 we can define a cross-section o by

(6) Ot == 1/0 etz

Thus .0y is the cross-section per nucleon for those w-nucleon interactions which cause
the eta to be undetected in our experimental apparatus; g is the nuclear density which
is agsumed to be uniform.

From (5) and (6) we obtain

(7 otz == (90190) mb ;

a x* analysis of our data gives o.>50 mb, with a confidence level ~ 859%,.

This value of oy is close to the geometrical cross-section of the nucleon and it is
indicative of a strong #n-nucleon interaction at our momentum.

In an attempt to describe the interactions that give rise to oy, let us examine the
nuclear processes due to which the v is not detected by our apparatus. We will para-
metrize oy in the following way:

(8} Oetp = Oy -+ Ko-sc s

where K is the fraction (0 <K < I) of the produced »’s which escape detection due to
the process of n-nucleon elastic scattering inside the nucleus whose cross-section is oy;
o, is the sum of all inelastic reaction cross-sections as for instance

9 n+nucleon — w-+nuecleon ,
(10) n-+nucleon ~> n-+w--nuecleon .

From the knowledge of the inverse reaction (1%)

(11) m4+p->7-+n

(*) 8. FERNBACH, R. SERBER and T. B. TAYLOR: Phys. Rev., 75, 1352 (1949).

(**) W, B. RicEARDS, C. B, CHI1U, R. D. EANDI, A. C. HEImorTz, R. W. KENNEY, N. J, MOYER,
J. A. PoIRIER, R, J. Cegncr, V. Z. PETERsoN, N, K, SrHGAL and V. J, STENGER: Phys. Rev, Lelt., 16,
1221 (1966).
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one can establish, by detailed balance and isospin conservation, the value of the cross-
section for processes (9), at the same center-of-mass energy. In fact the following rela-

tion holds at our energies:
(12) o N —=nN) =
3 Pi\?

= Ec(rc P—>7n) (P—;]") &~ 15 mb .
This value, when compared with our result,
Oetr> 50 b, shows that we require contri-
butions other than reaction (9) to explain
our experimental results.

Let us examine these eontributions under
the hypothesis that all channels are domi-
nated by an S-wave interaction. This ig
suggested by the analysis of the total and
differential cross-sections for reaction (11)
and by the phase-shift analysis of m-nuecleon
scattering (). In this hypothesis we find
a value K = 0.6.

Taking into account the unitarity con-
dition for an S-wave and the relation (8),
one arrives. to the following conclusions,
which are illustrated in Fig. 3:

a). the most important contribution
to o, comes from process (9), as 15 mb is
very near the maximum value allowed by
unitarity (~ 19 mb);

b) when considering our experimental
uneertainties the assumption of an S-wave
is mnot inconsistent with the unitarity
limit and with the value o, =15 mb, if
Og = 50 mb.

90

o, (mb)

sC

60

a, (mb)

¥ig, 3. — Relation between o, the reaction cross-
section, and oy, the elastic cross-section, for the
n-nucleon interaction., Line 4) is the boundary
imposed by unitarity if only S-wave is present
in the n-nucleon interaction. The straight line
B) is obtained using the lower limit oy = 50 mb
and relation (8), with K = 0.6, The dot-dashed
vertical line is the value of or due to 7n-+nu-
cleon —»mw+nucleon, as deduced from reaction
T +p —>n+n ().

This value of o, is somewhat higher than the value which can be deduced (1) in

the analysis of process (11).

If, contrary to the conclusions of this analysis (11), P and D waves contribute to
process (2), then some other reaction channels, like channel (10), could contribute.
In conclusion we find a large n-nucleon interaction cross-section ¢ at an v-nucleon
c.m.s. momentum of 250 MeV/e. This cross-section may be expressed by the relation

0= 0, + 04> 65 mb.

LIk 3 3
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(*1) A, T. Davies and R. G. MOORHOUSE: Nuovo Cimento, 52 A, 1112 (1967); F. UCHIYAMA-CAMPBELL

and R, K, LoGAN: Phys. Rev., 149, 1220 (1966).
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