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207
The elastic and inelastic scattering of neutrons by Pb was investigated.

Excitation functions were measured in the energy range 1.37-3.56 MeV.

No distinct intermediate structure was observed. Angular distributions were

measured at five energies between 1.47 and 3.56 MeV. The results were analyzed

by the optical model and Moldauer's theory, and values of optical-potential

parameters were obtained.
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1. Introduction

The purpose of this study is first to investigate intermediate
P07

structure in the energy dependence of the neutron cross sections of Pb,

and secondly to obtain optical-potential parameters which reproduce the

cross sections. For the first purpose excitation functions for different

levels were measured in the energy range 1. 57 - 3-56 MeV. For the second

purpose angular distributions were measured at five neutron energies

between 1.47 and 3-56 MeV. The results were analyzed by the optical model

and Moldauer' s theory.

2. Experimental Procedure

The measurement was carried out with the JAERI 5.5 MV V.d.G. and a

pulsed beam time-of-flight spectrometer system. Neutrons were produced

by the T(p,n) reaction using a 3 cm long gas target filled with tritium

gas at 48 cmHg. The Pb scattering sample was 92.4$ pure and contained

Pb and 2.2$, Pb. The sample was cylindrical, 2.54 cm both in

diameter and height, and was placed at 8 cm from the centre of the target

cell. Energy spreads of the incident neutrons were about 60 keV FWHM,

which were produced by the energy loss of the incident proton beam in the

tritium gas and the target cell window, and by the finite solid angle

subtended by the scatterer at the target. Scattered neutrons were detected

in an NE-213 liquid scintilator, 12.5 cm in diameter and 10 cm in depth,

placed at 3-H m or 3.91 m from the scatterer. In order to reduce the

background, r -rays were blocked by a pulse-shape discrimination technique.

A typical time spectrum is shovrn in Fi^. 1. Another detector with a

small organic scintilator monitored the neutron yield from the gas target.

Absolute values of the cross sections were determined by comparison with

the H(n,n) cross section, using a cylindrical polyethylene sample 1.0 cm

in diameter and 4.0 cm high with an axial hole 0.8 cm in diameter. The

measured cross sections were corrected for the effects of flux attenuation

and multiple scattering and for the effect of fiaite solid angle subtended

by the scatterer at the target, by the Monte Carlo method. The correction

factors for the excitation functions were determined by inter- or extrapo-

lating the factors for the energies where the angular distributions were

measured. Since the correction factor for the elastic cross section
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depends on the shape of the angular distribution and varies considerably

with energy, the absolute values of the excitation function for the

elastic scattering may not be very accurate.

3. Experimental Results

Excitation functions measured in the energy range 1. 37 - 3^56 MeV

with intervals of about 25 keV at a scattering angle of 125 are shown

in Fig. 2(a) for the elastic scattering and in Fig. 2(b) for the 1st, 2nd

and 3rd excited states. There are seen only small fluctuations and no

distinct intermediate structure is present in the excitation functions.

Angular distributions measured at neutron energies of 1.47, 2.02, 2. 53>

3.04 and 3« 56 MeV at thirteen lab angles between 30° and 147° are shown

in Fig. 3(a)-(e).

4. Optical Model Analysis

The measured angular distributions were analyzed by the optical model

and Moldauer's theory. The potential used was of the following form:

-Vf(r;ro,a) - iWb -jL f(r,rs,b)

f(r;q,d) =
r - qAl/3

1 + exp 2

VSQ = 7 MeV,

rQ = r s = 1.25 fm,

a = 0.65 fm,

b = 0.48 fm.

Energy levels of Pb used in the calculation of Moldauer's

theory are shown in Fig. 4. In order to fit the elastic angular distri-

bution and the first level cross section, the depth parameters were varied
4)

for each incident energy using an automatic search code STAX2 . The

best fits obtained are shown in Fig. 3(a)-(e) by solid lines and the depth

parameters are given in Table 1. The fits to the elastic data are generally
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very good, while some of the f i t s to the inelastic data are not so good.

The parameters obtained can be approximately represented by

V = 45.8 MeV,
(2)

W = 1.95 + O.55E MeV

Excitation functions calculated with these parameters are shown in

Fig. 2(a) and (b) by solid lines. The calculated values for the inelastic

scattering are generally smaller than the measured values. This discrepancy

may be in part due to the fact that the energies where the angular dis-

tributions were measured are accidentally near the local minimums of the

fluctuation of the first level cross section, as can be seen in Fig. 2(b).

This discrepancy can be remedied by slightly increasing the depth of the

imaginary well without appreciably deteriorating the fits to the elastic

angular distributions. Cross sections calculated with the parameters

V = 45.8 MeV,
(3)

W = 2. 3 + O.55E MeV

are shown in Fig. 2 and 3 by broken lines. The fits to both angular'

distributions and excitation functions are fairly good, and the parameters

given in (3) can be said to reproduce the average cross sections of Pb

in the energy range investigated here.
5)Fits by means of the Hauser-Feshbach theory were also.tried. The

resultant parameters are nearly the same for the real well depth and by

about 0.5 MeV smaller for the imaginary well depth compared with the

values given in Table 1. The .quality of fits is always worse than Moldauer's

theory. Especially the lower energy data are not well reproduced.

The authors would like to express their appreciation to Messrs

Y. Sato and T. Yoshida for assistance in the experiment, and to Dr. K. Harada"

for reading the manuscript. They are also indebted to EANDC and U.S. AEC

for the use of a Pb sample in the ORNL pool.
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TABLE 1

The b e s t - f i t po tent ia l parameters

E (MeV) V(MeV) W(MeV)

1.47

2.02

2.53

3.04

3.56

45.66

45.27

45.90

46.41

45.73

2.76

3.32

3.12

3.42

3.98
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Fig. 1 A typical time spectrum observed at a neutron energy of

3.56 MeV. The background has been subtracted.
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Fig. 2 Excitation functions observed at a scattering angle of 125°.

Solid and broken lines represent the calculations with the

parameters given in (2) and (3), respectively.

(a) elastic scattering

(b) the first, second and third

excited states

- 6 -



207pb

En = 1.47 MeV

40
1* g *"* i *

1_SJ
; * * * * **

2ND

0.

cos9 cm.
-1.

2 -

1000 -

5 -

— 2
C3

100 -

5

60

40 r

20 -

1.

207 p b

i 
i 

i 
i 

1 
i 

i

-

= 2.02 MeV

ELASTIC 1

V
i

2ND

i

-1.

Fig.

0.

(a) cos 8 cm.
. a . (b)

3 Angular distributions for elastically and inelastically scattered neutrons. Solid lines are the
best-fits of the optical model and Moldauer's theory. Broken lines represent the calculations
with the parameters given in (3).
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Fig. 4 The level scheme of Pb used in the calculation of Moldauer's

theory. For levels whose spin and parity are not uniquely

assigned, values underlined in the figure were chosen arbitrarily.
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