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We have performed the measurements of neutron elastic scattering and total non-elastic

cross sections of carbon, silicon, iron, zirconium and lead in 40-80 MeV region using a 7Li(p,n)

quasi-monoenergetic neutron source at TIARA of JAERI. Elastic scattering cross sections for

55, 65 and 75 MeV neutrons were measured by time-of-ight method at 25 laboratory angles

between 2.6Æ and 53.0Æ. Total non-elastic cross sections for 40-80 MeV neutrons were measured

by attenuation methods. The experimental data were compared with the other experimental

data and the libraries.

1 Introduction

Neutron cross section data above 20 MeV become more and more important for the shielding

design of the high-energy accelerator facilities, estimation of radiation damage and for vari-

ous applications. Total, elastic scattering and non-elastic cross section data with appropriate

accuracy are required for the evaluation of intermediate nuclear data. However, experimental

data of elastic scattering and non-elastic cross section are very scarce above 40 MeV because of

the experimental diÆculties, in contrast to the total cross section data for which very accurate

data are available[1, 2].

In this study, we have performed measurements of elastic scattering and non-elastic cross

section for carbon, silicon, iron, zirconium and lead in 40-80 MeV region at TIARA facility of

JAERI[3]. Elastic scattering cross sections were measured by the time-of-ight (TOF) method

at 25 laboratory angles between 2.6Æ and 53.0Æ with �ve liquid scintillator detectors. Total non-

elastic cross sections were measured by the attenuation method adopting a \close-geometry"[4,

5] and a large plastic scintillator detector. The experimental results were compared with the

other experimental data and libraries.

2 Elastic Scattering Measurements

2.1 Experiment and data reduction

Measurements were done at 75, 65 and 55 MeV by using the time-of-ight (TOF) method

and the 7Li(p,n) quasi-monoenergetic neutron source [3]. The details of experimental and data

reduction method is described elsewhere[6, 7]. Data were obtained for carbon, silicon, iron,

zirconium and lead at 25 laboratory angles between 2.6Æ and 53.0Æ. The e�ects of inelastically

scattered neutrons were corrected by calculating the fraction of the inelastic neutrons to the

total (sum of the elastic and inelastic) ones considering experimental energy resolution using

the LA 150 data [8].
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2.2 Results

Figure 1 shows the results of carbon, iron and lead in comparison with the data reported

by the U.C.Davis group[9, 10]. They measured neutron elastic scattering cross sections for 65

MeV by a 7Li(p,n) source and 52.5-225 MeV by a spallation neutron source. By adopting the

TOF method with a longer ight path at TIARA facility, our data cover much wider angular

range than that of Davis ones. In comparison of 65 MeV data, the Davis's data for iron around

25Æ di�er from the present one by about 40%, while they are in good agreement for other

elements. The Davis's data by spallation source were restricted to angular range of 7Æ-23Æ, and

show milder distribution than our results.
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Figure 1: Elastic scattering cross sections of C(n,n), Fe(n,n) and Pb(n,n) in comparison with

U.C.Davis data
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Figure 2: Elastic scattering cross sections in comparison with LA 150
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Figure 3: Angle integrated elastic

scattering cross sections

Figure 2 shows the present result in comparison with

the LA 150 data[8]. LA 150 is the evaluated neutron and

proton cross section library up to 150 MeV. The neutron

optical potentials by A.S.Meigooni et al.[11] for carbon,

D.G.Madland[12] for silicon and iron, R.E.Shamu and

P.G.Young[13] for lead, are used, in this energy region.

In general, LA150 data agree well with the present results

for all nuclei and incident energies, but in detail, are

smaller by 10-15% for Pb at forward angles.

Figure 3 shows angle-integrated elastic scattering

cross sections in comparison with the LA150 data, Pearl-

stein's systematics[14] and other experimental data. The

present angle integrated cross sections were deduced by

least-square �tting of optical model calculation using a

code, ECIS88, to each di�erential cross section. LA

150 data agree well present data except for lead, �10%

smaller.

3 Total Non-elastic Measurements

3.1 Experiment and data reduction

Neutron total non-elastic cross sections of carbon,silicon, iron, zirconium and lead were mea-

sured in 40-80 MeV region based on the attenuation method adopting with \close-geometry"[4,

5]. Figure 4 shows the setup of the total non-elastic measurements. In this method, the neutron

detector subtends large solid angle to the sample, and detects both the transmitted neutrons

which did not receive any reaction in the sample and most of the elastically scattered neutrons

by the sample. The total non-elastic cross section was deduced by following equation while

some corrections are needed,

�ne � � ln(Im=I0)=(Nt); (1)

where I0 is the incident neutron ux measured by the sample-out run, Im is the neutron ux

transmitted through the sample measured by the sample-in run. The thickness of the samples,

t, 3�4cm, was chosen so that exp(��neNt) = 0:8 � 0:9. The neutron beam was collimated to

1 cm diam. by iron so that the beam spot was smaller than the diameter of the samples, 2 cm.

The transmissions, Im=I0, were obtained concurrently for 40-80 MeV neutrons by using a peak

and continuous part of the 7Li(p,n) neutron source with Ep=80 MeV [3]. We used an NE 102

plastic scintillator, 20.3cm �� 7.6cm, located at 12 cm or 18 cm from the sample. The detector

subtending a large angle, �max=30�40
Æ, intercepted most of the elastically scattered neutrons,

95% typically. Table 1 shows the structure of the energy bin and the detector threshold energy.

The threshold for each incident neutron energy was selected as a compromise between the

detector eÆciency and the e�ects of inelastically scattered neutrons.

Table 1: Structure of the energy group and detector threshold

En(MeV) 75 65 60 55 50 45

�En(MeV) 72.5-78.5 62.5-67.5 57.5-62.5 52.5-57.5 47.5-52.5 42.5-47.5

Bias(MeV) 50 40 30 30 20 20
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Figure 4: Experimental set up of total non-elastic cross section measurement
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Figure 5: Attenuated (sample-in) and di-

rect (sample-out) TOF spectra

Figure 5 shows the attenuated (sample-in, iron)

and direct (sample-out) TOF spectra. The Im and

I0 for each energy group were deduced by inte-

grating over the corresponding ROI in TOF spec-

tra. To deduce total non-elastic cross section, the

corrections were considered for the probabilities of

1) the neutrons elastically scattered to the angles

larger than �max, f1 =
1
�
el

R
�

�max

d
 d�
el

d
 , 2) the neu-

trons inelastically scattered to the angles smaller

than �max, f2 =
1

�ne

R
Ein

E
b

dE
R
�max

0 d
 d
2
�nx

d
dE , where

Eb is detector threshold energy and 3) the neu-

trons elastically scattered to the angles smaller

than �max are not detected because of multiple-

scattering, f3 = 1
�
el

R
�max

0 d
 d�
el

d
 (1 � e
��tNx)�ne

�t
,

where x is mean path length in the sample. To cal-

culate f1;2;3, we used the experimental data[1, 2] for

total cross section and the LA 150 data[8] for the

angular distribution of elastic scattering. The ex-

perimental total cross sections have relatively small

uncertainties, 1% or smaller, and the elastic scat-

tering cross sections of LA 150 reproduce the ex-

perimental data as seen in Fig.2. Because f3 explicitly includes the �ne we want, we made

iterative calculations to �nd a solution. Typically, f1, f2 and f3 were respectively 2%�10%,

4%�8% and 4%�10% but depend on the neutron energy and sample. The corrected cross

section was deduced by the following equations.

Im

I0
= e

��tNt + (1� e
��tNt)

1

�t
((1� f1 � f3)�el + f2�ne); (2)
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then we substitute �t � �ne to �el,

�ne =

Im

I0
�1

1�e��tNt
+ f1 + f3

f1 + f2 + f3 � 1
�t (3)

where �t is experimental total cross section[1, 2]. Figure 6 shows the comparison with raw and

corrected total non-elastic cross sections. The di�erences between corrected and uncorrected

data are 5% to 15%.
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Figure 6: Comparison with raw and corrected total non-elastic cross sections

3.2 Results
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Figure 7: Total non-elastic cross

section

Figure 7 shows the present results in comparison with

other experimental data, Pearlstein's systematics[14] and

LA 150 data. The circles are deduced from the present

(n,n) data by subtracting the present elastic scattering

cross section from well-known total cross section[1, 2].

The data by our two experiments agree each other with

experimental uncertainties except for zirconium at 75

MeV. The present experiment provide the data at 40-

80 MeV region where there were only few experiments,

and are useful to verify the calculations. Above 50 MeV,

our results supports the LA 150 data and systematics ex-

cept for lead case. For lead, the present results are close

to systematics rather than the LA 150 data which are

larger by 15% in 50-80 MeV region. Figure 8 shows the

present results for lead in comparison with proton data

as well as neutron one. The present results are close to

proton data by LA 150 and experiments, and neutron

total-nonelastic cross sections by LA 150 seem to be too

large.
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Figure 8: Total non-elastic cross sections for lead

4 Summary

Neutron elastic and total non-elastic cross sections were measured in 40-80 MeV region by

TOF and attenuation methods, respectively. Elastic scattering measurements were done for

75, 65 and 55 MeV neutrons, and the data at 25 laboratory angle points between 2.6Æ and

53.0Æ were obtained. LA 150 reproduced the elastic scattering cross sections very well except

for lead at very forward angles. The total non-elastic cross sections by two experiments were

consistence within experimental uncertainties. LA 150 data reproduced experiments very well

except for lead, �15% larger of total non-elastic cross sections.
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