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A B S T R A C T 
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differential cross sections on the primary neutron energy, using a limited 
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curves, based on the present measurements, is given. 

Integrated elastic cross sections were derived from the fitted B0-coefficients 
and are compared with earlier results of other workers. 

KEYWORDS 

MEASUREMENTS ENERGY 
NEUTRONS LEGENDRE FUNCTIONS 
ELASTIC SCATTERING EXPANSION 
CARBON MATHEMATICS 
CROSS SECTIONS 



χ ) ' ·:. . , 

' 1. I N T R O D U C T I O N ­ ­ ■■ . ¿ . ....·..■ 

The accura t e knowledge of the neut ron c r o s s sect ions o£ carbon i s 
of actual impor tance and usefulness in the field of neutron s ca t t e ­
ring m e a s u r e m e n t s . The , ^ C nucleus has i t s f i r s t excited s tate a t 
4; 4 MeV and the nuc lear reac t ions that can be induced by neut rons 
with lower energ ies a r e e las t ic sca t te r ing and neutron cap ture . . 
The (η, Y ) c r o s s section i s 1. 86 m b in the neighbourhood of 0. 1 eV 
[1] and becomes negligible a s the incoming neut ron energy i n c r e a s e s . 
So the contribution from*(η, γ ) c r o s s sect ions i s not to be taken into 
account in the p re sen t invest igat ion. The total neutron c r o s s section 
of carbon shows.no resonance s t ruc tu re below 2 MeV and can be r e ­
p resen ted by s imple p a r a m e t r i c expansions. F o r these r e a s o n s the 
neutron c r o s s section of carbon below 2. 00 MeV is well suited to be 
used as a s tandard for the de terminat ion of the neutron sca t te r ing 
c r o s s sect ions of other e l emen t s . 

In addition, carbon samples a r e v e r y easy to be p r e p a r e d and ana­
lysed. Their use as s tandard samples is especia l ly indicated in 
neutron sca t te r ing exper iments , when the 'Li (p , n) 'Be ' neutron p r o ­
ducing reac t ion i s used above 0. 5 MeV. In fact, the other m o s t com­
monly used s tandard m a t e r i a l , that is polyethylene, can hard ly be 
ut i l i sed when m o r e than one p r i m a r y neutron group i s p re sen t . 
In the past , neutron e las t ic sca t te r ing c r o s s sect ions of carbon up 
to 4. 1 MeV have been m e a s u r e d by severa l au thors [ 2 ­ 7 ] , u s ing ' 
methods other than t ime­of­f l ight . 

In the recent y e a r s , the use of the t ime­of­f l ight technique has con­
s iderably contributed in improving the knowledge of neut ron .e las t ic 
and ine las t ic sca t te r ing p r o c e s s e s . Such a technique substant ia l ly 
i n c r e a s e s the exper imenta l r e sponse r a t e resul t ing in a significant 
improvement of the energy resolut ion and of the p rec i s ion of the 
m e a s u r e m e n t s . 

In the p re sen t invest igat ions the t ime­of­f l ight technique has been 
used and an extensive study of the neutron e las t ic sca t ter ing m e a ­
su remen t s on carbon has been pe r fo rmed in the neutron energy r e ­
g i o n f r o m 0.50 t o 2. 00 MeV. 

2. EXPERIMENTAL EQUIPMENT AND PROCEDURE 

The m e a s u r e m e n t s were c a r r i e d out at the 3 MV Van de Graaff 
a cce l e r a to r of CBNM using fast neutron time­of­flight technique. 
A pulsed ion beam of 1 ns pulse width and 1 MHz repet i t ion ra t e 
was focus sed on the neutron producing t a rge t . The layout of the 
exper imenta l set up is shown in F ig . 1. 

F o r the production of neu t rons two different reac t ions were used. 
Between 0. 50 and 0. 70 MeV neutrons were produced through the 
'Li(p , nj^Be reac t ion using a solid L i F t a rge t . Above 0. 75 MeV 
neutrons were obtained by the T(p, n p H e react ion with occluded 
T i ­T t a r g e t s . The t a rge t th icknesses and the sca t te r ing geomet ry 
were chosen in such a way that the total neutron energy sp reads 

x) Manuscr ip t rece ived on 2 June 1970 



were between 30 and 45 keV for all the m e a s u r e m e n t s . The neut rons 
emit ted from the t a rge t around ze ro degree with r e spec t to the d i ­
rec t ion of the incoming i on -bu r s t s were sca t t e red from the sample 
and col l imated towards th ree de tec to r s kept in l a rge shieldings at 
an equal dis tance of 141. 0 cm from the s c a t t e r e r . The sample was 
positioned 15. 0 cm away from the t a rge t . 
The de tec tors consis ted of cyl indr ical NE 102A p las t ic sc in t i l l a to r s , 
5. 0 cm χ 2. 5 cm mounted on AVP 56/03 photomul t ip l ie rs . The fast 
outputs of the de tec to r s provided the s t a r t s ignals for the t i m e - t o -
pulse height c o n v e r t e r s . The stop signals w e r e taken from a p ick-up 
loop placed before the t a rge t at a dis tance of about 30 cm. The out­
put pulses of the conve r t e r s were r e g i s t e r e d in t h r ee different m e ­
m o r y sect ions of a 4096 channel pulse height ana lyse r . The overa l l 
t ime resolut ion of such a neutron t im e-of-flight s p e c t r o m e t e r , i n ­
cluding the ion pulse width of the a c c e l e r a t o r , was around 2. 3 n s e c . 
The re la t ive neutron fluence was m e a s u r e d by means of an additional 
t ime-of-f l ight spec t rome te r with the detector kept in a shielding co l -
l imating the neut rons coming d i rec t ly from the neutron producing 
t a rge t . This detector was placed at a dis tance of 5 m from the ta rge t , 
at an angle of 20° with r e spec t to the di rect ion of the incoming ion 
b u r s t s . The port ion of the neutron t ime spec t rum corresponding to 
the neutrons emit ted d i rec t ly from the t a rge t was selected by a win­
dow d i sc r imina to r to moni tor the m e a s u r e m e n t s . A functional block 
d iagram of the e lec t ron ics assoc ia ted with the t ime-of-f l ight s p e c t r o ­
m e t e r s i s shown in F ig . 2. 
The re la t ive efficiency of the de tec to rs was m e a s u r e d by compar ing 
the yield of neut rons sca t t e red on a hydrogeneous sample at s eve ra l 
angles between 20° and 67. 5° and the known η-p differential c r o s s 
section [8] . The hydrogeneous sample was a polyethylene cylinder 
of 1. 00 cm outside d iamete r , 0. 60 cm inside d i ame te r and 4. 00 cm 
height. I ts weight was 1. 840 g and the content of hydrogen was 
(14, 31 + 0. 06)%. The re la t ive efficiencies of the de tec to r s were 
m e a s u r e d twice, at the beginning and at the end of the sca t te r ing 
m e a s u r e m e n t s on carbon. Within the exper imenta l e r r o r s no var ia t ion 
of the efficiencies was found. The exper imenta l ly observed efficiency 
of detector 1, fitted with a s emiempi r i ca l express ion , is shown in 
F ig . 3. 

The dimensions of the carbon samples used in the p re sen t m e a s u r e ­
ments a r e shown in Table I. They were chosen in such a way that 
the co r rec t ions due to beam attenuation and mult iple sca t te r ing do 
not change appreciably with the incident neut ron energy. 
The isotopie composit ion of the samples was 98 .893% 12c and 
1. 107% " C . 

3. EXPERIMENTAL RESULTS 
Angular d is t r ibut ions of neut rons sca t t e red from carbon were m e a ­
sured at incident neutron energ ies between 0. 50 and 2. 00 MeV in 
energy steps of 50 keV. The sca t t e red neut rons were detected between 
20° and 150° with an angular spacing of 10°. The neutron sca t te r ing 
from the polyethylene sample was m e a s u r e d at + 30° and - 30° for 
the energies between 0. 50 and 0. 85 MeV and at + 40° and - 40° for 
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the ene rg ies between 0. 90 and 2. 00 MeV. In th is way the p r e s e n c e 
of eventual exper imenta l a s y m m e t r i e s of the neutron yield around 
zero degree was checked. No such a s y m m e t r y was observed within 
the exper imenta l accuracy . 

The absolute values of the differential c r o s s section of carbon were 
de te rmined compara t ive ly to the H(n, n)H differential c r o s s section. 
A typical t ime­of­f l ight spec t rum of neu t rons sca t te red from carbon 
is p resen ted in F ig . 4. 

A number of co r r ec t ions were applied to the observed angular d i s t r i ­
bution data. The var ia t ion in the in tensi ty of the ' Li(p, n)?Be and 
T(p, n p H e neut ron yields as a function of angle and energy due to the 
finite t a rge t ­ t o^sample geomet ry w e r e taken into account. 

The attenuation of the incoming neutron flux in the sca t te r ing samples 
and mult iple sca t te r ing of neut rons within the polyethylene and carbon 
samples were a l so considered. The evaluation of the co r r ec t ions were 
pe r fo rmed by a Monte Car lo P r o g r a m (MAGGIE) in the ve r s ion mod i ­
fied at the CBNM [10] . The applicabil i ty of th is p r o g r a m i s i l l u s t r a ­
ted e l sewhere [11­15] in seve ra l c a s e s . 

In evaluating the e r r o r s to the individual exper imenta l points , the 
ones introduced by the counting s ta t i s t i cs and those originating from 
the s ta t i s t ica l na ture of the Monte Car lo method w e r e cons idered . 
A l i s t of the e r r o r sou rces and the i r r ep resen ta t ive values is given 
in table II. 

The differential e las t ic sca t te r ing angular d is t r ibut ions a r e shown 
in F i g s . 5 to 35. The full c i r c l e s r e p r e s e n t the c o r r e c t e d e x p e r i ­
menta l data in the l abora to ry sys tem and the e r r o r b a r s a r e the 
total unce r t a in t i e s . 

A fit through the co r r ec t ed differential sca t te r ing c r o s s sect ions 
was made with a Legendre polynomial expansion of the form 

. 4 
4 £ ( Θ ) = Σ B_ P_ ( c o s e ) (1) 
dû L = O L L 

The BT ­coefficients obtained from (1) were then fitted using an 
express ion of the type 

B L (E) = Σ A L E 1 (2) 
i=0 i 

where the expansion on the r ight hand side of (2) was t runca ted 
after the second t e r m for B 0 and Β .. 

3 4 
The values of CTei=4rTB0and of B , to Β . obtained from the l ea s t 
squa res fits (l) a r e given in table III together with thei r e r r o r s 
and a r e shown as full c i r c l e s in F ig . 36 along with the fitted 
curves f rom (2). The numer i ca l values of the m e a s u r e d differen­
t ia l e las t ic sca t te r ing c r o s s sect ions a r e available at the ENEA 
Neutron Data Compilation Centre (France) . 
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Using the Β (E)­coefficients from (2) a consis tent set of neutron 
differential c r o s s sect ion curves w e r e calculated and a r e plotted 
as solid l ines in F i g s . 5 to 35. They a r e a l so shown in the form 
pf a t h r ee dimensional plot in F ig . 37. 

The 'expl ici t express ion valid for σ ι in the energy region from 
0. 50 to 2. 00 MeV is ­ : ® ·.··.' 

σ (E) = (4. 513+0. 243) ­' (2. 343+0. 637)E+(0. 465+0. 520)E2 

­ + (0 .012+0 . 133)E3 barn,­

where ' È is the incoming neut ron energy in MeV. The overa l l e r r o r 
per pointa including the computed e r r o r from the fitting p rocedure 
and e r r o r s from other sources is evaluated to about 3%. 

In F ig . 38 the in tegra ted e las t ic sca t te r ing c r o s s sect ions from the 
p re sen t m e a s u r e m e n t s a r e compared with the c r o s s sect ion r e s u l t s 
óf other w o r k e r s [4, 15­17] . The ag reemen t between al l these mea­
su remen t s , although made with different techniques , i s good within 
the quoted e r r o r s . 
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5-35:Neutron differential e las t ic sca t te r ing c r o s s - s e c t i o n s 
of carbon in the Lab . - s y s t e m . Solid l ines a r e ca lcu­
la ted using the fitted Β -coefficients from equation (2). 
In tegra ted neutron e las t ic sca t te r ing c r o s s - s e c t i o n s of 
carbon and Β to Β . coefficients. Ful l c i r c l e s a r e the 
r e s u l t s of the p r e sen t m e a s u r e m e n t s and solid l ines 
a r e the fits with equation (2). Tr iang les a r e the expe­
r imen ta l va lues of Lane et a l . [ 1 8 ] . 

Three dimensional plot of neut ron sca t te r ing angular 
d is t r ibut ions of carbon calculated using fitted Β -
coefficients. 

F ig . 38: Compar ison between σ , r e s u l t s f rom the p re sen t mea­
su remen t s and those of other w o r k e r s . 
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TABLE I 

Carbon sample dimensions 

Outside d ia­
m e t e r (cm) 

2 .00 
1.41 
1.72 

Inside d ia ­
m e t e r (cm) 

0.86 
0.00 
0.00 

Height 
(cm) 

3. 505 
3. 500 
3. 500 

Weight 
(g) 

15.462 

9 .375 
13.897 

Neutron energy 
region 
(MeV) 

0. 50 - 1. 25 
1. 30 - 1.70 
1. 75 - 2 . 0 0 

TABLE II 
Sources of e r r o r s for the differential e las t ic c r o s s sect ions and the i r 

r ep re sen ta t ive re la t ive e r r o r s 

Sources of e r r o r s 

Detector efficiency 
Total η -p sca t te r ing c r o s s sect ion 
Counting s ta t i s t i cs on H 
Flux factor in C-sample : 
1) due to fluctuations in fLux calculat ions 
2) due to uncer ta in t i es of g „ 
Multiple sca t te r ing cor rec t ion in carbon 
cv-factor in CH 
Hydrogen content in CH 

Sum of the e r r o r s 
Counting s ta t i s t i cs on carbon 

E r r o r s (%) 

2. 00 
0. 50 
1. 00 

0.45 
0. 70 
0. 70 
1. 00 
0. 5 

2 .8 
1 - 3 
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TABLE III 

Integrated e las t ic sca t te r ing c r o s s sect ions and Legendre polynomial 
coefficients of carbon in the l abo ra to ry sys tem 

E L a b 
[MeV] 

0.50 

0.55 

0.60 

0 .65 

0.70 

0.7 5 

0.80 

0 .85 

0.90 

0.95 

1.00 

1.05 

1. 10 

1. 15 

1.20 

1.25 

1.30 

1.35 

1.40 

1.45 

1. 50 

1. 55 

1.60 

1.65 

1.70 

1.75 

1.80 

1.85 

1.90 

1.95 

2 .00 

CTel±ACTel 
[ m b ] 

3304 + 

3385 + 

3312 + 

3291 + 

3085 + 

3059 + 

3017 + 

2882 + 

2819 + 

2724 + 

2655 + 

2662 + 

2399 + 

2429 + 

2271 + 

2299 + 

2291 + 

2290 + 

2194 + 

2138 + 

2117 + 

2023 + 

2017 + 

1978 + 

1931 + 

1935 + 

1876 + 

1849 + 

1826 + 

1806 + 

1769 + 

97 

100 

96 

95 

94 

89 

87 

84 

83 

79 

78 

76 

70 

72 

65 

68 

68 

67 

64 

63 

61 

59 

58 

60 

57 

55 

53 

53 

52 

54 

53 

B i ± û B i 
[ r n b / s r ] 

121.2 + 5.1 

111. 1 + 5.2 

117.6 + 3.9 

102.8 + 3.8 

93 .0 + 6.3 

107.9 + 4 . 3 

90.7 + 3.7 

93 .0 + 4 . 0 

89 .3 + 4 . 2 

89.9 + 3 .7 

81 .6 + 4 . 6 

85 .4 + 3.0 

77 .6 + 3 .3 

75. 5 + 3.7 

67.6 + 2 .7 

67.6 + 3 .4 

73 .7 + 3.6 

69. 6 + 3 .3 

73 .6 + 3. 1 

65.2 + 3 .3 

58.3 + 2 .7 

62.9 + 2 .7 

54. 7 + 2 . 4 

56. 3 + 3 . 5 

52.2 + 3 . 2 

54.7 + 2 . 2 

52.9 + 2 . 3 

48. 5 + 2 . 3 

49. 5 + 2 . 5 

48. 1 + 3.0 

41 .0 + 3 . 1 

Β 2 ± · Δ Β 2 
[ m b / s r l 

2 6 . 8 + 5. 1 

7.9 + 5.8 

9 .7 + 3.0 

16.4 + 6.4 

9 .3 + 8.0 

22 .2 + 4 . 3 

29. 7 + 3.8 

26 .0 + 4. 1 

19.6 + 4 . 8 

24 .0 + 3.6 

30.7 + 5.8 

2 2 . 4 + 2 . 5 

21.2 + 3.5 

19.0 + 4 .3 

10.2 + 2 . 7 

18.4 + 3.9 

18.4 + 4 . 0 

26 .9 + 3.8 

25 .7 + 3 . 1 

27. 1 + 3 . 8 

19.3 + 2 . 9 

22 .7 + 2 . 8 

28.2 + 2 . 5 
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