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The present paper on the measurement of the spectra of secondary

neutrons formed by the interaction of 14.1 MeV neutrons with the nuclei of the

14 elements: Be, Na, Mg, S, K, Ca, Sr, In, Sb, I, Cs, Ce, Ta, Hg, is a

continuation of Ref. [1], where similar measurements are given for

23 elements.

We thus have data on the secondary neutron spectra for the nuclei of

3 7 elements distributed fairly evenly over the range of mass numbers A

from 9 to 209.

The availability of such systematic data permits a more comprehensive

idea to be gained as to the dependence of the nuclear temperature and the

nuclear level density parameter on the mass number A, as to the mechanism of

the (n,n') reaction and as to the spectra of neutrons from the (n,2n)

reaction. A comparison of the results from the present paper and Ref.[l] with

nuclear temperature measurement and nuclear level density parameter data

obtained at lower excitation energies allows the dependence of these

two values (T and a) on energy to be established.

The geometry of the experiment, the apparatus used to obtain the

present results and its characteristics are described in Ref.[l].

The scatterers were ring-shaped, and no more than 15 mm thick; the Na,

K, I, Cs and Hg were in containers.

In processing the measurement results (recorded spectra), a correction

was introduced, as before, for sprectrometer dead time and to take into

account activation of samples, the effect of the scatterer on monitor counts,

the cosmic-ray background and noise in the photo-multiplier, for different

measuring times of both effect and background. To determine the nuclear

temperature, as in Ref.[l], graphs of ln[N(E)/E] were plotted from the

experimentally measured spectra of scattered neutrons N(E), and, where

necessary, graphs of ln[N(E)/E ] (see Figs 1, 2, 3).

. Table 1 gives the values for the temperatures T and T .



Fig. 1. Graph of £n a s a function of the energy of inelastically

scattered neutrons for sodium, sulphur, potassium, calcium and
strontium.

T is the nuclear temperature as determined from the total neutron
ef r

spectrum for the reactions (n,n') and (n,2n). For this, the linear part of

the graph of lnN(E)/E from 0.4 to 2-3.5 MeV was used.

T is the temperature characterizing the excitation of the target

nucleus after emission of the first neutron. For single-isotope elements and

multi-isotope nuclei with similar binding energy values for the neutron in the

target nucleus, T was determined using the second linear portion of the

graph of lnN(E)/E. For multi-isotope nuclei with different binding energies



Fig.2.

f K.MeV

Graph of dn UffJ/Ei'i as a function of the energy of inelastically scattered
neutrons for beryllium, indium, antimony, iodine.

for the neutron in the target nucleus, T was determined using the

Le Couteur method.

In addition to the results of the present study, temperatures measured

previously by ourselves and by other authors, are also given. For light

elements such as C, Mg, Al, S, K, Ca, the idea of temperature is not entirely

applicable, but it was calculated for the purpose of comparison with the data

from other studies, and also for the sake of being systematic.

The nuclear temperature values obtained allowed the nuclear energy-

level density parameters to be determined assuming a Fermi-gas-type nucleus
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Fig- 3. Graph of lnN(E)(E*l" as a function of the energy of inelastically
scattered neutrons for caesium, cerium, tantalum and mercury.

A

9
12

23
21
27

28
31
32
39

to
18

r l .
C I O —

• ent

Be
C

Ma
Ma
M

Si
P
S
A
Ca
77

-

Results

\

0
0

0
I
0

0
0
0
I
0
o

,71+0,
,55+0,

1 • •

,89+0,
,03+0,
,91+0,

,68tO,
,71+0,
,79+0,
,01+0,
,9i7o,
02+0

of

07
01

10
1 0 *
05

05
07
08
10
09
05 *

DASTAR - POOO8

FEhI-30

Table

this study

T (Le Couteur) T.

1,02+0,10

?,0.?40,

1,91+0,
1,89+0,

1.16+0,

1

Results

21

20
19

09

to

11
11,0
11,8
11,0

IT •
11,0
11,0
11,0

of other studies

Teff h ^Le Couteur'

0,7+0,07/2]
0,02^0,00/?/
1,01+0,11 O'i
0,93+0,11^/

0 Ofl+0 'V IT'l '

i,t?To,oof7
T,Cjj.n,10/iir
1,06^0,16/1/



51 V 0,83+0,05 1,16+0,07
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model. The level density parameters a, a' and a11 were determined using the

following formulae:

a = -^ (O

*'=fl + A.)*E* - (2)

a =
 IT. E*I

-.*
where E = E - 2T is the mean excitation energy of the target nucleus,

o 1

The density coefficient values, calculated on the basis of the temperatures

determined by ourselves, are given in Table 2. In addition, the values for

a and a'' from Ref. [12] are given for neutrons with an initial energy level

of 7 MeV. As may be seen, they agree with our results to within the

measurement error. Table 3 gives level density coefficient values taking into

account pairing energy - a , a' and a"; these were determined using

P P P
_*

formulae (1), (2) and (3), respectively, replacing E by

U = E - 2T + P + P . The Table also presents the values for these
O 1 Z N

coefficients given in Ref. [12] for neutrons with an initial energy of 7 MeV,

and values for a' obtained from an analysis of neutron resonance data [13].
P

The data in Table 3 show the nuclear level density parameters rising

with the mass number A, as required by the Fermi-gas model. Near closed

shells, troughs are observed in the rise of the level density parameter, in

line with the shell model's prediction that the nuclear level density

parameter will fall sharply for magic or near-magic nuclei. The agreement,

within the measurement error, between the coefficients obtained in this study

and the coefficients given in Refs [12] and [13] shows that the Fermi-gas

model is applicable in the majority of cases. Figure 4 gives the Newton curve

for level density coefficients for different values of A, and our data for

a1. Figure 5 plots the dependence of the cross-section for the inverse
P

* *
process o.(E,E ) on E for In. The values for the cross-section were
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Table 2

Results of this study Results from Ref.[12], 7 MeV

Element a ( a"(MeV)-I

Be
C

A/a
Mg
AC
Si
P

s
K
Ca
Ti
V
Cr
tin
fe
Co
M
Cu
In
Se
Sr
Zr
JV8
Mo
Cd
Jn
Sn
S6
Te

I'
Cc
Ta
W
Hg
PB
Bl

t3,3
2,5

11,1
15,2
27,7

2,8
2,9

II , I
13,8

5,2
8,1
5,8
5,3
5,3
5,9
5,3
8,0
7,0

12,7
7,0
8,6
9,6

It ,8
It ,8
It ,8
11,6
11,5
10,7
15,9
12,1
15,6
16,7
17,5
13,2 ;

• 5 , 3 •

5,6

50,t
1,8
15,6
19,8'
33,9

5,3

I5,'3
18,t

• 8,3
12,2
9,0
8,3
8 , t

9,1
8,1

11,6
10,5
16,9
10,5
12,t
13,6
19,5
19,5
19,6
15,9
19,2
11,7
20,8
16,1
20,1
21,7
22,6
17,7
8,5

• - 8 , 7

5,5

6,1

5,9
5,7

8,7

15,0
8,1

16,7

18

17

16

16
22
2t

,8

,1

I-H

,2

I-H

,0

6 ,1 '
1,5

10,5

11,7

9,8
10,7

11,6

22,1
It,2

21,2

26,6

21,9

23,5

23,5
30,1
32,6

11,2*

*> For

calculated using the formula:

E up 1(11,$E*)A (4)
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r,3
t,9

TO,T
9,7
3 ,0

7,1
1,1
1 , 9
1 ,0

1 , 0
7 , 0
5 , 5

9,9
5,2
7 ,?
9 ,1

12,1
T2,0
13,6
9 ,3

13,1
8,9

11,5
I I . 2

n,o
15,9
11,7
1.1,1
1,7
5,2

lMeV

1 , 0

3,5
12,7
U \ 7
5,1

o,n
f>,0
6 ,7
5 , 0
ri.n
5,9
9 ,3
7,1

1?,2
7 , 3
9,6

T.1,0
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T5,9
i T , r
T7,5
13,8
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19,0
11,1.

6,7
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Table

study

"1,9
1 ,6

1 1 . 3

f'1,1

7,1
TV,?

7,7
n,n
7 .T
n,i
7 , 3

fO,7

9,J
11,1
8,8

11,0
T 3 , T

T7.3
T6,n
18,1
T3,7
17,8
13,0
19,1
15,6
17,8
20, <)
19,9
T5.9
7,8
8 ,3

3

Results
E = 7 fo

/ fl \MeVi'

1,6

P,f)

6 ,1

8,0
1,6

11,0

T3.5

12,8

n , 3
18,5

1*5.1

1,5*
3,7

from Ref.[12]
feV

"/(MeVT1

10,1

8 , 5

12,1

15,7
11,0

22,5

2T,T

20,3

T8,0
27,0
21,5

9,9*

Results from
Ref.[l3]

3,5

6,5

5,7
7,0
7 , 0
6 , 0
5,0
6,2
8 , 0
8,2

12,0
. 8,0

9 ,1

10,7
TT,0
16,6
16,0
T3,7
16,2
76,1
16,5
15,5
11,0
20,5
20,0
15,1
7,5
7,8

Pg

Figure 5 shows a rise in the high excitation energy region which may be caused

by the presence of neutrons from the (n,2n) reaction; a sharp rise in the

inverse process cross-section can also be seen in the low excitation energy

region, which is characteristic for direct processes.

10
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Figure 6 shows secondary neutron spectra for the (n,2n) reaction, which

represent the difference between the full spectrum and the spectrum described

by the equation:

= const Eexpf- E/Tl),

where T are the values found for the temperatures of the residual target

nucleus.
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The nuclear temperature values obtained allowed their dependence on the

mass number A to be determined. According to the Fermi-gas model of the

nucleus, the temperature of the nucleus, corresponding to the excitation

energy determined, should decrease as A increases, since the excitation energy

will be distributed over a larger number of nacJeons as A increases. The

12



equation of state for a Fermi gas takes the form:

£ = (5)

where a is the level density coefficient which is proportional to the number

of particles in the nucleus.

In the first approximation

where a = O.O3-O.O7 is assumed. From Eqs (5) and (6) it follows that:

(7)

Figure 7 presents the results of the present work and data obtained by

previously by the authors [1] and by Thomson [12] for neutrons with an energy

of 7 MeV. The figure shows a reduction in temperature as A increases, except

for magic nuclei. The temperature values for light nuclei do not follow the

general pattern of the dependence on A.

The dependence of the temperature on the mass number can be determined

more correctly determined for the identical excitation energy of the residual

nucleus. The temperatures determined in the experiment relate to different

I

SO 1DD {50 3110 J{

Fig. 8. Dependence of thermodynamic temperature on atomic weight.
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for iron, copper, zirconium, cadmium, indium and tin.
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excitation energies, though the energy of the initial neutrons was the same.

Figure 8 shows the thermodynamic temperatures as a function of A, calculated

using the formula

J. tnrr
(8)

for an excitation energy U = 10 MeV. This level was chosen because, for the

majority of nuclei studied, the excitation energy U calculated using the

formula

V=l*itt -2Tt *Pe *PN (9)

14
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Fig. 10. Dependence of thermodynamic temperature on excitation
energy U for antimony, tellurium, tungsten, mercury, tantalum
and bismuth. Symbol key as for Fig. 9.

proved to be = 10 MeV. Values for P and P were taken from Ref. [13].
Z N

The dotted curve in the diagram is a theoretical curve calculated using

formula (5) for an excitation energy of 10 MeV where <x = 0.12. The high

level of agreement between the temperatures t predicted theoretically and the

experimental data for an excitation energy of 10 MeV is good evidence in

support of the Fermi-gas model of the nucleus. Figures 9 and 10 show

thermodynamic temperatures taking into account pairing energy and the

contribution of the (n,2n) reaction for various excitation energies. To

analyse the dependence of the temperature on the excitation energy of the

nucleus, elements were chosen for which the temperatures had already been

determined for several neutron energy values. In addition to the experimental

15



points, the graphs show curves for the dependence of temperature on excitation

energy as given by the Fermi-gas model, and as determined using Eq. (8).

Conclusion

The results of this study allow the following conclusions to be drawn:

1. For medium and heavy nuclei at an excitation energy of 10 MeV, it

is perfectly possible to describe the majority of inelastically

scattered neutron spectra by means of the nuclear temperature;

2. The linear dependence of lnN/E on E shows that scattering

accompanied by the formation of a compound nucleus amounts to at

least 80%, at an initial neutron energy of 14.1 MeV. These

results also show that direct interaction plays a significant role

for those neutrons which lose only a small amount of energy in the

scattering process;

3. The observed change in nuclear temperature with excitation energy

shows a high level of agreement with the Fermi-gas model in the

2-10 MeV excitation energy range . The change in nuclear

temperature with mass number also agrees well with the Fermi-gas

model;

4. A rise in level density is observed as the mass number increases,

except for nuclei close to having closed shells, where the level

density drops significantly. These results agree both

qualitatively and quantitatively with the a parameter values

obtained from experimental data on the mean distances between

neutron resonances. A high level of agreement with the

a parameter values obtained for inelastic scattering of neutrons

with an initial energy of 7 MeV is observed.

5. The measurement of the spectra of inelastically scattered neutrons

with a low neutron detection threshold allowed the contribution to

the scattering process of neutrons from the (n,2n) reaction to be

16



taken into account correctly, and the spectra of secondary

neutrons from this reaction to be obtained.
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