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ABSTRACT

The authors present the results of time-of-flight measurements of secondary

neutron spectra in the 0.4-14 MeV energy range for spherical and hemispherical

samples of structural materials and the elements Mg, Al, Fe, Ti, Ni, Cu, Zr, Mo,

CF2, Pb, 238U, H2O, D2O, Be, C and CH2 induced by 14 MeV neutrons. The

dependence of the relative neutron detector efficiency on energy is given. The final

results are presented in the form of normalized instrumental spectra and also in the

form of neutron yield tables in 13 energy ranges from 0.4 to 14 MeV. The results

may be used for checking and correcting existing data for the materials and elements

investigated.

In recent years, interest in so-called integral experiments designed to check the whole

set of neutron constants for a particular element has grov/n [1]. We therefore carried out

a series of experiments to measure the neutron spectra emitted by spherical and hemispherical

samples of various structural elements and materials under the effect of 14 MeV neutrons.

We studied the following: Mg, Al, Fe, Ti, Ni, Cu, Zr, Mo, CF2, Pb, 238U, H2O, D2O, Be,

C and CH2. We find the results obtained using hemispherical samples (inverted hemispheres)

particularly interesting since they can be used to check the large-angle elastic and inelastic
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neutron scattering constants which are difficult to measure in small samples and for which

the measurement accuracy is usually low.

The measurements were performed using the time-of-flight method with a path length

of 8.5 m, a detector with a 70 x 70 mm stilbene crystal and an FEhU-110 photomultiplier

with n-y separation to reduce the gamma-ray background. The neutron registration threshold

was 0.15 MeV. The pulsed neutron generator had the following parameters:

Neutron pulse length - 15 ns;

Pulse repetition rate - 500 kHz;

Mean neutron yield - 3 • 108 n/s.

In order to reduce the flux of direct 14 MeV neutrons and obtain more accurate

information on the extent of elastic scattering of 14 MeV neutrons in the samples, a steel bar

30 mm in diameter and 400 mm long was placed between the target and the detector which

totally covered the accelerator target (target diameter: 25 mm) and only slightly affected the

flux of neutrons scattered in the sample. The sample parameters are given in Table 1 and

the geometry of the experiment is shown in Fig. 1.

All the experimental results were normalized to 1000 14 MeV neutrons registered by

the detector from the free target minus the shielding rod.

Following many experiments and calculations, a detector efficiency value was adopted

which was based on a comparison of the experimental and calculated spectrum for a spherical

238U sample. (The 238U, CH2 and Pb spectra were calculated using the Monte Carlo method

in Refs [2,3].) The relative detector efficiency value which we adopted is shown in Table 2.

In order to establish more accurately the energy dependence of the detector efficiency

employed, independent measurements were carried out at 1.48 and 2.64 MeV using annular

polyethylene scatterers. The results of these measurements, which are based on the well-
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known elastic scattering cross-section for 14 MeV neutrons in hydrogen, agreed with the

efficiency value adopted by us to an accuracy of + 4%. The high level of agreement

between the calculated and experimental spectra for such widely studied materials as

polyethylene and lead is further evidence in support of this detector efficiency value.

Overall, we estimate that the error level of our detector efficiency value is + 5 % at most.

In addition, by using the 238U spectrum as the basis for our measurements, we are

proof against errors caused by a change in the experiment geometry, shifts in the registration

thresholds and replacement and deterioration of the detector crystals. This approach to

determining the detector efficiency means that the results obtained by us can be reproduced

in other laboratories. If it should transpire that the ^ U neutron spectrum which we adopted

as our standard differs somewhat from the real spectrum, then the relevant corrections can

be introduced using measurements performed on other samples.

The detector efficiency includes scattering of neutrons in the air (for a path length of

L = 8.5 m) and scattering in the materials surrounding the detector (crystal packaging,

photomultiplier tube, detector housing and shielding. Since all of these effects are, to some

extent, resonance-like in nature (particularly scattering in air), the detector efficiency should,

strictly speaking, reflect this resonance structure. Since this structure does not exceed 4-5 %

over the larger portion of the spectrum at our energy resolution, we found it possible to

maintain a smooth efficiency curve except in the 920 ns region (neutron energy

E,, = 0.44 MeV) where the strong oxygen resonance causes a dip of up to 15% in the

efficiency curve.

All the measurement results are given in the form of instrumental spectra AN/At

relative to the time of flight of the neutrons in time intervals of At = 10"8 s. This way of

presenting the data has specific advantages by comparison with the traditional energy-
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dependent mode of presentation: An/AE = f(EJ. In normal co-ordinates, the neutron

spectrum tends to infinity when the neutron energy tends to zero. Under these conditions,

measurement errors increase sharply when the neutron energy approaches the registration

threshold. Moreover, at high energies (E,, > 8 MeV) the energy resolution capacity of the

time-of-flight method decreases sharply, reaching + 1.2 MeV at around 14 MeV, whereas

the resolution capacity is 0.022 MeV at a neutron energy of 0.5 MeV.

This makes the graph of the neutron spectrum terribly difficult to read in normal co-

ordinates, since the larger part of it is taken up by uninformative data with a high error level

and the main part of the spectrum is concentrated in an insignificant area on a small scale.

By contrast, when the instrumental spectrum is presented as a function of the time of flight,

the error levels both as regards the time and the amplitude are distributed practically evenly

over the whole area of the graph.

The statistical accuracy of the experiments in the 1-3 MeV region, where the main

group of neutrons is concentrated, was at least + 2 %. We estimate the overall accuracy

level in this region to be + 5 %.

The measurement results are shown in Figs 2-33 and are summarized in Table 3

which presents numerical data that take into account the detector efficiency for discrete

energy intervals from 0.4 to 15 MeV. All the data shown in Figs 2-33 and in Table 3 are

normalized to 1000 14 MeV neutrons.

Before moving on to a discussion of the results, let us look at Fig. 34 which shows

a 238U spectrum after passage of a particle through a layer of Be 2 cm thick. This spectrum,

which is given in relative units, is used mainly for energy calibration of the time-of-flight

spectrometer. The marked dip at 780 ns (0.62 MeV in energy terms) corresponds to a

pronounced resonance in the total cross-section for beryllium. Apart from its main object,
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this figure shows how the time resolution of this method is practically independent of the

time of flight, since the natural width of the resonance for beryllium was not increased in our

measurements.

Integral experiments on spherical samples with 14 MeV neutrons have also been

performed in other laboratories. In Ref. [4], measurements are performed for carbon,

oxygen, aluminium, titanium and iron. In Ref. [5] the leakage spectra from a water sphere

are measured, in Refs [6, 7] the spectra from iron spheres, in Refs [8, 9] the spectra from

lead, and in Refs [10, 11] the spectra from uranium-238 and beryllium.

Unfortunately, it is difficult to make direct comparisons between data produced in

different laboratories, since the experiments were performed under different conditions with

samples of different sizes. Therefore, the results obtained by the various authors may be

compared only by performing the relevant calculations using one or another set of nuclear

physics constants. Although in each of the above-mentioned papers, to some extent,

calculations were performed and a comparison made with experiments in the laboratory in

question, no comparison was made with experiments from different laboratories, which

means that it is impossible to determine possible errors in experiment and calculation. A

partial attempt at a comparison of experimental data from various sources is made in Ref. [3]

for 238U, CH2 and Pb, and it is intended to extend this to other elements and materials.

It should also be noted that the published data has only limited informational value.

For example, in Ref. [4], only data for neutrons with an energy of over 2 MeV are given

for the leakage spectra from C, O, Al, Fe and Ti, which makes it impossible to check the

neutron constants of elements for the main group of inelastic scattering neutrons below

2 MeV. As a rule, data are presented in figures with a logarithmic scale and no numerical

data are given, which also hampers comparison of results. It would be desirable for
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laboratories to agree on standardized sample dimensions and standardized methods of

presenting data, as is the case for standard measurements of reference neutron cross-sections,

in order to facilitate accurate intercomparison of both experimental data and the accepted

versions of libraries of evaluated data.
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Table 1

Sample parameters

No. Sample Mass of inverted Mass of sphere, kg
hemisphere, kg

Sample dimensions, mm

2

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Mg

Al

Fe

Ti

Hi

Cu

Zr*1

Mo*1

Pb
238^

EO

DO

Be

C

CcB 1

- 3,260

4,880

13,330

7.920

14.820

14.750

11.710

17,810

3,900

19,250

33,300

1,780

1,96 ,

6,300

' 2,215

1,620

6,590

' . 9,860

26,900

16,170

29.910

29,920

23,660

36,070

7,860

39.110

67,800

3,600

3,95

12,670

4.550

3,280

200x100

200x100

200x100

200x100

197x100

200x98

200x100

200x100

200x100

200x100

200x100

200x100

260x160

180x100

200x100
' TV

These samples were taken from sheet material and the mean density may therefore be slightly
different from normal.
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Table 2

Detector efficiency

Time, ns

100
20
40
60
80
200
20
40
60
80
300
20
40
60
80
400
20

e, rel.

1.0
1.0
1.0
1.0
1.0
1,02
1,04
1,08
1,12
1,17
1,22
1,26
1.31
1,35
1.39
1,42
1.44

Time, ns

40
60
80
500
20
40
60
80
600
20
40
60
80
700
20
40
60

e, rel.

1.47
1,50
1,52
1.54
1,55
1,56
1;56
1,57
1,58
1,59

. 1,61
1,64
1,67
1,68
1,69
1,69
1.70

Time, ns

80
800
20
40
60
80
900
20
40
60
80

1000
20
40
60
80

1100

e, rel.

1,71
1,73
•1,75

1,76
1,73
1,65
1,56
1,50
1,50
1,52

-1,55
1..53
1,50
1,45
1.40
-
_
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Geometry of the experiment: 1 - sample to be measured; 2 - pulsed neutron
flux monitors; 3 - polyethylene collimator; 4 - all-wave counters; 5 - lead
collimator; 6 - lead detector shield; 7 - detector; 8 - polyethylene
collimator; 9 - concrete wall; 10 - steel rod; 1 1 - 1 4 MeV source.

II
m I

zoo 300 800 700 S00 sac 1000 1100 = ns

Normalized instrumental spectrum from a hemispherical magnesium sample.
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Fig.3. Normalized instrumental spectrum from a spherical magnesium sample.

CO 200 .300 ZOO 500 600 700 &00 900 1000 liOO

Fig. 4. Normalized instrumental spectrum from a hemispherical aluminium sample.
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Normalized instrumental spectrum from a spherical aluminium sample.
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Fig. 6. Normalized instrumental spectrum from a hemispherical iron sample.
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Fig. 7. Normalized instrumental spectrum from a spherical iron sample.

100 100 300 "00 500

Fig. 8.
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Normalized instrumental spectrum from a hemispherical titanium sample.
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qg. 9. Normalized instrumental spectrum from a spherical titanium sample.

Fig. 10. Normalized instrumental spectrum from a hemispherical nickel sample.
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Fig. 11. Normalized instrumental spectrum from a spherical nickel sample.

8oc 900 000 '100 20C 30C *00 JX 600 TOO

Fig. 12. Normalized instrumental spectrum from a hemispherical copper sample.
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Fig. 13. Normalized instrumental spectrum from a spherical copper sample.
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Eg- 14. Normalized instrumental spectrum from a hemispherical zirconium sample.
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(00 200 sx 600 :-oo 500 SCE COO

Normalized instrumental spectrum from a spherical zirconium sample.
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100 203 330 400 50O 600 700 80C ooc IOOC

Normalized instrumental spectrum from a hemispherical molybdenum sample
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Fig. 17. Normalized instrumental spectrum from a spherical molybdenum sample.
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Fig. 18. Normalized instrumental spectrum from a hemispherical Teflon sample.
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Fig- Normalized instrumental spectrum from a spherical Teflon sample.
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Fig- 20. Normalized instrumental spectrum from a hemispherical lead sample.
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Fig. 21. Normalized instrumental spectrum from a spherical lead sample.

100 300 «3O 500 500 700 600 300 1000 COO 1300

Fig. 22. Normalized instrumental spectrum from a hemispherical 238U sample
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Fig- 23. Noimalized instrumental spectrum from a spherical 238U sample.
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Fig- 24. Normalized instrumental spectrum from a hemispherical water sample.
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Fig. 25.

Ifi-

I J D -

Normalized instrumental spectrum from a spherical water sample.
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- 26. Normalized instrumental spectrum from a hemispherical heavy water sample.
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(00 200 300 500 60S 700 BCO SCD 1000 i:00

Fig. 27. Normalized instrumental spectrum from a spherical heavy water sample.

(00 ZOO 300 400 600 700 800 900 1000 ((00 IZCO

Normalized instrumental spectrum from a hemispherical beryllium sample.
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Fig. 29. Normalized instrumental spectrum from a spherical beryllium sample.
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Fig. 30. Normalized instrumental spectrum from a hemispherical carbon sample.
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Fig. 31. Normalized instrumental spectrum from a spherical carbon sample.
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Fig. 32. Normalized instrumental spectrum from a hemispherical polyethylene sample.



- 26 -

2 .

0 100 200 2,00 COO SOO €-00 700 80G 900 iOOO UQO

Fig. 33. Normalized instrumental spectrum from a spherical polyethylene sample.
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Fig. 34. Instrumental spectrum from a hemispherical 238U sample through a 2 cm layer
of beryllium.


