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Theoretical and Experimental Analysis of Fast Neutron Spectra

I, Introduction

In this report a short survey is given of some of the activities of

the reactor physics division of the Interuniversity Reactor Institute

at Delft in the field of fast reactor physics.

For university laboratories it is desirable to select their research

activities concurrent with their rather limited financial resources.

As a consequence our work in the fast reactor area is concentrated on

theoretical prediction and experimental verification of neutron

transport in matter. In particular, we have chosen to focus our

attention on space- and energy-dependent neutron distributions in

non-multiplying media, because even such simple means provide the

possibility for verifying calculation models versus experiment.

in the next paragraph of this report a description is given of the

FANCY* assembly, designed for fast spectrum studies with a small

amount of fissile material. An analysis will be presented of neutron

spectra in the first material configuration that is being studied in

this assembly; attention will be given to the influence of anisotropic

scattering on the energy distribution and the adequacy of some commonly

used approximations in relation to this phenomenon in spectrum

calculations.

For the spectrum measurements in FANCY use is made of proton-recoil

detectors. For a proper interpretation of experimental data, knowledge

of spectral perturbation caused by the detector channel is needed;

results of theoretical analyses on this subject will be discussed.

Further attention will be given to the problem of group cross-section

evaluation in relation to resonance self-shielding. Some results of

spectrum measurements will be presented and discussed. A preliminary

discussion is given in how far it is possible to infer improved group

cross-sections from the measured spectra. Finally the experimental

program for the near future will be outlined.

*Fast Neutron Counting Assembly
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II. Deeaviption of FANCY Assembly

The assembly for fast spectrum measurements is positioned on the

vertical section of the thermal column of the 2 MW pool type

reactor of the Interuniversity Reactor Institute at Delft.
1

This assembly consists of a core embedded in a graphite reflector

with outside dimensions of 130x130x130 cm
3
. The system is fed by

the neutron current from the thermal column; the flux can be

adjusted by varying the water level in a tank positioned under-

neath the assembly. The flux is monitored by a neutron counter

in the reflector part of FANCY.

The core consists of a square array of 100 vertical aluminium

drawers, fixed by a bottom grid plate; the lattice pitch is

54 mm. Different core compositions can be created by stacking

2 in.*2 in. platelets of appropriate materials into the drawers.

In this report an analysis will be given of assembly-I, consist-

ing of an aluminium core of 54x54x54 era
3
. Near the core centre

fuel platelets with a total amount of 150 grams of
 2 3 5

U have been

inserted in symmetric positions. These fuel platelets act as a

well-defined fast neutron source.as a result of fissions induced

by neutrons from the thermal column.

i

Щ

1
H. van Dam and H.R. Kleijn: Theoretical and experimental analysis
of fast neutron spectra.
In: Fast Reactor Physics-, vol. I, pp. 377-387, IAEA, Vienna, 1968.
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III. Neutron Spectra in Aesembly-I

Spatially dependent neutron spectra were calculated for assembly-I,

using one-dimensional diffusion- and S -codes assuming spherical

geometry. This onerdimensional approach i s expected to be adequate

for positions far from the core-reflector interface. Results of the

S -calculation are shown in Fig.. 1; use has been made of the

original ABN cross-section se t . 2 Radially outward from the core

centre the spectrum softens continuously and approaches a I/'E-

: distribution in the reflector. In the low energy ta i l of the.

spectrum the flux level i s almost spatially independent in the

aluminium zone due to a large supply of moderated neutrons coming

from the graphite reflector, and because of the large diffusion
3 '

length of these neutrons in aluminium.

•: This system is interesting with regard to the fine structure in

' the spectrum caused by the scattering resonances in the aluminium

cross-section in the region from 5 keV to 800 keV. This fine

structure cannot be seen in the calculations in Fig. 1 because of

§ the rather large width of the energy groups compared to the

resonance widths. The results of more detailed calculations with

smaller energy groups will be discussed in section VI.

In comparison with the results of, the S -calculations the diffusion

calculation shows an underestimation of flux levels in positions

near the source, especially at higher energies. Therefore spectra

obtained as a result of diffusion calculations are too soft* This

i s consistent with the well-known fact that diffusion theory

underestimates the leakage component near local sources and/or

absorbers.'

2Abagyan, L.P.; et a l . , Group Constants for Nuclear Reactor
Calculations, New York (1964).
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IV. Influence of Anieotropia ScatteHnp

In order to assess the influence of scattering anisotropy on the

neutron spectra a study has been made with a S -F code wUich

handles scattering anisotropy up to the fifth Legendre component.
3

In Fig. 2 a comparison is given between five approximations, which

in order of increasing accuracy can be listed as:

a. P approximation: all scattering is assumed to be isotropic,

b. diagonal transport approximation,

c. corrected diagonal transport approximation (for a detailed

analysis of methods' b and с it may oe referred to
 1
) ,

d. P. approximation: the angular distribution of elastic scatter-

ing is treated exact up to the second Legendre component,

e. Р, approximation: just like method d but up to the third

Legendre component.

It has been shown extensively in *, that the transport approximations

give good results provided scattering is either isotropic or can be

considered as consisting of an isotropic component plus a purely

forwardly directed component. This explains the large discrepancies

in the intermediate energy region (0,1 HeV - 1 MeV) where neither

of these conditions is fulfilled. At larger distances from the source,

however, the transport approximations g£ve satisfactory results.

The Pj solution is more accurate but for most cases the transport

approximation is preferable because of the less computational effort

required.

3H. Bruggeman and H. van Dear FAST-DSN-DELFT. Delft Technological
University Report THD-H-RF-121 (1969).
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V. Flux Perturbation Caused by a detector Channel

Flux perturbation caused by a detector channel has been studied by

applying two-dimensional S -analysis on assembly—I.
1
* in these

calculations the assembly is considered to be infinitely long in

the direction of the detector channel. Experimental verification by

means of measurements on detector channels with different dimensions

has been planned for the near future in order to test the adequacy

of this approximation.

Figures 3a and 3b show the calculated flux perturbations caused by

detector channels respectively in position 6.6 and 5.10 (for position

indications see Fig. 7). In the same graphs the local net neutron

in-flow per unit volume in the unperturbed system as a function of

neutron energy has been given. These curves are indicated by the

diffusion theory term -DB
2
, i.e. diffusion coefficient multiplied by

a negative buckling. From these curves the qualitative conclusion can

be drawn that, when the local net neutron leakage per unit volume in

the unperturbed system is negative - which means that the neutron

absorption in the group considered exceeds the production -, the

introduction of a detector channel (removal of material) will lead

to flux enhancement and vice versa. In this context neutron production

includes moderation from higher energy groups and slowing-down to

lower energy groups is from a neutron balance point of view equi-

valent to absorption. It is interesting to note the remarkable

difference in perturbation in the intermediate energy range at the

positions 6.6 (near the fission source) and 5.iO (in the graphite

reflector near the core» reflector interface).

Presently we are working on a simple model for a quantitative pre-

diction of detector channel perturbation.

We expect that flux levels in all energy groups will be lower than

indicated by these calculation results because of axial neutron

streaming in the detector channel, which is of particular importance

for high-energy neutrons. -

^P.J. 't Hoen and H. van Dam: XYSNI, an Algol code for the solution of
the multigroup neutron transport equation for x~y-geometry.
Delft-Technological University Report THD-H-RF-128 (1970).



- ь -

In Fig. 4 an illustration is given of a phenomenon being characteristic

for more-dimensional S calculations on non-multiplying systems

with a small external source, the so-called ray-effect. In case

the angular discretization is too coarse, some areas in the system

do not "see" the neutron source, especially when absorption is

strong in comparison to scattering. For the calculations on FANCY

assembly-I it appeared to be necessary to use S
] 2
 approximations

in the energy groups above 2.5 MeV, S
g
 between 100 keV and 2.5 MeV

and S, for the lower energy groups.
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VI. Evaluation of Group Сеова- Sections

In the numerical calculation of fast neutron spectra special attention

must be given to the proper evaluation of group constants for those

energy regions where one or more of the nuclides present in the system

exhibit strong cross-section resonances. First calculations on FANCY

assembly-I were performed with the original ABN-set. Thereafter a study

has been made of the adequacy of cross-sections and self-shielding

factors as given in this set. Results of this study have been

published.
5
 For the energy group between 21.5 and 46.5 keV some data

(for massive aluminium and constant collision density per unit of

lethargy) are as follows:

ABN

our results

transport cross-section slowing-down cross-section

0.74 barns

0.611 barns
0.137

0.122

Because the self-shielding factors of the core material in FANCY

assembly-I will be space-dependent, calculations have been performed

with a modified cross-section set, where each of the ABN-groups

between 21.5 and 400 keV has been divided into five subgroups. From

this calculation the space-dependence of the cross-sections could be

assessed (see Fig. 5).

In Table I some numerical data are presented together with the

differences in the flux between 21.5 and 46.5 keV obtained respectively

with-fine group (Ф„) and coarse group calculations (Ф.).

r(cm)

0
10
20
30

spatial

0,
0.
0,
0,

.956

.910

.85

.81

0
0
0
0

.0394

.0430

.0502

.0586

independent cross-sections

the calculation of Ф,

• • . . • - • •

•
• a

t
 =

a
d
 =

0.
0.
611
122

113
71
24
-11

used for

barns

barns

Table I

5
H. van Dam: Some remarks on group cross-sections for, mixtures with
a resonance-scattering component. Nukleonik, JJ_, 6 (1968) 298-2Г9.
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It is concluded that the spatial dependence of the cross-sections is

rather strong; this is especially true for the slowing-down cross-section.

The neutron spectrum appears to be very sensitive to the cross-eection

variations which means that spectrum measurements are very well suited

as a tool for experimental verification of cross-sections. In section VIII

some comments will he given on the possibility to procure group cross-

sections from measured spectra.

it
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VII. Speatva Meaeured in FANCY Assembly-!

In Fig. 6 neutron spectra measured at three different positions in

FANCY-I are shown. The solid lines indicate the results of a 26-group

diffusion calculation. The group width of this set is approximately

equal to the resolution of the proton recoil detectors used. The

arrows at the abscissa indicate the main resonance energies of

aluminium.

The calculated spectrum is much too hard near the fission plates.

The contribution of background neutrons, ranging from about 5% at

500 keV to 10% at 100 keV, is too small to explain this effect. The

use of the transport approximations in the calculations results in

spectra that are too hard in the energy range considered, but the

error introduced in this way is again too small to properly account

for this effect (see section IV). Further this error is partly

compensated by the detector perturbation (section V) and the use of

diffusion theory (section III)»

In some parts of the resonance energy region the flux variations are

rather poorly predicted by calculations, which must be due to group

cross-section errors.
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VIII. Procurement of Group Сгоав-весЫопв from Measured Spectra

It has been indicated in section VI that results of neutron spectrum

calculations are rather sensitive to cross-section variations. Whereas

the adequacy of numerical approximations of the neutron transport

equation (e.g. diffusion-, S - and integral transport theory) can be

tested by computer calculations, the correctness of the group cross-

sections can be verified by experiments only.
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A study has been made of the sensitivity of neutron spectra in FANCY-I

for cross-section variations by means of a computer code, in which the

transport and slowing-down cross-sections are changed, group by group

and one at a time, by 10%. In this way the (spatial dependent) elements

of a matrix are obtained which relates the group parameter variations

to the group flux variations:

№ • Ь)Ш •
Strictly speaking the "sensitivity-matrix" I S I cannot be inverted

because at least two cross-section values are related to each energy

group (a transport cross-section and one slowing^down cross-section).

There are, however, considerations which lead to the conclusion that

quantitative cross-section information can be obtained from spectrum

measurements:

1. transport and alc^ng-down cross-section in each group are mutually

dependent.

2. from the spectrum measurements one obtains information about the

spectrum inside the energy groups, from which self-shielding data

can be inferred by considering the ratios between total group flux

and the differential flux (e.g. per unit lethargy) at the group

boundaries. In this case careful analysis is required in order

to avoid incorrect results, for instance if flux peaks or dips

near group boundaries have been smeared out as a consequence of

detector resolution.

3. slowing-down cross-sections have in general a greater effect on

the neutron spectrum than the transport cross-sections, which

have a more indirect influence through the leakage term in the

transport equation. In practice the group neutron losses- due to

slowing down considerably exceed the leakage. This is an incentive

to give priority to adjusting the glowing-down cross-sections
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rather than the transport cross-sections. As far as absorption

cross-sections are concerned, we may refer to a paper of Campbell6

where it is stated that neutron spectra are relatively insensitive

to changes in absorption data. It is concluded that spectrum

measurements provide a means for adjusting scattering cross-sections,

whereas integral foil measurements in properly defined spectra

provide a means for improvement of capture and fission cross-section

data.

6C.G. Campbell: The measurement of fast reactor spectra. EACRP meeting,
3-7 June, 1968.
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IX. Future Work on Neutron Energy Distributions

The work in this area to be performed in the near future at our

laboratory can be listed as follows:

1. interpretation of measured spectra and study of cross-section

sets adjustment.

2. experimental verification of perturbations caused by a

detector channel.

3. calculation and measurements of the influence on the neutron

spectrum of small regions with moderating and/or absorbing

materials. Graphite and polythene are materials of interest,

the latter one especially in view of the strongly anisotropic

scattering and moderation of hydrogen.
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Thanks are due to P.J. 't Hoen for performing the two-dimensional
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Fig. 1. Neutron spectra in FANCY assembly I.
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Po+ Pi (x10)

-20-
10 cm. from centre of assembly.

10

-10

-20

-30

30 cm. from centre
of assembly.

io6

neutron energy (eV)

Pg.2-. Discrepancy (°/o) of the group flux levels as introduced
by approximations indicated and calculations, incorpo-
rating scattering anisotropy up to Рз components.

(FANCY core I ) .
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Fig.3b; Spectral perturbation cauised by a detector channel
(12.5cm cross-section) in position 5.10 in FANCY assemblv I .
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