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Analysis of Time-of-Flight Experiment on Lithium-Oxide Assenblies by

a Two-Dimensional Transport Code DOT3.5

Yukio OYAMA, Seiva YAMAGUCHI and Hiroshi MAEKAWA

Department of Reactor Engineering

Tokai Research Establishment, JAERL

( Received January 31, 1985 )

Calculational analyses were made on the time-of-flight experiment
of neutron leakage spectra from lithium-oxide slabs. The uncertainties
in the calculation due to modelling were examined and it was estimated to be
I-2 %. The calculational results were compared with the experimental ones.
The calculations were carried out by a two—dimensional transport code
DOT3.5 using ENDF/B-4 nuclear data file. The comparison of energy-integrated
fluxes in C/F from made it clear that the tendency of discrepancy between
both results depended on the thickness of assembly and leaking angle. The
discrepancy of C/E was about 40 % at the maximum. The effect due to the
cross section change to a new data of 7Li(n,n't)AHe was also examined.

This type of comparison is useful for the systematic assesments. From
the comparison, it was suggested that the angular distribution of secondary
neutron should be improved in the calculatien, and the correct differential

data of cross section are required.

Keywords: Lithium-Oxide, DOT3.5, TIOF Experiment, Analysis, 7Li( n,n't )4He,

Calculational Model » Time—of-Flight Experiment, Two-dimensional
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1. Introduction

In the nuclear design of a fusion reactor blanket, the reliablilty of
nuclear data and calculational methods is essential to estimate tritium
breeding ratioc, nuclear heating and so on. It is necessary to plan the
benchmark experiment that provides systematic and parametric data for
testing the nuclear data and methods.

As an exepriment for this purpose, the angle-dependent neutron spectra
leaking from lithium-oxide slabs were measured and they are reported

1) , ; . :

separately. The experimental configuration was selected to be suitable
for a two-dimensional analysis. The measured spectra were well-defined in
the limited small region on the rear surface of the assembly by using a
long collimator and were obtained as absolute values.

In the present work, the calculational analyses were made on the

. . . 2) .
experiment by the two-dimensional transport code DOT3.5. At first,
calculations were carried out to examine the uncertainties associated with
modelling adopted in the calculation as a parametric survey. It is impor=
tant to assess the uncertainties in the detailed comparison between the
experiment and calculation. The comparison between the experimental and
calculational results was carried out using a reference model. Finally,

. 7. . .
the effect caused by the cross section change of Li{(n,n't) He was examined
by comparing the results calculated by using both data of ENDF/B-4 and that

1 . 3)
of P.G, Young s evaluation.
A short description of the experiment is given in chapter 2. The
details of the calculations including a calculational model are given in

chapter 3. The calculated and measured neutron spectra are compared and

discussed in chapter 4.



JAERI — M 85—031

2. Experiment

The experiment was carried out using 15 Mev neutrons produced by the
reactions of 350 keV deuterons with tritium atoms adsorbed in a titanium
target. The leakage neutren spectra from lithium-oxide (Li20) slabs were
measured over the energy range between 0.5 and 15 MeV by the time-of-flight
(TOF) method using an NE213 liquid scintillator. The experimental details
are described in the previous r6port.l) The experimental configuration is
shown in Figs. 2.1 and 2.2. The slabs were placed at the distance of 20 cm
from the neutron source., The neutron detector could command an central of
area of the rear surface, which was about 88 cm2 in projection, throuth the
collimator. The distance from the surface to the detector was about 7 m.
The measured angles were 0, 12.2, 24.9, 41.8 and 66.8 degrees corresponding
to the symmetrical 816 angular quadrature set.

The experimental assemblies were consisted of L120 blocks covered with
a staimless steel jacket of 0.2 mm thickness and supported by thin walled
aluminum square tubes., The thicknesses of assemblies were 5.06, 20.24 and
40.48 cm.

The measured angle-dependent neutron flux, which corresponds to an

angular flux given by an Sn calculation, was defined by the following:

C(En)

¢ (r=0,2z=20+L,2,E ) =
o e(E ) AR-A 'S ~T(E )
n S n n

[n/sr/cmz/unit lethargy/source neutron] , {(2.1)

where

O(r=0,z=20+R,Q,En) : angular flux per unit area for the neutrons

of energy En and angle O at (r=0,z=20+%),
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C(En) counts per unit lethargy for the neutrons of energy En,
E(En) : detector efficiency for the neutrons of energy En’
L : thickness of the slab assembly,

i : solid angle subtended by the detector te a point omn the

2
surface of the assembly (Ad/L ),

Ad : counting area of the detector,
L : neutron flight path,
AS : effective measured area defined by the detector-ccllimator

system on the plane perpendicular to the collimator axis
at the assembly surface (r=0, z=20+1),
5 : source neutron yield obtained by the alpha monitor,

n

T(En) : attenuation due to air in the flight path.

The source neutron spectrum used in this analysis was measured by the

same TOF system. The spectrum is shown in Fig. 2.3 and given by the form:

C(En)

& (R,E ) =
s o c(E ) AR-S “T(E )
n T Il

[n/sr/unit lethargy/source neutron]. (2.2)

The Eqs. 2.1 and 2.2 have the source neutron term Sn in common and thus the
systematic error of Sn is cancelled.

The uncertainties of experiment are summarized in Table 2.1. These
uncertainties are caused mainly by the determination of effective measured

area and time zero.
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3. Calculation
3.1 Calculational Procedure

In this analysis, a two-dimensional discrete ordinate transport code
DOT3.52) was selected by the reason why it was widely used. The order of

Legendre expansion on the cross section set and the angular quadrature set

were adopted to be P5 and Sl6' A first collision source (FCS) method was
applied to eliminate "Ray-effect",

The neutron group cross section sets were GICXFNSa) and GICXFNS1
processed from the evaluated nuclear data files using the NJOY code.s) In

the GICXFNS1, the nuclear data in ENDF/B—46) were used for all nuclides. In
the GICXFNS, for the nuclides other than 7Li, the nuclear data in ENDF/B-4
were used. As for 7Li, the nuclear data in ENDF/B-4 was used with the
following modification, The 7Li(n, n't)AHe reaction cross section in the
original ENDF¥/B-4 was replaced by the one recently evaluated by P.G. Young.B)
In order to preserve the total cross section of 7Li, the elastic cross
section had also been changed to compensate for the change introduced by
the replacement of the 7Li(n, n't)4He reaction.

To save the computer resources, the upper 68 group cross sections
above 0.5 MeV are selected from the original 135 group cross sections. The

group structure of GICXFNS is shown in Table 3.1, The interval of spatial

mesh was determined to be 1 cm based on a calculational survey.

3.2 Calculaticonal Model

In order to determine a calculational model, the following items were

examined:
(1) Characteristics of neutron source, i.e., yield, angular distribution

and energy spectrum,



JAERI — M 85—1031

(2) Effect of nonuniformity of atomic densities in the assembly and effect
of aluminum lattice used to support the assembly,

(3) Treatment of the finite measured area in the calculation.

3.2.1 Neutron Source
As the angular flux obtained from the calculation is strongly dependent
on the input neutrons, the source condition should be treated accurately.
The following assumptions can be adopted from the results of the source
characteristics measurementl), since the measured angular fluxes depend
mainly on the 15 MeV peak of source neutron spectrum.
1) Energy spectrum at any direction is the same as the spectrum obtained
by the measurement in the zero degree direction to the incident deuteron
beam.
2) Angular distribution of emitted neutron is isotropic over 4n direction,
i.e., the source normalization factor in the calculation is the integra-
tion of the measured zero-degree angular flux multipllied by the whole

solid angle 4w,

The d-D reaction neutrons were not included in the source neutrons to
simplify the problem, because these neutrons depended on the irradiation
history of the tritium target. This limitation gives the change less than

a few % to the results for the lower energy region.

3.2.2 Assembly

The experimental assembly as built did not have a free boundary because
of the existence of aluminum lattice for suppont. The atomic density was
not uniform due to the usage of the various sizes of lithium-oxide blocks

and the deviation of homogenized density was about 2 7 between the central
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and outer regions. The densities of nuclides are shown in Table 3.2. The
A type blocks were gathered to the central region. The assembly with the
uniform density of A type and without Aluminum lattice were used as a
reference assembly. The test calculations were carried out with and without
aluminum lattice, and with uniform and nonuniform density for the 20.24 cm-—
thick assembly,

The angular flux was calcu}ated by DOT3.5. The GRTUNCL codez) was
adopted to calculate the first cellision source for a multi-regional model
as shown in Fig. 3.1. The results of calculations are summarized in Table
3.3. The deviation of angular fluxes caused by adopting the reference model
without aluminum lattice and with uniform density was estimated to be within
1 %, excluding a few case, The effect of rectangular shape of the boundary
was also examined by changing the radius of the assembly from 31.4 cm to

29.0 cm. This change was estimated to be within 1 % for the angular fluxes.

Thus the simpiified model as shown in Fig. 3.2 can be used for all cases.

3.2.3 Finite measured area

The measured angular flux was averaged over the effective measured
area defined by the detector-collimator system. To average the angular
flux over the measured area should be considered if the angular flux leaking
from the lithium-oxide assembly does not have a uniférm radial distribution.
The radial distribution on the leakage surface of the assembly is dependent
on anisotropy of scattering and r_2 law. The calculational distribution of
angular flux for various direction with fixed polar angle and azimuthal
angle (cos_l m, c:os“l L) are given in Fig. 3.3 for the 20.24 cm-thick case,
The radial distributions depend strongly on angle cos“l u. It is clear
that radial averaging is necessary. The procedure of averaging is described

as the following.
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The angular flux on the central axis is symmetric wlth respect to the
z axis. The other angular flux, however, is not symmetric and so the
angular flux directed to the detector must be chosen among the angular
fluxes with various azimuthal angles cos_l u. (See Fig. 3.4) As shown in
Fig. 3.5 the average with respect to angle cos_l u is equivalent to the
average along a circle with a radius of r. The contribution of angular
flux is also dependent on the radius r. Thus the calculational results

, -1 .
are averaged with respect to the angle cos y and the radius as follows:

Ewun®(u,n,r)

<&(n,r}> = 3.1
(n,r} y Toy (3.1)
U
n2wr-<®(n,r)>
r H
<®(n)>u,r = ST , (3.2)
r
where
& : angular flux,
p = cos—l u ¢ azimuthal angle,
8 = cos_l n : polar angle,
W : angular weight for Sl6 quadrature set,
T : radius of calculated point.

The radial averaging was carried out upto 5 cm in radius considering
to the area defined by the collimator system. The ratios of the radial
averaging flux to the angular flux on the central point (r=0) were examined
for the energy integrated fluxes. This averaging effect was estimated to

be about 5 % as shown in Fig. 3.6.

From the above discussions, the following assumptions were adopted on

the calculation. The expected uncertainty caused by the assumptions was
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within 1-2 % to the calculational results.

1) Neutron source is isctropic.

2) Density of materials is uniform over the assembly.

3) Radius of assembly is given as the area-equivaent radius.

4) Angular flux is averaged over the effective measured area of 5 cm

radius

4, Comparison with Experiment

This comparison was carried out for the spectral shape and integrated
flux using GICXFNS1. The ratio of the calculation to the experimental
values, C/E, is very useful for understanding the tendency. Finally two
cross sectlon sets of 7Li(n, n't)AHe, i.e., the one of ENDF/B-4 and the
other evaluated recently by P.G, Young, were examined by applying them to
this calculation.

The compariscens of the zero-degree data were excluded, since their data
need the additional procedure, e.g., angle extrapolation due to lack of the
angular mesh point and uncollided flux correction in order to extrapolate it
to the detector position. The 12.2 degree data of the 5.06 cm—thick
assembly was also excluded because the measured value had contamination of

the unceollided flux.

4.1 Spectra

The comparison between the measured angle-dependent spectra and the
calculated one are shown in Figs. 4.1 - 4.11 with the parameters of leaking
angle and thickness of assembly. The observed angular spectra from LiZO
slabs are constructed of the peaks of scattered neutrons by lithium and

oxygen, and valleys caused by resonance scatterings of oxygen. The energy
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within 1-2 % to the calculational results.

1) Neutrom source is isctrepic.

2} Density of materials is uniform over the assembly.

3) Radius of assembly is given as the area-equivaent radius.

4) Angular flux is averaged over the effective measured area of 5 cm

radius

4. Comparison with Experiment

This comparison was carried out for the spectral shape and integrated
flux using GICXFNS1. The ratie of the calculation to the experimental
values, C/E, is very useful for understanding the tendency. Finally two
cross section sets of 7Li(n, n't)aHe, i.e., the one of ENDF/B-4 and the
other evaluated recently by P.G. Young, were examined by applying them to
this calculation.

The comparisons of the zero-degree data were excluded, since their data
need the additional procedure, e.g., angle extrapolation due te lack of the
angular mesh point and uncollided flux correction in order to extrapolate it
to the detector position. The 12.2 degree data of the 5.06 cm—thick
assembly was alsc excluded because the measured value had contamination of

the uncollided flux.

4.1 Spectra

The comparison between the measured angle-dependent spectra and the
calculated one are shown in Figs. 4.1 - 4.11 with the parameters of leaking
angle and thickness of assembly. The observed angular spectra from LiZO
slabs are constructed of the peaks of scattered neutrons by lithium and

oxygen, and valleys caused by resonance scatterings of oxygen. The energy
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spectrum in the range from 11 to 15 MeV is determined by elastic scatter-
ings of l6O, 7Li and 6Li nuclei, in the range from 3 to 10 MeV by inelastic
scatterings of 16O nuclei and in the range from 8 to 11 MeV by inelastic
scatterings of 7Li nuclei, The wvalleys near the energy 1 MeV is caused

by resonance scatterings of 160 nuclei in penetrating the assembly.

The spectra calculated by DOT3,5 represents well these peaks except
the peaks near 9 MeV. The d;screpancy near 9 MeV is due to the lack of
4,63 MeV leyel of 7Li in ENDF/B-4 nucleay data file. This discrepancy,
however, becomes small as the angle and thickness of assembly increase.
The calculated results at the energy below 5 MeV for the thick assembly
shift to high energy side compared to the experimental ones. This shows
that the observed lower energy neutrons have the uncertainty of energy
scale more than higher energy neutrons as the valleys caused by the resc-—
nance scattering of oxygen should be at the energies of 1.0 and 1.3 MeV
exactly. Better agreement would be obtained by correcting energy scale

using this results for the detailed differential comparison.

4.2 Integrated Flux

Three energy groups of the measured spectra are selected to make the
comparison between the experimental and calculational fluxes by means of
C/E. Three groups represent the elastic, inelastic and continuum level
scattering regions, respectively. The results are shown in Fig. 4.12.
The error bars mean statistical errors and dotted lines show the range of
systematic error in the experiment. It is c¢lear from the results that the
discrepancy depends on the thickness and angle. As the thickness and angle
increase, the C/E ratios depart from unity. The calculated valus for large
angles are overestimated about 40 % for the 40 cm-thick assembly. The

calculated values in a region of 5-10 MeV are underestimated, but the
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dependence on the thickness and angle is similar to the other regions.
This underestimstion is due to the lack of cross section data of 4.63 MeV

level of 7Li in ENDF/B-4.
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The error of energy scale is +5 % for the 40 cm-thick assembly in
the experiment. The energy scale of the experimental spectrum was shifted
by +5 % and the deviation of C/E was examined. This effect, however, was
relatively small compared to the discrepancy of C/E as shown in Table 4.1.

The angular dependence of C/E for each «case seems to vary
systematically as shown in Fig. 4.12. In the 5 cm-thick case, the
calculated fluxes bhetween 24.9 and 41.8 degrees are overestimated for the
elastic region which has a large dependence on the emitted angile. Though
the C/E for the large angles increases with the thickness, the forward fluxes
agree well with the experimental ones. This fact suggests that the
overestimation of secondary neutrons for the direction between 24.9 and
41.8 degrees causes the large discrepancy for the large angle in the 40.48
cm-thick assembly, since the angular flux for the large angle is made of

the last collision source in the outer region of the assembly.

4.3 Effect of Cross Section Change of 7Li

Young's evaluation gives a value of 10-15 % lower than ENDF/B-4 data
for tritium production <ross section. The -elastic cross section was
increased to conserve a total cross section in the cross section set.
The effect of this change is examined on the leakage spectra. The
comparison between the ENDF/B-4 and Young's evaluation is shown in Fig.
4,13, This effect enlarges as the thickness increases ,and is estimated
to be a few % for the 40 cm~thick assembly. The discrepancy between the
calculational and the exprimental results is improved in the energy region
below 10 MeV by using Young's evaluation, while in the elastic energy region
it becomes worse. This result seems to suggest the unappropriate change

. . 7.,
of elastic cross section of 'Li.
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5. Summary

Before starting the analysis of the TOF experiment on the lithium-oxide
slabs, the limitation o¢f the calculational model was examined by a
calculational survey. It became clear that the simple model used in the
present analysis made the uncertainty of 1-2 %. The neutron leakage spectra
calculated by a two-dimensional transport code DOT3.5 were coeompared with
the experimental ones. These resuits are summarized as the following.

1) The agreement between the calculated and measured spectra are very
good considering the absolute comparisen. The calculated spectra. shapes
express well the experimental ones except the peak due to 4.63 MeV level
of 7Li.

2) The comparison of fluxes integrated over an adequate energy region
makes it clear that the tendency of discrepancy between both results depends
on the thickness of assembly and leaking angle. This type of comparison
is useful and important for the systematic assesments.

3) From the tendency of the integrated flux comparison, it was suggested
that the angular distribution of secondary neutron should be improved in
the calculation, and the correct differential data of cross sections are
required.

4) The nuclear data set based on the Young's evaluation gives a little
change to the calculated angular spectrum. This change is undesirable
for the elastic energy region, but in the inelastic and continuum regions

give a small improvement.
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Table 2.1 Uncertainty of the experimental results

Energy Resolution

Assembly
item 5 cm 20 cm 40 cm
time resolution + 27
emission time spread <+ 1% <+ 3% <+57%
Energy Scale
Assembly
item : 5 ¢m 20 cm 40 cm
time zero <+ 17 <+ 3% <+ 57
Flux
item random systematic
Sn <+17Z + 2.2 %
E(En)-AQ +3 N~v5 % <+ 2%
AS + 0.5 % <+ 2%
C(E) +1n207% <+ 1%
T(En) negligible
%
overall + 3~ 20 7% -2 "~ +5 %

* excluding the error due to the absolute source neutrons that is cancelled

using the experimental source in the calculation.

by
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Table 4.1 Effect of 45 % change in energy scale

Energy (MeV) 12,2° 24.9° 41.8° 66.8°

10 < .En 0.992 0.971 0.948 0.91¢C
4.75<En< 10 1.015 1.031 1.032 1.053

0.45<En<4.75 1.014 1.015 1.014 1.005

$ 40 cm-thick assembly
* Ratio of C/E charnge
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Fig.3.1 Multi-regional model for testing the uncertainty due to the

calculational model
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Fig.3.2 Calculational model for the comparison with the experiment
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Fig.3.3 Definition of n, u angles in DOT3.5 calculation

radial  distribution of anguiar flux

thickness = 20.24¢m
group 6

14735<E, <15.000MeV

cos 1, =814°

Group 6 — Angular flux (arbitrary unit)

cos™'p=24.9°
. ///, .
\
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\\\
1, = °
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~
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Radial distance {cm )

-1
Fig.3.4 Radial distribution of angular flux at typical polar angle cos n

. -1
and azimuthal angle cos ¢ on the rear surface of assembly
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Fig.3.5 The procedure of averaging the angular flux
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Fig.3.6 Effect of averaging over the measured area (r=0-5

cm)
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