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Phase Ila and Ilb experiments of JAERI/U.S. Collaborative Program
on Fusion Blanket Neutronics have been performed using the FNS facility
at JAERI. The phase TTa experimental systems consist of the Li,O test
region, the rotating neutron target and the Li,CO3 container. In phase
ITb, a beryllium layer is added to the inner wall to investigate a multi-
plier effect. Measured parameters are source characteristics by a foil
activation method and spectrum measurements using both NE-213 and proton
recoil counters. The measurements inside the Li;0 region included tritium
production rates, reaction rate by foil activation and neutron spectrum
measurements, Analysis for these parameters was performed by using two
dimensional discrete ordinate codes DOT3.5 and DOT-DD, and a Monte Carlo
code MORSE-DD. The nuclear data used were based on JENDL3/PRI and PR2Z.
ENDF/B-IV, V and the FNS file were used as activation cross sections.

The configurations analysed for the test regicn were a reference, a be-
ryllium front and a beryllium sandwiched systems in phase I1Ia, and a
reference and a beryllium front with first wall systems in phase IIb.

This document describes the results of analysis and comparison be-
tween the calculations and the measurements. The prediction accuracy
of key parameters in a fusion reactor blanket are examined. The tritium
production rates can be well predicted in the reference systems but are
fairly underestimated in the systems with a beryllium multiplier. Details
of experiments and the experimental techniques are described separately

in the another report.
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1. INTRODUCTION

A series of experiments was carried out in the frame of the
JAERI /U.s. collaborative program on fusion blanket neutronics at
the Fusion Neutronic Source Facility(FNS) of JAERI. The first
phase(Phase I) experiments were performed using the Lis0 assembly
constructed in the penetration hole of the second target rooml).
The detailed comparison of analytical results between JAERI and
the U.S. was discussed in Ref.(2). Since the test region in Phase
I assembly faced directly to the experimental room, the room
returned neutron component significantly affected the measured
neutronics parameters, especially at the front part of the assembly,
which are sensitive to low energy neutrons. The configuration of
wall and target equipments cause uncertainty in modeling the
experimental room. To eliminate such uncertainty 1in modeling a
new experimental pile with closed geometry was assembled in Phase
IT as shown in Fig.1l.1 3) . As seen in the figure, the Lip0 test
region and the rotating neutron target(RNT) are enclosed by the
LipC03 container. To remove the influence from the experimental
room, bcm thick polyethylene layer 1s placed outside of the
contalner. The Phase Il experimental system can simulate well an
environment of fusion reactor blanket compared to the Phase I
system. The detailed description of experimental system and tech-
niques is given in another volume of this reporth).

Comparison of experiments and analysis will provide the data
base used for evaluating the overall uncertainty(both analytical
and experimental) with respect to the tritium breeding ratio(TBR)
and for selecting configurations of fusion blankets. Neutronics
parameters measured 1inc¢lude d-t neutron source characterization,
tritium production rate(TPR}, reaction rate distributions and
neutron spectrum. Analyses of experiments have been performed
independently by JAERI and the U.S. This wvolume presents the
results of JAERI analysis.

The configurations of experimental systems and measured para-
meters are briefly described below. The Lis0 test region i1s a cubic
with dimensions 86.4cm x 86.4hem x 60.7lcm and its front face is T8cm
far from the neutron generation point of the RNT. The inner cavity
where the RNT is placed has dimensions 87cm xX8Tcm X 124hem. The test
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region and the ENT are enclosed in the L1oC03 container with 20.5cm
thickness. In the second phase experiment, two types of assemblies
were constructed and similar neutronics parameters were measured
in each assembly. These are named as Phase IIa and Phase IIb. 1In
Phase Ila, three configurations were assembled for the test zone as
illustrated 1In Fig.1.2. The reference configuration has no material
in front of the Lip0 region. In other two configurations, 5cem thick
beryllium layer is placed at the front surface(BEF) and at inbetween
of the Lig0 region(BES), that is, a beryllium layer is sandwiched
between S5em thick Lis0 layer and Lis0 test region. The latter two
assemblies are useful to investigate the effect of beryllium neutron
multiplier on TPRs and other parameters. In Phase IIb, the 5 cm
thick beryllium layer and 83304 plate are added to the inner wall
of cavity. At the front part of the test region, the beryllium layer
wvas not placed in the reference configuration while it is placed in
the BEF configuration in addition to the first wall(stainless steel)
as illustrated in Fig.1.3.

The measurgd parameters In both phases are the TPRs from 61,1
(Tg) and TLi(TvT) using Li glass detectors, Li metal foils and Lip0
sample blocks. The TT was also obtalned by unfolding the measured
spectrum by an NE-213 detector using TLi(n ,ra)t cross section as
a response function. The neutron spectra were measured in the cavity
and in the test channel using a small NE-213 counter in MeV region
end proton recoil counters for below 1 MeV region5). Several
gctivation rates6) were also measured using foils in order to examine
a prediction accuracy of source characteristics and of space depen-
dent reaction rates in the test region. The reaction types measured
are 27A1(n,e)238a, °8Ni(n,2n)5TN1, 58¥1(n,p)60co, 197pu(n,2n)19%4y,
19Tpu(n, »)1984u, 93Nb(n,2n)92Nb and 113In(n,n» )1131pm,

The analysis of the experimentsT)sB) has been performed using
the two dimensional discrete ordinate codes and the three dimen-
sional Monte Carlo code. Nuclear data used are mainly JENDL-3/PR1
and /PRZ?. These are basically the same as those used in the analysis
of Phase 1. Description of codes, nuclear data and calculation
models are glven in Chapter 2. The analytical results and compari-
sons with the experiments are discussed in Chapters 3, 4, 5 and 6
for neutron source characteristics, tritium production rate, reac-

tion rates of activation foils and In-system neutron spectrum,

iz_



respectively.

Chapter 7.
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CONFIGURATIONS OF TEST REGION
IN PHASE lIA EXPERIMENT
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Fig. 1.2 Configurations of test region in Phase IIa experiment
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2. NUCLEAR DATA, ANALYTICAL METHODS AND CALCULATION MODEL

2.1 Nuclear Data

The evaluated nuclear data files adopted im the experimental
analysis include JENDL-3/PR19), JENDL-3/PR210), ENDF/B-IV11) and
the FNS activation rilel2), The first two files have been evaluated
at the JAERI nuclear data center mainly to be used for fusion
applications. The JENDL-3/PR2 file includes a revised version of
the 61Li and TLi deta in the JENDL-3/PR1 file. The two files include
cross sections of beryllium, lithium 6, lithium T, carbon, iron ,
chromium and nickel. The standard version of JENDL-3 will be
published in 1989. These nuclear data files have been processed into
group cross section set with a 125-group structure as shown in Table
2.1 . Since two different types of transport codes have been used
in the analysis, the corresponding group cross section sets were
necessary. One cross section library is used for calculations using
the discrete ordinate code which is based on the conventional
Legendre expanslcon method. Other library used in the Monte Carlo
method and the discrete ordinate <code are based on the
double-differential form cross section (DDX)13) . The main feature
of these libraries{FSXJP7, DDL/B4 and DDL/J3P1 ) are compared in
Table 2.2. Note that in the FSXJPT library, data for H, Na, Al, 81
and Ca are based on JENDL-2 while JENDL-3/PR1 data were used for
Cr, Fe, Be, O, and Ni. In the library, the data for 6Li s TL1 and
C are extracted from JENDL-3/PR2. The detail of processing codes
are described in Ref.{1)) for PGG-BII and Ref.(15) for PROF-DD.

Besides these sets, group activation cross sections have been
produced from ENDF/B-IV, ENDF/B-V dosimetry file and the FNS file.

2.2 Transport Code

The analysis has been performed using the two dimensional dis-
crete ordinate codes, DOT3.516 ), DOT—DD17) and the Monte Carlo code
MORSE-DD.1T) The formers, of course, need to geometlrical approximate
the experimental system in two dimensions, but the latter can sim—
ulate it as detail as possible in three dimensions. The original
DOT3.5 was developed at ORNL, DOT-DD is a revised version of this
code to use the DDX library, and the MORSE-DD was modified from
MORSElB) in order to accurately treat the anisotropy 1n the elastic
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- and Inelastic scattering process by using the double differential
form cross section data library.

As is well known, a conventional low order Legendre expansion
method causes a negative flux and hence gives inaccurate flux in a
energy region with highly inelastic scattering. The MORSE-DD and
DOT-DD codes, however, can overcome such difficulty and give correct
predictions.lg) A detalled description of these codes are given in
Ref.(17).

- In the DOT3.5 or DOT-DD calculation, the first collision source
was first calculated by the GRTUNCL or UNCL-DD codes, respectively,

and used as an input to these codes. The quadrature set used was

31p-

2.3 Calcﬁlational Models
1) Two Pimensional Models Used by DOT3.5 and DOT-DD

In the DOT calculations, +the whole experimental system
including the RNT was approximated in a cylindrical model, where
each zone volume was conserved. The neutron source was approximated
as a point placed at the symmetric center. The calculation models
are shown in Figs.2.1 - 2.3 which describe those for the reference
and beryllium sandwiched systems of Phase Ila , and the beryllium
front with the first wall system of Phase 1Ib, respectively. The
Be front system of Phase Ila corresponds to the model shown in
Fig.2.1 of which the front 5cm thick Li150 region was replaced by
beryllium and the reference system of Phase IIb corresponds to the
model shown in Fig.2.3 of which the beryllium zone of the test region
is removed. It is difficult to accurately calculate the measured
quantities without a proper selection of spatial mesh spacing which
may noticeably increase the computation time. A finer mesh size
is required at the front region and at the boundaries between diff-
erent material zones.

The Lis0 test assembly was approximated by cylindrical zones
vhere the central channel(drawer) and the surrounding LisO zones
" have different densities. Moreover, the simulated first wall and
beryllium multiplier were modified as cylindrical plates with an
effective radius of U48.78cm. Neutron source spectrum at O degree
direction 1s used for all the angles and angular distribution is

assigned for thirteen angular directiocns.



JAERI-M 89-154

Estimation of the effect from the room wall and the equipments
outside the experimental assembly has been made by comparing the
TPR distributions in the test zone. Since this effect was found to
be negligibly small, only the experimental assembly was taken into

account as the calculation models through the present analysis.

2) Three Dimensional Model Used by MORSE-DD

The experimental assemblies were simulated as precisely as
possible in three dimensional models for +the Monte Carlo
calculations. Geometry at the midplane of the assembly is shown
in Fig.2.4. In Phase IIa, the beryllium and first wall layers were
not placed at the surface faced tb the cavlty region. The calcula-
tion model of the RNT is the same as that adopted in the Phase I
snalysis. Equipments needed for the RNT operation such as a motor
and cooling water channels were modeled to conserve the averaged
material densities in simplified geometry. Four test channels,
central and off-central channels with z direction and front and rear
ones with X direction were used to measure neutronics parameters in
the test region. In the calculation models, eaéh channel consists
of stainless steel drawer and the LigO region of which density is
higher than that of the test region. The test channels were divided
into small sub-regions of which thickness(z direction) was mostly
the same as those of samples used in zonal measurements of TPR.
These are shown in Table 2.3 for Phase IIa and IIb.

The D~T neutron source was generated at the target point of D*
beam in accordance with reaction kinematics as discussed in detail
in Ref.(?). Importance used for splitting and Russian roulette kill
are shown in Fig.2.5. In the Lis0 test region, different importances
vere assligned depending on the distances from the front surface and
the central z axis as shown by broken lines in the figure. Track
length estimator was used for calculations of reaction rate and
neutron spectrum. For calculations of threshold reaction above 1
MeV, the Monte Carlo runs were carried out for the energy groups, 1
- 64 and to calculate nonthreshold reaction rates, different runs

have been performed using a 125 energy group structure.
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Table 2.2 Comparison of multi-group cross section sets

Set

FSXJPT

DDL/J3P1

DDL/Bk

Nuclear data

file

Weighting
function

Anisctropic

scattering

Temperature

JENDL-3/PR1+JERDL JENDL-3/PR1+

-3/PR2+JENDL2

E flat +

Mazxwellian

P

300 K

ENDF/B-TV

1/E + arbitrary
thermal G

DDX with 20

angular meshes

300 X

ENDF/B-IV

Same as DDL/J3P

Same as DDL/J3P

Same as DDL/J3P
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Table 2.3 Regions of track length estimators used in the test

channel (dimension: 4.82 x 4,82 x Azcm?)

Region Phase I1a Phase I1b

number Boundary 4z(cm) Boundary 4z{cm)
0 78.02 2.30 TT7.0 G.7T
1 80.32 2.30 T7.77 1.27
2 82.62 2.30 79.04 1.27
3 84.92 2.30 80.31 1.27
b 87.22 2.30 81.58 1.27
5 89.52 2.30 82.8%5 1.27
6 01.82 2.30 84.14 1.29
T 94h.12 2.30 85.43 1.29
8 97.61 3.49 86.72 1.29
9 98.25 0.64 87.72 1.00
10 103.16 L.91 88.02 0.30
11 108.07 4.91 89.30 1.28
12 112.98 4.91 90.58 1.28
13 117.89 L.91 91.86 1.28
1h 118.53 0.64 92.83 0.97
15 123. k4 4.91 95.535 2.70%
16 128.35 4.91 98.24 2.705
17 133.26 h.91 100.68 2.4k
18 138.17 4.91 103.12 2.44
19 138.73 0.56 105.805 2.685
20 108.49 2.685
21 113.56 5.07
22 118.50 .94
23 123.86 5.36
2l 128.92 5.06
25 133.80 4.88
26 138.73 h.93
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3. NEUTRON SOURCE CHARACTERIZATION

3.1 Neutron Source

The neutron source used In the experiments was generated using
the 3T(d,n)ﬁHe reaction as described in Ref.(2). The target used in
the Phase II experiment was essentially the same one as used in Phase
I. Calculation method of energy and angular distribution of neutron
emitted from the reaction polnt Is presented in Ref.{2). Since some
misprint were found in the equations, corrected formulae are shown
below.

Angular distribution of emitted neutrons is almost isotropic in the
center of mass (c.m.)} system, but an anisotropic effect is considered by

using the experimental formula given by Benveniste et al. as follows:

o(6p)
c(0)

= 0.938 + 0.0213 cosfp - 0.0190(:0528n s

which is given for incident deuterons at E = 350 keV. An emission angle
in the ¢.m, system €, is sampled from this formula,
After determination of E; and 6,, an emission angle ¢n in the

laboratory system is obtained by the following relation:

sinf

sing, = s

+
/l-+27 cosfy + y2

(minus sign is taken if 65 < -vy)

or
Y + cosby
cosgqn = -
T TF %y cos 8y +y%
where
L _malm tmp)  m g
-YZ - mnml my + ms El ?

m; = mass of incident deuteron,

m, = mass of target triton,

m, = mass of neutron,

my; = mass of alpha particle,

E; = incident energy of deuteron causing the reaction, and
Q = 17.6 MeV (total released kinetic energy).

Then, the emitted neutron energy in the laboratory system E, is
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determined by the following formula considering an effect of the rela-

tivistic theory.

En(El,Wn) = Wp - my

where

W, = % {-b+VbZ - 4ac }

a = (w1+m2)2 - (W%—m%)coszwn,

b = —(nf4mi+mZ-m2+2myW; ) (Wi+my) ,

c = (m§+m§+m%—m§+2mzwl) /4 + m%(W%—m%)coszwn,
and

W, =m + E; = (total energy of deuteron.)

The calculated neutron source energy spectrum Is shown in Fig.3.1
for the angles to z axis, §=0, 30, 60, 90, 120 and 150 degrees. The
peak energy is 15MeV at 6=0° and 13MeV at 8=180° . (¥light direction

of deuteron is along z axis and aximuthal angle Is presented as §.)

3.2 Source Characteristics of Phase Ila System

Experiments for neutron source characterization have been car-
ried out by measuring neutron spectra and foil activation rates in
the cavity and on the inner surface of the container. Neutron
spectrum was measured by an NE-213 counter in the energy range above
1MeV and by a proton recoll counter below 1MeV. As activation folils,
used were 28N1(n,2n)?TN1, 5881 (n,p)28co, 93Nb(n,2n)92ND,
197Au(n,2n)196Au, 19TAu(n,y)198au and QTAl(n,a)QﬂNa reactions. The
high energy component( E>10MeV } of neutrons in the cavity are con-
tributed from virgin neutrons from the RNT and the IOW'enérgy com-—
ponent from the scattered neutrons in the container or test region.
Accordingly, by comparing measured neutron spectra or activation
rates having various threshold energies to the calculated ones, a
prediction accuracy can be evaluated for the direct and scattered
components of neutron current into the test region.

The measured and calculated neutron spectra in the reference
and the beryllium sandwiched systems are compared in Figs.3.2 and
3.3. The calculated spectra by MORSE-DD were smeared over the
detector energy resolution. A Gaussian function is used as the

resolution function. The calculated 14MeV peak seems to be und-
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erestimated while the integrated spectra above 10MeV agree well with
the measured one. The peak height itself is not so important in
the present study. In the 1 - 10MeV range, the discrepancies of a
few tens percent is observed, which would be caused from the
uncertalnty due to an unfolding technique for an RE-213 counter.
Below 150 keV, both spectra by the calculations and by PRCs agree
within the statistical uncertainties in the most energy region for
both systems though a trend of slight overestimation is found below
a few tens keV.

The results of foil activation rates are shown in the following
by the C/E values (calculation to experiment). All foils were placed
at the midplane of the assembly which is at the same level from
the floor as that of the D-T source spobt. Cross marks show the
positions of foils placed. When two C/E values are shown at each
position, the upper is those calculated by using ENDF/B-IV or V cross
section and the lower is those by the FNS file. The variances( one
sigma ) of Monte Carlo calculations are shown at the top of figures.

The result of Ni(n,2n)Ni reaction is shown In Fig.3.4. The C/E
values based on the ENDF/B~IV data show underestimation by about
10% in the forward direction from the RNT but the cross sections by
FNS file reduce the discrepancies to about 5%. At the three loca-
tions shown in parentheses, the calculations do not agree with the
measured values. Such large deviations of the C/E values from unity
are due to inaccuracy In modeling the equipments that surround the
RNT( e.g. position and composition of a motor and cooling water
tubes etc. ) which are placed at the back locations of the RNT.
Neutrons generated with backward flight direction are scattered
first by these equipments and hence the inaccuracy in modeling these
components affects considerably the calculated reaction rates at
these back locatlons when these are sensitive to high energy
neutrons. In spite of such discreéepancies, the source characteristics
in the forward direction 1s predicted with reasonable accuracy if
recently' measured activaticon cross sections are used as seen in
flgures. In Fig.3.5, the C/E values for Nb(n,2n) reaction rates are
shown. We can find that ENDF/B-IV overestimates the reaction rates
by several percent, on the other hand the FN3 file can predict fairly
well those. 1In the LipCO3 container, the statistical uncertainty

is large compared to the one at the surface. The map of C/E values
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for the Au(n,2n) reaction rate is shown in Fig.3.6. ENDF/B-IV can
predict well this reaction rates as seen in the figure. Similar
agreement 1s found for the Al(n,e¢)Na reaction as shown in Fig.3.7.
Accuracy of these two activation c¢ross sections seems to be
satisfactory. Fig.3.8 shows the C/E values of Ni{n,p)Co reaction
rates by two files. ENDF/B-IV overestimates those by about 20%
but the FNS file reduces these discrepancies significantly. However,
we can see a trend of overestimation from a few to 10%. Since this
reaction has the relatively low threshold energy( ~1MeV) , the
reaction rates would be overestimated due to the overestimation of
neutron spectrum in the 1 - 10MeV range as mentloned above. The
non threshold reaction Au(n,r) is sensitive to the very low energy
component of neutrons as well known, so the C/E values are sensitive
to the model of the LipCO3 container because its unit blocks are
coated with hydrogen-rich epoxy paint whose weight has large
uncertainty. This uncertainty led to large uncertainty in the C/E
values of reaction rates. A map of the C/E values for the Au(n,r)
reaction Is shown in Fig.3.9. Large underestimations can be observed
over the whole region. The one reason of underestimation is due to
the inappropriate homoginization model of epoxy paint in the cal-
culational model. In the Phase IIa analysis, epoxy paint was
smeared at only the inner and outer surface regions of LipCO3 con-—
tainer with 1lmm thickness. Density of hydrogen, therefore, is too
small in this model. The C/E values increase by 10 ~ 20% at the front
surface by smearing homogeneously all epoxy palnt into the LIoCOg
container.

In order to examine a prediction accuracy of incident source
into the Lip0 test region, the activation rates described above were
measured I1n the surface of test region. The folls were placed in
horizontal and vertical directions with an interval of 10cm. The
C/E values for these reaction rates are shown in Figs.3.10 - 3.15.
Some figures show two curves of C/E values obtained by ENDF/B-IV
or V and the FNS file, respectively. The Ni(n,2n) reaction rates
‘calculated by the ENDF/B~IV data are underestimated by about 10%
and those by the FHS file agree well with the measurements in both
directions. Such a trend is the same as the case in the other cavity
region as seen in Fig.3.10. The Nb{(n,2n) reaction rates are also well
predicted if the FNS file is used while ENDF/B~IV overestimates them
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by about 10% as seen in Fig.3.11. The Au{n,?n) and Al{n,a) reaction
rates can be accurately predicted as shown in Figs.3.12 and 3.13,
respectlively. In the case of Ni(n,p) reaction rates, ENDF/B-IV gives
larger C/E values by 20% compared to unity as seen in Fig.3.1h, while
the FNS file fairly reduces the discrepancies. The C/E values,
however, are still larger by 10% compared 4o unlty at the most
locations. Figure 3.15 shows the C/E values for the Au(n,r) reaction
rates where those are smaller by 30 - 40% compared to unity, which
13 the same trend observed for the foils on the cavity wall. It is
important that all the C/E values of reaction rates are almost con-
stant on the surface of Lip0 test region, so the space dependence
of prediction accuracy for incident neutrons is very small. In
conclusion, 1t can be said through the analysis of neutron spectrum
and activation rates that the source characteristics of Phase Tla
can be well predicted by using the present calculational model, a
Monte Carlo code MORSE-DD and recent nuclear data except at very

low energy component of neutronszz).

3.3 Source Characteristics of Phase IIb Systen

The source characterization was carried out by measuring the
foll activation rate by‘93Nb(n,2n)92Nb and neutron spectrum in the
cavity region. Niobium foils were placed on the cross sections ¢ -
a', g8 - ﬁ' and v - r' and on the front surface of Lio0 test region
as shown in Fig.3.16.

The neutron spectrum measured at the front of test region (x =
y = 0, z{distance from the source poilnt) = T2cm) is compared with
the calculated one in Figs.3.17 and 3.18. The spectrum at the high
energy reglon above 1MeV which was measured by an NE-213 counter
is compared in Fig.3.17. The peak at 1.5 - 15 MeV is contributed
from virgin neutrons generated by D-T reaction, so the peak energy
of measured spectrum 1s slightly low, which would be caused from
an improper energy calibration. The fine structure at the several
MeV region appeared 1in the measured value is not observed in the
calculation. The reason of such discrepancy is partly due to the
uncertainty in an unfolding method. To discuss the discrepancy in
detall, we may need more accurate measurements by s TOF method.
Figure 3.18 compares the calculation and the measurement by an

NE-213 and a proton recoil counters(PRC). Both results agree within
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the statistical uncertalinty of Monte Carlo calculation below 1MeV.
The peak appeared at around 800keV 1in the PR{ measurement
corresponds to protons from 3He(n,p) reacticons and accordingly it
Is not appeared in the calculated spectrum. The dip and peak at ~
30keV 1s due to the resonance of 1irom which composes the first wall
material. BSince a resonance self-shielding effect is not considered
in the calculation, the resonance structure is overestimated. It
can be sald that the agreement between the measurement and +the
calculation 1s generally good except for the several MeV region.

The C/E values for the Nb{(n,2n) reaction rates are shown in
Figs.3.19 and 3.20. The C/E values at the a — ¢' cross section{ the
backward direction of the RNT ) are close to unity except for the
folls 32 and 36. Those at the g - ﬁr cross section { close to the
source generation point in the BNT )} are smaller by 10 ~ 20% than
unity. At these foil locations{ 1 - 16 ), neutrons generated at
the source peoint contribute to reactions after colliding with the
complex structure materials of the RNT, and hence the accuracy in
modeling significantly affects the calculated wvalues. The present
model causes neutrons emitted in vertical direction to suffer more
collisions with the RNT than the real case. 1In the forward region
from the RNT, the Nb(n,2n) reaction rates can be well predicted as
shown in Fi1g.3.20. On the » - r' cross section, the agreement is
generally good though the calculations overestimate by 10% at the
positions 25 ~ 27. ©Buch discrepancies will be caused from the
modeling of experimental condition . At the front surface, the
agreements are very good.

From the analysis of the source characteristics mentioned
above, the 1incident neutrons into the test region can be well pre-
dicted by *the present method above a few keV energy region. An
uncertainty below keV region can not be examined though a consid-
erable amount of neutrons will exist in the low energy region
because the cavity 1s surrounded by a good reflective material,

beryllium.
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Fig. 3.4 C/E values for °8Ni(n,2n)°7Ni reaction rate at the
midplane of Phase Ila system (ENDF/B-V/FNS)
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Fig. 3.5 C/E values for 23Nb(n,2n)%2Nb reaction rate at the
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Fig. 3.6
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Fig. 3.10 C/E values for °8Ni(n,2n)%7Ni reaction rate.

x =y =0 is the center of the test region surface.
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Fig. 3.11 C/E values for 93Nb(n,2n)%2Nb reaction rate.

x =y =0 is the center of the test region surface.
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Fig. 3.12 C/E values for 197Au(n,2n)!96Au reaction rate.

x =y = 0 is the center of the test region surface.
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Fig. 3.13 C/E values for 27aA1(n,q)?%Na reaction rate.

x =y = 0 is the center of the test region surface.
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Fig. 3.15 C/E values for 197Au(n,y)!%8Au reaction rate.

x =y = 0 1s the center of the test region surface.
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4. TRITIUM PRODUCTION RATES

This chapter discusses the results of the analysis and com-—
parison with measurements for TPRs of 6Li(T6), TLi(Tj) and natural
lithium(Ty). The comparison will provide the data to evaluate a
prediction uncertainty in tritium breeding potential of the Lig0
breeder20),21)

4.1 Tritium Production Rates in Phase IIa System

The absolute values of Tg and TT for the three systems are shown
in Fig.}.1l. These are the measured values by a Li-glass counter
for Tg and by an NE-213 counter for TT' The TPR by TLi decreases
exponentially with the distance from the front surface. The ocnes
by 611 decrease slowly with distance in the reference system but
has a peak at the middle of beryllium zone and rapidly decreases
behind this zone in the BEF and BES systems. The values of Tg in
three systems become close in the deep region{ z > 35m ). The
calculated values by MORSE-DD of Tg are compared with the measured
ones by a Li—-glass counter in Fig.4.2 which shows also the C/E values
obtained in the Phase I system. The C/E values are nearly 1.10
through the whole region which are similar with those in Phase I
except for the front region. The trend of C/E values in the BEF
system is fairly different from the REF system as seen in Fig.h.3.
The C/E values are very large in the beryllium region and fall down
below unity behind this region. The self-shielding and detector
perturbation effect would be important in the beryllium region
where low energy neutrons are rich. The similar results are obtained
by wusing DOT3.5 of which results are shown in Fig.h4.4. The C/BE
values of three systems measured in Phase IIa are compared in this
figure. The trend of C/E values are very close between both codes.
The discrepancy of about 10% between those in the reference and the
BES systems 1is 1important in evaluating an effect of beryllium
multiplier. Note that the C/E values drop below unity just behind
the beryllium region where TPR is very large as shown in Fig.h.1.
This underestimation will affect considerably the integrated TPR
values. As discussed in modeling of the experimental system, the
uncertainty in a quantity of epoxy paint smeared into the container

may be important for nonthreshold reactions. This uncertainty is
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estimated by varying hydrogen quantity with use of the DOT-DD code.
Figure h.5 compares the C/E values obitained by three models, the
present model{Hl), a model with homogeneously mixed péint ( Hhome)
and a model including hydrogen atoms twice as much as the Hhomo
case. The maximum difference in C/E values among the three models
is about 5% and the difference 1s small when the Hhomo model is used
instead of the present model.

The comparison of Tg between the measured values by Li foils
and the calculated ones by MORSE-DD and DOT3.5 are shown in Figs.4.6
and 1.7, respectively. Both codes give the similar C/E values for
Li-glass and L1 metal foil methods. BSeveral percent difference is
observed at the front region between Phase I and Phase Ila as seen
in Fig.4k.6. The space dependency of C/E values observed in the
range{ a few ~ 20cm ) is attributed to the measurements because
similar trends are obtained by bolh results of MORSE-DD and DOT3.5.

The C/E values for Tt in the reference system is shown in Fig.4.8
for the measurements by an NE-213 counter. The results of Phase T
and Phase ITa are gquite close with each other except for the front
surface. The C/E values gradually decrease with increase of distance
from the front surface. As shown in Fig.}.9 such a trend is also
obtained by using a discrete ordinate code DOT-DD when the same
eross section set( DDL/J3P1 ) was used. This is attributed to the
total cross section of 'Li in JENDL-3/PR1 as mentioned in Ref.2.
The C/E values by ILi metal foils are shown 1n Figs.h.lo and 4.11.
It can be seen from Fig./.10 that the C/E values of Phase IIa is
similar to those of Phase I. These values, however, are smaller by
gabout 10% compared to those for the measured values by NE-213
counters. Such differences are mainly attributed %o the 7Li(n,n'a)
cross section of JENDL-3/PR1 and PR2. As mentioned before, the
measured values of T7 by NE-213 counters were determined by using
the TLi(n,n'a) cross sections of JENDL-3/PR1 as a response function
while the values by the Li metal foils were obtalned by a direct
measurement of TT' The curves of C/E values by NE-213 counters are
"shown in Figs.).12 and }.13 for the case of beryllium sandwiched
system. The trend that the C/E values decreases with increase of
distance from the front surface is slightly enhanced in the BES
system when JENDL-3/PR1 is used though the difference between both

systems is within statistical uncertainties as seen in Fig.}.12.
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We can see from these figures that the C/E curves by DOT3.5 is
flatter compared to those by MORSE-DD. Such a difference is due
to two nuclear data files and attributable to the difference in total
cross section of TLi i.e. +total cross section of JENDL-3/PR2 is
smaller thar that of JENDL-3/PR1. The C/E values obtained for the
systems with beryllium are slightly smaller than those for the
reference system In the DOT3.% calculstions as seen in Fig.4.13.
The C/E values obtained by the Li metal foil method are shown in
Fig.h.1h, which were calculated by MORSE-DD. The measured values
at the three positions in the range 0 { z < 10cm would be too large.
The shape for the BES system 1s flatter compared to that for the
reference system except for the peaks mentioned above.

The zonal distribution of TPR was measured using natural and
TLi- enriched Lio0 blocks, which can give Integrated values of TPR
for zones. The C/E values obtained by comparing with the MORSE-DD
calculations are shown in Fig.4.15%. The tritium production rates
from natural lithium( per natural lithium atom ) are well predicted
in the front region{ z < 30cm ) and overestimated by about 10% in
the deep region. The TPRs from 11 is considerably underestimated
and close to the results obtained by the Li metal foil method.
The measured values of Tg which are determined by subtracting Ty
from Ty are overestimated by about 10% in the front region, which
is similar to the results c¢btained by the Li-glass and the metal foil
methods. The absolute values of Integrated TPRs from 7Li, 6Li and
natural Li are shown in Flg.L.16. These are calculated for zones
of which geomeiry corresponds to those used in the zonal measurement
of the reference system. It can be found that the contribution from
TLi to Ty is fairly large in the front region in the reference system.
On the other hand, this contributicn becomes smaller in the BES
system as shown in Fig.}.17. Note that the TPRs from 6Li or natural
lithium shows a Jlarge peak in a beryllium region and rapidly
decrease at around the boundaries between the Lio0Q and Be regions.
The results of calculations are compared with the experiments below.

The absolute values of the measured TPRs are shown in Fig.lh.20
for the reference, BES and BEF systems. As mentioned in Chap.2,
beryllium blocks are placed on all the inner surface walls of
contalner, so an incident neutron spectrum is soft even for the

reference system. Therefore, the TPRs are very large at z = (Ocm
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which corresponds to the surface of Lio0 region and rapidly decreases
with increase of distance from the front surface. Note that the Be
front case shows a steeper gradient because of the beryllium layer
in front of the Lips0 test reglon.

The comparison between the Monte Carlo calculations and the

megsurements by a Li-glass detector is shown in Fig.h.21. The C/E
values are almost flat for both REF and BEF systems except for the
front regicon. BSuch a trend is the same as the result by DOT3.5
though the C/E values are larger than those by MORSE-DD. The C/E
values in the beryllium region are very large and rapidly decrease
down to ~0.7 , behind it. 1Io the REF system, a similar depression
is alsc observed at the neighbouring positions of the surface. The
large C/E value in the Be region is partly due to an effect of the
detector perturbation which 1s not corrected in the measured values.
The reason why the C/E values are 50 small behind a beryllium region
is under investigation. Neutrons with low energy will be fairly
underestimated behind this region, which may be caused from inac-
curate cross sectlons of beryllium and from & modeling of detail
experimental configurations. We need to reevaluate Be cross sections
related slowing down power.
The C/E values are compared with those obtained from the Phase Ila
analysis in Fig.4.22. The C/E values are very large in the Be region
for both phases. The C/E values of Phase IIb are smaller and closer
to unity than those of Phase Ila except for the front region. The
results by DOT3.5 are shown in Fig.4.23. The tendency is gquite
similar to those by the MORSE-DD calculations. The C/E values of
the three systems are close in the region( z > 10cm ). The existence
of the first wall( BEF FW in the figure ) causes 10% difference in
C/E at the surface.

The C/E values obtained for the measurements by Li metal foils
The curve of C(/E values obtained by the zonal method in the BES
system is shown in Fig.4.18. The solid line show the C/E values
for Ty, which is close to unity through the whole region except
for the region just behind the beryllium multiplier. The tendency
of C/E for Tg and T7 are similar to the one obtained for the reference
system. It can be concluded that a good agreement in Ty is resulted
from the cancellation of the overestimation in Tg and the und-

erestimation of TT' The results obtained by the two dimensional



JAERI-M 89-154

calculations is shown in Fig.}4.19. The C/E values for the reference
system are slightly larger than those obtained by MORSE-DD while
both calculations agree well with each other in the BES system.

For the evaluation of the prediction accuracy on tritium
breeding ratio, a line integrated value of TPR along z direction is
an appropriate parameter. The C/E values of line integrated TPRs
are calculated for three measuring techniques and the results are
compared in Table 4.1. The multiplication factor defined by( inte-
grated TPR in the sandwlched system/integrated TPR in the reference
system ) is also obtained and shown in the table. In comparison with
the Li-glass and NE-213 counter methods, the calculations overesti-
mate TPRs for the REF and the BEF systems and underestimate Tg of -
the BES system. Accordingly the multiplication effect 1is wund-
erestimated by 9% for natural lithium. In the case of the metal foil
measurement, the C/E values for Ty are close to unity as a result
of the cancellation of prediction errors for Tg and T7. The C/E
values obtained for the zonal measurement are c¢lose to unity for
both REF and BES systems and also for the multiplication effect of
beryllium. As a result, we can say that the prediction accuracy
of integrated TPR depends on measuring techniques used and amounts

to about several percent in the Phase Ila experiments.

4.2 Tritium Production Rates in Phase ITb System

The tritium production rate distributions from 6Li, TLi and
natural Iithium have been alsc measured in the reference , +the
beryllium front without first wall (BES) and the beryllium front
with first wall(BEF) systems of Phase IIb. All the measurements
have been analyzed by DOT3.5, and the REF and BEF done by MORSE-DD.
are shown in Fig.h.?) where the meazsured values were corrected for
a8 self-shielding effect. The calculations agree with the measure-
ments in the Be region but a dip at the interface is also cbserved
in this method. The C/E values at the locaticons from z = T ~ 20cm
are smaller compared to the results by the Li-glass method. The
measured value at the position z = 15cm would be too large. The
measured values by Li-glass detectors and Li metal foils show the
differences by about 10% near the location 2z = 10cm. The difference
of C/E values between Phase IIa and IIb is similar to the one by
Li-glass detectors at the back locations.
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The C/E values of TT measured by the NE-213 method are compared
in Fig.4.?% where those of the BEF and the REF systems are shown.
All the values lie in the range 0.8 ~ 1.0. The C/E values by
MORSE-DD for the BEF system are larger by 10% compared to those
for the REF system and the differences become smaller in the rear
region( z > 20¢m ). The results by MORSE-DD for the REF system vary
depending on lccations over the whele region while those by DOT3.5
is almost constant. This may be a statistical preblem of Monte Carlo
calculations., 1In Fig.4.26, the results of the BEF system are com-—
pared between Phase Ila and Ilb, between Monte Carlo and 8, methods
and also between JENDL-3/PR1 and JENDL-3T. From +the first
comparison, 1t can be found that the C/E values of Phase IIb are
smaller than those for Phase Ila. Even if nuclear data of beryllium
is replaced from JENDL-3/PR1 +to JENDL-3T, such a +tendency 1is
unchanged. The results by DOT3.5 is fairly close to those by the
Monte Carlo method in the fromt region{ z < 33cm). The results by
DOT3.5 are compared in Fig.4.27. These calculations agree well with
the measurements at the front surface for all the systems and und-—
erestimate the measurement in the test regicn by 5 ~ 12%. It is
interesting to note that the existence of first wall causes the
almost constant difference in the C/E values{ difference between in
the BEF and BEF FW shown in the figure ). Though the amount of
differences 1is within experimental errors of the NE-213 counter
method, such systematic differences could be attributed to inac-
curate cross sections of the first wall materials.

The C/E curves obtained by the Li metal foil method are shown
in Figs.}.28 and 4.29, which are based on the MORSE-DD and DOT3.5
calculations, respectively. Both calculations give similar C/E
values over the whole region. The measured values seem to be too
large in-the front region( z < 10cm ). In comparison with the Phase
IIa( BEF ) results, the C/E values of Phase Ilb are higher by 10%
in the region z > 1l0cm as seen in Fig.4.28. This is true in the
calculations of DOT3.5 and also in the comparison with the NE-213
‘method. Such discrepancies are caused from the inaccurate (n,2n}
cross section and its secondary neutron energy distribution of
beryllium. Further measurements and evaluations of these nuclear
data are required.

The results of the zonal method is shown in Fig.}.30. The C/E
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values 1s small at the behind of the beryllium region which is =&
common trend of Tg observed in the Li-glass and the Li metal foil
methods, and then increase to ~0.9 in the region 6cm < 2 < 1%cm and
~1.0 in the region z > 20cm. The calculations underestimate T7 by
15 ~ 25% which is also similar to the results by the zonal method
obteined in Phase IIa. The underestimation of T7 1is partly due to
the small (n,n'a ) cross section of TLi. From the above discussion,
we can say that a good consistency is observed for all the measuring
techniques and the calculations.

Line integrated values of TPR are calculated in the regions, z
=5 - 50cm and 5 - 10cm. The former is a total value and the latter
gives the contribution from the front region behind a beryllium
region. The C/E values are shown in Table h.2. A difference between
the calculation and the measurement is within 10% for the reference
case by the Li glass + NE-213 method but it increases to about 20%
in the BEF systems for all the measuring techniques. Especially,
the discrepancies are large at the front region. As seen in the
table, the contribution from the front region ( 5cm thick reglon )
amounts to the half of the total integrated TPRs in the BEF system
while it 1s less than 20% in the REF system. Therefore, a prediction
uncertainty at the front region significantly affects to that of
tritium breeding ratio{( TBR ) in the system with a front beryllium
multiplier. At the phase Ilb experiment, a large part of prediction
uncertainty arises from the front region with 5cm thickness.
Accordingly, a prediction uncertainty of TPR in reglions behind
beryllium must be decreased in order to improve a prediction
accuracy of TBR. PFurther examinaticn of the measurements and the
calculations is necessary to make clear reasons of discrepancies

observed in Phase 1Ib.
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Table 4.1 C/E values for integrated TPR from natural lithium in

Phase Ila

Tg T7 Tx

Li-glass+NE-213

REF 1.10 1.43 1.07

BEF 1.04 1.04 1.04

BES 0.96 1.00 0.97

Multig) 0.88 0.98 0.91
Metal foil

REF 1.06 0.92 1.01

BES 1.04 0.95 1.02

Multi 0.98 1.04 1.01
Zonal method

REF ——— - 1.03

BES ——— ——— 1.00

Multi —— ———- 0.98

8) PR in BES/ TPR in REF

Table 4.2 C/E values for integrated TPR from 8Li in Phase IIb

Total Front Fraction(%)2
5 - 50cm 5 =~ 10cm Expt. Calec.
Li-glass+NE-213
REF 0.92 0.86 1T 16
BEF 0.88 0.82 52 48
Metal foil
BEF 0.80 0.76 51 L9
Zonal method
BEF -—= 0.83

& fraction = front/total®*100(%)
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and JENDL-3T were used as the beryllium cross sections

in the MORSE-DD calculations.
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5. REACTION RATES OF ACTIVATION FOILS

Reaction rates for various threshold reactions give good spec—
trum indexes. Through an anélysis of such reaction rates, we can
examine an prediction accuracy of energy dependent integral
quantities. Resction rate measurements performed at the present
experiment series can provide supplemental integral data to tritium
production rates. Moreover, reaction rate measurements using
activation foils can be applied in various fields of fusion reactor
diagnosis. Measuring techniques of activity using foils are well
established and have high reliability. On the other hand, there
are many reaclbions of which activation cross sections have large
uncertainties. Therefore, an integral test of these reactions is
very useful for evaluation of cross section uncertainties.

In the phase II experiments, we have measured various reaction
rates of activation foils and compared with calculations using con-
ventional and recently measured activation cross section data. The

results are described in this chapter.

5.1 Reaction rates in the Phase IIa System

Reaction rates measured in Phase IIa with use of activation
foils were 58Ni(n,2n)27Ni, 58N1(n,p)>8cCo, 93Nb(n,2n)92mKD,
27a1(n,a)2kNa, 19TAu(n,?n)1% 4y, 19Tau(n,r)198au, 115In(n,n»)3115m1n
and,llSIn(n,y)116In. Most of these reaction rates were also measured
in Phase TI.

The C/E values of Al(n,e) reaction are shown in Figs.5.1 and
5.2 which were calculated by +the MORSE-DD and DOT3.5 codes,
respectively. The results for the reference and the Be-sandwiched
systems are compared 1in the figures. The C/E values 1in the
Be-sandwiched system by either codes are smaller than those in the
reference system. Such differences would be caused by improper
secondary neutron energy distribution of beryllium (n,2n) reaction.
The DOT3.5 calculations give the flat C/E curve. To examine the
éffect of hydrogen content in the LipCO3 container, the C/E values
obtained for the two cases which have the low (present model) and
high contents of hydrogen are compared in Fig.5.3. The calculations
have been performed by DOT-DD using the same cross section set with

the MORSE-DD calculations. By iIncreasing the hydrogen content,
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the C/E values are lowered more in the back locations and the quan-
tity of difference is ~ 10% at z=h0cm. The homogeneously mixed model
shows a better agreement with the measurementi. It should be noted
that the results by DOT-DD and MORBE-DD agree well except for the
peoint z=60cm. Accordingly, the difference between MORSE-DD and
DOT3.5 is caused from the cross sections used (mainly those of T11)
and not from the calculation method. BSuch observation is true for
other threshold reactions mentioned below.

The C/E values for Ni(n,2n) reaction are shown in Figs.5.4 ~
5.6. As discussed in Chapter 3, activation cross sections 1n
ENDF/B~IV or /B-V give small reaction rates while those in the FNS
file show a good agreement with the measured values. The difference
of reaction rates is 20% at the front surface and decreases to ~10%
in the deeper region as seen in Fig.5.k, which is due to a change of
neutron spectrum with the distance from the front surface. The
trend of difference in the C/E values between the reference and the
Be~sandwiched systems is similar to the one of the Al(n,¢) reaction
rate as shown in Fig.5.5. The results by DOT3.5 also show that
the C/E values in the Be-sandwiched system are smaller than those
in the reference one. Shapes of the C/E curves are fairly different
between the two codes as seen in Figs.5.5 and 5.6.

The results for Ni{n,p) reaction of which threshold energy is
2MeV are compared in Fig.5.7 between ENDF/B-IV and the FNS file.
It is noticeable that ENDF/B-IV overestimates by 20% at the front
surface and the FNS file reduces the discrepancy significantly
though it st1ll overestimates by several percent. TFigure 5.8 shows
that the C/E values are fairly close with each other between the
reference and Be-sandwiched systems. -In the DOT3.5 calculation,
the C/E values at the front surface are several percent larger com-
pared to the MORSE-DD results for both systems. Such a difference
is caused from the one in neutron spectrum at a few MeV energy
region.

The prediction of Nb(n,2n) reaction rate agrees well with the
.measurement 85 seen in Figs.5.10 and 5.11. The activation cross
sections for this reaction are from the FNS file. In the case of
Au(n,?n) reaction, the calculations using both codes give slightly
smaller values compared with the measured ones except for a few

locations as shown in Figs.5.12. The cause of large deviations from
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unity at z=llcm may be due to a too large value of measurement.
The reason of discrepancies at the front regicn is not clear. The
unreasonable structure of C/E curves suggests possible uncertainties
of the measured wvalues. As shown in Figs.5.14 and 5.15, the shapes
of C/E curves for Au{n,y) reaction are quite different at the region 0
{ z { 15cm between the reference and the Be-sandwiched systems. In
the former, the calculations underestimate the reaction rates by 30
~ 10% while a large overestimation is observed in the Be-sandwiched
system, which is a similar tendency to TPRs by OLi. In the region
20cm < z < 5%cm, the C/E values range in 0.90 ~1.0. Since the most
of Au{n,y) reaction rate is contributed from the resonance at eV,
this reaction rate is sensitive to very low energy component of flux
slowed down from 1hMeV source energy. An accurate calculation of
such an energy component is not easy . 1In addition, an estimate of
self-shielding effect of foils will be necessary in the beryllium
region. The C/E values by three codes are compared in Fig.5.16 which
show a good agreement among these results.

The In(n,n»)} reaction has threshold energy below 1MeV and sen-—
sitive Lo neutrons below 10 MeV, so this reaction is an appropriate
spectrum index of neutron flux component with intermediate energy.
The C/BE values for the reference and the Be-sandwiched systems are
shown in Fig.5.17. The agreement is satisfactory for both systems
except for the front surface. The reaction cross sections will be
too large at the high energy region. A comparison among different
codes and mocdels is presented in Fig.5.18. A discrepancy of the
C/E values due to the models of which hydrogen contents are different
is rather small. Differences between codes are several percent over
the whole system. The C/E values of In(n,y) reaction deviate con-
siderably from unity as seen in Fig.5.19. It is not clear whether
the discrepancy 1is caused from the reaction cross sections or the
measurements.

All the reaction rates discussed above were measured at the off-
central channel which is 5.5cm far from the center of the Lip0 test
region. To simulate accurately a fusion blanket in radial direction,
reaction rate distributions must be flat in x and y directions at
the neighbour of test channels. To confirm this assumption, Au{n,y)
and In(n,n») reaction rates were measured across the test region at

the different two 7z positions. The front position is at z=12.40cm
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and the back is at z=§2.76cm. The C/E values obtained for these
measurements are shown 1in Fig.5.20. Both reactions show flat
distributions of the C/E values in the region -20cm < x < 20cm and
the values at the front and bvack positions agree with each other
within 1¢ variances of Monte Carlo calculations. It can be said that
the prediction accuracies are almost the same over the central

region.

5.2 Reaction Rates in the Phase IIb System
Reaction rate distributions were also measured in Phase IIb
which has a beryllium multiplier at the inner surface. Thelresults
are shown in comparison with those in Phase Ila. The calculstions
have also been performed using JENDL3/T as a nuclear data file of
beryllium which is a temporary version of JENDL3. The C/E values
of Al(n,z) reaction calculated by MORSE-DD and DPOT3.5 are shown in
Fig.5.21 and 5.22, respectively. The C/E values are smaller than
those in Phase IIa at z=10 - 2lcm. JENDL3/T gives similar results
to JENDL3/PR1.
Differences between two codes are small except for at z=0 and z >
50cm. The trend of C/E values obtained for Ni(n,2n) reaction are
close to that of Al{n,z) reaction as seen in Figs.5.23 and 5.24., As
discussed in Phase IIa, a beryllium multiplier causes smaller C/E
values compared to those of the reference system.
The reactions of producing scandium isotopes from titanium
consist of different types of (n,xp) reaction as
bbge . H6Ti(n,p) + hTTi(n,np),
4Tse : UTri(n,p) + h8Ti(n,np),
U8ge uBTi(n,p) + ugTi(n,np).
These scandium isotope production rates were measured using titanium
foils. The C/E values for these reaction rates are shown in Figs.5.25
and 5.26. The C/E curves show different trends of space dependence
and the differences among them are large at the front surface and
at the back locations. All the reaction cross sections underestimate
"the reaction rates. An energy dependence of these cross sections
would be not accurate.
The results for Ni(n,p) reaction are alsc show a similar trend
to other reacticns mentioned above as shown in Figs.5.27 and 5.28.

The calculated values underestimate by 10% except for the front
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surface . The C/E values of Nb(n,2n) are also gquite similar to those
of Ni(n,p) reaction as shown in Figs.5.29 and 5.30. Accordingly,
the results for threshold reactions are consistent among all the
reactions except for Ti{n,xp).

In the case of Au(n,r) reaction, the C/E curves shown in Fig.5.31
have strong space dependence in 0 < z < 20cm and almost flat (C/E ~
0.8) in the deeper region. The structure at the front region 1is
similar to that observed in the Be-sandwiched system of Phase IIa
though the peak value of (/B is smaller compared to that in the
Be-sandwiched case. Differences of the C/E wvalues for In(n,n»)
reaction between Phase Ila and Phase IIb are about 10% as seen in
Figs.5.17, 5.32 and %.33. Reasons of such a discrepancy is not clear.
Both +the measurements and reaction cross sections must be
reexamined. The DOT3.% results for Phase IIb are very close to the
ones by MORSE-DD as seen in Fig.5.33.

As discussed above, there are several persistent features and
trends in the C/E curves of the various reaction rates shown in
Figs.5.1 to 5.33. These trends are summarized below.

1. The C/E values by MORSE-DD and DOT-DD with the DDL/J3P1
set tend to decrease (fall down below unity) with increase of
the distance from +the front surface while DOT3.5% with
JENDL3/PR? gives flatter curves. This difference is caused frdm
the one in the total cross section of TLi.

2. The C/E values in Phase I1b are several percent smaller than
those in Phase IIa in 10cm < z < 2lcm.

3. The C/E curves for Au(n,r) reaction show strong space
dependence in the front region. That 1s, the underestimation
becomes large near the surface in the reference gystem while
the C/E values show high peaks at the middle of beryllium region
in the Be-sandwiched or Be-front systems. In the region =z
{ 20cm, the curves are flat for both systems.

4. For Ni(nm,p) reaction, the calculations overestimate by
several percent at the front surface. The activation cross
section in ENDF/B-V should be modified.

5. The beryllium cross sections in JENDL3/T gives similar
results to those by JENDL3/PR1 for Phase IIb.

6. The In{n,n:) reaction seems to provide a good spectrum index

since it has low threshold energy compared to other threshold
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reactions. The present results, however, show inconsistency
between Phase IIa and IIb. Measurements of other types of
reaction rate with low threshold energies are useful to obtain

integral data sensitive to neutrons with intermediate enmergy.
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Fig. 5.6 C(DOT3.5)/F values for °8Ni(n,2n)%7Ni reaction rate in

the reference and Be sandwiched systems of Phase Ila
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Fig. 5.9 C{(DOT3.5)/E values for ®Ni(n,p)°8Co reaction rate in

the reference and Be sandwiched system
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6. IN-SYSTEM NEUTRON SPECTRUM

Neutron spectra in the LipgO test region have been measured along
the central channel by using an NE-213 counter above 1MeV and a
proton recoil counter bhelow 1MeV. The calculated spectra by
MORSE~DD were smeared using Gaussian functions of which half widths
were equal to the detector resolutions. The energy dependence of
detector resolutions were taken into account. The measured and

calculated spectra are compared and discussed below.

6.1 In-System Neutron Spectrum of Phase Ila System
The measured and calculated neutron spectra above 1MeV are
compared at z = 1.15, 3.45, T.h6, 12.52, 22.6k, 32.76, 42.88 and 51.75
em in Figs.6.1 - 6.8, respectively. We can find common trends of
differences between the measured and calculated spectra as follows;
a} The measured peak energles around 1iMeV shifted to loﬁer energy
side compared to those by the calculations. The cause is due to
insuffiéient corrections of energy calibration for the measured
spectra. _
b) The peak values of measured spectra are slightly higher than
those of the calculated ones. Such discrepancies are not so
serious because the integrated spectra above 10MeV agree well with
each other as shown below.
¢) The calculations generally OVErestimaté the spectra below
10MeV. The discrepancies become smaller at the back locations.
The cause of discrepancies would be partly attributed to the
inadequate inelastic scattering cross sections and thelr secondary
neutron energy distributions of TLi and 160. The errors due to
the unfolding method will also caused such discrepancies.
d) A fine structure of spectrum can not be observed in the
figures. A TOF method should be used in order to measure a fine
structure due to inelastic scattering. It is difficult to discuss
in detail an adequacy of cross sections from these results.
Neutron spectra have been also measured along the front and rear
rgdial drawers of which centers are at z = 13.1 and 43.1 cm,
respectively. At the crossing positions of the radial and the axial
drawvers, lower energy part of spectra has been measured by using a

proton recoil counter. TFigures 6.9 and 6.12 show the calculated
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and the measured spectra at +the front and rear drawers,
respectively. The agreement below 150keV is fairly good though
the calculation overestimates slightly below 10keV. The spectrum
measurement by a proton recoil counter which was used in this phase
can provide useful differential data below 1MeV. The comparison
of spectra in the front and the rear drawers{ r= 21.6 and 40.6 cm)
are shown in Figs.6.10, 6.11, 6.13 and 6.1k, The trend of discre-
pancies are similar to those observed at% the central channels.

The integrated spectra above 10MeV and 1 - 10MeV are compared
in Figs.6.15 and 6.16, respectively. The agreement between the
calculated and the measured spectra above 10MeV is quite good
through the whole axial region. Therefore, it can be said that the
peaks around 14MeV which contribute mainly to high energy threshold
reactions are well predicted in the whole system . On the other
hand, the differences between both integrated spectra are about 10
- 20% in the 1 - 10MeV region as seen in Fig.6.16. The reasons of
discrepancies are mentioned above.

The measured and calculated neutron spectra in the beryllium
sandwiched system of Phase ITa are compared in Figs.6.17 - 6.33.
The spectra were measured along the central drawver at z = 1.15, 3.68,
6.21, 8.7h, 11.27, 21.39, 31.51, 41.63 and 51.75 cm. The calculated
positions shown in figures are the centers of zones where the spectra
were obtained by a track length estimator. The trend of discre—
pancies in the Be sandwiched system is similar to the one in the
reference system in the energy region above IMeV. On the low energy
part of spectrum measured by a proton recoil counter, the agreement
is also good in this system as seen in Figs.6.26 and 6.29. The
integrated spectra above 10MeV and in 1 - 10MeV are compared in
Figs.6.32 and 6.33, respectively. These figures show a similar

tendency to those of the reference system.

6.2 Neutron Spectrum in Phase IIb System
The neutron spectira in the beryllium front with first wall
system of Phase IIb are compared in Figs.6.34 - 6.47. Those were
measured at z = 0.0, 2.5, 5.0, 10.0, 20.0, 30.0, 40.0 and 50.0 cm.
The peak energles around 14MeV agree well between the measurements
and the calculations. Below 10MeV, the calculations give higher

values, which is the same tendency observed in the Phase IIa systems.
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In Figs.6.38 ~ 6.41, two calculated spectra are shown because the
measuring points are not positioned at the center of estimated
regions. The measured heights of 14MeV peaks agree better with the
calculated ones at the forward ( smaller z locations) region than
those at the backward. The calculated peak heights would be lower
than the measured ones if these were compared at the same =z
positions. Such & trend will mean that the total cross sections of
Lis0O used are too large.

The spectra below 1MeV are compared in Figs.6.42 and 6.43.
These were measured at the front( z = 13.4 cm) and the rear(z = 3.1
em) drawers by a proton recoil counter. The calculated and measured
spectra agree generally within the uncertainties of Monte Carlo
calculations. The overestimations found below several keV are the
same trend observed for the Phase ITa systems. The reason of such
discrepancies is not clear. The dips at 1MeV, L00keV due to the
oxygen resonances and at 600keV due to the lithium T resonance are
well predicted by the calculaticns. Bince the neutron flux compo-
nent below lkeV contributes to TPR by 6Li, development of a meas-
uring technigue of such low energy neutrons is expected.

The integrated spectra are compared in Figs.6.hl and 6.45 for
the reference system( without beryllium at the front Li,0 region)
and in Figs.6.46 and 6.47 for the beryllium front system. Above
10MeV, the calculations agrees well with the measurements for both
reference and beryllium front systems. The trend of overestimation
below 10MeV is observed for both systems. Further investigations
concerning measurements and cross sections used in calculations are

necessary to reduce such discrepancies.
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Fig. 6.36 Neutron spectrum at z = 5.0cm in the Phase 1Ib FWBF
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Fig. 6.37 Neutron spectrum at z = 10.0cm in the Phase IIb FWBF
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7. SUMMARY AND CONCLUDING REMARKS

The analysis of Phase Ila and I1b experiments of the JAERI/U.S.
collaborative program on fusion blanket npeutronics has Tbeen
performed. The calculated results were compared with the measure-
ments to derive Information on the prediction accuracy in the cal-
culations of neutronics parameters. The measurements were performed
to
characterize the neutron field of the experimental systems by the
foil activatlion method and neutron spectrum measurements using an
NE-213 and a proton recoil counter. The measurements inside the Lis0
test assembly included tritium production rate(TPR), reaction rate
and neutron spectrum measurements. Analysis was performed by using
two dimensional discrete ordinate codes, DOT3.5 and DOT-DD, and s
Monte Carlo codes MORSE-DD. The nuclear data used were mainly based
on JENDL-3/PR1 and PR2. Activation cross sections measured in FNS
were used in the analysis of reaction rates in addition to ENDF/B-IV.
These methods are almost the same as those used in the Phase I
ansglysis

The configurations considered for the test assemblies were a)
a reference Lio0 assembly, b) a beryllium sandwiched assembly, c)
a beryllium front assembly for Phase IJa and d) a reference
assembly, e) a beryllium front with first wall assembly for Phase
ITb. The summary of the comparison between measurements and cal-
culations for the important parameters mentioned above is given

below.

SOURCE CHARACTERIZATION

Reutron current into the Lig0O test region consists of the direct
component from the rotating neutron target and the scattering com-
ponent from the container or test region. Influence from +the
experimental room wall was negligibly small in the Phase II assembly
in contrast to the case of Phase I assembly. Hence, source
characteristics was analysed for only the assembly. Observatlons
derived from the analysis are summarized below.
1) Neutron spectrum above a few keV and reaction rates by activa-
tion foils can be satisfactorily predicted by the present transport

codes, recent nuclear data and the calculation models.
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2) With respect to neutron spectrum of Phase IIa reference and Be
sandwiched systems, integrated spectra above 10MeV agree well with
the measured one while the discrepancies of a few tens percent is
observed in the range 1 - 10MeV.

3) Below 150keV, both spectra by the MORSE-DD calculations and by
a proton recoil counter agree within the statistical uncertainties.
Similar conclusions can be derived from the comparison of spectra
in Phase IIb where neutron spectra were measured in several keV -
1MeV,

i) Reaction types of activation foil experiments adopted Iin Phase
Ila are 58N1(n,2n)5TNi, 58Ni(n,p)°8co, 93Nb{n,2n)92nn,
197Au(n,2n)198Au, 197Au(n,7)198Au and QTAl(n,a)guAl.' The prediction
accuracy depends on the sactivation cross sections used. ENDF/B-V
underestimates Ni{n,2n) reaction rates by 10% and overestimates
Ni(n,p} reaction by 10 - 20% and Nb(n,2n) reaction by 10% while the
FNS fille can significantly reduce discrepancies. Au{n,2n) and
Al{n,e¢) reaction rates are well predicted by ENDF/ B-IV or V.
Au(n,r) reaction rates are underestimated by a few tens percent.
Such an unceritainty is partly attributable to the one of hydrogen
content in the container. 1In conclusion, threshold reaction rates
can be predicted within + 10% if the FNS file is used .

5) Though discrepancies were observed in the few back locations of
RNT, these hardly influence the prediction accuracy of the incident
neutron current into the test region.

6) In the Phase IIb experiments, Nb(n,2n) activation rates were
measured at three vertical cross sections and on the surface of test
region. The trend of C/E values are similar to the cases of Phase
IIa measurements. Characteristics of incident neutron source into
the test region was confirmed to be well predicted in the Phase ITb
assembly.

7) Since the cavity region 1s surrounded by a good reflective
material of beryllium for Phase IIb , a c¢onsiderable amcunt of
neutron will exist in the low energy region below keV, but such a

‘component can not be well examined in the present experiment.
TRITIUM PROGDUCTION RATE

From the analysis of tritium production rate measured in the

Phase IIa and IIb systems, we make the following observations.
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Phase Ila Reference system

1) C/E values of Tg are similar to those in Phase I except for the
front region. These values are about 1.10 over the whole region.
Such a trend i1s common for both measurements by the Li glass
detector and Li-metal methods.

2) MORSE-DD and DOT3.5 calculations give similar results for Tg-

3) Uncertainties in hydrogen contents of the LipCO3
container cause 5% difference in TPRs at the maximum.

4} Similar conclusions mentioned above are derived for the C/E
values of T7 though these values are 1.0 = 0.05.

5) The calculations agree very well with the measured Ty by the
zonal method in the region 0 < z < 30cm. In the deeper region, the
C/E values increase by 10%. Such an agreement results from =a
cancellation of Tg and Tr7.

6) The C/E values of T7 depend on the measuring methods adopted.
The NE-213 method gives 1.0 = 0.07 and the Li-metal method does 0.9
- 0.8. Such discrepancies depend on the TLi(n,n',a) cross sections
used In the former method. These cross sections should be revised
t0o decrease the discrepancles.

Beryllium Sandwiched System

1) The C/E values of Tg rapldly lncrease In the beryllium region
and decrease below 1.0 behind that region. These values are close
to unity in the region 12cm < z < 50cm but smaller by 10% compared
to those in the reference system. Such discrepancies are important
in evaluating an effect of beryllium multiplier.

2) The differences in the C/E values of TT are small between the
reference and the Be sandwiched systems

3) Agreement between the calculations and the zonal method is good
for Ty over the whole region except for the region just behind the
Be region where the calculations underestimate Ty.

Phase IIb beryllium front with flrst wall system

1) The C/E values of Tg sharply drop below 1.0 behind the Be region,
then increase in the back locations. In the range z > 10cm, the C/E
values get close to unity, which are smaller by 10 % compared with
those in the Phase Ila Be front system.

2) The Li glass method gives high C/E values{ ~ 1.7) in the Be region
while those by the Li metal are close to unity. Detector pertur-

bation effect should be corrected for the measured values by Li glass
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detectors.

3) When the NE-213 method is used, the C/E values of T7 become
smalier compared with the Phase Ila system but the 1i metal method
shows an inverse trend. Further examination 1s necessary on the
consistency of measured values.

) The results by the zonal method for Ty show a similar tendency
to T6 by the Li glass and NE-213 methods.

5) The most important discrepancy 1s the underestimation of Te
behind the Be region. Since a cause of discrepancies can not be
¢clearly identified but an adequacy of beryllium cross sections
should be assessed.

Comparison of calculated and measured line integrated TPERs
indicated that the zonal and Li metal methods show good agreement
in the Phase Ila system but all the methods gives larger TPRs com-—
pared with the calculated ones in the Phase IIb. It was shown that
such an underestimation is due to the small C/E values behind the
Be region as mentioned above. Since the half of integrated TPR is
contributed from the 5cm thick region behind beryllium, a prediction
uncertainty of TPR in this region must be decreased in order to

improve a prediction uncertainty of TBR.

REACTION RATE OF ACTIVATION FOILS

Reaction. types used in reaction rate measurements in the test
region are almost the same as those used in the source characteri-
zation measurements. The results are summarized in the following.
Phase Ila Systems
1) Differences between the reaction rates calculated by ENDF/B-IV

or V and the FHNS file show the same trend as those discussed in the
source characterization. The FNS file can improve significantly
prediction accuracy ihside the Lip0 test assembly. The most calcu-
lations by MORSE-DD agree with the measurements within 10% through
the whole region.

2) The C/E values of threshold reactions decrease with increasing
distance from the front surface and those by DOT3.% show flatter
distributicns. This difference is attributed to the different total
cross sections of TLi used in both calculations.

3) In the Be sandwiched system, the C/E values for the threshold

reactions are smaller than those 1n the reference system. The
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differences can be caused from inappropriate (n,?n) cross section
of beryllium and its secondary energy and angular distribution.

4) The non-threshold reaction 19TAu(n,7)198Au are underestimated
in the Lis0 region. On the other hand, 1t is considerably
overestimated in the Be region, which indicates necessity of
self-shielding correction for measured values by foils.

Phase I1b System

1) The C/E values obtained in Phase IIb are smaller by several

percent compared to those in Phase IIa in the regicn 10em € 2z < 30cm
and generally smaller than unity except for the surface of the test
region.

2) The prediction accuracies of Ti(n,xp)Sc reactions differ by 20%
depending on the reaction channels.

3) Large underestimation of Au(n,r) reaction rates is observed in
the range 3cm < z < 20cm. In the range z > 20cm, the C/E values are
smaller by 10% than those of PhaselIla. .Such underestimation of
reaction rates which are sensitive to very low energy neutrons will
be due to underestimation of slowing down power of beryllium.

The activation foll measurements provided good integral data
to examine a prediction accuracy of blanket characteristics in
addition to TPR. Furthermore, such data are useful for testing

evaluated activation cross section file.

IN-SYSTEM NEUTRON SPECTRUM

Only the In—system spectrum measurements offered differential
data inside the test assembly. Cross sections and calculation models
can be tested by comparing the calculated results with the measured

ones. The following is a summary of the observation from the Phase

IT experiment analysis.

1) The predictions for the integrated flux above 10MeV agree well
with the measurements. The calculated spectra are 10 ~ 20% lower
than the measured values in the energy range 1 — 10MeV over the whole
regions of all the assemblies. Such & trend is inconsistent with
the resulis obtained for the reaction rate distributions. One reason
for such inconsistency could be introduced by the uncertainty of
the unfolding method used in determining the spectrum.

2) Discrepancies are observed between the calculated and measured
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energy and height of 14MeV peaks of spectrum in the Phase Ila
assemblies, which are mainly caused from the insufficient correcticn
of energy calibration for the measurements by an NE-2i3 counter.
Agreement is good In the Phase IIb systems.

3) Measured spectra by a proton receil counter agree with the cal-
culations within statistical uncertainties below 1MeV. Fine struc-
ture due to scattering resonances can be well reproduced by ther
calculations.

) We can not find noticeable differences of C/E in spectrum com-—
parison between the reference system and the systems with a beryl-
lium multiplier.

As mentioned above, we can obtaln useful information from the
Phase 11 experiment and analysis. Since the Phase II experiment
systems could simulate well a neutron field of solid breeder blanket
of a fusion reactor, this informaticn is very useful in evaluating
prediction accuracy of TBR and other various neutronics parameters
of fusion blanket and in developing measuring techniques. TBR of a
Lio0 solid breeder blanket could be predicted within a target
accuracy of 5%. On the other hand, further investigations are
necessary to predict TBR of blankets with a beryllium multiplier
region within =5%. Improvement of measuring techniques 1s also
necessary to reduce an uncertainty. The analysis also revealed the
need to re—evaluate nuclear data o reduce observed discrepancies,
particularly for the data of TLi, 0 and Be. Bince JEKDL-3 which
was recently compiled includes revised nuclear data for these
nuclides, it is interesting tc use this file in the analysis of the
Phase II experiments. An additional experiment(Phase IIc¢c) has been
performed to obtain integral data related with a heterogenelity
effect of beryllium multiplier and water cooling channels. The

analysis of Phase IIc i1s in progress.
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