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The U.S./JAERI Collaborative Program on Fusion Neutronics is in
progress using the FNS facility at JAERI. Phase I experiments of the
program have been completed and independently analyzed. The predictions
of key neutronics parameters were compared to measurements to derive
information on the accuracy involved in the calculations of these
parameters. First, measurements were performed to characterize the
neutron field by the foil activations method and spectrum measurements
using both TOF technique as well as NEZ13 and proton recoil counters.

The measurements imside the LiZO assembly included tritium production rate
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(TPR), foil activation and neutron spectrum measurements above 1 MeV.
Analyses for these measured parameters were performed by using two~
dimensional discrete ordinates codes, DOT3.5{JAERI) and DOT4.3(U.S.) and
Monte Carlo codes, MORSE-DD(JAERI) and MCNP{(U.S.). The nuclear data used
by JAERI were based on JENDL3/PRl and PR2 while the U.S. calculations
were based on ENDF/B-V and data evaluated at LANL for 7Li and Be.

The configurations considered for the test assembly were: (a) a
reference LiZO assembly, (b) first wall preceded the Li20 assembly with
and without a coolant channel simulated by polyethylene, and (c¢) beryllium
zone in front of the assembly as well as sandwiched between a front LiZO
zone and the main assembly. In this document, results of the analysis for
these experiments are reported as Volume II. Details of the experiments
and the experimental techniques applied are reported separately as

Volume I.

Keywords: Fusion Neutronics, Tritium Production Rate, Neutron Spectrum,
Foil Activation Measurements, Nuclear Data, Discrete Ordinates
Codes, Monte Carlo Technique, Cross-Section Sensitivity/

Uncertainty Analysis
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LINTRODUCTION
L1l Scope _

Phase I integral experiments of the JAERI/U.S. Collaborative Program on Fusion Blanket
Neutronics, which were carried out at the Fusion Neutronics Source (FNS) facility at J AERI ranged from D-T
neutron source characterization experiments, tritium production rate (TPR) measurements in a reference LizO
assembly, first wall experiments with and without simulated coclant materials and beryllium neutron
multiplier experiments in various configurations. The U.S. and Japan have independently analyzed these
experiments using their own data bases and codes. Analytical predictions obtained by both countries were
compared to measured values. Results of this intercomparison are presented in this volume.

The experirhents aimed at verifying the potential of LipQ for tritium breeding in a simulated fusion
blanket. In this respect, analytical predictions for tritium production rates (TPR) in a simulated test module
of single and multi-zone configurations were compared to the experimental values measured by various tech-
niques. Thi.s intercomparison will provide the data base needed for evaluating the overall uncertainty (both
analytical and experimental) associated with the tritium breeding rate (TBR) and for selecting breeder materials
and configurations in primary candidates for fusion blankets and be useful in resolving the discrepancies found
between experimental and analytical results. The basic breeder material used is LipO at the present phase.
The objectives, planning, and progress in Phase I experiments of this collaborative program and details of the
measuring items and associated techniques can be found in Volume I of this report and in References (1) and
(2), respectively. | '

Since both the U.S. and JAERI have independently carried out the analyses for these experiments
using their own codes and data bases, four calculational benchmarks were selected prior to analyzing the
experiments, intercomparison between the analytical results was made based on the same transport codes and
nuclear data bases used in the present analysis, This joint effort aimed at identifying the discrepancies in
results when different methodologies are implemented in transport codes and when different data evaluations
are used in the analyses. Findings from this separate study can be found in Ref. (3). In this volume,
analytical predictions for the tritium production rate and other neutronics parameters are compared to the
measured values and discussions are pursued on the reasoning for the discrepancies found in this

intercomparison,

L2 Brief Descripti f the Experi L M L P

The test assembly is a cylinder of diameter D = 60 c¢m and length L = 61 cm constructed from LizO
blocks of different sizes, the smallest of which is 5.08 cm x 5.08 cm x 5.08 cm. The test assembly is loaded
in the experimental cavity connecting target room #2 (4.96 m x 4.96 m and 4.5 m height), where the
experiments are performed, and the large target room #1. The physical center of the rotating target (neutron
source generator) is at a distance of ~2.48 m from the side walls and at 2.7 m and 1.8 m from the ceiling and

the floor level, respectively (see Fig. I.1).
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In the reference experiment, measurements for the tritium production rate (TPR) from SLi (Te) and
7Li (T7) were performed at various locations along the central axis of the assembly using Li glass detector,
Li-metal pellets, and LipO-pellets. The T7 was also measured by unfolding the measured spectrum by an
NE213 detector with the response 'Li{n,n'c)t cross-section. The in-system spectrum measurements were
performed using small spherical NE213 detectors. Several activation rates were also measured using foils.
The reaction rates measured in the reference experiment are 27 Al(n, o), 38Ni(n,2n), 5E‘Ni(n,p), 197 Au(n,2n)
and 197}9\11(:1,*{) along the 10 cm off-central axis. These reactions were used as spectral indices referring to the
neutron flux level throughout the assembly and thus to support the TPR measurements.

The second series of experiments was devoted to studying the impact of a first wall and coolant
inclusion on tritium production profiles along the central axis of the test module (Fig. 1.2). In this sertes, a
0.5 cm-thick stainless steel layer (3168S) was placed in front of the LizO assembly and tritium production
measurements were performed. A 0.5 cm-thick polyethylene (PE) plate was then placed between the first wall
and the LiO assembly and measurements were carried out. The PE layer in this case simulates a water
coolant channel in a fusion blanket. Similar experiments were performed using a 1.5-cm-thick SS layer
instead as shown in Fig, 1.2, The T and T7 measurements were carried cut with the Li-glass detectors and
the NE213 indirect methods, respectively.

In the third series, beryllium was deployed as a neutron multiplier. Three configurations were
assembled, namely: 5 cm-thick Be, 10 cm-thick Be, and 5 cm-thick Li2O + 5 cm-thick Be layers were placed
in front of the LizO assembly, separately (see Fig. 1.3). In the latter case, beryllium is sandwiched between
the front LizO layer and the LipO test assembly. This series of experiments has been performed to examine
the change in tritium production profiles in comparison to the reference experiment resulting from including
the Be multiplier. As in the reference experiment, Tg and T7 were measured by Li-glass, Li-metal, and Li2O-
pellet methods and NE213 indirect method was also used to obtain the T7 values. The off-central activation
reaction rates were measured in the Be-sandwiched systems for Al, Ni, In, Au, Zr, Zn, and Ti foils,

The experiments mentioned above proceeded from a simple one-zone configuration of LipO to
multiple-zone configurations that included basic characteristics of a fusion blanket, e.g., first wall, simulated
coolant channel, and a neutron multiplier. The present experimental systems are influenced from the room-
return component of neutrons because of the feature of an open geometry, i.e., the area of the front surface of
the LipO assembly is much smailer than the area of the room walls. Therefore, TPR from SLi rapidly varies
within the front few-centimeters region inside the test module. The neutron current incident on the {ront
surface differs from the one found in a fusion environment. Accordingly, in Phase II of the program (in
progress) the experimental system specifications (geometrical arrangement, material selection, etc.) are chosen

to give a closer simulation by using a closed geometry.



JAERI-M 88-177

Breeder Zone

st Wall Zone

—

No {st Wali
{Reference)

[

L)
P ——
o g [
=3
e E
2
= v
R Ob
=0
o X 0t
o
\ |
/ 2
SOOI SN NN S N
NN Q ___%__.,__.__A.... u
A S [ RN R 13
— _ RO NN e
o h Sateiel B elieiets o & J.,H-;.H--H.-- L V PR T
= =-=-] ==~ -- - - = T ——f - )L n
- I SSRNNNNNNRN NN )
- — - — e e — - Ty _ 1 _ _ _ _ _ Lot PECEEN -—
—_——— = e — — — — - . R o
— - N %Trfu\r ||||| \ bt e
= . [/ RSN SSSYw
_.MW m NN AN NN /«//;./%/A._ NN E
1 pt -7
O o
a o
&4
& —_
m m m + ..%: o /B m|_\;
o S ~ wy Oy oG T
)] ) W M L Oz E
7} o 7! 3 m..m% BPE,S
o = ==} — Q
Vs © kS E
S P
=4 = W b cﬂFA

Figure 1.2 Geometrical arrangement for the first wall experiments
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IL. _Analytical Methods, Nuclear Data and Calculation Meodels

ILLJAERL Analvsis |
IL.1.1 Nuclear Data

The evaluated nuclear data files adopted by JAERI in the experimental analysis include ENDF/B-
1v,(4) JENDL3-PR1(%) and JENDL3-PR2.(8) The latter two files have been evaluated at JAERT's Nuclear
Data Center mainly to be used for fusion applications. The JENDL-3PR2 file includes a revised version of
the 81.i and 7Li data in the JENDL3-PR1 file. The two files include cross-sections of beryllium, lithium-6,
lithium-7, carbon, oxygen, iron, chromium, and nickel. The standard version of JENDL3 will be published
in 1988. These nuclear data files have been processed into group cross-section sets with a 125-group
structure. Since two different types of transport codes have been used in the analysis, generating the
correspending group constants was necessary. One cross-section library is used for calculations using the
discrete ordinates code which is based on the conventional Iegendre expansion method, Other libraries used
in the Monte Carlo method are based on the double-differential cross-section (DDX) form. The calculation
flow of these libraries is illustrated in Fig. II.1. The main features of these libraries (JACKAS, DDL/B4,
and DDL/J3P1) are compared in Table II.1. Note that in the JACKAS library, data for H, 23Na, 27Al, Si,
and Ca are based on JENDL2 while JENDL3-PR1 data were used for Cr, Fe, Be, 160, and Ni. In the
library, the data for 5Li,7Li and !2C are extracted from JENDL3-PR2. Note also that the DDL/B4 library
is based entirely on ENDF/B-IV data. The details of processing codes are described in Ref. (7) for PGG-BIIL
and Ref. (8) for PROF-DD.

Besides these sets, all group activation cross-sections have been produced from ENDF/B-IV.

These are nearly the same as those in the ENDF/B-V dosimetry file.

IL1.2 Transport Codes
The analysis has been performed using the discrete ordinates code, DOT3.5. and the Monte

Carlo code MORSE-DD.{19) The former, of course, needs to geometrically approximate an experimental
system in two dimensions, but the latter can simulate it as detailed as possible in three dimensions. The
original DOT3.5 was developed at ORNL and the MORSE-DD code was modified from MORSE(1D in
order 10 accurately treat the anistropicity in the elastic and inelastic scattering processes by using the
double-differentiai form cross-section data library.

As is well known, a conventional low-order Legendre expansion method causes a negative flux,
ray effect and mispredicts flux in a highly anisctropic energy region. The MORSE-DD code, however, can

overcome such difficulties and give correct predictions.(!2) To determine the neutron flight direction after
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Fig. II.1 Calculation flow of the group cross-section libraries used by JAERI
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Table II.1 Comparison of Nuclear Cross-Section Library Sets

SET JACKAS DDL/A3P1 DDL/B4

Nuclear Data JENDL3-PR2+ JENDL3-PR1+ENDF/B-IV ENDF/B-IV
JENDL3-PR1+JENDL]

Weighting E flat + 1/E + arbitrary Same as DDL/J3P1
Function Maxwellian thermal G
Anisotropic Ps DDX type with 20 Same as DDL/J3P1
Scattering angular meshes
Temperature 300°K 300°K Same as DDL/J3P1
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a collision event, MORSE-DD can select a scatiering direction L continuously based on the kinematics of
the reaction, where the scattering probability is given for twenty intervals with an equal width, ApL, in the
range -1 <L < 1. On the other hand, the original MORSE code will sample a value among limited discrete
angles. A detailed description of the MORSE-DD code is given in Ref. (10).

In the DOT?3.5 calculations, the first collision source was first calculated by the GRTUNCL code
and used as an input to the DOT3.5 code. The quadrature set used was S1¢.

IL1.3 Calcylational Madels

in the DOT calculations, the whole room including a concrete wall and a LisO test zone were
approximated in a cylindrical model, where each zone volume was conserved. The neutron source was
approximated as a point placed at the symmeltric center. The calculation models are shown in Figs, 11.2
and I1.3 which describe those for the first wall and the beryllium systems, respectively. The reference
system corresponds to the model shown in Fig. I1.2 with the first wall regions 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. The mesh size effect was compared between the results obtained
by JAERI and the U.S., and it was found that this effect is important. A finer mesh size 18 required at the
front region and at the boundaries between different material zones.

The models shown in Figs. II.2 and II.3 are symmetric with respect to the Z direction, so that
imaginary Li»O zone appears at the opposite side from the symmetric center. However, its effect on the
actual test zone would be negligible because the solid angle substended by the test zone as seen from the

neutron source is very small compared with that of the room walls.
The LiyO test assembly was approximated by cylindrical zones where the central channel (drawer)

and the surrounding LizO zones have different densities, as seen in Figs. I1.2 and I1.3. Moreover, the
simulated first walls and coolant (polyethylene plate) with the same center line were modified as cylindrical
plates with an cffective radius of 40 cm. The actuai air regions between these plates were not taken into
account in the model except for those in front of the LipO system and between regions III and IV, as
shown in Figure IL2. In the beryilium systems, two beryllium regions of thickness 10.16 cm and of an
effective radius of 38.98 ¢m, were modelled as cylinders, as shown in Fig. IL.3. The zones shown in the

figure are in contact with each other and alsg with the Li2O system.
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B. Three-Dimensional Model Used by MORSE-DD

The FINS 1arget room #2, the LinO test module, and the penetration hole where the test module is
placed, are modelled as accurately as possible in the three-dimensional model shown in Fig. [1.4. In the
figure, the detail structure of the rotating neutron target (RNT) is not explicitly shown and will be
described in the next section. The thickness of the concrete wall considered in the model is smaller than
the actual one. A 60 cm-thick wall was considered in the analysis in order to take account of the room-
returned component of the source neutrons. A mortar zone with thickness of 2 cm is considered in the
model, as shown in Fig. I1.4. The broken line shows the region boundary used in the Russian roulette of
Monte Carlo runs. The height of the room is 450 cm and the target is placed at 180 ¢m above the floor
level. The test zone of the Li;O assembly was approximated by a cylinder so as to preserve the total
volume of the Li»O region. The tron region between the wall of the circular penetration hole and the non-
circular LioO region was approximated by annular geometry.

As described in Volume I, each LioO block used to construct the LirO test assembly is canned
with stainless steel, and all the blocks are homogeneously mixed in the model except for the measuring
channels positioned at the center and off-center of the Li;O assembly (central drawer and off-central drawer
zones). These test channels are independently treated from the smeared LipC surrounding region, as shown
in Fig. II.5. The characteristics of these channels are that the smallest Li»O blocks (5.08 x 5.08 x 5.08
cm) are used in their construction. Blocks in the outer Li;O region have larger sizes. Tﬁe LiyO zone, the
stainless steel, and the void of the measuring channels were homogenized into two regions of LiO and
stainless steel along the z-direction. As an estimator, a track length was used in the Monte Carlo
calculations. The dimensions of the estimated regions for the Bé-sandwiched System are shown in Table
IL.2.

The analysis proceeded in two steps in order to save computation time. At first, only the
reflected neutron component from the concrete wall was calculated and the neutron current over the entrance
of the experimental hole was determined. This component was confirmed to be spatially fiat and isotropic
in angle, and had a quite similar neutron spectrum over the entrance surface. Then, the direct neutron
source distribution (in space, angle and energy) from the RNT was calculated (see next section) and
bunched into nine vertical intervals on the surface of the wall which covers a square area of 2 m x 2 m,
as shown in Figure I1.6(b). This component includes uncollided neutrong and neutrons which collided
only with the structural materials of the RNT. These calculational procedures represent the first step in
the calculational method used.

In the second calculational step, only the test zone and its surrounding iron and concrete regions
(with a c¢ylindrical shape having a | m radius) were cénsidered in the model; as illustrated in Fig. I1.6. To
examine the effect of the concrete wall thickness shown in Fig, 116 on mitium production rate by SLIT )

at the central axis, some calculations with different thicknesses for the concrete wall were carried
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Table I1.2
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Regions of Track Length Estimators Used in Test Channel
Dimension: 4.82 x 4.82 x AZ cm?

Region Number Position (cm) AZ(cm)

1 237.6- 2378 0.2%
2 237.8 - 2398 2.0*
3 239.8-2408 1.0*
4 240.8 - 242.8 2.0%
5 242.8-2448 2.0t
6 244.8 - 2458 1.0*
7 245.8 - 247.8 2.0*
8 247.8 - 248.0 0.2

9 -125 248.0 - 2820 2.0

26 -34 282.0 - 309.0 30

+Be sandwiched system

The same region boundaries are adopted for the off center channel
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out. Figure 1.7 shows the ratio of Tg obtained in two systems, i.e., 60 cm and 100 cm-thick walls, as
compared to a 300 cm-thick wall. In these two cases, no account was taken for the whole rcom. The Tg
profile that results from including the room-return component is alsg shown in the figure. If we consider
a 100 cm-thick concrete wall, the results obtained are almost the same as those for the 300 cm-thick case
except for a few cm range from the wall, but such a quantity is t00 small compared with the room requm
component shown in Fig. I.7. Therefore the model adopted in JAERI's calculations was considered

satisfactory in view of the concrete wall thickness surrounding the LioO system. The number of neutron

histories for each run is summarized in Table I1.3.
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Table 1.3 Number of Neutron Histories used in JAERI's Monte Carlo Calculations

History (cpu time* (h))
125 group 64 group (> 1 MeV})
Direct Room Reflected Direct
Reference 900000 (2) 2000000 (2) 5000000 (3)
Be 5 cm 700000 (2) 700000 (1) | --------
Be sandwiched 1500000 (3) 1100000 (1) 2720000 (3)
Ref 900000 (2) J00000 (1) | -----u--

* by FACOM M380 computer
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IL2 U.S. Anpalysis
11.2.1 Nuclear Data

For the Monte Carlo analysis, the defauit Recommended Monte Carlo Cross-Section Library,
RMCCS, of the MCNP code (see below),(13) which includes data for 77 materials and isotopes, was used.
This library is based on pointwise cross-section data generated by using the ACER routine of the
NJOY{14) processing code. For most materials, the data in this library are based on the ENDF/B-V data
file. With general energy grids, the length of the cross-section tables in the RMCCS library is usually
shorter than that in the ENDF/B-V file. If the resonance absorption is not important, the results obtained
from the RMCCS library and from the direct ENDF/B-V file are similar. Besides the default library, the
MCNP code also utilizes other libraries based on ENDF/B-IV, LANLSUB, ENDL, etc. In the present
U.S. results, the RMCCS library based on ENDF/B-V data was used in the analysis of the source
characterization, the reference, and beryllium experiments. ENDF/B-V cross-sections were also taken from
the RMCCS, ENDFSP3 and ENDF5V3 data files in the MCNP calculations for the first wall
experiments.

Monte Carlo calculations were also carried out for the first wall experiments using the MORSE
code. In these calculations, a 53 neutron energy group based on the VITAMIN-E data library (ENDF/B-V)
was used.(15) The VITAMIN-E library was created as a general purpose cross-section data set for fusion
neutronics and other radiation anatysis problems. The original fine group library was collapsed using the
ANISN code(16) using forward emitted (0-40-deg) neutron angular flux as the weighting function. The
angular dependence of the cross-sections for all nuclei was approximated by using P3 Legendre expansion
scattering coefficients, The energy boundaries of the collapsed data library are given in Table I1.4. Also
given in the table are cross-sections for the tritium production from neutron reactions with 6Liand 7Li
nuclei.

As for the library used in the deterministic calculations, the MATXS6 library(17) was utilized.
This library has an 80-group energy structure and is based on ENDF/B-V data. This library is also
generated by using the NJOY processing code with P5 Legendre coefficients and a fusion peak + 1/E +
Maxwellian weighting function. The U.S. calculations were based on the latest evaluations for
beryllium(1®) and 7Li {19) ENDF/B-V, version 2 carried out at LANL. Comparison was also made to
results based on the previous evaluations (ENDF/B-V, version 1). The neutron group structure of the

libraries used by the U.S. and JAERI can be found in Ref. (3)
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IL22 Transport Codes
Among the many Monte Carlo codes available at the U.S. (e.g., MORSE(1D), TARTNP(2O),

VIM2L), ete.), the MCNP and MORSE codes were chosen for the present analysis. MCNP is a general
purpose, continuous energy, generalized geometry, time-dependent, coupled neutron-photon Monte Carlo
transport code. MCNP treats an arbitrary, three-dimensional configuration of materials in geometric cells
bounded by first- and second-degree surfaces and some special fourth-degree surfaces. Pointwise cross-
section data are used (RMCCS library). A unique advantage of using pointwise data is to eliminate
approximations in data due to group averaging. For neutrons, all reactions in a particular cross-section
evaluation are accounted for. For photons (not applied in the present study), the code takes into account
incoherent and coherent scattering, the possibility of fluorescent emission following photoelectric
absorption, and absorptions in pair production with local emission of annihilarion radiation.

MCNP embodies numerous types of variance reduction methods, Some of them are: (1)
importance sampiing, (2) weight cutoff with Russian roulette, (3} time and ¢nergy cutoff, (4) implicit
capture or analog capture (5} exponential transformation, (6) forced coilisions, (7) energy splitting and
Russian roulette, (8) correlated sampling, (9) source biasing, (10} point detectors, (11) DXTRAN, and (12)
weight windows. Readers are referred to Ref. (13) for more information on these techniques.

MORSE is a multipurpose neutron and photon transport Monte Carlo code. Through the use of
multigroup cross-sections, the solution of neutron, photon, or coupled neutron-photon problems may be
obtained in either the forward or adjoint mode. Time dependence for both shielding and criticality
problems is provided. General three-dimensional geometry may be used with an albedo option available at
any material surface. The geometry module implemented in MORSE consists of the combinatorial
geometry package. It is based on the MAGI combinatorial geometry(22) but the format was changed to fit
the MORSE format. Standard multi-gioup cross-sections such as those used in discrete-ordinates codes -
may be used as input; either ANISN-DOT(16.9) or DTF-IV(Z3) cross-section formats are acceptable.
Anisotropic scattering is treated for each group-to-group transfer by utilizing a generalized Gaussian
quadrature technique (PL expansion method),

MORSE provides versatile types of variance reduction techniques including energy-space-
dependent splitting and Russian roulette and exponential transformation. Source energy biasing is an -
option, as well as energy biasing at each collision. In fission problems, the fission weights may be -
renormalized as a function of an estimate of criticality k so that the number of histories per generation
remains approximately constant. In the present study, Russian roulette and particle splitting were used 10
reduce the variance in the estimated results,

The two-dimensional code used by the U.S. is DOT 4.3.(24) This code determines the flux or
fluence of particles throughout a one- or two-dimensional geometry system due to sources either generated

as a result of particle interaction with the medium or incident upon the system from extraneous sources.
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Basically, the Boltzmann transport equation is solved using either the method of discrete ordinates
or the diffusion theory approximation. In the discrete ordinates method, balance equations are soived for
the flow of particles moving in a set of discrete directions in each cell of space mesh and in each group of
multigroup energy structure. Iterations are performed until a prescribed criterion for convergence is met.
There is a variety of options that allows sources to be specified at internal or external boundaries,
distributed by the space and energy, or determnined from an input flux file. In a similar fashion, the code
has a variety of output source information that can be coupled to other problems. The "first collision
source" data which is an analytical first-flight scattering source can be accommodated, and the finai flux is
the sum of the collided and uncollided fluxes. In this case, the GRTUNCL code (modified to be
compatible with DOT 4.3) can be used to generate the first collision source needed for cases where a
localized external source is used. This is the approach used in the present analysis to treat the D-T point
source from the rotating neutron target, RNT.

The code can also generate a single output file containing both distributed flux moments and
boundary directional fluxes, so that this file, plus the original input data, provide an "exact" restart, This
allows a few groups of a large problem to be solved in each computer run without loss of efficiency.

A special feature of the DOT 4.3 code is "variable meshing.” This allows the number of first-
dimension (i) mesh interval to vary with the second dimension {j) index. The directional quadrature set can
be chosen from an arbitrary number of input sets, and the choice can vary with spatial position and energy
group. This feature can reduce the computational time considerably by concentrating the calculation in
areas needing attention, such as streaming gaps. Unsymmetric direction sets can also be used in cases
where streaming is directed either upward or downward. In the present analysis, the variable mesh feature

was not used. The Sg symmetrical direction set was used throughout the geometry.
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I1.2.3 Calgulational Models
A. Two-Dimensional Model Used by DOT 4.3

The 2-D model used by the U.S: in the discrete ordinates calculations performed by DOT 4.3 is
shown in Fig. II.8 for the first wall experiments. The model used for the reference experiment is identical
except that regions [, 11, and IIT are filled with air, These regions correspond to regions II, I1T, and IV in
Fig. 11.2, respectively, and the R-Z dimensions of the several zones considered are identical to those shown
in Fig. IL2. In assigning the dimensions shown in the cylindrical models shown in Figs. I1.2 and I1.8,
the volume of the room and the inner and outer LizO zones were preserved, as discussed. in subsection
IL1.3(A). Besides the dimensions of the zone boundaries, the number of spatial meshes used in the model
in the R and Z directions are also shown in Fig. I1.8. As was stated earlier, fine meshes are required at the
front zones and at zone boundaries to accurately predict neutron transport in those zones.

The 2-D mode! in R-Z geometry used for the 10 cm-thick beryllium experiment is shown in Fig.
[1.9. The four layers of beryllium consist of blocks egach of size [.932" x 1.932" x 0.995". The total
thickness is thus 4 x 0.995". The beryllium blocks in the central drawer have an effective radius of 2.769
cm, while the LizO blocks in the central drawer (zone VIII} have an effective radius of 2.719 ¢m. Zones
VI and IX are the outer stainless steel canning of the central drawer. Note from Fig. [1.9 that zones I, II,
III, IV, V, and VII contain the beryllium blocks. Zone VIII is the inner LizO zone of the central drawer
that has atomic densities different from those of the outer LizO zone (zone X) due to the reasons discussed
in subsection IL1.3(B). The model used for the 5 cm-thick beryllium experiment is identical to the one
shown in Fig. I1.9 except that the front Be zone consists of two layers of thickness 2 x 0.995" = 5.0546
cm. As in Fig. I1.8., the number of spatial meshes used in the model in the R and Z directions is also
shown in Fig. II.9, in addition to zone dimension.

In the Be-sandwiched experiment, the model used and the dimensicons considered in the 2-D
geometrical configuration are identical to those shown in Fig. I1.3 except that zones VIII and V are made
of the Li;O blocks.

In determining the specification of the external D-T neutron source in the 2-D calculations
performed by both JAERI and the U.S. for all the experiments that have been carried out, the following
procedures were used. First, one should notice that the D+ beam line makes an angle of 10 to the room
wall and the test module is placed at an angle of 80 with respect to the beam line. The angle and energy
distributions of the generated neutrons for the reaction of the D+ beam at the beam spot on the Ti-T layer
of the RNT were used along with the geometrical details of the structure of the rotating target (without the
room details) to calculate by the Monte Carlo method [MCNP (U.S.), MORSE-DD (JAERI)] the incident
neutron spectrum in the 80 direction where the Li;O assembly is placed in the penetration hole. This
incident neutron spectrum was considered as an isotropic neutron seuarce located atr = z = 0 in the 2-D

models used by both JAERI and the U.S.
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B. Three-Dimengsional Model Used by MCNP

In calculating the reaction rates inside the test assembly by the MCNP code, the statistics
obtained were very poor (if the whole room and test assembly were including in a single run) since the
volume of the test assembly and its front surface is very smail in comparison to the room walls and room
size, To obtain better statistics, the in-system reaction rates (e.g., Tg, T7, 27Al (n,a), etc.) were
calculatgd based on the Monte Carlo calculational model shown in Fig. I1.10. In this model, the neutron
source at the entrance of the experimental port was separated into two components, an anisotropic point
source {(direct component) located at a distance 2.48 m from the front surface of the LiyO assembly, and an
isotropic plane source (indirect component) located at a distance of 13 ¢cm from the front surface. The
direct component includes the uncollided neutrons and neutrons coilided with the target assembly and
scattered into the experimental port. The indirect component includes those neutrons collided by the room
walls and scattered in that direction.

The angular distribution of direct source component was estimated at 13 points (9 in JAERI's
calculation; see Fig. I1.6) covering an angle 8" = -22 to 22 where 8' is measured from the center ling of the

experimental poit or 8=58 to 102 in the 0 direction with respect to the D+ beam line (6=0), This source
reatment model was the same as that used by JAERI, as was discussed in subsection IL.1L.3(B). Note from
Fig. II.10 that the room-returned component was calculated separately and was shown to be almost
isotropic over the entrance to the experimental hole. As in JAERI's model, this component was presented
by a plane source of dimension 2m x 2m located as shown in Figs. I1.6 and I1.10. After determining both
the direct and the indirect components of the incident neutrons, only the experimental hole, the LipO test
assembly and the surrounding concrete {of a thickness “64 cm) were modeled in the subsequent MCNP
calculations 1o arrive at estimates to the in-system reaction rates and spectra.

The above calculational model was used in the analysis of the reference and the beryllium
experiments. Another caiculational model for the Monte Carlo analysis was adopted by the U.S. (ORNL)
for the reference and the first-wall experiments using the MORSE and MCNP codes. The room walls, the
LipO assembly, and the rotating target were modeled in detail using the combinatorial geometry
subroutines unique to each code system. All of the components were represented in sufficient detail to
assure that the neutron transport was accurately treated in the calculations. The inner and outer Li;O
regions were modeled as co-axial cylinders, as was discussed earlier. The inner Li»O region was
represented as a 0.127-m-radius cylinder surrounded by a 0.07-m-thick $S-304 liner. The Li»O and §S-

304 can were homogenized in each region in the appropriate Li;O to steel ratios.
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Neutrons produced in the D-T reactions in the titanium-tritide target are distributed in energy and
angle with respect to the incident deuteron beam. The probability that a deuteron of energy Eq reacts while

traveling a distance dx in a target containing N, tritium atoms per cm? is

P =Nt T4 o aLy)

where o is the microscopic cross-section for the T(D,n)*He reaction and dE/dx is the stopping power for
deuterons in titanium-tritide. When the reaction cross-section is a differential angular cross-section, then P
is the probability for emission per unit solid angle. In the U.S. (ORNL) analysis, Eq. (II.1) was solved
using the procedures outlined in Ref. (25) to obtain the neutron source data in multigroup energy format
for use in the MORSE calculation. The procedure in Ref. (25) was modified to obtain the energy-angle

data in continuous energy format for use with MCNP.
Since the solid angle subtended by the front face of the LizO assembly is small (5 x 10-2 sr),

biased neutron source sampling was used wherein 50% of the neutrons were directed into a "cone” having

polar and azimuthal angles of 10 with respect to the direction from the point on the target where the D-T
reactions occur to the center of the face of the LizO assembly. All other source neutrons were taken to be
uniformly emitted everywhere else. The neutron source biasing scheme is shown schematically in Fig.
II.11. The neutron emission into the polar angular intervai was determined using the calculated energy-

angle distribution discussed above. Neutron emission into the azimuthal angles was taken to be uniform.
The tritium production as a function of depth in the LipO assembly was calculated using

collision density estimator in MORSE and track length estimator in MCNP. The collision density

estimator used in the MORSE calculation is given by

T = {(g;j/oT) * neutron weight, i=6, 7 (IL.2)

where 1 is the cross-section for the tritium production from neutron reactions with 8Li (i=6) or 7Li (i=7)
and T is the neutron transport cross-section in Lip0O. The ratio of these probabilities is multiplied by the

weight of the neutron prior to initiation of the reaction. The spatial distribution of the tritium production
was obtained by dividing the inner LipO region into 12 axial intervals. The interval dimensions selected

to bracket the locations of the detectors used in the measurements and the locations of the detectors are

summarized in Table I1.5,
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Table I1.5 Detector Locations and Monte Carlo Estimator Cell Dimensions(® Used in the

Monte Carlo Calculations of the First Wall Experiments

Detector 6Li Li Estimator Estimator{®)
No. Detectors Detectors Interval Thickness Volume
(cm) {cm) {cm) (cm3)
0.0
1 0.25 1558.62
. 0.50
2 1.26 1.60 | 4728.20
| 2.06
3 2.53 3179.58
3.04
4 3.81 3.88 4800.55
4,58
5 5.06 - 442648
6.00
6 7.61 6234.48
8.00
7 10.12 11.47 12468.96
12.00
8 15.20 18703.44
18.00
9 20.24 21.59 21820.68
25.00
10 30.30 31.71 3117245
35.00
11 40.45 41.85 3117245
45.00
12 55.72 49439 .43
60.86

{a) Measured from the front face of the LizO assembly
(b) Scoring radius = 31.5 cm
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LIL NEUTRON SOURCE CHARACTERIZATION

IIL1 Analysis with Mounte Carlo Codes
ILL1 Neutron Source Genperation

The neutron source used in the experiments was generated based on the 3T(d,n) 4He reaction.
Accelerated D beams bombard the tritiated titanium target coated on the copper plate of the rotated
neutron target (RNT), as illustrated in Fig. ITL1. The target is cooled with water. This figure shows the
calculation model used in the present analysis. The actual RNT has a more complex structure.
Bombarding deuterons are slowed down o zero energy in the titanium coating. During this process,
neutron-generation reactions are possible at various energies. Accordingly, the energy of the emitted
neutrons depends on that of deuteron, though such dependence is small since ernitted neutron energy is
about 14 MeV compared with about 300 KeV of the deuteron. Nevertheless, such energy dependence was
taken into account in the MORSE-DD calculations based on Ref. (26) in which the reaction probability
table is given, corresponding to the energy of deuteron.

The angular distribution of the emitted neutrons is almost isotropic in the center-of-mass (CM)
system but anisotropic effect was considered using the following experimental formulae given by
Benveniste, et al.27

o¢(6)

—£L — 0.998 + 0.213 cosfy - 0.0190 cos20y,. 1
5:0) n n (I.1)

The above equation was given for a deuteron incident energy E = 350 KeV, but we applied it in our

case for E = 310 KeV.
From the relation between the CM angle, @¢, and the Lab. angle, ¢p, we can determine the

emission angle, ¢,

1 + YcosO¢ 2

cosfn =
'\/ 1+ 27cosec+y7-

where

1 mg(mp+my) my Q)
e ( )

+
Y mMpmy | my+my  Ey
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Figure [11.1 Cross-sectional view of the rotating neutron target (RNT) (calculational
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my = mass of incident deuteron,
mo =  mass of target tritium,
my = mass of neutron,
My =  mass of alpha particle,
Eq = incident energy of deuteron, and
Q = 17.6 MeV (emitted total kinetic energy).
When we obtain ¢p the emitted neutron energy, E,, is determined relativistically by the following
equation:
En(EI) ¢ﬂ) = wn - mn: (m'3)
where,
Wn = %—{bi\/b:’--%cj
a = (Wq +mp)2 - (Wy - mp)2 cos? ¢n,
b = (mf+m§‘+mi-mé+2m2 W1) (W1 +mp), and

H

Wy my + Ey = total energy of deuteron.

In the course of determining the emitted neutron energy and angle, a statistical process is
necessary. This calculation routine was originally programmed by Seki, et al (28 and installed in the
MORSE-DD source routine. MCNP calculations used the calculated energy-angle distribution obtained
by MORSE-DD.

The calculated energy and angular distribution of the emitted neutron is presented in Table IIL1,
where the angular mesh size is coarser compared with the one actually used. The table shows
probabilities for each energy band and the integrated probability in each band is normalized to unity. The
peak energy at the experimental hole is within the range 13.88 - 14.10 MeV, By using this
energy/angular distribution of the D-T neutrons, Monte Carlo calculations [MORSE-DD(JAERI),
MCNP(U.S.)] have been carried out to obtain the direct component into the experimental zone. In these
calculations, the target assembly was included but the room walls were not taken into account.
Accordingly, this direct neutron source component consists of virgin neutrons emitted from the D-T beam
spot in the direction of the Li;O assembly plus those that were collided in the RNT structure and then
scattered in that direction. The normalized angular distributions are depicted in Fig. II1.2 (JAERI) and in
Fig. IL.3 (U.S.), for within the angular range = 50°-103° (8 is the angle made
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Table III.1 Energy and Angular Distribution of the Emitted (D,T) Neutron

E (MeV) S(u)®) Angle p = cos 8 (2}

upper 0940 | -0707 | -0.259{ 0259 | 0.707 |0.940 | 1.0
15.49 0.302 0.293 | 0.707
15.25 1.666 0.010 [0.700 | 0.290
15.01 4.174 0.241 |0.587 | 0.172
14,78 7.641 0.517 {0.406 | 0.077
14.55 9293 0.085 | 0.798 |[0.111 | 0.006
14.32 9.469 0.746 | 0250 [0.003 | 0.001
14.10 9.225 0.070 | 0.930

13.88 8.882 0.001 | 0033 | 0939 | 0.027

13.67 7.880 0049 | 0376 | 0.575

13.46 4313 0.184 | 0.698 | 0.118

13.25 1.193 0.559 | 0.441

13.04 0.031 1.0

12.84

Total(©) 0.028 | 0.108 { 0215 | 0260 | 0233 {0123 | 0.032

(@) 8 is the angle with the D* beam.

() Integrated for angle | = cos®,

{¢) Nommalized 1o unity,
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with the D+ beam. The center line of the experimental cavity is at 6 = 80). Similar angular
dependencies can be observed between both calculations for most energy intervals. The angular
distribution of this direct neutron source is shown relative to the o.ne in the 8 = 80 direction and at
different energy ranges. Note that more direct neutrons reach the right side of the experimental cavity (B
< 80) than the. left side (8 > 80). Examining these two figures, one notices that at small angles (8 < 80)
the MCNP source strength is lower than the MORSE-DD calculated result, eicept atl0MeV>E>1
MeV. The reverse is true at large angles (6 > 80). However, it is important to know that the angle from
the source to the edge of the mouth is about 9° with respect to the center of the experimental port. In
this angular range, the distributions of relative source strength of MCNP and MORSE-DD calculations
are consistent, ‘ _

Strengths of direct source at the entrance to the expérimental cavity are compared in Table II1.2 for
the energy ranges E > 10 MeV and E > 1.2 MeV, as calculated by JAERI. Thegé values show source
strengths per unit solid angle times 4I1. The table shows strong angular dependence across the entrance.
The integral value 1.012 means that a multiplication occurs due to the {n,2n} reactions with the structure
of the RNT. The absolute values of integrated sources for E > 10 MeV, 10 MeV > E > 1 MeV, and 1
MeV > E are compared in Fig. [II.4. The integrated absolute values calculated by MCNP for the direct
neutrons are 0.04053 at E > 10 MeV, 0.00308 at 10 MeV >E > 1 MeV, and 0.00141 at 1 MeV > E in
the units of neutrons/steradian/source, Neutrons abové 10 MeV are apparently dominant for the direct

source from the RNT.

The incident source distribution for the experimental hole is influenced by the RNT structural
materials, and accordingly not flat across the hole, as was shown in Figs. II1.2, [IL3, and IIL4. In
addition, neutrons incident on the test module include an uncollided component and collided neutrons from
the room walls and the rotating target materiais. It is essential for the measurement and analysis to
characterize the irradiadon field where the experiments are conducted.

For that purpose, a series of experiments were carried out to measure the energy and angular
distributions of neutrons around the target and their spatial distribution inside the room cavity. Measured
and calculated values for these distributions were reported previously.(*?) In addition, time-of-flight
(TOF) spectrum measurements were performed in target room #1 {TR#1) at a distance of 17.445 m from
the target assembly, as shown in Fig. IIL.5, with and without a collimator behind the experimental hole.
The collimator was used in order to eliminate the scattered component by the RNT structure and by the
rocom waills. The opening of the collimator was 50 mm in diameter (i.e., 50 mm ¢). The NE213 counter
used for that purpose was able to see an area of about 7 cm ¢ at the target through the collimator. In the
case without the collimator, the experimental port between the first and second target rooms acts as a
collimator whose opening is 42 cm ¢. In this case, the detector can see the whole target assembly and



JAERI-M 88-177

Table II1.2 Source Neutron from Target Assembly (Source/47t)

Horizontal Position Angle to D+ Beam, 0 E > 10 MeV E > 12 MeV
on mouth {cm} (degree)
376 71 0.972 1.078
0.0 80 0.881 0.976
-37.6 89 0.615 0.693
Integral 0.895 1.012
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the area of 59 cm ¢ on the opposite side wall of the second target room. This measurement was also
repeated for a flight path of 11.445 m.

Spectrum was also measured at the front surface of the LizO assembly by an NE213 spectrometer
and a proton recoil counter (PRC). The first detector measured neutron spectrum energies above 1 MeV
while the PRC was used to measure spectra below 1 MeV down to a few KeV. Two experiments were
performed to measure the direct and room-scattered neutron spectra at the entrance center of the
experimental port with the LizO assembly loaded in that port (assembly in). To measure the room-
scattered component, a large shadow cone was piaced between the target assembly and the detectors. In
this case, only neutrons scattered by the room walls were detected. The direct component was detected by
subtracting the room-scattered component from the measured spectrum without the shadow cone in place.

These two experiments were repeated but without the LipO assembly inside the experimental port

(assembly out),

Flux mapping at several locations on the horizontal and vertical axes at the front face of the LinO
assembly was also performed by NE213 spectrum measurements and by measuring reaction rates in 27 Al,
38Ni, and 197Au foils placed at these locations. These experiments were necessary to measure the degree
of asymmetry in the neutron field at the entrance of the test module. Details of these experiments can be
found in Volume I of this report.

To compare spectrum prediction to the time-of-flight measurements, the calculated spectra shouid
be smeared over the detector energy resotution. The resolution function, a Gaussian distribution, of the

time-of flight method, is expressed as:
R(EE) = A exp(-E-E)226%E),

where (E) is the energy resolution which can be expressed as 6(E) = 0.0277 AtE>2/Z, Z is the flight
path, At is the time resolution of pulsed DT neutrons, E is the neutron energy at the peak of the
Gaussian distribution, (E-E') is the energy deviation, and A is the normalization constant.

For the case without the collimator, the MCNP modeling used by the U.S. is straightforward. All
the geometrical details of the target assembly and the walls of room #2 were taken into account, Two
point estimators were applied at the locations where the detectors were placed in the experiment ie., at Z
= 17.445 m and 11.445 m. As was mentioned in subsections II.1.3 and I1.2.3, the thickness of the
concrete room wall in the modeling is taken to be 60 cm in all the calculations which adequately
represents the effect of the room walls, '

The measured and calculated spectra at 17.44 m, without a collimator, are shown in Fig. I11.6.
The cross-section library used in the MORSE-DD calculation is the DDL/B4 (JAERI), while the
RMCCS library, based on ENDF/B-V, is used in the MCNP calculations (U.S.). The calculated spectra
show a good agreement with the measurements. The 14 MeV peak is well-predicted in both the MCNP
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and MORSE-DD calculations. However, at energy between 10 and 14 MeV, the calculated spectrum is
overestimated in both calculations. The reason for the discrepancy is not clear. (Probably the time
resolution is not proper.) The small peak due to the (d,d) reaction is observed in the measured spectrum,
but was not taken into account in the analysis. The small peak on the calculated spectrum by MCNP
near 2.5 MeV, resulting from the background contribution predicted by the RMCCS library should not be
confused with the DD neutron peak at ~2.5 MeV on the measured spectrum. This peak in the
calculations was not shown in the MORSE-DD calculations although there is a dip at 1.8 MeV. The
MORSE-DD calculations also underestimate the spectrum below 8 MeV due (0 underestimating the
scattering component by the RNT target. Fig. III.7 shows the compariscn between the MCNP
calculations and measurements for the without-collimator case, and for L = 11.445 m.

In order to include the TOF with-collimator case in the same calculation as the without-collimator
cases, the collimator geometry was not actually simulated. Instead, with all the geometry remaining the
same, the tally in the Monte Carlo calculations was taken only from a small zone on the RNT, which
can be seen by the detector through the collimator, Such a zone is approximated by the intersection of an
R =7 cm cylinder with the RNT. The cylinder has the same central axis as that of the experimental port,
and the intersection zone is composed of the fusion neutron source (beam spot), copper, water, and
stainless steel layers. A point estimator was applied at Z = 17.445 m to simulate the detector in the
experiment. Two contributions (from neutrons interaction) were not tallied by the point estimator in the
calculations. These components are neutrons bounced back from the RNT side wall, passing through the
R =7 c¢m zone without collisions and going to the detector, and neutrons reflected by the room wall and
passing through the intersecting zone of R = 7 ¢cm. Since most of the high energy neutrons are forward-
peaked, and because the side-wall of the target assembly is thin, the error due to neglecting the first
component (target-retumed) is small. Neglecting the second component (room-returned) could cause some
deviation on the calculated spectrum in the MeV energy regime, although its impact is still small.

Fig. II.8 shows the comparison of the calculated spectra with measurements for the with-
collimator case, and for flight length of 17.445 m. Similar to the comparison in the without-collimator
cases, the calculated spectra have larger shift values between 10 MeV and 8 MeV, even though the 14
MeV peak coincides with the measured one. As a large fraction of the indirect contribution is screened
out by the collimator, the measured DD neutron peak at 2.5 MeV becomes more apparent, and the
calculated background peak predicted by MCNP near 2.5 MeV diminishes. The calculated spectrum at

energies between 0.8 MeV and 2.0 MeV in the MCNP calculation is lower than that of measurements.
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The large discrepancy at energies near 10 MeV may be caused by the smearing process applied and/or the
inadequate cross-sections used.

The accuracy of predicting the integrated fluxes is verified by examining the ratio of calculated to
measured values (C/E), as shown in Table [11.3, In the high energy region, (E > 10 MeV), the calculation
agrees well with the measurements within the experimental errors for the TOF and the unfelding method.
Note that the values obtained by the MCNP calculation is larger by ~4% than those obtained by JAERI.
Neutrons with energies above 1.19 MeV are underestimated in the MORSE-DD calculations by ~3%, but
overestimated by ~2% in the MCNP calculations.

As mentioned above, two neutron source compaonents were independently treated [the direct and
indirect (room-returned) components] in the Monte Carlo calculations for the reference and the beryllium
experiments (another calculational model was used in the first wall experiments, see Section II). We
compared these neutron currenté at the entrance to the experimental hole in Fig, I11.9, as obtained by
JAERI, We can see that the reflected neutrons are dominant below 1 MeV and have an essentially 1/E
spectrum. On the other hand, nectrons that come directly from the RNT have a sharp peak around 14
MeV and rapidly decrease below 1 MeV. The neutron spectra measured at the entrance of the
experimental hole with or without a shadow shield, by using an NE213 detector are helpful to evaluate
the calculational accuracy of each source component above 1 MeV. A comparison is made in Fig. IIL.10,
where we can see a good agreement between the measured and calculated spectra for both direct (without a
shadow shield) and room-returned (with a shadow shield) components above 1| MeV. In the measurement,
the NE213 detector was placed at a distance Z = 248 cm from the RNT and at the center of the
experimental hole (with no Li2O assembly in place).

In the above NE213 measurements, three cases were investigated by the U.S. One of the
measurements was taken without any shielding material between the RNT and the detector. In the other
two experiments, 2 small bar, and then a small and heavy-shadow shield, were placed on the central axis
of the experimental port between the D-T source and the experimental hole, as was shown in Fig. I11.10.

For the case where no shield was used, the MCNP modeling was the same as what had been
modeled in the TOF without-collimator case. The only difference was the location of the detector. For
the small-bar case, the reverse treatment of modeling TOF with-collimator was adopted. The tally to the
point estimator was taken from all but the contribution from the direct fusion neutron source and the
small intersectional zone. The diameter of the zone in this modeling was taken to be 7 cm. When the
heavy-shadow shield was placed on the central axis of the experimental port, contributions from the
whole target assembly and from a portion of the room to the detector were shielded out. In this case,
approximation in the modeling by simply exciuding the tally of the whole target assembly to the point
estimator is not realistic, A separate calculation, including the heavy shield geometry and material in the

modeling, was made. A similar smearing process using a Gaussian distribution, as in the TOF case, was
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Table ITI.3  Comparison of Source Neutron Spectrum with Measurements (C/E)

Energy Range T.Q.F.(8) NE213(b)
JAERI(c) U.s.(d) JAERI U.S.
> 10 MeV 0.984 1.024 1.04(€) (+79%)D 1.08
> 1.19 MeV 0.968 1.023

(a) without collimator

()  (without collimator) - (with heavy shield)
) MORSE-DD calculations

{d MCNP calculations

& E>83MeV

(f) experimental error
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applied in the MCNP calculated spectra. Instead of using the resolution function, the energy error at each
group, o(E), was obtained from the measured window values.

Comparisons of calculated spectra with measured results for NE213 cases are shown in Figs. III.11
to III.13. For all three cases, the agreement is reasonably good. The peak of DD fusion neutrons is not
shown in the measured spectra due 1o a lower resolution of the NE213 detector. Lower values at about
0.9 to 2 MeV of the calculated spectra by the MCNP code are consistent with the results obtained in the
TOF comparisons. In Fig. II1.13, the MCNP evaluated spectrum is higher than the NE213
measurements at energies between 2 and 4 MeV. This is because a shadow cone, with a volume smaller
than that of a shadow shield, was modeled. Extfa contributions from the room-returned neutrons results
in this discrepancy.

Due to tite importance of the low-energy neutrons to the tritium production rate from the Li-6
inside the test assembly, and the limitation on the energy range of the NE213 detectors below 1 MeV, a
proton recoil counter (PRC) provided by Argonne National Laboratory (ANL) was used to measure the
low-energy spectrum in the energy range few KeV 10 1 MeV. A PRC was placed at Z = 248 ém on the
central axis of the experimental port (same location where the NE213 measurements were separately
performed). Four cases were studied. These were combinations of with/without Li>O assembly inside
the experimental cavity, and with/without a specially designed shadow cone to shield the whole target
assembly.

Figure [I1.14 shows the spectra in the case with the Li;O assembly in and without a shadow cone
in front of a detector. The calculations shown were performed by JAERI using the DDL/J3P1 library.
The calculated values, using the multi-group set by MORSE-DD, were smeared using the same
resolution as the NE213 detector aithough it is wider than that of the proton recoil counter; hence, a fine
structure cannot be found in the calculated curve. The agreement between measurements and calculatons
is fairly good, but there are some discrepancies around several MeV, and at 1 MeV. The discrepancy at
several MeV could be caused by the neutron component reflected by the LioO assembly. Below a few
KeV, the PRC has large experimental errors. When a shadow cone was placed in front of the detector,
only the reflected compenent was accounted for, Fig. 1I1.15 shows the spectrum in this case. Except for
the two dips that appear around 8 MeV and at 4 MeV, the calculated and measured spectra agree quite
well. The discrepancy around 8 MeV is not significant because of the large statistical error in the
measurement at that energy. The discrepancy at 4 MeV may be caused by the inadequate cross-sections of
the composing materials of concrete, such as oxygen, and/or the statistical errors in the calculations.

The calculated and measured spectra without the assembly and the shadow cone are shown in Fig.
1II1.16. The measured values are lower than the calculations by a few tens percent below 100 KeV. One
possible cause of this discrepancy is that the MORSE-DD calculations underestimate the reflected neutron
component by the concrete wall but overestimate the back-scattering component by the LioO assembly.
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These differences were cancelled in the spectrum shown in Fig. [I1.14. However, in order to confirm such
an interpretation, a more elaborate investigation would be necessary. For instance, the fine structure that
appears in the measured values in Fig, [I1.16 is not necessarily reasonable.

In the U.S. calculations performed by UCLA for the PRC experiments, the detailed geometry of
the shadow cone was used in the MCNP Monte Carlo calculations along with the RMCCS pointwise
library based on ENDF/B-V. Figures III.17 to II1.20 show the comparisons of calculated spectra to -
measured spectra by the PRC and NE213 detectors. The PRC measured spectra are combined with the
NEZ213 measured spectra for all four cases. The NE213 window values for the two cases where the LipO
assembly was loaded into the experimental cavity were not used to smear the calculated values. However,
the calculated spectra for these two cases were smeared only for the PRC energy range. For the cases
where the LipO assembly was removed from the experimental port, the window values for smearing the
calculated spectra at E > 1 MeV were taken from the measurements of NE213 with the heavy-shadow
shield discussed earlier. Although the geometry of the heavy-shadow shield was different from that of the
shadow cone, the window values were approximately equivalent due to a similar shielding effect to the

detector.
The two cases where the LizO assembly was loaded in the experimental port are shown in Figs.

II1.17 and II1.18, without and with the shadow-cone, respectively. In these two figures, the MCNP
calculations are only shown within the PRC range (below 1 MeV). Also shown in Figs. III.17 to [11.20
are the MORSE-DD results with the DDL/B4 library. Since the detector was placed in front of the
mouth of the experimental port, neutrons reflected by the Li;O assembly affect the shape of the
spectrum, as was shown in Figs. III.14 and IIL.16. Large computational error was also introduced by
these back-scattered neutrons. Large computation time is necessary o reducl‘.e the statistical errors
associated with these slow neutrons. At energy value of about 250 KeV, the calculated characteristic dip
due o resonance absorption in Li-6 agrees with that of the measurement in both Figs. 111.17 and IIL18.
However, in JAERT's calculation, this dip was not shown (see Figs. III.14 and II1.15), This is due to the
resolution used by JAERI. In JAERI's calculatibn, the wide resolution of the NE213 detectors was used,
so the dip becomes smooth. (The resolution of PRC was not used in the calculations shown in Figs.
I1L.14 to I11.16.) Without the shadow cone, and in the PRC energy range, the statistical errors by the
MCNP calculated spectrum are still large at energy ranges 7 KeV - 50 KeV and above 100 keV.
Nevertheless, in the other energy groups the statistical errors overlap with the experimental errors. When
the shadow cone is included, the calculated spectrum is consistent with measurements at energies above
30 KeV. At energies lower than 30 KeV, the MCNP calculated spectrum is high, and the statistical error
is large while the MORSE-DD results agree with the measurements above several KeV. Note also that
the MCNP values and their statistical errors shown in Figs. 1II.17 and II1.18 are larger than those
obtained by the MORSE-DD calculations shown in Figures 111,14 and 1I1.15.
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Without the LipO assembly and the shadow cone, the MCNP calculated spectrum has a trend very
similar to the measurements in both the NE213 and the PRC energy ranges, as shown in Fig. II1.19.
However, in the PRC energy range, the calculated spectrum by MCNP is slightly larger than
measurements (better agreement than in Fig. II1.17). As was noted earlier, it seems that the back-
scattered low-energy neutrons by the LipO assembly, when it is placed in the experimental hole,

introduce large statistical error into the Monte Carlo calculations, as was noted in Fig, II1,17. In the case
where the shadow cone was used, the direct contribution to the detector is shielded out. The spectrum at
energies greater than about 300 KeV is drastically reduced, as seen in Fig. I1.20. The calculated spectrum

has a good agreement with the measured values except in the energy range 30 to 60 KeV.

Neutron field characteristics at the front surface of the Li;O assembly have also been investigated

by measuring several integral quantities. These include mapping data of integrated flux measured by an
NE213 detector and several activation foils placed at various locations on the surface of the LizQ

assembly (see Volume I},

Fig. II1.21 shows a horizontal distribution of an NE213 response, as obtained by JAERI, across
the entrance of the experimentai hole at y = 0, z = 0 (index "x" represents horizontal distance, index "y"
represents vertical distance, and index "z" represents depth, all measured from the center of the front
surface of the Li»Q assembly).

Though the calculations (MORSE-DD) give larger values by a few percent, the spatial shape is
well predicted as shown in Fig. 111.21. The values in the vertical direction y = =18 ¢cm at x = 0, (shown
in the figure) agree with those at y = 0 cm. It was also shown that the neutron flux above. 5MeVis
larger at locations 8 < 80 (x-distances are +ve) than the flux at locations 8 > 80 (x-distances are
-ve) on the horizontal axis. However, on the vertical axis (y-direction), the neutron flux distribution is
flat within 1%. This demonsirated the asymmetry of the neutron field in the horizontal direction as
discussed in subsection I1I.1.2. This feature was also observed in the flux mapping experiments using

the activation foils (sce below) placed at the horizontal and vertical axes.
The activation reactions considered are 27 Al(n,a}24Na, 38Ni(n,2n)37Ni, 197 Au(n,2n) 196Au, and

197 Au(n,y}198Au. The first three reactions have threshold energies at about 4.9 MeV, 13 MeV, and 8.6
MeV, respectively. The last reaction has large resonance absorption cross-section at low-energy regime
(less than 10 ev). Foils were placed in the horizontal and vertical directions on the surface of the Liy0O
assembly at a distance of 235 cm from the RNT. In JAERI's calculation, the MORSE-DD code was used
along with the DDL/I3P! and the DDL/B4 libraries, respectively. As for the activation cross-sections,
JAERI used those compiled from ENDF/B-IV. The U.S. used the MCNP code along with the RMCCS
library. In order to cover the whole cross-section table length in the MCNP cailculations, the cutoff

energy was set at 10-10 MeV. The calculated fluxes were then multiplied by the activation cross-section
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data for different reactions. The activation cross-section data bases applied in the MCNP calculation were
the ENDL-73 library for 58Ni, and the ENDE/B-V library for all other reactions.

The horizontal distribution of the reactions considered and the ratios of the calculated to measured
values, C/E, are shown in Figs I11.22 to [11.29. As can be seen from the figures, both the calculated and
measured values for all the threshold reactions are larger at the positive x direction (8 < 80). This trend is
the same as the one observed in one NE213 flux mapping, Note that the high reactions are almost caused
by the direct neutrons coming from the RNT, which have an angular/energy dependence at the front
surface of the LiyO assembly in the horizontal direction (see Figures I11.2 and I11.3). For the 197 Au(n,y)
reaction, the relative standard deviations at all locations and the self shielding factor are large due to its
high resonance cross-section peak at very low energy, as can be seen from Table II1.4 that shows the
MCNP calculation result. The measured 197Au(n,7) reaction rate was not corrected for the foil self-
shielding effect although the thickness of foils are relatively large. Thinner gold foils should be used in
future experiments. This reaction requires longer computational time to cbtain a reasonable standard
deviation in the calculations. Note also from this table that the standard deviations for all other reactions
are within 3%. Although the caiculated distribution for the 197 Au(n,¥) reaction is about three times as
large as the measured values, the trend of both results is similarly flat. This comparison demonstrates
that the distribution of the low-energy component of background flux in the horizontal direction is
approximately uniform at the front surface of the experimental port.

For the 197 Au(n,2n) reaction rate shown in Fig. 11122, the measurements and the calculations
agree within 10%. In JAERI's calculations, the DDL/B-IV library shows slightly better agreement as
compared to the results obtained by the DDL/J3P1 library, The MCNP results with the RMCCS library
are larger by ~ 5-8% than the MORSE-DD results and the C/E values vary between 1.03 and 1.13 (see
Fig. [11.23). The results for the 38Ni(n,2n) reaction rate are presented in Figs. 1I1.24 and II1.25. The
calculations performed by JAERI give consistently smaller values by about 10% as compared to the
measurements at all locations, This is caused by the underestimation of the 58Ni(n,Zn) ¢ross-section
used by JAERIL. Recent measurement made at FNSG®) showed larger values for that cross-section.
However, in the MCNP calculation, the C/E values for the 78Ni(n,2n) reaction rate is 0.91 - .00, as
shown in Fig. I11.25. Note that the cross-section values used in this case are obtained from the ENDL-73
activation cross-section library. .

The resuits for the 27Al(n,o) foil activations are shown in Figs. II1.26 and II1.27. This reaction
cross-section is usually adopted as a standard one, so its reliability is high. In the calculations, the
results agree satisfactorily with measurements except for the range 15 < x < 25 cm, especially at x = 15
cm (JAERI) and at x = 25 cm (U.S.). The reason for this discrepancy is not resolved but may be

attributed to improper modeling of the RNT because such a deviation in the C/E values at x > 15 ¢m can
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be observed for all reactions. Note in particular that in the C/E distributions of the 27Al(n,0) and
197Au(n,2n) reactions (Figs. I11.26, II1.27, II1.22, and II1.23}, all the values are greater than unity in the
U.S. calculations. This is qualitatively consistent with the C/E comparison of the integrated flux in the
TOF experiments {see Table II1.3). In the horizontal direction, the deviation of the C/E distriBution for
these two reactions increases in the positive x-direction. The overestimation in the direction of positive x's
is possibly caused by improper RNT modeling and the nuclear data base of the RNT materials.

In Figs. II1.30 to I11.33, we show the results obtained from foils put in the vertical direction. In
this direction, the direct source distribution is not distorted by the target structure at any particular range.
The results are shown in Figs. II1.30 and TI1.32 for the absolute values and in Figs. I11.31 and II1.33 for
the C/E values, for the I8Ni(n,2n) and 27 Al(n,cr) reaction rates. As can be seen from the former two.
figures, the reaction rates show flat distributions as discussed earlier. In JAERI's calculations, the C/E
values for the S8Ni(n,2n) reaction rate is about 10% smaller than unity, the same observation as in the
horizontal case. For the 27Al(n,o) reaction rate, the C/E values are almost unity and the DDL/B4 library
gives a larger fluctuation compared with the DDL/J3P!1 library. The C/E values for that reaction are also
close to unity (C/E = 1.01 - 1.06) in the U.S. calculations, as can be seen from Fig. II1.33 and from
Table I11.5. To decrease the discrepancies by more than 5%, we need to measure and reevaluate these
dosimetry cross-sections.

_ In conclusion, the source characteristics are well predicted for almost all the measurements, e.g.,
spectra and reaction rates by both JAERI and the U.S. The calculated models and the results give an
adequate input source for analyzing the in-system experiments. Only the low-energy component below
several KeV has not yet been characterized. It will, however, affect the tritium production rate from 6L i

only at the surface region of the LioO assembly.



JAERI-M 88-177

Table [I1.4 Horizontal Distribution of Various Reaction Rates (U.S. Calculations)

27 Al(n, o)

58Ni(n,2n)

19"'Au(n,?.n)

197 Au(n,y)

140-31* (0.012)**
(L36-31)F 1.03*%

2.62-32 (0.008)
(2.88-32) 0.91

2.40-30 {0.010)
(2.33-30) 1.03

1.31-28 (0.08)
(3.93-29) 3.33

146-31  (0.018)
(1.41-31) 1.04

2.86-32 (0.010)
{(2.88-32) 0.99

2,62-30 (0.016)
(2.50-30) 1.05

1.36-28 (0.108)
(3.85-29) 3.53

1.56-31  (0.021)
(1.52-31) 1.02

3.13-32 (0.009)
(3.25-32) 0.96

2.74-30 (0.018)

(2.50-30) 1.10

1.30-28 (0.081)
(3.85-19) 3.38

+5

1.63-31 (0.016)
(1.55-31) 1.05

3.26-32 (0.010)
(3.46-32) 0.94

2.85-30 (0.013)
(2.58-30) 1.10

1.29-28 (0.095)
(3.83-29) 3.37

+15

1.69-31  (0.020)
(1.58-31) 1.07

3.46-32 (0.008)
(3.46-32) 1.00

2.90-30 (0.014)
(2.56-30) 1.13

1.40-28 (0.095)
(3.80-29) 3.68

+25

1.75-31 (0.031)
(1.57-31) 1.11

3.51-31 (0.009)
(3.71-32) 0.95

3.01-30 (0.024)
(2.78-30)y 1.08

1.34-28 (0.093)
(3.85-28) 344

*Calculated value by MCNP
**Calculated fractional standard deviation (FSD)
TMeasured value
*+C/E value
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Table [II.5 Vertical Distribution of Various Reaction Rates (U.S. Calculations)

97 Au(n,2n)

197 Au(n,y)

2.80-30 (0.010)

1.25-28 (0.080)

2.91-30 (0.025)

123-28 (0.077)

2.84-30 (0.016)

1.30-28 (0.091)

2.80-30 (0.011)

1.33-28 (0.078)

2.82-30 (0.015)

1.31-28 (D.082)

2.82-30 (0.015)

1.31-28 (0.082)

2.72-30 (0.014)

1.36-28 {(0.086)

3.73-30 (0.013)

1.41-28 (0.120)

X 27 Al(n, o) 58Ni(n,2n)

25 1.60-31* (0.016)** | 3.16-31 (0.008)
(1.52-3D)% 1.05%t | (3.32-31) 0.95

-15 1.60-31  (0.030) 3.22-31 (0.015)
(1.5131) 1.06 (3.21-31) 1.00

-10 1.64-31  (0.018) 3.20-31 (0.011)
(1.59-31) 1.03 (3.43-31) 0.93

-5 1.61-31 (0.012) 3.19-31 (0.008)
(1.55-31) 1.04

+5 1.62-31 (0.016) 3.20-31 (0.010)
(15230 1.06 (3.17-31) 1.01

+10 1.58-31 (0.028) 3.20-31 (0.011)

+15 1.55-31  (0.016) 3.17-31 (0.011)
(1.53-31) 1.01 (3.24-31) 0.98

+25 1.57-31 (0.016) 3.13-31 (0.007)
(1.54-31) 1.02 (3.15-31) 0.99

*Calculated value by MCNP

**Calculated fractional standard deviation (FSD)

+Measured value

*+C/E value
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LY. TRITIUM PRODUCTION RATES

The potential for tritium breeding in various breeding materials is a key design issue in the
neutronics field of fusion reactors. Various blanket designs using potentially accepted breeders have been
proposed. However, the uncertainty in the tritium production rate (TPR) in these breeders has hardly been
verified experimentally in an engineering mockup system. The Phase [ experiments and their analyses were
the first investigation of tritium production rates in a relatively prototypical system. Since the
calculational models and the methods applied were described in Section II, this section discusses the results
of the analysis and comparison with measurements for TPR by SLi, Li and nawral lithium,

LY.l The Reference Li>O Experiment

The tritium production rates of SLi (Tg) and 7Li (T7) were measured with Li-metal detectors, Li»O-
pellet detectors, and with Li-glass detectors (for on-line measurements), The NE213 scintillation counter
was applied as an indirect method to measure T7. The T7 values were obtained by multiplying the NE213
measured spectra with the TLi(n,n'e)t cross-section. Since the NE213 meé.surements are available at
energies above about 1 MeV, this technique cannot be applied to the Tg measurement.

In measuring Tg, the finite thicknesses of the detectors used caused a self-shielding effect to the low-
energy part of the neutron spectrum, and therefore to the integrated values. Much effort has been devoted to
correcting for the self-shielding effect.(31-34)  Special difficulty was found in the front part of the Li;O
assembly, where the low-energy room-returned neutron component dominates the direct component. The
Tg produced by the room-returned neutrons decreases rapidly and exponentiially along the Z direction within

the first few centimeters. More discussion on this point will follow.

LY.1.1 Tritium Preduction Rate from SLi (Tg)

The absolute values of Tg are shown in Fig. IV.1. It includes the measured values obtained by LiO
pellets, Li-glass and Li-metal detectors. Also shown are the calculated values using the MORSE-DD and
DQOT?3.5 codes (JAERI). The divergence among measurements and calculations is larger at the front region
and at deep locadons (Z > 50 cm). In the intermediate region, Tg decreases slowly with distance and the
agreement among the various measuring methods is good. The absolute values seem to agree well with
each other, as shown in Fig. I'V.1 (plotted in a log linear scale) although it appears that the calculations
overestimate Tg. Since our target accuracy in predicting the TPR is less than 5% in the case of the LizO
breeder, which has a marginal breeding ratio, it is more practical to use the C/E values (ratio of calculation
to measurement) in the intercomparison. It should be noted that the importance of the accuracy in C/E
values is not uniform throughout the assembly. Greater importance (weight) is given to the front region-
for TPR because the contribution from this region to the absolute value of the TPR is larger than the

contribution from the back region.
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To imercompare the various measuring techniques in the C/E scale, Fig. IV.2 shows the C/E values
for these techniques using the calculatignal results obtained with DOT3.5 and the JACKAS cross-section
library (see Section II). In the region Z < ~5 cm and Z > 50 cm, the divergence between the measuring
techniques is large; therefore it is inappropriate to discuss the prediction accuracy of various calculational
methods in this region. In the region, ~5 cm < Z < 50 cm, the C/E values lie within a width of 10%
deviation from unity for all measuring techniques.

In: the following, we compare the C/E values obtained by various codes and nuclear data libraries for
each measuring technique. Fig. IV.3 shows the C/E values obtained by MORSE-DD with the DDL/I3P1
library, DOT3.5 with the JACKAS library, MCNP with the RMCCS library, and DOT4.3 with the
MATXS6 library.. As in the DOT4.3 calculations, in the MCNP calculations, the latest evaluation for 7Li
cross-sections obtained by Youngt!?) in the T-2 group at LANL was used. Except for the range Z < 5 cm,
the divergence in the C/E values is about 15% among the four calculations. As for the comparison berween
the results obtained by the MORSE-DD and DOT3.5 codes, the difference is less than 7% in the region 10
cm < Z < 40 cm. MORSE-DD gives closer values of C/E to unity, although the difference gets larger at
the front surface. This difference was reduced by introducing the room-returned component of the incident
neutron source calculated by MORSE-DD into the DOT calculation. A notable tendency in the C/E values
is that all the calculations gverestimate the measured values by 5~25% in the system at locations Z > 5 cm
and in the bulk of the LizO assembly. The fractional standard deviation (FSD) of the MORSE-DD
calculations is large at the back locations. In the region Z < 5 cm, the gradient of the TPR distribution is
very steep and the interpolation formula nsed to obtain the calculated values at locations corresponding to
the exact measuring points affects the C/E values, ¢.g., ~10-14%,

Note aiso from Fig. II1.3 that the C/E values for Tg evaluated by the DOT codes are within 1.10-
1.28 throughout the assembly, except at the front locations (Z = 0-5 cm) where large deviations from unity
are found (C/E = 0.80-1.4). One notices from the figure that the C/E values obtained by the U.S. using the
DOT4.3 code are 2-10% larger than those obtained with the DOT3.5 code (JAERIY at Z > 10 cm. The
experimental values used in Fig. IV.3 are corrected for the self-shielding effect. This effect results from flux
depression inside the finite-size enriched 5Li samples used to measure Tg. Even after the correction, large
deviations from the experimental values are obtained near the front surface. This is also true in the Monte
Carlo calculations case where the C/E values obtained by the MCNP code (U.S.) are 1.12-1.80 at front
locations, but are 1.02-1.10 at locations Z > 10 cm. The C/E values 6brained by the MORSE-DD code
(JAERI) show the same trends and are larger than the MCINP values by 2 to 8%, especially at the front and
back locations., At the froat surface, the C/E values obtained by the MORSE-DD code are as large as 3
(C/E=14atZ=>55cm).

The tendency of the C/E values for the LipO peliets is similar to that for the Li-glass detectors, as
shown in Fig, IV 4. The reason for the large C/E values at the back region beyond Z = 55 cm could be the

underestimation of self-shieiding factors where the contribution from the soft-energy neutrons that are
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reflected from the surrounding concrete of the back wall was not accounted for. Note from Fig. IV 4 that
the number of measuring points in the middle region may be too small to discuss the results in detail, as
for the Li-glass case shown in Fig. IV.3,

Fig. IV.5 compares the values of C/E for Tg as measured by the Li-metal samples. This case shows
a tendency similar to the C/E features obtained by the other measuring methods throughout the whole
region. In this case, MORSE-DD also shows a large fluctuation in the back region beyond Z = 45 cm, as
is the case with the MCNP code. Also note that the deterministic codes give larger C/E values in the
middle region than those obtained by the Monte Carlo codes.

In order to investigate the source of the discrepancy between the calculations and measurements at the
front region, an experiment was performed to confirm the low-energy component of the input source. By
setting a large shadow cone between the RNT and the LisO system, the direct component from the RNT
was removed and the TPR was measured in the system, Fig. IV.6 shows the results of both the
measurements and the calculations. In the figure, three types of TPR profiles are plotted, namely, the total
Ts. T due to the direct component of the incident neutrons from the RNT, and T due to the indirect room-
returned component. First, the total TPR as predicted by the MORSE-DD code is overestimated, as
discussed earlier. Second, the contribution 0 Tg from the room-returned component generally agrees with
the measurement up to Z = 30 cm. This fact means that the calculation of the room-retumed component,
which is larger than the direct component in the region Z < 8 ¢m, is accurately predicted by MORSE-DD.
The difference between calculations and measurements for Ty that is contributed from the direct component
is almost constant throughout the LizO assembly. This difference is the main cause of the discrepancy
observed in the total TPR, which is about 10.~15%. That is, the discrepancy in the total Tg is caused by the
uncertainty in the prediction of the direct component of the neutron source, which is overestimated. The
discrepancy in the absolute number of these neutrons is small as discussed in Section IIT on TOF
experiment. Therefore, the soft neutrons, which mainly contribute to Tg, would be overestimated in their
slowing-down and transport processes. A similar conclusion can be drawn from Fig, IV.7, which compares
the same measurements to the caiculations performed by DOT/JACKAS. The uncertainties in the cross-
sections of Li could cause such a discrepancy, if the measurements have no systematic errors, This point
needs further investigation in the Phase II experiments and analysis. As shown in Figures IV.3 to IV.5, the
largest discrepancy between the measurements and calcuiations is observed at the front region (2 < ~5 cm).
In this region, Tg decreases rapidly with distance from the front of the LioO assembly, as seen in Fig. IV.7
(e.g., one and a half order-of-magnitude decrease). Such a decrease is caused by the rapid absorption of the
room-returned soft neutrons. The measurements shown in Figures IV.6 and IV.7 were corrected for self-
shielding effect by applying the correcting factors that correspond to the measuring techniques used, but
these factors are large at front locations (up to a factor 2-3) and the associated uncertainties in their values
seem 1o be large. In Phase I experiments, the geometrical arrangements were chosen to decrease the

uncertainty in the low-energy component as much as possible.
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LV.1.2 Tritiwm Production Rate from 7Li (T7)

The absolute values for T are shown in Fig. IV.8, as predicted by calculations and as measured by
the Li-metal detectors. The slope of T7 profile with distance from the front surface is steeper than that of
Tg. Note that 7.i contributes less to the total TPR as compared to the contribution from 6Li in most
blanket designs. In this reference experiment, T7 is smaller than Tg by an order-of-magnitude, as can be
seen from Figures IV.7 and IV 8.

Since tritium production from 7Li is due to the reaction of 7Li(n,n'c)t, which has a high threshold
energy, T7 is thus sensitive to the 14 MeV flux peak. Fig. IV.9 compares the C/E values as obtained by
two measuring methods, namely the NE213 indirect method and the Li-metal method. Calculations are
performed by the DOT3.5 code along with the JACKAS library. A systematic difference is observed
between the two measuring methods, which amounts to about 10%; nevertheless, the spatial dependence of
that difference is small. As discussed in Volume I, the NE213 indirect method is affected by the uncertainty
in the reaction cross-section used, althongh the NE213 method shows better agreement (C/E ~1.02), as
shown in Fig. IV.9, with JAERI's calculation using the 2-D model. Thus, it appears from the C/E values
for the Li-metal detectors that the JENDL/3PR1 or 2 libraries underestimate T7 by 7~10%, which is
attributed to the cross-section 7Li(n,n'co)t.

A comparison of the C/E values is also shown in Fig. IV.10, where several codes and nuclear data
libraries are used, and the measured values are those obtained by Li-metal detectors. The JAERI results
using the JENDL/3PR1 or 2 libraries give lower C/E values by 10%, as compared to unity. On the other
hand, the U.S. values are higher than unity by 1~8%. Such an extreme discrepancy is mainly attributed to
the difference in the tritium production cross-section of TLi. As shown in Fig. IV.11, the 7Li(n,n'a)t
cross-section adopted by JENDL/3PRI or 2 is 10% or more smaller at 14 MeV compared with that
evaluated by Young (T-2 group at LANL). Further accurate measurements and re-¢valuation for this cross-
section are needed in order to accurately predict T7.

The intercomparison between codes and libraries for the C/E values of T7 is also shown in Fig.
IV.12 for the NE213 indirect method. The C/E values are 1.12-1.18 and are 1.00-1.04 as obtained by the
U.S. and JAERYI, respectively, using the 2-D calculational model. The curves for the C/E values are flat in
this case, which suggests that there is a systematic difference of about 12-18% between the JAERI and U.S.
calculations, where the U.S. values are generally larger. This again is attributabie to the differencé in the
evaluations of the 7Li(n,n'a)[ cross-section mentioned above. The trend observed in the 2-D calculations is
also apparent in the Monte Carlo calculations. Note also from Fig. 1V.12 that the ENDF/B-V, version 1,
evaluation for 7Li (denoted B-3 in the figure), gives a 10-15% larger T7, as compared (o results obtained
from the T-2 group (Young's) evaluation. This is also clear from Fig. IV.13, where the measured values
obtained by the Li-metal detectors are compared with the U.S. calculations.
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IV.2 First Wall Experiments
V.21 2-D Analysis

The impact of including a first wall and a polyethylene layer that simulates a coolant channel on
tritium production rates was studied both analytically (JAERI: DOT3.5/JACKAS; U.S.:
DOT4.3/MATXS6) and experimentally (Tg: Li-glass on line measurements, T7: NE213 indirect methed).
Both Tg and T7 profiles will decrease upon including an 0.5-cm stainless steel (8S) layer in front of the
LizO assembly. This decrease is more pronounced in the 1.5-cm SS case. As predicted by the 11.S,, and in
comparison to the reference system, the decrease in T7 is about 5% and 15% throughout the LipO assembly
in the 0.5-cm SS and the 1.5-cm SS cases, respectively (see Fig, IV.14 and Table IV.1). Thus, the decrease
shows some linearity with respect to the first wall thickness. On the other hand, the decrease in the local
values for Tg, relative to the reference system, is much larger at locations just behind the first wall (40%
decrease in the 0.5-cm S8 case and 70% decrease in the 1.5-cm SS case) while the decrease is less
pronounced at deeper locations (3% and 3% decrease in the 0.5<m and 1.5-cm SS cases, respectively, atZ >
15 cm (see Fig. IV.15 and Table IV.2).

The inclusion of a 0.5 cm-thick polyethylene (PE} layer behind the first wall tends to further decrease
the local values of Tg and T7. The additional decrease in T7 is almost constant throughout the assembly
and is about 3-5% and 2-4% in the 0.5 cm-thick and 1.5 cm-thick SS cases, respectively. As for Ty, and at
locations Z < 3 cm, the additional decrease is ~5%, while it is 2-3% at locations Z > 15 cm. However, at
locations 3 cm < Z < 15 c¢m, and in comparison to the reference case, the local Tg values are larger by 1-
2% and 2-6% in the 0.5 cm-thick and the 1.5 cm-thick SS cases, respectively., The calculations performed
by JAERI show similar changes in the local values of Tg and T7 relative to the reference system. This is
shown, for example, in Fig. IV.16 for Tg in the 0.5 cm-thick 5SS system (with and without PE layer)
where the JAERI calculations generally overestimate these relative changes (by 2-10%) as compared to the
U.S. calculations (see also Table IV.2),

The C/E values for Tg are shown in Fig. IV.17 for the case where the PE layer is not included and as
calculated by both JAER] and the U.S. using the 2-D model. The measurements were performed by the Li-
glass on-line method and are corrected for self-shielding effect. As shown, the deviation in the C/E values
from unity is more pronounced in the 0.5 cm-thick 85 case as compared to the 1.5 cm-thick case. Asin
the reference case, the discrepancies with the experimental values are large at front locations (Z < 10 cm)
* while the C/E values are around 1.10 and 1.25 in the JAERI and U.S. calculations, respectively, throughout
the bulk of the LipO assembly. The predictions for Tg, as obtained by the U.S., are larger than those
obtained by JAERI, as shown in Figures IV.17 and I'V.18 and as introduced in Table IV.3.

The observations that the inclusion of a first wall and PE layer tends to improve the C/E values can
be seen from Fig. IV.19, as obtained by JAERI's 2-D model. As shown, the C/E values agree fairty weil

with each other in the range, 10 cm < Z < 41 ¢m, but the divergence increases at Z = 20 cm. Also
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Table IV.1 Ratio of the Calculated Tritium Production Rate from ’Li to the Values in the Reference
LiyO Assembly(@)

[ ocation 0.5 cm SS 1.5 ¢ 8§38 0.5cm S8 1.5 ¢m 8§

{cm} 0.5 cm PE 0.5 cm PE
1.60 0.955 0.866 0.937 0.842
3.88 0.950 0.855 (.528 0.834
11.47 0.943 0.838 0.915 0.813
21.59 0.940 0.830 0.907 0.800
31N 0.938 0.826 0.903 0.795
41.85 0.937 0.823 0.900 0.791

{a) Calculation performed using DOT4.3 + GRTUNCL, MATXS6 Library (80-n, ENDF/B-V), and
Young's evaluation for 7Li(n,n'a)t Cross section,
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Figure [V.16 Effect of first wall on tritium production rate from 6Li,Tg
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Tritium Production Rate from GLi, TS' int the First Wall Experiments

15 T T T T T T

Measurement: Li-Glass Scintillator (JAERI)
{corrected)

1.0

Calculated to Measured Value, C/E

1.5-cm S.S. { ——e—— JAERI! (DOT 3.5, JENDLE3-PR2)

P’E —O0—— US (DOT 4.3, MATXS6)

0.9 °°5'°‘1‘ S.5. { ——m—— JAERI (DOT 3.5, JENDL3-PR2)
o ——O—— US (DOT 4.3, MATXSS)
0.8 ! ! ' L L .
0 10 20 130 40 50 60 70

Depth in the LioO Assembly, cm

Figure IV.17 The C/E values for triium production rate¢ from 511, T in the first wall experiment
without a polyethylene layer (2-D model)
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Tritium Production Rate fram E’Li, TG- in the First Wall Experiments
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Figure IV.18 The C/E values for tritium production rate from ®Li,Tg in the first wall experiments,
with a polyethylene layer (2-D model)
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note from Fig. 1V.19 that the C/E of the reference case shows the largest values in the region 2ecm < Z <
10 cm, and that the existence of a polyethylene slab in addition to the 0.5 cm first wall reduces C/E values
by about 5% in this region. The fluctuation of the C/E values for the case with a 1.5 cm thick first wall is
rather large over the system.

As mentioned earlier, the predictions for Ts obtained by the U.S. are larger than those obtained by
JAERL The ratios of the calcuiated T by the U.S. to the comesponding values by JAERI are shown in
Table IV.4 and depicted in Fig. [V.20. AtZ> 5 cm, the calculations of the U.S. are larger by 2-15% than
JAERI's calculations and the largest discrepancies occur at back locations in all the systems considered.
These discrepancies also get larger at front locations (Z < 5 c¢m), especially for the 1.5 cm-thick SS case.
Sources of these discrepancies could be attributed to the fact that the MATXS6 library used by the U.S. has
fewer groups (80-g) and different weighting functions than the .JACKAS library (125-g) used by JAERIL In
a parallel analysis, it was demonstrated that a fewer-group library {(e.g., MATXSS, 30-g) gives ~10% larger
Tg values than those obtained by a relatively finer-group library such as MATXS6.

A comparison with calculations for the TPR from ’Li is presented in Figures V.21 and IV.22. The
C/E values increase at the front region (Z < 5 cm) but decrease with increasing distance from the surface.
The agreement between the measurements and calculations performed by JAERI are satisfactory for all
cases. The C/E values are 1.02-1.05 in all the first wall and reference experiments. The corresponding
values obtained by the U.S. are 1.13-1.18, and it seems that the larger values obtained by the U.S. (~11-
13% difference) are basically due (o the difference in the 7Li(n,n'o)t cross-section used by both parties, as
was mentioned ecarlier. As was discussed in the reference case, however, the measured values may have
some uncertainties. The NE213 method determines T7 by using the measured neutron flux and the group
cross-sections, hence systematic errors due 0 7Li(n,n'a)t cross-sections may be involved in this method.

Iv.2.2 Monte Carlo Analysis

In the Monte Carlo analysis performed by the U.S. (ORNL) using the MCNP and the MORSE
codes, five configurations were considered, namely the reference experiment, and the four configurations of
the first wall experiment (see Table IV.5). The calculational model used in these calculations was described
in Section 1L

The measured and calculated tritium production rates from ©Li in the experimental configurations
given in Table IV.5 is compared in Figures IV.23 to IV.27. In the figures, the open circles are the
measured data and the solid and dashed histograms are the calculated TPR rate obtained from MORSE and
MCNP, respectively. The curve connecting the measured data points is included only to show the trend in
the measured TPR rate and has not been fitted to the data, The experimental uncertainties in the measured
data are small (~2-3%) and correspond, approximately, to the size of the circles. The error bars on the
histograms indicate ptus and minus one standard deviation in the tritium production rate in the front of the

Li7O assembly. The measured and calculated data are normalized (o one source neuron per 511 atom.
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Table IV.4 Ratios of the Calculated Tg by U.S. to the Calculated T¢ by JAERI in the First Wall

Experiments(@

Location Reference 0.5 cm S.S. 1.5 ¢m. 8.S. 0.5cm S8 1.5 cm S.5.

{cm) 0.5 ¢cm PE - 0.5 ¢cm PE
0.25 1.206 1.430 1.508 1.382 _ 1.430
1.26 1.321 1.254 1.268 1.221 1.186
2.53 0.998 1.026 1.086 1.030 1.031

3.81 0.998 - — —-- ' -

5.06 0.997 1.008 1.039 1.019 1.008
7.61 1.007 1.018 1.026 1.019 1.008
10.12 1.017 1.022 1.027 1.027 1.018
15.20 1.029 1.035 1.036 1.036 1.033
20.24 1.040 1.046 1.049 1.046 1.046
30.38 1.057 1.065 1.070 1.064 1.066
40.45 1.077 1.090 1.096 1.089 1.093
55.72 1.124 1.168 1.164 1,162 1.161

(a) Calculation; U.S., DOT4.3, MATXS6 ((80-g), BS
JAERI, DOT3.5, JENDL-3PR2 (125-g)
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Table IV.5  Experimental Configurations Used in the Monte Carlo Analysis for the First Wall

Experiments

Configuration 5$5-304 Polyethylene LinO Assembly
(cm) {cm) (cm)

1 - - 61.0

2 0.5 - 61.0

3 1.5 61.0

4 0.5 0.5 61.0

5 1.5 1.5 61.0
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The spatial distribution of the TPR in SLi is essentially the same for all of the experimentai
assemblies. The TPR decreases by approximately an order-of-magnitude in the first 10 cm of the Li;O and
then decreases more gradually over the remaining thickness. The same behavior is observed in the
calculated data.

The calculated Tg using the MORSE code is in reasonably good agreement with the measured data
over the first 10 cm in the Li70 asserﬁbly for all of the experimenial configurations. The MCNP code, on
the other hand, overpredicts the measurement at very shallow depths in the LipO (< 2.5 ¢m) and then falls
into reasonable agreement at depths between 2.5 and ~15 cm. Both calculations overpredict the tritium
production from a depth of 20 cm to the rear of the assembly, The calculated data are systematically higher
than the measured data, althgugh they agree with each other, within statistics, at distances into the blanket
between 10 and ~45 cm, MCNP consistently overpredicts both the MORSE and the measured data at the
rear of the Li>O assembly.

The calcuiated to experimental {C/E) ratios for the MORSE data are shown in Figures IV.28 to
1V.32. The MCNP data were not included in these comparisons to minimize confusion in the plotted
results and because the C/E ratios show essentiaily the same trend. The error bars on the data in Figures
IV.28 to IV.32 reflect the range in the C/E values imposed by the standard deviations in the calcuiated data.
For the preponderant number of points, the C/E ratio indicates that MORSE reproduces the measurement
within nominally 20%. The largest differences between the estimated and measured tritium production data
occur at distances greater than 20 cm into the breeding assembly,

The measured and calculated tritium production rates from neutron reactions with 7Li are compared in
Figures IV.33 to IV.37. The data points and the histograms have the same meanings as discussed above.
These data have also been normalized to one source neutron and per "Liatom.

The calculated T7 as a function of distance in the Li;O assembly reproduces the measured data in
shape, but not in magnitude, in all of the experimental configurations except for the case with 0.5 cm of
stainless steel (Fig. IV.34). The MORSE and MCNP data consistently overpredict the measurements.
However, this may arise in part from the selection of the estimator dimensions used in the collision density
and track length estimation; in the two codes (see details in Section II), The interval dimensions were
selected to bracket the detector locations for the °Li assembly, particularly since both sets of calculated data

are in reasonably good agreement with each other.
Finally, for completeness, the calculated-to-experimental ratios for the T3 are compared in Figures

1V.38 to IV.42. The C/E values are, in some cases and for specific detect locations, larger than desired and
probably due to the selection of the histogram interval size. _

The MORSE and MCNP codes reproduce both the 5Li and 7Li measurements in shape. Differences
in magnitude may be attributed to a number of causes. The geometry of the experiment chailenges a Monte

Carlo analysis. The volume of the Li2O assembly is small compared to the volume of the

—119—



1.8

16

14

C/E-TPR- 6
o

0.8

06

04

0.2

JAERI-M 88-177

ORNL-DWG B87-9394

[ I | l
Lip O REFERENCE ASSEMBLY
e ORNL - MORSE

I I | |

O 10

20 30 40 50 60
DISTANCE IN Li»O (cm)

Figure IV.28 C/E values for Tg in the reference system (U.S.; ORNL calculations)

—120 -



JAERI-M 88-177

ORNL-DWG 87-9396

1.8 I | 1 I i
REFERENCE ASSEMBLY + 0.5 ¢m SS
16 — ® ORNL- MORSE

14 —

C/E-TPR- 8L

-o -

li——-.—l'l
o
]
]
i
|
|
|
|
]
|
|
|
|
|
|
|
|
i
i
1
H
]
|
|
i
1
1

06 —

! l l | I
0 10 20 30 40 50 60
DISTANCE IN Liz0 (cm)

0.2

Figure 1IV.29 C/E values for Tg in the 0.5 cm S8 first wall system (U.S.: ORNL calculations)

—121—



JAERI-M 388-177

ORNL -DWG B7-9398
'8 ] | I l I
REFERENCE ASSEMBLY + 1.5 cm SS
16 — ® ORNL- MORSE

14 —

— — — - o— —

C/E-TPR- 8Lj
o

c8 —

06 —

o0 | ! ! 1 -
0 10 20 30 40 S0 60

DISTANCE IN Li»O (cm)

Figure IV.30 C/E values for Ty in the 1.5 cm S8 first wall system (U.S.: ORNL calculations)

—122—



JAERI-M 88-177

ORNL -DWG B7-9400

18 | | | i T
REFERENCE ASSEMBLY '
16 = +05cemSS +05cm PE —
e ORNL- MORSE
14 — —
- 1z { _—
-
1]
c.r .
e o B B e e
é !
~
3)
08 — { —
06 — —
04 —
0.2 | I I | |
0 10 20 30 40 50 60

- DISTANCE IN Li20O (cm)
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Figure IV.39 C/E values for T in the 0.5 cm S8 first wall system (U.S.: ORNL calculations)
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the experimental room. The fraction of source neutrons reaching the surface of the Li;O assembly is
small, so biasing techniques were imposed to achieve reasonable statistics in the estimation of the tritium
breeding. As in all analyses where biasing is used, the results may be, in part, influenced by the procedures
used to sample from the neutron source distribution.

Additionally, differencés between the calculated and measured results may arise, at least in the case of
the MORSE analysis, from the use of multi-group cross-section data. Representing the SLi tritium
production thermal cross-section in this format may lead to the rather large differences in the MORSE and
MCNP predictions of the SLi tritium production at the front of the LizO assembly. The estimates of Tg
using the MCNP code are reasonably consistent with those obtained by the UCLA (U.S.) group using the
same code for the reference experiment. However, the differences in the source sampling procedure and the
representation of the experiment room geometry used at ORNL and UCLA may account for some of the

differences cbserved among the calculated results for the reference experiment.

I¥.3 The DBervllium Neutron-Multiplier Experiments

The effect of a neutron multiplier on the TPR has been investigated by setting a beryllium region at
the front of the LizO system. Three experimental configurations have been considered: a) a 5 cm-thick
beryllium front region; b) a 10 cm-thick beryllium front region; and ¢) a 5 cm-thick LizO + 5 cm-thick
beryllium front region. The last configuration is called a beryllium-sandwiched system.

The measured values of the neutron multplication effect on Ty are presented in Fig. IV.43, which
compares the ratio of the T measured values obtained by the Li-glass detectors to those of the reference ex-
periment. The location Z = 0 cm corresponds to the boundary of the beryllium and the LioO region. The
mutltiplication is obtained at the zone 2 cm < Z < 30 cm and the effect is proportional to the thickness of
the beryllium in these experiments, Net multiplication can be achieved up to Z < 27~32 cm. Comparing
the 5 cm beryllium system with the Be-sandwiched system, the former gives larger multiplication over the
system (the contribution from the 5 cm-thick LizO region in front of the beryllium is not taken into
account). The comresponding calculated multiplication rattos as obtained by DOT3.5, MORSE-DD (JAERI)
and MCNP (U.S.). are shown in Figures IV.44 and IV 45, respectively. The trend of the spatial dependence
is similar to the experimental results, but the absolute values are underestimated by about 20% in the
region Z < 30 cm when DOT3.5-JACKAS was used, while MORSE-DD results underestimate them in the
region Z < 15 cm. The trend of the multiplication effect is fairly different between MORSE-DD and
MCNP predictions in the region Z < 20 cm. Apparently, the peak value obtained by MCNP is
considerably underestimated and the location is shifted backward as compared to the measurements.

All the resuits mentioned above are compared in Fig, IV.46. As shown in Fig. IV.46, and in the
neighborhood of the surface of the Li2O system, the multiplication is less than 1 because the soft neutrons
reflectzd from the room wall are absorbed in the front beryllium or the front Li;O + Be layers, contrary to
the reference experiment in which such a component directly contributes to Tp in this region. For example,

including a 5 cm Be layer causes a decrease in Tg by a factor of 0.3 at Z = 0.25 cm. The corresponding
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decrease in the 10 cm Be and the beryllium-sandwiched systems are by factors of 0.5 and 0.2, respectively.
The predictions of that decrease by DOT calculations are of the same order of magnitude, The Tg values
also decrease at deeper locations (Z > 30 cm). The inclusion of a beryllium layer tends to decrease the high-
energy compenent of incident neutrons through the Be(n,2n) reactions that can reach the rear zone of the
LizO assembly and contributes 10 Tg upon encountering slowing-down processes. Both experimental and
analytical results show that the decrease in Tg at Z = 50 cm is by a factor of ~0.9 and 0.7 in the 5 ¢cm Be
and 10 cm Be cases, respectively. But, as mentioned before, at 2 cm < Z < 30 c¢m, the local Tg is larger
than the reference case in all the beryllium configurations considered. For example, at Z = 5 ¢m, the
experimental ratio for the 10 cm Be case is about 2.5. The analytical prediction with the DOT code for this
ratio is lower (~2). The experimental predictions for this ratio at Z = 5 cm in the 5-cm Be and the Be-
sandwiched cases are similar and are 1.7, and again calculated ratios are lower (~1.4). The ihcrcase in Tg at
the locations 2 em < Z < 30 c¢m is due to the increase in neutron population resulting from the Be(n,2n)
reactions. These neutrons are absorbed mainly by SLi at these locations after being slowed down. The
discrepancy in the region 2 ¢m < Z < 30 ¢m between measurements and calculations will impact the
predictive accuracy of the breeding ratio in fusion blankets that utilize beryllium as a multiplier.

The C/E values, as calculated by the U.S. and JAERI using the deterministic method, are shown in
Figures [V.47 and V.48, respectively. The experimental values are comected for the self-shielding effect.
Both the U.S. and JAERI results show an increase in the C/E values as one proceeds toward the back
locations. At Z = 55 ¢m, the C/E value obtained by the U.S. is ~1.3, while it is ~1.13 in JAERI's
calculations in both the 5 ¢cm and 10 ¢m Be systems. Large deviation from unity is also apparent at
locations just behind the beryllium zone. The same trend is found in the Be-sandwiched system. The C/E
values in this case are close to the values found in the 5-cm Be system. However, in JAERI's calculation,
the discrepancies in the Be-sandwiched system are much larger in the front Li2O and Be, zones as shown in
Fig. [V.48. Note also that the prediction by the U.S. for Tg is larger by about 10-15% in the bulk zone of
the LizO assembly as compared to JAERI's results. In addition, the deviation in the C/E values from unity
is more pronounced in the 5-cm Be system as compared to the results in the 10-cm Be system. This
observation was also true in the first wail experiments, Note that the C/E values just behind the beryllium
zone are less than unity, as predicted by the DOT calculations. The reason for this feature at Z ~ 0 cm is
not clear, Such a tendency is not observed in the calculations performed by MORSE-DD, as seen in Fig.
[V.49. This discrepancy may come from the calculational model used, such as the Size of mesh intervals,
the methodology applied to the solution method, or the processing method for the beryllium cross-sections.
Like the results in the DOT calculations, the MORSE-DD calculations also give high C/E values.in the
beryllium region for the Be-sandwiched case, although the FSD in the calculations is not smail.
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Tritium Production Rate from 6Li, TG, in the Beryilium Experiments
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Figure IV.47 C/E values for tritium production rate from 6Li,Tg, in the beryllium experiments (2-D
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Tritium Production Rate from 6Li, Tg, in the Beryllium Experiments
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A comparison between the C/E values for Tg in the Be-sandwiched system as obtained by the Monte
Carlo and the discrete ordinates methods is shown in Fig. [V.50. The C/E values, as obtained by the
MORSE-DI and MCNP codes, are larger than the comresponding values obtained by the DOTcede at Z =0
- 5 cm behind the Be zone, but the values agree with JAERI's DOT results within 2-7% in the rest of the
Li»O test module. The discrepancies in the C/E values between the MCNP and the MORSE-DD
calculations is very large in the front LipO layer. The reason for these large discrepancies may be due to the
interpolation scheme and the estimators location and dimension applied to the calculated Tg values at the
locations where measurements were taken. At the boundaries between the Be layer and the adjacent LioO
layer, the Ty profiles are very steep and the interpolated values are sensitive to the number of neighboring
points used in the interpolation. A log-linear interpolation scheme was used in both the U.S, and JAERI
calculations.

The dependence of the C/E values on the techniques used to measure Tg is presented in Fig, IV.51,
based on the DOT3.5 calculations (JAERI) for the Be-sandwiched system. (Note that no seif-shielding
convected values were obtained for the Li-metal detectors inside the Be zone, therefore; the C/E values with
this method are excluded in the figures in the Be zone). While divergence is very large in the beryilium
region and in the front LizO zone, it is within 10~15% for the rest of the Li;O system. When we compare
Fig, IV.2 (reference system) with Fig. IV.51, we observe that the C/E values are closer to unity in the
sandwiched system at locations far from the Be zone, and the difference among the measured values is
similar in magnitude in both systems at these locations, However, there is a large divergence in the C/E
values in the Be zone and the front LizO zone, To inirestigate the source of the difference in the C/E values
among the various measuring techniques at these locations, we compared the self-shielding correction
factors applied to the measured values obtained by each technique. The values are presented in Fig. IV.52
for the sandwiched case. It should be noted that in the asymptotic region (far from the interface between the
Be zone and the LipO assembly) two calculated factors and one experimentally-denived factor agree well, but
the experimentally-derived values for the Li-metal method are 10% less than the calculated values by
Youssef and Mori in the range a few cm < Z < 20 cm behind the Be zone. The calculations show that the
factors almost saturate at Z = 10 cm, while the experimental values gradually increase up to Z = 30 cm.
(The self-shielding factors for SLiQ pellets were calculated by Mori and Yamaguchi using independent
methods and their results were quite similar. We show only those obtained by Mori.) If we consider that
the density of ®Li in the pellet detectors and their dimensions are larger than those in the metal detectors,
the discrepancy between the calculations and the experimentally-derived values could be explained in the
Li»0O assembly. However, there were no experimentally-derived values in the Be zone and it is clear that
the experimental values in this zone {which has a very soft neutron spectrum as compared to that in the

back LipO zone) are highly dependent on the measuring techniques used and on the calculated self-shielding

correction factors appiied.
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Tritium Production Rate From SLi, Tg, in the Beryllium-Sandwiched System
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A comparison between the C/E values in the Be-sandwiched system, as obtained by the DOT
calculations and the Monte Carlo method, is shown in Figures V.53 and 1V.54, tespectively, based on the
experimental values obtained by the Li»O-pellet and Li-metal detectors, respectively. Also shown in these
figures, for comparison, are the C/E values in the reference system. The overestimation of the C/E values
as obtained by DOT3.5 calculations are within 10-15% in the reference and the Be-sandwiched systems and
the ones obtained by DOT4.3 are about 20% at Z < 10 cm. The C/E values at Z < 5 cm in the reference
system are large for the reasons discussed earlier. In the front Li;O zone in the Be-sandwiched system, the
C/E values as obtained by both parties are also similar and, again, the deviation from unity is large (up to
40%). The discrepancy between the JAERI and U.S. calculations is also large (up to 30%) in the beryllium
zone even after correcting for the self-shielding effect using the same correction factors that were obtained by
JAERI for the LioO-pellet detectors. The discrepancy between JAERI and U.S. calculations obtained by the
Monte Carlo method is within 10% in the Be-zone and larger in the front LizO zone of the Be-sandwiched
systems, as shown in Fig. IV.54, where the C/E values are compared with the Li-metal detectors.

The C/E values, as obtained by the DOT calculations using the measured values obtained by the Li-
metal detectors are also shown in Fig. IV.55, where JAERI's results show closer values to unity at Z > 3
cm, and, again, the predictions of the U.S. calculations are larger than JAERI's by 10-15%. Note that the
measured values shown in Fig. IV.55 are corrected for self-shielding effect. As was observed in Fig. IV.52,
the self-shielding factors depend on the calculation method applied and the neutron spectrum at sample
locations. The Monte Carlo method was used by JAERI to derive these factors, while the methods based on
the original work of Bothe and Hanna(34) were used by the U.S.

In Fig. IV .56, the C/E values for Tg are shown for the cases where the corrected experimental values
obtained by the Li-metal detectors are used (U.S. )Ecorr and those by the Li;O pellet detectors (J AERDE cor
and with the U.S. and JAERT's calculated values [(U.S.), (JAERD)C]. The calculations are based on the
DOT3.5 and DOT 4.3 codes with the respective libraries. Large C/E values are apparent at the front surface
of the front LizO layer (C/E ~2.4 with LipO pellet samples and ~5.5 with the Li-metal samples). It seems
that the combination of JAERD's calculated values for Tg and experimental values obtained by the U.S.
using the Li-metal samples, gives, on the average, the closest C/E curve to unity. -

The neutron multiplication effect on T7, as obtained through measurements by the NE213 indirect
method, is shown in Fig. IV.57, where the ratios to the experimental values in the reference system are
displayed at various locations. Since beryllium has a large (n,2n) cross-section and since the secondary
neutrons have low energies, the multiplication factor is always less than unity. The sandwiched case gives
30-40% lower local multiplication factors than the 5 cm-thick beryllium case. The results calculated by the
MORSE-DD code are shown in Fig. IV.58. Though the calculations slightly underestimate these factors in

the sandwiched case, the overall prediction accuracy is satisfactory, as seen in Figures IV.57 and IV.38.
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Tritium Production Rate From 6Li, Tg, in the Beryllium-Sandwiched System
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Figure IV.56 C/E values for tritium preduction rate from 6Li,T5 in the Be-sandwiched system
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The C/E values of T7 measured by the NE213 method are compared in Fig, IV.59 for the reference,
the 5 cm-thick beryllium, and the Be-sandwiched systems. The 5 cm-thick beryllium case shows the lower
C/E values (about 3-8% less than unity) when the DOT3.5 code was used, but larger values are obtained by
the MORSE-DD code, except at the location Z = 32 cm, though the divergence in the calculations is not
small. In the sandwiched case, on the other hand, the C/E values (C/E = 1.04-1.06) obtained by the
DOT3.5 code are larger than 10% or more than those obtained in the § cm-thick beryllium case. Only the
C/E values, as calculated by DOT3.5, are shown in Fig. IV.60, which includes the values obtained in the
reference and three beryllium cases. The experimental values are based on the NE213 method. As shown in
the beryllium-sandwiched and the reference cases, the C/E values are higher by 10% than those obtained in
the other cases. The same features are also shown in Fig. IV.61. Such an inconsistency suggests that
some kinds of systematic errors have been invoived in the NE213 measurements. These measurements are
discussed in detail in Volume I. Another inconsistency between measuring techniques can be observed in
Fig. IV.62, showing the C/E values for NE213 and the Li-metal methods in the Be-sandwiched system, as
calculated by both JAERI and the U.S., using the deterministic method. Results obtained by the Li-metal
method show divergence over the whole Li>Q region; nevertheless, the C/E values in this case are lower,
on average, than those obtained by the NE213 method. The reason for this discrepancy has not been
resolved at present. Note from this figure that the curves with the NE213 method are flat as in other
experiments. The C/E values obtained by JAERI are 1.05, while those obtained by the U.S. are 1.18-
1.28. As for the Li-metal method, the large variation in the C/E curves with this method is due to the way
the Tg and T7 were measured. A pair of natural lithium and $Li-enriched samples, a pair of ®Li-enriched
and "Li-enriched samples, and a pair of 7Li-enriched and natural lithium samples were used at those
locations denoted a, b, and c on the figure, respectively. After corrections were made for self-shielding effect
in each sample type, the T¢ and T7 measured values were derived simultaneously for a given pair of
samples. It was shown that the derived T7 values were sensitive to the specifications (dimension, size,
atomic weight percentage, etc.) of the samples used, particularly for the ®Li-enriched samples.

Code and library intercomparison for the C/E values of T7 is shown in Fig. IV.63 for the Be-
sandwiched sysiem using the measured values obtained by the NE213 indirect method. The features of the
curves shown are similar to those found in the reference system (see Fig.IV.12) and the same remarks
regarding the 7Li (n,n'ce)t cross-section of the JENDL3 calculation can also be applied in this case. Note
that if the measured values by the Li-metal method were used instead, the C/E values would have been
lowered by 10~15%.

The C/E values of TPR obtained for natural lithium are shown in Fig. IV.64, where the calculations
are obtained by DOT3.5. In the region 0 < Z < 35 cm, both the LipQO pellet (JAERI) and the Li-metal

(U.S.) methods agree well with each other, but at deeper locations, the experimental errors in the Li-metal
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Tritium Production Rate from 7L’i; T7. in the Beryllium-Sandwiched System
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measurements are large (not shown). It is interesting to note that the peaks in the C/E values are
commonly predicted by the two measuring methods in the beryllium region at Z = -2 cm, similar to the
case of Tg. The C/E values for the TPR of natural lithium, as obtained by the DOT4.3 calculations (U.S.)
are are also shown in Fig. [V.65. Again, one can see that the U.S. predictions are larger by 10-15% than
JAERI's predictions in the back of the LipO assembly.
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Tritium Production Rate from Natural Lithium
in the Beryllium-Sandwiched System
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Figure [V.65 Tritium production rate from natural lithium in the beryllium-sandwiched system
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'Y, REACTION RATES OF ACTIVATION FOILS

Y.l Reference System

Reaction rates of activation foils have been measured in the off-central drawer of the Li,O assembly in

addition to the TPR measurements. Among the many reaction types, we selected the following reactions in

the reference system and in the beryllizm-sandwiched system, where threshold energies are shown in

brackets:
27 Aln,)2%Na (6 MeV),
38Ni(n,p)8Co (2 MeV),
58Ni(n,2n)>'Ni (12.5 MeV),
197 Au(n,2n) 196 Aq (8 MeV), and
197 Auin,y1%8Au (0 eV).

These cross-sections are illustrated in Fig. V.1. The I8Ni(n,2n)37Ni cross-section has the highest
threshold energy and the C/E values for this reaction are shown in Fig. V.2 for the reference system.
Shown in this figure and subsequent figures are results based on both the deterministic and the Moate Carlo
methods. In JAERI calculations using DOT3.5 code, the library used was based on ENDF/B-IV. Also
shown in this figure are the MCNP results based on both the latest evaluation for TLi cross-sections (T-2
evaluations) and the evaluation of ENDF/B-V, Version 1(BS5). The MORSE calculatons were performed
using the DDL/J3P1 library. As shown in Fig. V.2, the 58Ni(n,2n) reaction rate is fairly underestimated
by both ENDF/B-IV and JENDL3/PR1 ar 2 files in JAERI's calculations. The deviation from unity
increases inside the test assembly with increased distance. The resulis using the former file agree within
several percent, but JENDL3/PR1 gives smaller values in the back locations, Conceming this reaction
cross-section, new measurements were carried out at the FNS and the results show larger values for that
cross-section.(33) Therefore, the C/E values as obtained by JAERI would be improved if the new cross-
section was used. :

In the U.S. calculations, the cross-section of 38Ni(n,2n) applied in both MCNP calculations is from
ENDL-73. Both MCNP(BS) and MCNP(T-2) calculated C/E distributions are lower than unity. The
MCNP(T-2) calculated C/E values are consistently higher than those by MCNP(B5), pzinicularly at the
back locations. This is.due to the fact that the "Li{n,nout cross-section, as evaluated by Young of the T-2
group at LANL, is smaller than that in Version 1 of the ENDF/B-V. This means that neutrons that have
high energy have a better chance to reach the back locations with the T-2 evaluation than those with the B-
5, Version | evaluation. Therefore, the calculated 58Ni(n,2n) reaction rates are larger at these locadons. AsS
shown, the C/E values vary from 0.82 to 0.95 in the MCNP(T-2) calculations, and 0.60 to 0.92 in the
MCNP(B3) calculations. The common dip shown in all the C/E distributions at Z = 10 cm suggests that
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there is a large experimental error at that location. Another dip at Z = 46 cm can also be seen on the
MCNP(B5) calculated C/E distribution but not explicit on that of the MCNP(T-2). However, as shown in
Fig. V.2, the DOT3.5(B4) and DOT4.3(B5) calculated C/E distributions show a similar drop at this
location. Note also from the figure that the DOT4.3 calculations tend to show larger C/E values at the
back locations in comparison to all other codes and libraries. In these particular calculations, the MATXS6
library was utilized where the latest evaluation of the T-2 group for 'Li was used.

The result for the reaction rate 197 Au(n,2n)!96Au is presented in Fig. V.3. In JAERI's calculations
using the DOT and MORSE-DD codes, all the C/E values are around unity at Z = 0 cm and decrease as the
distance from the surface increases. At the back locations beyond Z = 40 cm, the variation in the C/E
values becomes large. This could be attributed to the statistics involved in the measured values. The trend
of the spatial dependence of this reaction is quite similar to the case of the 38Ni(n,2n)>7Ni reaction though
the agreement is better. The difference between ENDF/B-IV and JENDL3/PR1 is also similar to that found
in the nickel case. In the U.S. calculations performed by the MCNP code, the C/E values are very close to
unity near the front surface, as was shown in JAERT's calculations. However, in general, the predictions by
the U.S. for the 197 Au (n,2n) reaction, is larger than those obtained by JAERI. This could be caused by
the fact that the direct neutron compenent is larger than those predicted by JAERI (Sece Table I1.2). Also
notice from Fig. V.3 that the MCNP calculations performed by the T-2 evaluation for ’Li are aiso larger
than those obtained by the B-5 evaluation, Version 1. The MCNP(T-2} calculated C/E values change from
1.01 to 1.37, but they vary from 0.76 to 1.06 as predicted by MCNP(B5). As seen in Fig, V.3, in the
front region, all the computations show C/E values greater than unity at Z = 2.4 and 5.0 cm followed by a
drop at Z = 7.5 cm. Both MCNP(T-2) and MCNP(B5) calculated C/E distributions have similar oends
from Z = 10 cm to the rear end. However, the former distribution has consistently higher values than the
latter in this region. The dip at Z = 46 cm is also shown n all the calculations. The C/E drop is more
explicit in the present reaction, and the rise in value at Z = 53 cm is also steeper.

In Fig. V.4 the C/E values for the 27 Al(n,0}24Na reaction are shown. The values are about unity at
the front surface except in DOT4.3 calculations which are ~1,08 at this location. In JAERI's calculations,
the C/E values gradually decrease to about 0.85 with the ENDF/B-IV in the DOT3.5 calculation, but if
JENDL3/PRI1 data is used in the MORSE-DD calculations, these values become less. The gradient of
decrease in the C/E curves is not as large as for the 78Ni(n,2n) and 197 Au(n,2n) reactions. This is due to
the difference in the threshold energies. In the U.S. calculations shown in Fig, V.4, the Monte Carlo
results are still Iarger than those obtained by the MORSE-DD code used by JAERI. Also, notice again that
the MCNP calculations with the T-2 evaluation for 'Li are still larger than those obtained with the B-5
evaluation, Version 1. This is noticed particularly at the rear locations. The DOT4.3 resuits show that the
C/E values are steady and flat throughout the assembly and they range form 1.05 to 1.1. The MCNP(T-2)
calculated C/E values change from 0.95 to 1.15, and they change from 0.88 to 1.06 in the MCNP(BS)

calculations. At distance Z < 15 cm from the mouth of the experimental port, both calculatons give C/E
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values close to unity and are consistent with JAERTI's calcu_lations. At locations greater than 15 cm, the
MCNP(T-2) calculated C/E values increase to 1.10. The MCNP(B5) calculated C/E distribution increases
slightly (< 6%) and is sill within the error bounds. However, a dip with C/E = 0.88 is found at Z = 46 cm
on the MCNP(B5) C/E distribution, The relative standard deviation in the computation at this location is
- no more than 6%, and the experimental error is about 3%. The discrepancy cannot be covered by the error
bounds. Comparing with all other C/E distributions of the 27 Al(n, o) reaction, the dip at Z = 46 cm is
unique in the MCNP(BS) calculations. Therefore it is not likely to be caused by the measured value. The
reason for this dip is not clear. '

As was mentioned earlier, the threshold energy for 27 Al(n,ot) reaction is about 6 MeV. This is a
lower energy threshold than for 38Ni(n,2n) and 197Au(n,2n) reactions. Therefore, one notices from Fig,
V.4 that the decrease in the gradient of the C/E curves is smoother for this reaction in comparison to the
58Ni(n.2n) and 197 Au(n,2n) reactions. This is also true for the 58Ni(n,p) reaction, as shown in Fig, V.5.
However, as one notices from that figure, the C/E values at the surface are larger than 1 as predicted by both
. JAERI and the U.S., except for the MCNP(T-2) calculations which have values close to unity at the front
surface. The discrepancy at the surface of the system may not be caused by the value or discrepancies in the
reaction cross-section itself because this cross-section is often used as a reactor standard activation cross-
section as is the case with #7Al{n,). Hence these cross-sections are believed to be well-known. In
addition, this discrepancy may not be true at 14 MeV or higher energy. The overestimation at the entrance
of S8Ni(n,p) reaction rate is not simple to interpret but two possibilities could be considered. First, this
overestimation could be due to the overestimation of incident neutrons. As was shown in Section III, there
is overestimation of integral flux by the NE213 detector. Second, this discrepancy could be caused by the
backscattering component due to an improper angular distribution of elastic scattering by 7Li. From a
simple estimation, the contribution of the backscattered neutrons to Ni(n,p) reaction is about 24%, which is
mugch higher than those with high energy threshold reactions such as Al(n,at), Ni(n,2n) or Au(n,2n). Note
from Fig. V.5 that the C/E values obtained by JAERI tend to decrease as one proceeds toward back
locations where the values fall below unity. This descending trend could be seen in all the threshold
reactions. As for the I3Ni(n,2n) cross-section, the new evaluation by Tkeda®?) for “8Ni(n,p) gives better
agreement with measurements. In the MCNP calculations performed by the U.S,, the S38Ni(n,p) activity
cross-section data in the ENDL-73 library seems to be adequate. The C/E values are within 0.99 to 1.11 by
MCNP(T-2) calculations, and 0.83 to 1.05 by MCNP{B5). The dip at Z = 46 cm still exists in
MCNP(B5), DOT3.5(B4), and DOT4.3(B5) calculated C/E distributions. Another common dip at Z = 25
cm is observed in all but the MCNP(T-2) distribudon. The MCNP(T-2) calculated reaction rates agree very
well with the experimental results at locations Z < 15 cm. At deeper locations, the C/E values increase
monotonically. The DOT4.3(B5) calculations, which actually used T-2 evaluation for 7Li, and ENDF/B-V
activity cross-section for S8Ni(n,p) reaction, show a C/E distribution that is very consistent with that of
MCNP(BS) instead of MCNP(T-2) at Z > 15 cm. Since both MCNP(T-2) and DOT(B5) used T-2

evaluation for 7Li, their C/E curves are similar.
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To investigate the distribution profile of a nonthreshold reaction, the 197 Au(n,y)198 Au has also been
measured using gold foils. As is well known, this reaction is very sensitive to the low-energy neutrons,
e.g., in the eV region, because of the existence of strong capture resonances. Accordingly, the correction
for seif-shielding effect is very important if the foil used is not sufficiently thin. In the present experiment,
very thick foils were used in the reference system. The impact is obvious in Fig. V.6, which presents the
C/E valués along the Z axis. Since all the measurements have not been corrected for self-shielding effect,
the measured reaction rates were underestimated compared with the calculations which correspond to an
infinitely diluted density. The figure shows that in the front region (Z = 0 ~ 10 cm), the C/E values are
very large. In the range, Z = 10 ~ 50 cm, the C/E values are almost flat, although the influence of the self-
shielding effect is still apparent. The tendency that the C/E values decrease from unity with increasing
distance is not seen for the nonthreshold reaction, as was observed in the threshold reactions. For the
nonLhreshold reaction, and in the Monte Carlo calculations, reducing the variance to a reasonable level with
[imited computing time is very difﬁéuit. As shown in Fig. V.6, the MCNP(T-2) calculated C/E values are
in the range of 1.16 to 2.88, and are 1.20 to 2.87, in the MCNP(B35) calculations. The lowest relative
stantdard deviation in both computations is about 10%. The trend of the C/E curves in the front region is
similar to the Tg comparison discussed in Section IV due to the room-returmned source component.

JAERI has also performed other code and library intercomparisons, and the C/E values for the various
reaction rates discussed above are shown in Figures V.7 to V.11, These figurés show results based on
DOT3.5 with thé JACKAS library and on MORSE-DD with the DDL/B-4 library, The trends observed in
these figures are similar to those discussed for Figures V.2 to V.6. In all these figures, it appears that the
MORSE-DD calculations with ENDF/B-IV data give closer C/E values to unity in comparison to the
results obtained with the DDL/J3P1 library, ﬁarﬁcularly ét the back locations. However, in the DOT3.5
calculations with the JACKAS library, slight improvement in the C/E values is observed, as compared to
the results obtained with the ENDE/B-1V data. Note also that the U.S. predictions for these reaction rates
are still larger than JAERI's predictions. Also note that the C/E curves for the threshold reactions, as

obtained by JAERI, tend to decrease as ane moves to the back end of the Li,O assembly. We can guess '

some reasons for such discrepancies:
1. The total cross-sections of Li>O is overestimated. This could primarily be from overestimation in

elastic scattering by ‘Li. The fact that the DOT3.5-JACKAS calculations always give the
largest C/E values in the back locations supports the above reasoning because JACKAS
uses the JENDL3/PR2 data base, in which the elastic scattering cross-section of ’Li is

smaller than that of JENDL3/PR1.
2. The inelastic scarttering cross-sections of Li»O may cause an overmoderation of neutron energy.

3. Improper modeling of the experimental system, such as density, streaming effect, homogenization,

etc.
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But it is difficult to suspect all the reaction cross-sections, Among the reasons mentioned above, the
first is the most likely. This was confirmed by direct intercomparison between the various cross-sections
used by JAERI and the U.S. This intercomparison and the reasoning for the trends of the C/E curves

shown in Fig.s V.2 to V.11 are discussed further in subsection V.3.

Y.2 Beryllium-Sandwiched System

Foil activation rate measurements were also performed in the beryllium-sandwiched system. Thelse
inctude 27 Al(n,)24Na, 58Ni(n,2n)37Ni, 115In(n,n")1151n and 80Zr(n,2n)79Zr. The C/E values for the
Al(n,q) reaction are shown in Fig. V.12. In JAERI's calculations, the C/E values of about 0.9 at Z < 20
was predicted by both DOT3.5/JACKAS and the MORSE-DD(J3PR1). The very low value given by
MORSE-DD at Z = 30 c¢m is due to a statistical problem. The low values at the entrance Z = -10 cm
(shown also in the U.S. calculation but to a lesser extent) are probably due to an inadequacy in the cross-
section of beryllinm. - The underestimation at the front surface is also apparent in Figures V.13 and V.14,
On the other hand, the U.S. calculations show better agreement with the measurements throughout the
Li»O test assembly, as shown in Fig. V.12, particularly in the calculations performed by
DOT4.3/MATXS6, where the C/E values are 0.95 to 1,02, The MCNP results shown in Fig. V.12 (and
Fig. V.15) are based on the RMCCS library that utilizes Young's evaluation for TLi(T-2 group) and the
latest evaluation for bcryllium(lg) which is also used in the DOT4.3 calculations. Note that the C/E
values in the U.S. calculations are still less than unity at the front surface for the 27Al(n,o) reaction, as
was observed in JAERI's calculations. This could be caused by underestimation in the Be (n, elastic) cross-
séction, and/or inadequacy in the neutron emission cross-sections of Be which tend to underestimate
backscattered neutrons.

Concemning the reactions 93Zr(n,2n) and 115In(n,n'), the MORSE-DD and DOT3.5 results give
similar C/E values but the results for the former reaction rate show, on the average, better agreement with
the measurements where there is no peak in the beryllium or at the interface region.

The C/E values for the Au{n,y) reaction show dips and peaks over the region from the surface to
the front part of the Li,O system (see Fig. V.15). The thickness of gold foils used in this case is so thin
that the self-shielding correction factors are very small. The agreement between measurements and
calculations is generally good in the range Z = 15 ¢cm ~ 40 cm. Large differences are observed in the results
obtained by the MORSE-DD and MCNP codes, but the differences could be caused by the large fractional
standard deviation (FSD) observed in the calculations. Note that Au(n,y) is swrongly sensitive to the very

low energy neutrons and a large computation time is required to obtain high accuracy in the calculations.
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V.3 Possible Causes for the Observed Trends in the C/E Curves of Various
\ctivati R oL R

As discussed above, there are several persistent features and trends in the C/E curves of the various

reaction rates shown in Fig.s V.2 to V.15, These trends are summarized below:

1. The C/E curves for *8Ni(n,2n) reaction shown in Fig. V.2 is always lower than unity as
predicted by all codes and libraries and the underprediction is ~10 - 30% at various locations
inside the Li,O assembly. The exception is for the C/E curves based on
DOT4.3/MATXS6 calculations. It seems, therefore, that the cross-section for the 58Ni(n,2n)
reaction in the ENDF/B-IV, and ENDL-73 (in MCNP calculations) files is
underestimated. Recent measurements by Ikeda et al.(33) for that cross-section showed indeed
that the measured values are larger than those currently implemented in these data files. The
calculations based on the MATXS6 library showed a different trend as shown in Fig. V.2,
where the C/E values are larger than unity at Z > 12 cm. The cross-section for the 38Ni(n,2n)
reaction in this library is based on ENDF/B-V. Further intercomparison for that reaction

between various libraries is required.

2. In the MCNP calculations based on Young's evaluation for TLi cross-sections, the C/E values

are larger than those based on ENDF/B-V, version 1, at back locations and the divergence
increases as one proceeds toward the back end of the Li;O assembly. This trend was noticed

for all the threshold reactions considered but no difference was noticed between the two

calculations at the front surface [except for 58Ni(n,2n) reactions].

3. In JAERI's calculations based on both the deterministic and the Monte Carlo methods, the
C/E curves tend to decrease (fall below unity) at deeper locations inside the Li;O assembly.
This descending trend is more pronounced in the high-threshold reactions [e.g., 58Ni(n,p)).
On the other hand, the C/E curves for these reactions as calculated by the U.S. do not have the

steepness observed in JAERI's curves and they are, in general, larger in value.

4. It appears that MORSE-DD (JAERI) calculations based on ENDF/B-IV gives closer C/E
values to unity in comparison to the results based on the JENDL3-PR1 file, particularly at
back locations. Also, the DOT3.5 calculations based on the JACKAS library are slightly
improved in comparison 1o results based on ENDF/B-1V data.
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The trends in the C/E curves for various reactions that are discussed above can be explained based on
results from cross-section sensitivity analysis as well as on direct intercomparison between various cross-
sections of the materials that constitute the Li;O assembly. First, the trend in the U.S. calculations
discussed in (2) above where the values of the C/E curves as predicted by the MCNP code are larger at back
locations when Young's evaluation for 7Li cross-sections is used in comparison to the results based on the
ENDF/B-V, Version 1 (B5) can be explained as follows. [Note that in both calculations, all the data for
other elements present in the.LiyO assembly are from the RMCCS library which is based on ENDF/B-V
and the only difference‘ is the data for /Li.] From the cross-section sensitivity analysis presented in Section
VII, it was shown that T is most sensitive to variations in 7Li cross-sections (see Table VIL4 and Fig.
VIi.21). The integrated sensitivity coefficients for “Li (n,inelastic) cross sections [basically 7Li(n,n'o)t
cross-section] is negative in this case and its absolute values tends to increase at back locations. This
means that a decrease in the “Li(n,n'a)t cross-section leads to an increase in Ty, orin othei words, 10 an
increasé in the high energy component of the neutron spectrum. Consequently, threshold reactions such as
58Ni(n,2n), 197 Au(n,2n), ‘27A1(n,a), and 58Ni(n,p) will increase in the MCNP(T-2) calculation since
Young's evaluation for Li(n,n'a)t cross-section is about 10-20% less than the carresponding cross-section
in ENDF/B-V, version 1. (See Fig. IV.11).

In Table V.1 we introduce approximate values (for the purpose of this discussion) for 7Li(n,n'et,
7Li(n,inelastic), 7Li(n,total), and "Li(n,elastic) cross-sections at 10 MeV based on the values displayed in
Fig.s [V.11, V.16 and V.17, as currently implemented in Young's evaluation (T-2), JENDL/3-PR1 (and
PR2) and ENDF/B-5, version 1 (BS) data. As shown at this energy point, Young's evaluation for
TLi(n,n'a)t is less by ~18% as compared to BS. However, the 'Li (nelastic) is larger by ~7% in Young's
evaluation. From the sensitivity analysis discussed in Section VII, an increase in ’Li(n,elastic) cross-
section leads to a decrease in T4, i.e, a decrease in the high energy component of the neutron spectrum due
to the moderating effect of the elastic scattering processes and a consequent decrease in the threshold
reactions. This is a compensating effect to the increase in the threshold reaction rates upon using the lower
values for “Li(n,n'a)t cross-section evaluated by Young. However, the sensitivity coefficient for the
7Li(n,elastic) cross-section is a factor 2.3 - 2.5 lower than the corresponding value for the 7Li (n, inelastic)
cross-section as can be seen from Table VIL4. In addition, the increase in the 7Li {n, elastic) cross-section
in Young's evaluation is less than the decrease in the TLi(n,n'ee)t cross-section by about a factor of 2.6 at 10
MeV. Thus, the increase in the high-energy component resulting from the lower value of the 7Li (n,n'e)
cross-section of Young's evaluation dominates the compensating effect resulting from the increase in
7Li{n,elastic) cross-section. Note that the summation of both cross-sections is the same and there are no
differences in the cross-sections of other reactions such as 'Li (n,y), Li (n,d) and "Li (n,3n)a between the

two evaluations, as shown in Table V.1 and Fig. V.16 where the 7Li(n,total) cross-section is the same.
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Table V.1 Cross-sections for 'Li at 10 MeV

File (n,elastic) (n,n'o)t (n,elastic) (n,total)
+
barns bams (n,inelastic)
Young's 1.20(1.07)8 0.36(0.82) 1.56(1.00) 1.68 (1.00)
J3PR1 1.24 (1.11) 0.35 (0.80) 1.59 (1.02) 1.70 (1.02)
ENDF/B-V 1.12 (1.00) 0.44 (1.00) 1.56 (1.00) 1.68 (1.00)

(version 1}

a Ratio of cross-section to the cross-section of ENDF/B-V, version 1

—186 —




JAERI-M 88-177

' ll ' " ] " l_

] ] N ) 1 ll ¥ )

e P

' ' ' ' ' i 1

i i i 1 | i : i 3
- 1 r ' ] i 1 13 ] =
o + t T ] 1 ll t 1 -
- ' t B 1 v ' t 1 A

L} + ' ll 1 ] ) ]
- ' ' ' ' ' ' . H i I
........ R R e L R R T
- ) . ] ll ] ] . [ 1
L ' ' ' ' ' ' v ' i

' ' v ' i ' i 1
o v 1 ] + ] t Ll ] 7
I 1} 1 r 1 ] ll 1 1 ~
+ ' ' ' ' ' ' 1 1 -
L ' 1 ] Il Il 1 1 ' J
o ' i B ' ' ' . '

. 1 ' ] ] ] . 1 )
H 1} 1 . ] 1 ] + ) =
F ’ ) . ' ' ' . ' -
e 2 [ . [ R a Al TR [P S

' h ' 1 ' 1] ] '
L U ; i

' ' v 1 ' . i
- h V| m : i i 5 . h -
= 1 1 R U N | [ 1 1 ; 1 . -
- H VL caa ' H H H ' I
- 1 ’ O 34 a. ' ] ' . " ] 7
- ' l = oo . ' ' ' . ' 5
I ' h ' ' 1 i 4 L
[ H e . , ) 1 . : ]
L ] ' . 1 i 1 . '

t ' H i ' ' 1 . ' ]
S i il ] AT e Rl a AT sy o= As ~=-1
- 1 ] i 1 | ’ 1 . ' -
[ ' s ' i ' i . ' ]
r H 1 ] i i . H . | ]

' ‘ ' 1 ' 1 . '
3 1 ] Ll 1 1 ’ . 3
- ' ' 1 v 1 i . ' -
- 1 . 1 1 . 1 L] v —

1 1} 1 ] 1 1 . .

1 ) 1 1 1 L] L] 1} 7

1 ) 1 ] 1 1 L] ) T

1 t ] 1 1 1 L] . -
' [ U F N IS / / S F IR, Fememma JF J

1 " I ' 1 3 i v

' ' 1 i 1 ' . ‘
- v ' ' ‘ ' 1 . '

- ' ' ' . ' 1 . 1 m
- L 1} 1 ] 1 1 L 1 -
13 ) 1 1 1 1 ] 1
o t 1 1 r i 4 ] 7
- ' ' ¢ ' 1 . ' 4
- ' ) ' 1 ' 1 1 1 4
L ' ' 3 v ' 1 H + p
{ ] [l v ¥ ' ] 1 1 ]
' ' £ ' ' 1 3
........ i RER R . SRR S F R
3 ' 1 < ' ' ' v R
L 1 1 e ' t ' r -
i ' ' . ' P ' + ]
| ' ' ' ' T
- | 1 + ' ' ' v 1
- ' ' . ‘ ' . v B
I ' ' " ' ' ' . -
r ' [ . ' ' ' . ]
' if . ' ' ' .

o 1 1 L] ’ 1} v L] -
8 ' ' i ' i ' 4 -
[ . [ PR S S o I A S I [P P [ DR
[ [l T 1 [ [ [ ] i
1 . ' ' . 1
i + L] 1 1 1 1 I
L ' . ' ' ' ' 4
L ' 3 1 ' ' 1 ]

[ ] ] 1 [ 1 1 1
1 L] 1 J 1 L} L] 3
o i [} . . ' N 4
- T * . 1 ' ' 1 -3
- T L] 1 T 1 1 ' -
[ + ’ 1 1 1 i + g
1 L] 1 1 1 1 1
— - I el b Il N b it b it R i i it b I e et
o ] L] 1 1 ] ] 1 1 -
[ r . . ' 1 ' ' 1 H S
v * 1 ' v ' ' 0 '
o [~ r L] r 1 L] ll ] ‘ 1 N
[ r * ] ] r L] 1 * r -

o ] ' ' ' r 1 ——t C -

Lot 3 v ’ 1 1 r [ r r...l.i!’l’-r.—...lfl -

% F “ " H ! v * \ ' v 2

* ' 1 ¢ '

Rl T T T ST R TP R T TR T T TN HIT IO T T T P T T revriT FITTTEN .
< po ] (=) < < Q o L) [ o o
<O [=+] [fs] ~ o < @y o -~ o4 <
(34} ™. o o~ o o~ — —_— — . —

( v4eq ) UOCT129S5 SsS0U4)

.0

L4

0

1o. 12.

{ MeV )

6.0

Neutran eﬂergy'

Figure V.16  Comparison of total cross-sections for "Li

— 187 —



JAERI-M 88-177

Q

F-J‘-ju._.ﬂ‘dlq.j.*.-jﬂ.«-.—_._ TETT jde-}-..<—-_.4_._.41111_!«_-_44._-41..44.134_ LAARRAANE SARr AR SRR RRERERE ] .
s " ! : : ' : " i : jw
3 ; ! _ : : " ; ; ]
1] 1] ! 1 1] 1 ] 1}
1 ] ) ! 1 [ [ [ . 1
- ¥ 1] ! 1 1] 1 i [l 9
L ' [ i 1 ' ' 1 1 -1
[ ] ' ! “ H ' 1 .
: H
\ ' ' i ' i ' . 1o
|||||||| J|1l||lil,¢||||||ilj-rFl|i»l\.‘-wllullll.ulllllluld.n|:Pr\\\1.r\wlllll |l|l|l|.“l|il\>¢14 -
H H : . . H . 1
] ) ' [ [ [ 1 —
] ] ' ] 1 ] I u
- [} ] . [ 1 ) 1
= L] [] . * . 1] 1 -
L . ' 4 ] 1 v . p
1 L] . ¥ 1 . ]
B 1 L] ] ] ] ] b
i N : ' . H -
H H ' : : ]
[ENENENEp . G—_— I-Fl —yrwx“ llllllll e e e ma . - - lL.w\ir\1lIIO
[ ' w ' 1.
L : HE H i ' 4
F i HEN A : H ! . 1~
N h e ' h . : 1
[ 1 ) O v 1 ' ' N
- H e ' . H H ' ]
[ : H Y] w : H : ]
H : d H ' .
[ : ]
[ H H 1 \ 174 : H Jo
H H H : , F; H . 1=
[l ] T ] ; * .
[ . : H : ; : H p
i ' H : . ' : ]
] ] t 1 ) " * A
H H : i H : ' ]
1 L] v 1 1] r L]
’ [ 1 1 L] L) r -1
1 ' H H H : H ]
A S ARl 3 R SRR £
: ' . . H . : .
B + L] 1 » ! r ) -1
- E 1o
A ) H i i ks H : ]
3 ] ’ 1 1 . r ]
H ' : ; d : H
- ) " ] 1 1} 1 ] 1
k H ' : : : : : ]
E H ' : . . 1 : ]
I R N L : i S RO -
L H H H \ . ]
- ) [} ] 1 1 . N
L ' 1 ' ] 1 Jw
o : ; : 1
L} 13 1 1 1
L H ! H H N . ]
- 1 i ] ‘ 1 1 4
I . : H , ]
- b j , H H : ]
g A : : : " ]
A Al e e A =)
F i : i : i : i 1=
" ! : ; ! " : ! 1<
L i ; : . . h ; ]
o . . : . . H H ]
. ' , ' . H H
- + 1 ] 1] 1] ] ] -1
b i 1 : H H . : ]
L : 1 H : : . i ]

o ; i ) . : ; | E
...................... L N DUt SRR SOOI SRS
- H 3 H H H H M H N 1=

1] 1 ] 1 . ) 1 - -
o H H : . . : . ! . 4
or H H i i : = : H '
ey ' v 1 v ' y el H H
* ¢ . H H i 1 , : et 4
- 1 | 4. - T - L] L] =
Fosremmd o s = PN . et 1
s EL.EI—EL\FEEFEEFCh.—LEPFEFtEEE o
[ o o o o © o o o o o
(s ) ~ o~ < @ w ~r o o [Le] w
o~ ™~ o o ) — —_ — —_— [=] o

{ UJBQ } UOT1D9S 5504)

)

ay ( Mev

Netitran enerqgy

Figure V.17 Comparison of elastic scattering cross-sections for 7Li

—188 —



JAERI-M 88-177

The differences between the C/E curves as evaluated by MCNP (T-2) and MCNP (B5) are not
observed at locations near the front surface as the Li;O assembly, particularly for 38Ni(n,2n) and
197Au(n,2ﬁ) reaction rates. Since neutrons at front locations have not encountered as many collisions as
those neutrons reaching the back locations, the perturbation (or change) in neutron flux resulting from
differences in the 7Li (n,elastic) and “Li(n,n'ct)t cross-sections is smail and thus high threshold reactions
rates will change slightly between the MCNP (T-2) and MCNP (B-5) calculations. As shown in Fig.
VIL.21, the indirect contribution to Ty sensitivity coefficient that is auributed to flux perturbation is very
small in comparison to the direct contribution from a change in 7Li cross-sections. This is further
understood by examining the C/E curves for T7 shown in Fig. I'V.12 where the decrease in the TLi(n,n'et
cross-section of Young resulted in a direct decrease in T5 at front locations but that decrease leads to
indirect flux increase in the high energy component of the spectrum at back locations and hence a rise in the
C/E curve obtained by the MCNP(T-2) calculations.

The descending trend discussed in item (3} above in the C/E curves obitained by JAERI could be
explained by noticing that the 7Li (n, elastic) cross-section as implemented in JENDL/3PR1 (and PR2) file
is larger than the corresponding cross-section of Young (and B3) below 10 MeV and that the JENDL/3PR1
evaluation is always larger above 10 MeV. This overestimation leads to overmoderation in neutron
energies through clastic collisions and that effect is more pronounced at deeper locations where neutrons
have already suffered more of such collisions. Consequently, the high energy component of neutron
spectrum as predicted by JAERI gets smaller at these locations and this leads to the descending trend in the
C/E curves of the threshold-reactions. In addition, the total cross-section in JENDL3-PR1 (and PR2) is
generally larger than the values found in Young's and B5 evaluations below 10 MeV, as shown in Fig.
V.16, and the difference could also be attributed 1o the overestimation in other reactions such as 7Li(n,d) and
7Li(n,y). These reactions lead to neutron disappearance and hence to a further decrease in the threshold
reactions, and as a consequence, the C'/E curves for these reactions fall below unity in JAERI's calculations.

To confirm this observation, we compare the total cross-sections for 7Li in Fig. V.16. Note from
Fig. V.16 that around 14 MeV, JENDL3/PR1 data shows the largest total cross-section, followed by the
JENDF/B-V, Version 1 evaluation. The smallest cross-section is that of JENDL3/PR2, which will give
the flattest Z dependence of C/E. However, the JENDL3/PR2 evaluation has not yet resolved all the
problems since it still gives C/E values of about 0.9 in the region beyond Z = 30 cm. One resolution for
the observed discrepancies in JAERI's calculations is to increase the "Li(n,n'ct)t cross-section and to decrease
the elastic scattering cross-section. The change in the total cross-section will be smail. The former
modification will improve the C/E values for Ty as discussed in Section IV, and will not necessarily
decrease the neutron population by this reaction, although neutron energy may decrease. The latter

modification will improve the discrepancy in the activation rates in JAERI's calculation. Since Young's
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evaluations for 7Li cross-sections already have these two modifications, the C/E values obtained by the
U.S. for the threshold reactions are closer to unity than those obtained by JAERI using the JENDL/3PR1

{or 2) library. It is very informative to carry out such a cross-section comparison for other materials, such

as oxXygen, iron, nickel, and beryllium.
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YI. IN-SYSTEM SPECTRA
YI1.1 Reference System

In-system neutron spectra above 1 MeV have been measured by using an NE213 counter along
the central channel as described in Volume I. Calculated spectra predicted by MORSE-DD with the
DDIL/I3P1 library were smeared using Gaussian function whose half width was derived from the detector
resolution, while its energy dependence was determined by fitting the experimental values with a straight
line on a log-linear scale.

The calculated spectra thus obtained were compared with the measured values along the center
axis at Z = 0, 2.5, 10, 20, 30, and 40 cm, respectively. Figures VI.1 - V1.6 compare the spectra at each
position. Since the detector positions (center of detector whicﬁ is sensitive to neutrons) were usually not
at the same locations where calculations were performed, two calculated spectra are shown in each figure
and the predicted spectrum that corresponds to the measuring position is between them.

At the location Z = 0 cm, the structure of the spectrum is fairly different between the calculated
and measured values in the energy range 4-10 MeV. The cause for this discrepancy is attribated to the
inadequate evaluation of the backward component of inelastic scattering for 'Li and 160. Figures V1.2 -
V1.5 show a fairly good agreement with measurements though the height of the peak value decreases by
an order of magnitude within a depth of ~ 30 cm. The calculations generally overestimate the measured
values below 10 MeV and at locations near the front surface, a discrepancy appears around 6 MeV. At the
location Z = 40 cm, the calculated values at Z = 41.5 cm agree well with measurements though a
discrepancy around 3 MeV is apparent. This discrepancy may be due to the larger functional standard
deviation (FSD) than actually seen in the figure.

The integrated flux is also compared in Figs. V1.7 and V1.8. The high and low experimental
values show the most probably values £ 1 o width which were determined based on an unfolding method.
Prediction of the integrated flux above 10 MeV is in good agreement with measurements over the whole
region. On the other hand, the calculated integrated flux between 10 MeV and 1 MeV is overestimated in

the region Z =0 - 20 cm as seen in Fig. VI.8.

YI.2 Bervilium Sapdwiched System

Similar measurements and calculations have been carried out for the beryllium sandwiched
system. Measurements were taken at Z = -10, -5, 0, 2.5, 5, 10, 20, 40 cm, respectively, A comparison
with caiculations is made in Figs. V1.9 - VI.16. In Fig. V1.9, an agreement between the calculated and
measured values is not necessarily good, that is, we can see an underestimation around 10 MeV,
overestimation above 3 MeV and again underestimation around 2 MeV. Fig. VI.10 compares the spectra
at the interface of the front Li>O and beryllium regions. In Figs. V1.10 to VI.15, the comparison with

measurements has a similar trend that is the calculated values are larger than the measured values by a few
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tens percent in the energy range 8 MeV - 2 or 3 MeV. The measured spectrum at Z = 40 ¢m lies almost
within the range of two calculated spectra at Z = 38.5 and 41.5 cm.

Around 14 MeV and on the higher energy side of peak, there is one measured value that is
apparently shifted to the lower energy side as can be seen in most of the figures discussed above. It is not
easy to identify the reason for such a discrepancy because the measured point is the only one taken around
this energy range. If this discrepancy resulted from calculations, the resolution adopted in these
calculations will be improper since the same resolution used in the reference system was also used in the
Be-sandwiched system. Nevertheless, the resolution is system-dependent and it is narrower in the Be-
sandwiched system by about 10% as compared with that of the reference system. On the other hand, the
measured values may have problems in using the unfolding method.

Typical discrepancies that appeared in Fig. VI.11 and others are due to the inaccuracy of the
beryllium cross-sections, Such discrepancies were also observed in the benchmark calculation for the
beryllium sphere discussed in Ref. 3 for which measurements were carried out at LLNL(33), Based on
this calculational benchmark performed by JAERI and the U.S,, it was found that a large difference in this
energy range éxists between JENDL3/PR1 and ENDEF/B-V(38), that is, JENDL3/PR1 gives smaller flux
in the energy range 9 - 3 MeV than ENDF/B-V. It was also found that a fairly large difference exists
below 2 MeV when ENDF/B-1V data was used. Accordingly, this benchmark suggests that ENDF/B-V
will give a better agreement in the energy range 9 - 3 MeV. Such an expectation was proven recently by
the experiment measuring angular spectra from a beryllium plate(37).

The integrated fluxes above 10 MeV are compared in Fig. V1.17 and those from I to 10 MeV are

compared in Fig. VI.18. The calculated values are larger than measurements over the whole region in the
Li»O system, contrary to the reference case,
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VIIL CROSS-SECTION SENSITIVITY AND UNCERTAINTY ANALYSIS

YIL1 Introduction

As was shown in Section IV, discrepancies were found between predictions and measurements for
both Tg and T7. In particular, the C/E values for Tg deviate appreciably from unity near the front surface
of the LipO assembly in the reference experiment, and near zone boundaries in the first wall and beryllium
experiments. Fig. VIL.1 shows the C/E values for Tg in the reference experiments where predictions were
obtained by the 2-D calcuolational model (see also Fig. IV.3) and measurements were carried out by the Li-
glass dewectors. The C/E values for T7 in the reference experiment are also shown in Fig, VIL.2, using the
NE?213 indirect method (see Fig.IV.12). As shown, the C/E values for Tg at the middle locations are ~1.2
(U.5.) and 1.1 (JAERI) as predicted by the deterministic methods. The corresponding C/E values for Ty
are ~1.18 (U.S.) and 1.05 (JAERI).

The subject of this section is to evaluate the contribution to the uncertainty in predicting both Tg
and T7 that results from the current uncertainties in the neutron cross-section data base. An extensive two-
dimensional cross-section sensitivity and uncenainty analysis has been performed to arrive at an estimate
for such uncertainties. In this regard, the first order perturbation theory has been applied to estimate the
cross-section sensitivity profiles for the responses Tg and T7, individually, at various locations within the
Li5O test assembly used in two experiments, namely, the "clean benchmark” experiment (see below), and
the reference experiment (the benchmark experiment is not part of the JAERI/U.S. collaborative program
on Fusion Neutronics and it was performed independently by JAERI). These profiles will identify the
materials, energy ranges, and cross-section types whose variations result in appreciable change in the
response Ry (Ry = T or T7).

These profiles are then coupled with the cross-sections' uncertainty information and their
correlations that are currently implemented in the ENDF/B-V (file 33) 1o arrive at an estimate for the
variance in Tg and T7 at various locations. Pointwise and zonalwise TPR were considered in the analyses.
In addition, the dependency of the uncertainty in Tg and T7 on the incident neutron spectrum was studied
thoroughly. It should be emphasized that the choice for performing the sensitivity and uncertainty
analysis in two-dimensional configurations was essential in order to account for the geometrical
arrangement of the experiments considered. That can be realized by noting that the sensitivity profiles are
strictly system-dependent.

The theoretical background for the methedology used in the present sensitivity/uncertainty
analysis is briefly outlined in Subsection VII.2, The methodology discussed was recently reviewed
thoroughly in Ref, (38). The experiments simulated in the analysis and the caiculational model used are
described in Subsection VIL.3. The calculational procedure followed to carry out the sensitivity and
uncertainty analyses is discussed in Subsection VIL.4. Comparison between the TPR profiles in the
benchmark system and the reference system is discussed in Subsection VIL5. The results of the _
sensitivity analysis are discussed in Subsection VIL.6 for all the responses considered, while the results of
the uncertainty analysis are given in Subsection VIL7. Subsection VILE contains the summary and
conclusions drawn from the analysis.
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Figure VII.1 Calculated-to-experimental values of tritium production rate rate from 6Li, Tg
in the reference experiment (experimnental values are corrected for self-shielding

effect)
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VIL.2 _ Definitions and Theoretical Background

The statistical variance in the integrated TPR, R (Tgor T7) is given by

ARk T pgk gk g <8 2 g'
(R}" = P P'%:y corr(z§ £5) RSD(E)) RSD (Z) (VILI)
where
L‘?{ = neutron interaction cross-section type X in energy group g

correlation matrix for the multi-group cross-sections ZE and Zi

8
i
Lt
||

. P& k = Relative cross-section sensitivity profile of the response Rg due to

variation in the cross-section type Ei ~at energy group g, and is

defined as the fractional change (in percent) in the response Ry

due to a 1% increase in cross-section Zi at neutron group g

The coefficient szi is system dependent and its evaluation is straightforward using first-order

perturbation theory (38) and is given by

Py = sx8x8 " "Rk <O Lg, 926 (VIL2)
X
where
-
¢ Py = forward and adjoint angular flux, respectively
LEX = portion of the Boltzmann transport operator L,which contains the

perturbed cross-section Z,.
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It should be noted that the integration appearing in Eq. VIL2 is performed over the angular
direction, Q and at all spatial locations, T where the perturbation in the cross-section L, is assumed.

Using the dualism identity (*%), the response Ry is evaluated as:

Rg=<Z, 0>, (VIL3(a)

or as:

Rp=<z, ¢ >, (VIL3(b)

where the forward flux, ¢ , and the adjomt flux that corresponds to the response Ry, ¢k‘ are evaluated
from the equations L= § and L q:k = E respectively, and E is the response function. The integration
appearing in Eq. VI1.3(a) is performed over the energy E, the angle $ and the spatial locations of interest
which can be either a given spatial point in space or at a predefined spatial zone. Commonly these
locations are called "detector” locations, One should also notice that Eq. VIL.2 accounts for only the
indirect effect of the perturbed cross-section. If the response is also evaluated directly from E (ie, Ir=
Xx), a direct contribution to Pg should be added.
The integrated relanve sensitivity coefficient, Sz‘,x 15 defined as

sEx z p§ ) k (VIL4)

and is defined as the percentage change in the integrated parameter, dR/Rg, due to a simultaneous 1%

increase in the group cross-section, Zf, in ail energy groups.

The relative sensitivity profile given by Eq. VIL2 is derived from the relative sensitivity

function, F}:x (E), as follows:

gk__1 :Eg .k
P = 5o ng-_l Fg, B)dE (VILS)

where Aug is the lethargy width of neutron group g. Written explicitly, the sensitivity function sz (E)

is given by(38);

o

Fy (B)=- =) & [a@ o ED Z; (7B of (TED

+ ilﬂfﬁr—JdSdeﬁ [ o TED L, (r, ESE, G500 ¢; (r .E.&)
k
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s T & 5 o(TE) 0T ED (VELE)
k

The first, second and third terms correspond to the collisional loss. scattering gain, and direct effect terms,
respectively, The last term should only be included if the cross-section perturbed Z, is equal to the
response L.

The correlation matrix corr (Eg Eg) represents the correlation between the multi-group cross-
sections Eg and Ei and its elements are mdependent of the specific system (i.e. experiment) under
consideration. The RSD (Zg) in Eq. VIL1 is the relative standard deviation (RSD) of cross-section ):g and
the information required to construct the correlation matrices and the RSD's for various ¢ross-section types
is implemented in file 33 of the ENDF/B-V basic data file (40).

The relative variance in the response Rk given by Eq. VII.1 is made up of contributions from
each material present in a particular system. In the uncertainty analysis results given in Subsection VIL7,
we assume that the uncertainty associated with cross-sections of a particular material is uncorrelated to the
uncertainties in the cross-sections of other materials. Thus, (ARk/Rk)2 given by Eq. VIL.1, is the
algebraic sum of the contributions from each material. For a particular material, however, the correlations

between errors in the cross-sections of that maternial are considered according to Eq. VIL1.

VIL1 Experi Considered and Calculational Model

Two experiments were considered in the present analysis. These are the clean benchmark
experiment and the reference experiment discussed in Section I. In the former experiment, the cylindrical
test assembly was placed in the large room No. 1, and a water-cooled stationary target was located at a
distance of 20 ¢cm from the front circular surface. The neutron room-return component is negligibly small
in this experiment due to the large dimensions of the room (~15 m x 15 m x 12 m). This clean
benchmark experiment was independently performed by JAERI, but it was considered in the present
analysié for the purpose of comparing its results to those of the reference system.

The R-Z two-dimensional geometrical models used for the benchmark and the reference systems
are shown in Figures VIL3(a) and VIL.3(b), respectively. The LizO test assembly is the same in both
systems. Since in the reference system the assembly is embedded in the concrete wall in target room #2,
the mortar layer and part of the concrete wall were accounted for in the calculational model shown in Fig.
VIL3(b). The thickness of the concrete layer is truncated to ~30 cm which was judged to be adequate in
the present analysis. The atomic densities of materials considered in both sysiems are shown in Table .
VI1.1. Note that the inner Li;O zone has different atomic densities than the outer zone, as was discussed
in Section II.

The extemnal D-T neutron source for the benchmark system is located at 20 cm from the front
surface of the Li»O assembly. The D-T neutron spectrum from the stationary target used in the

benchmark experiment was calculated previously by Seki (41) using the Monte Carlo method. This
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spectrum was used and assumed to be isotropic in the present 2-D calculadon. For the reference
experiment, the external neutron source from the rotating target that is located at the center of target room
#2, a distance of 248 cm from the LiyO assembly, was modeled by using two source componernts,
namely, the direct component that results from those neutrons emitted at the D-T reaction spot and
scattered into the direction of the Li;O assembly, and the indirect room-return component that includes
those neutrons scattered by the room walls into the direction of the assembly., The values for these two
components were obtained from the MCNP calculations discussed in Sections IIT and IV,

In the forward flux 2-D calculation for the reference system, the two components were treated
separately and the resultant flux is the sum of the flux evaluated for each component. In this regard, the
rocm-return component was modeled as an isotropic planner source located at ~0.5 cm from the test
assembly, as shown in Fig. VIL.3(b). All the transport calcuolations were performed using the DOTA4.3
code with S, ¢Ps approximation. The 30-g library derived by the AMPX(42) module (see Subsection
VII1.4) was used for that purpose. Since the extemal source in the benchmark system and the neutron direct
compenent in the reference system are modeled as point sources, the first collision sources were first
obtained by the GRTUNCL(3) code and were used as input for the transport calculations performed by the
DOT4.3 code. This was necessary in order to mitigate the ray-effect resulting from using a point source.

For each of the responses Ry considered (see below), an adjoint transport calculation was
performed to derive the flux ¢; required for the sensitivity analysis. Most of the responses are TPR's at
various spatial points in the test assembly. Since the response function Z; appears in these cases as point
source to the adjoint equation, the first collision source was obtained by the GRTUNT#4) code in a

similar fashion to the forward calculations.
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Figure VIL.3(a) The R-Z two-dimensional geometrical model for the benchmark system. The

detector locations P; and Z; are shown
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Figure VIL3(b) The R-Z two-dimensional geometrical model for the reference system. The

detector locations P; and Z; are shown.
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Table VII.1 The Atomic Densities of Materials Considered in the Analysis (Atoms/cm? 1024

Element Air Inner LizO 58-304 Outer LiO Mortar Concrete
6Li - 4.2211-3 4.1915-3 e b e
Li - 5.2774-2 5.2404-2 O
160 1.1300-5* 2.8498-2 2.8798-2 3.7680-2 | 4.3150-2
Fe 5.2049-4 2.3245-2 1.1119-3 6.8100-4 5.8590-4
Cr . 143334 639753 |  3.06754 ] e
Ni 6.2963-5 2.8121-3 135164
Mn 7.2449-6 3.2948-1 1.8801-5 e
H N e e — 9.4246-3 7.9740-3
Al T e 1.9408-3 2.6370-3
Na S S — 5.0802-4 7.8590-3
Ca S e e 3.7143-3 2.5640-3
Si — | e S — 1.1347-2 1.4810-2
K R S . 3.34274 5.2880-4
C O e e 7.4297-4 5.4090-4
14N 4.1845-4 — — e e

*Reads as 1.1300 x 103
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YIL4 Calculational Procedyres

Although the transport calculations based on the deterministic methods shown in Figures VII.1
and VIL.2 were performed with fine-group cross-section libraries (U.S.: MATXS6 library, 80-g, ENDF/B-
V; JAERI: JACKAS library, 125-g, JENDL3-PR2), the sensitivity and uncertainty analyses were
performed with the thirty-group structure of the MATXSS library.(45) This group structure covers
neutron energy ranges from 1.4 x 10 eV to 17 MeV which is adequate to describe the spectra emitted
from the D-T source for both experiments. The transport cross-sections required for the forward and adjoint
calculations were generated from the DLC-113/VITAMIN-E master interface fine-group library®) (174-
g), using the CHOX and MALQCS codes of the AMPX processing system.42) The 30-g forward and
adjoint libraries with Ps Legendre components were then converted to group-organized cross-section sets
by using the GIP47) code and were used in the DOT4.3 ransport calculations.

The total and partial cross-sections required for the sensitivity and uncertainty analyses were also
generated from the VITAMIN-E master library in 30-g structure by using the NITTWAL @2} module of the
AMPX system. This module Tepresents a relatvely large portion of the AMPX system and has many
option for formatting the libraries that can be generated. The ANISN-formatted transfer matrices of the
total and partial cross-section library was then converted to the MATXS format(45) required for the
sensitivity analysis by using the ANTMX code of the FORSS system(48) (see below).

The response function SLi(n,a)t cross-section is thus generated from the VITAMIN-E library. As
for the response function 7Li(n,n'cjjt cross-section, it was generated by subtracting the first inelastic cross-
section from: the total inelastic cross-section, as implemented in the VITAMIN-E library.

Emphasis was placed on studying the impact of current cross-section uncertainties on the TPR
from SLi and 7Li at various point locations in the test assembly. Three locations were selected for each
Tg and T7 in the benchmark system at distances 5, 30, and 55 cm from the front surface of the LiyO
assembly. These locations are denoted Py, P2, and P3, respectively, in Fig. VIL3(a). The point detectors
selected for Tg in the reference system are at the positions Py, Pg, P1, P4, and Ps located at distances of
0.5, 1.5, 5.0, 30 and 55 cm from the front surface, respectively. The choice for the P{ and P locations
was necessary since the Tg profile is very steep near the surface of the LizO assembly, as discussed in
Section [V. However, the detector locations selected for T7 in the reference system are Py, Py, and P3
located at depths of 5, 30, and 55 cm.

Zonal TPR from SLi{ was also considered in both systems. The zone detectors are denoted Z1,
Z3, and Z3, as shown in Figures VIL.3(a} and (b}, and are placed at positions 0-10; 25-35, and 50-60 ¢m,
respectively. Each of these detectors has a thickness of 10 cm. In addition, the TPR from %Li in the
entire assembly (Z,) was also considered in the benchmark system. The detector locations for Tg and T
in both systems are summarized in Table VIL2. As shown, a total of 21 adjoint calculations were
performed for the responses Rx. A GRTUNT run, followed by a DOT4.3 run, was required for the i4

cases where point detectors are constdered. However, only two forward calculations were needed, one for
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each system (not counting the source superposition in the reference system and the necessary GRTUNCL
runs).

The FORSS module developed at Oak Ridge National Laboratory (ORNL) was applied
extensively in the analysis. The Volume Integrated Product (VIP) code developed specifically for the two-
dimensional sensitivity analysis by Child{49-30) was used. In this regard, and for each response
considered, the forward and adjoint fluxes are used as input for the VIP code and the so-called <¢’£ ¢> file
is generated. The partial cross-section file generated by the NITWAL code is converted to the MATXS
format using the ANTMX code and is used, along with the <¢1‘E o> file, as input for the JULIET code of
the FORSS module to arrive at the sensitivity profiles defined in Eq. VIL.2. The JULIET code is a
substantial part of the FORSS system and has many options (paths) that can be performed. The standard
deviation in various cross-section types, and the relative covariance and correlation matrices required for the
uncertainty analysis are derived from the ENDF/B-V error file (file 33) by using the PUFF-2 code.(O1)
The generated "COVREX" uncertainty file obtained by the PUFF-2 code and the "SENPRO" sensittvity
file ge'nera:ed by the JULIET code are used as input to the CAVALIER code of the FORSS system to
arrive at an estimate for the variance in the response, Ry, according to Eq. VIL.1. The above

sensitivity/uncertainty analysis procedures are outlined in Fig. VIL4,
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FORSS SENSITIVITY /7 UNCERTAINTY PROCEDURE

ENDF/B-V
(PUFF-2) AMPX
& * (NITAWL)
CONVARIANCE X-SEC.
MATRICES LiB.
(COVREX) (GRT{J?\J%T ) 1 {ANTMX)
FLUX X-SEC,
i ! MATXS.
vIP) [ {Pi* D) LIB.
{CAVALIER) v ‘ 1
UNCERTAINTY |_ SENSITIVITY
CALCULATION  |isenrro)| CALCULATION
(JULIET)

Figure VI14 Outlines of the FORSS sensitivity and uncertainty procedures. Computer codes

used are shown.
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Table VIL2 Locations of the Point Detectors, P and Zone Detectors, Z;, in the Benchmark
and the Reference Systems(®
Detector Tg T 4
Notation Benchmark Reference Benchmark Reference
Py 5.0 0.5 50 5.0
Py 30.0 1.5 30.0 300
P3 55.0 5.0 55.0 55.0
P4 == 30.0 — R—
Ps -—- 55.0 — —_
Z 0-10 0-10 - -
Zy 25-35 25-35 - ——
Z3 50-60 50-60 — a—
Zy Entire Assembly - — —

(a) Units in ¢cm
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¥I11.5 Tritium Production Rate Profiles

The profiles for TPR from 6Li and 7Li along the central axis of the LiO assembly are shown in
Fig. VIL5 for the benchmark and reference systems. The external source spectrum incident on the Li;O
front face is shown in Figs. VIL.6 and VIL7 for the two systems, respectively. Note that the incident
spectrum above 10 MeV in the benchmark system is about two orders of magnitude higher than the
corresponding spectrum in the reference system. The spectrum around 100 eV is the same in both
systems. However, below 100 eV, the source spectrum in the reference system is much larger than in the

benchmark system, and the difference is basically attributed to the room-return component of the incident

D-T source.
In the benchmark system, the TPR from SLi, Tg, peaks at a depth of about 5 cm in the LipO

assembly, then gradually decreases. The peak is due to the increase in low-energy neutrons resulting from
elastic, inelastic, and (n,2n) reactions with the assembly materials up to that depth which leads to large
Tg. The decrease in Tg throughout the rest of the assembly is due to the decrease in the low-energy
component of the flux resulting from absorption as neutrons travel through the assembly. The profile for
Tg in the reference system is quite different, as was shown in Section V. Near the front surface, the
values for Tg are very large with a rapid decrease within the first few centimeters in the Li;O assembly.,
At middle locations, the profile is rather flat. However, near the rear surface (~60 cm), the Tg profile
shows a steep increase. As was discussed in Section IV, the high value for Tg near the front surface, and
its sharp decrease within a short distance, is due mainly to the low-energy room return component of the
incident neutrons which have large SLi(n,cot cross-sections. The steep increase in Tg near the back end of
the assembly is caused by the large increase in the low-energy neutrons reflected directly to the back
locations by the concrete walls of the experimental cavity (see Fig.VIL.3[b]).

The profile of T7 decreases steadily as one proceeds towards the back locations. Because the high-
energy component of the incident neutrons is about two orders of magnitude higher in the benchmark
system, the T7 values in that system are aiso 1-2 orders of magnitude higher in comparison to the
reference system. Note, however, that the T7 profile has a larger slope (i.e., faster rate of decrease) due to

the fact that the distance of the point source in the benchmark system, dg, is 20 cm, while dg =248 cm in

the reference system,

- In the following, the relative cross-section sensitivity profile of Tg when the response considered
is the TPR from SLi in the zone detector 2, defined in Table VIL.2, and for a 1% increase in a particular
cross-section type of a given material, Z,, over the whole assembly in the benchmark system is denoted as
P(Tg,Zy, Zy)g. Likewise, the notation P(T7, Py, Iy )R refers to the sensitivity profile for the TPR from
7Li at the point detector P1, defined in Table VII.2, resulting from a 1% increase in cross-section type Zy,

over the entire assembly in the reference system.
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Figure VIL5 Profiles for the TPR from OLi and 7Li along the central axis of the Li;O assembly
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Figure VII.6 The incident D-T neutron spectrum in the benchmark system
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Figure V11.7 The incident D-T neutron spectrum in the reference system
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The sensitivity profiles as defined by Egs. VII.2 and VILS were evaluated in both systems for
Tgand T7 for the responses (detectors) defined in Table VIL.2. The profiles were obtzined for variations in
the total cross-section of each material present in the Li;O assembly as well as for each partial cross-
section. The integrated relative sensitivity coefficent, Szkx, defined by Eq. VI1.4, was also evaluated for
each response Rk. This coefficient was evaluated for perturbation in both the total and partial cross-
sections. As expected, it was found that both Tg and Ty are most sensitive to variation in the total cross-
section of OLi, 7Li, 160, and Fe for all the responses considered with small impact from the presence of
other elements (e.g., Ni, Mn, etc.). The analysis is discussed below, with emphasis on these profiles and

a comparison between the results obtained for the point detectors and zone detectors,

YVIL6.1.1 Yariation in Ff of 8Lj

In the benchmark system, the profiles P(Tg,P;, EL)B'for i=1-3 due to variation in the total cross-
section of 8Li are shown in Fig. VIL.8. Each profile is positive at all energies. This was found to be the
case for all the point and zone detectors considered, except the detector P, where negative values were
found in the energy range 0.4 eV-100 eV. In Fig. VIL8 and all subsequent figures, solid lines represent
positive values while dashed lines represent negative values. The profiles shown in Fig. VIL8 are
obtained by adding the direct effect to the indirect effect parts of the profile according to Eq. VII.6. The
direct effect part is always positive since an increase of 1% in Z, is also an increase by 1% in the cross-
section Z({n,o0t.

For the indirect part, we notice that at low energy, I, is dominated by Z(n,c)t whose profile is
negative. Thus, the indirect effect part [collisional loss, scattering gain, see Eq. VIL6] is basically
negative at thermal and epithermal energy ranges. However, this part was found to be positive above 1
MeV. This is due to the fact that I, in this range is made up of Z(n, elastic), £(n, inelastic), and Z(n,2n),
whose profiles are positive above 1 MeV since these reactions slow down neutrons to lower energies
where their chance to be absorbed by 6Li is high and hence an increase in Tg occurs. In general, the direct
effect part dominates the indirect part with a positive net profile.

From Fig. VILB one notices that the profile shape is similar in trend to the incident source
spectrum. There is a prominent peak at 250 KeV, especially for the Py point detector at Z=5 cm, where
the cross-section Z{n,o)t has a resonance, and another peak around 14 MeV. The profile value around this
14 MeV peak tends to get smailer in value as the detector location is moved to P3 at Z=55 cm. Also, the
sensitivity profile becomes relatively large in the energy range from (.1 KeV to several hundred KeV as
the detector focaton changes from Py to P3. At these deep locations, the neutron spectrum is softer than
at Py.

The profiles for the zonal detectors are similar in shape to the ones shown in Fig. VIL.8 and are

positive at all energies and for all zone detectors.
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The integrated relative sensitivity coefficients as defined by Eq. VIL4, due to a 1% increase in %
in the whole assembly is shown in Fig. VIL.9 as a function of the point detector location. The total
values (direct + indirect) are positive and decrease at deeper locations. The integrated coefficient of the
indirect part is always negative and increases in its absolute value as one moves toward the back locations.
This is expected since the thicker the portion of the assembly that is in front of the detector location, the
larger the chance that neutrons get absorbed through the 6Li(n,a)t reactions, while absorption events are
less if the detector location is near the front surface. These features are also the same when zonal detectors
are considered. The integrated relative sensitivity cpefﬁciems are shown in Fig. VIL.10 for each reaction
type for SLi as a function of the point detectors shown in Table VIL2. Reaction types that produce low-
energy neutrons have positive coefficients since the ®Li (n,a)t cross-section is larger for slow neutrons.
These reaction types are (n, elastic), (n,inelastic), and (n,2n) and their coefficients decrease at deeper
locations. On the other hand, reactions that lead to neutron disappearance, such as the (n,p) reaction, have
negative coefficients that increase in their absolute values at deeper detector locations. Note in particular
~ that the integrated indirect part of the coefficient for SLi{n,0)t reaction has a negative value that increases
at back locations. Also shown in Fig. VIL10 is the net positive coefficient for that reaction which
includes the direct part. As shown, this coefficient is the largest in comparison to the coefficient of other
reactions at all detector positions. } '

In the reference system, the incident neutron spectrum and the geometrical arrangement are
different from those of the benchmark system. Accordingly, the sensitivity profiles are also different.
This can be seen from Fig. VIL11, which shows the profile P(T, P;, Zpgr fori=1, 3, 4, 5 (see Table
VIL2) due to varigtion in I; of 6L throughout the assembly. At the point detector Py (depth of 0.5 cmy),
the Ty sensitivity profile has large values in the low-energy range. As shown, the largest value is in the
lowest energy group. At this detector position, the direct effect part of the sensitivity profile dominates
the indirect part. This is expected since the Tg profile (see Fig. VILS) is very steep within the first few
centmeters in the LiO assembly, and the large vaiues for T at these locations are due to the room-return
component of the incident neutrons whose energy is low. Therefore, increasing %, of 6Li (equivalent to
increasing the atomic density of SLi) results in a large increase in T at these locations. However, since
the mean free path for these low-energy neutrons is short, they are absorbed in the first few centimeters.
At the point detector locatien of 5 cm-depth (P3), the sensitivity profile changes its shape noticeably at
low-energy range. This can be seen from Fig. VIL11, where the profile exhibits low and negative values
in the energy range 1-12 eV, while the values are positive and large at higher energies. The range where
the profile values are negative gets wider (En=1-100 eV) at the detector location P4 (depth of 30 cm).
These negative values indicate that the indirect negative part of the sensitivity profile is larger than the
positive direct part at these point locations. In all the sensitivity profiles (Py through Ps), the prominent

peaks at 14 MeV and 250 KeV are evident.
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The T¢ zone detectors exhibit significantly different profiles from those found for the point
detectors. The profile for the detector Z at a depth of 0-10 cm is very similar to the profile at the point
detector Py, but very different from the profile at P3 shown in Fig. VII.I1. This shows that at this zone
detector location, the profile P(Ts, 21, Z)R is dominated by the effect resulting from the room-returned
component. Also, while the profile P(Tg, P4, Z,)R has negative values below 100 eV, the profile P(Tg,
Zj, Z)R has positive values at all energies. [Note that point detector P4 and zone detector Z; are at the
middle of the LizO assembly (se¢ Table VII.2).] This is due to the fact that the slow neutrons reflected by
the concrete walls at the LipOfconcrete boundaries lead to large low-energy flux near these boundaries.
Accordingly, any variation in the Z; of 6Li leads to a large direct component to the sensilivity profile
which is integrated over the detector volume Zj, whereas at the point detector P4, the indirect component
of the sensitivity profile is larger at low energies than the direct component at this inner point.

The profiles P(Ts, Ps, ZYR [at Z=55 cm, see Fig. VIL11] and P(Tg, Z3, £)R are also different.
The profile P(Te, Ps, Z)R is positive at all energies, except at the 14 MeV peak, while the profile P(Tg,
Z3, LR has negative values at the 14 MeV peak and at energies below 10 eV. In comparison to the
profile P(Tg, P3, Z,)B in the benchmark system, where it is positive at all energies, the negative peak at
the 14 MeV in the reference system at Ps and Z3 can be explained by noticing that the 14 MeV peak of
the incident neutron spectrum is lower in the reference by two orders of magnitude in comparison to the 14
MeV peak of the incident spectrum of the benchmark system. Accordingly, reaction types such as (n,2n)
and (n,inelastic) which lead to positive contribution to the sensitivity profiles of Tg are lower in the
reference system at the back locations, which makes the indirect negative component (collisional loss)
dominate the positive components (direct, scattering gain) of the sensitivity profile at these locations.

The integrated relative sensitivity coefficients, as defined by Eq. VIL4, are also shown in Fig.
VIL9, for the point detectors considered. One notices that these coefficients are smaller in the reference
system than in the benchmark system. In addition, the negative indirect parts of these coefficients are

relatively large in the reference system.

VIL6.L2 Yariation in ¥, of 7L

In the benchmark system, the sensitivity profiles P(Tg, P;, Zy)g for i=1-3 due to variation in the
total cross-section of ‘Li are shown in Fig. VIL.12. The shape of these profiles was found to be very
similar to those of the zone detectors. Note also the similarity in shape to the incident spectrum for the
benchmark system. The common feature for both the point and zonal profiles is as follows: (a) a
dominant positive peak at 14 MeV that decreases in its value at deeper locations, (b) positive values at all
energies except below a cutoff energy, E_, where the profiles are negative. This cutoff energy increases as
one proceeds toward the back end of the Liz0 assembly. Also, the value for E, is lower for the zone

detectors in comparison to the point detectors (not shown).
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The positive values for the sensitivity profiles above the cutoff energy, E_, is expected since an
increase in the I, of 7Li above E_, means an increase in the cross-sections (n,2n), (n, inelastic), (n, elastic)
and (n, 3n)a. This increase leads to low-energy neutrons that contribute to an increase in Tg. The
similarity found between the profiles for the zone and point detectors can also be explained by noticing
that 7Li does not have reactions that have large cross-sections in the low-energy range, and the neutron
flux is basically affected by the elastic, inelastic, and (n,2n) reactions which have a relatively large cross-
section for fast neutrons. Thus, the similarity observed is more pronounced here than in the case of
variation in I, of SLi discussed earlier,

The negative values observed below the cutoff energy, E., are due o the fact that a large negative
contribution from the (n,y) reactions occurs, which dominates the positive contribution 1o the sensitivity
profiles that comes from elastic, inelastic and (n,2n} reactions in this low-energy range. Furthermore, the
impact of the negative contribution gets larger as the detector location is moved towards the back of the
assembly since a thicker portion of the LipO assembly is presentin {ront of the detector lacation.

The integrated relative sensitivity coefficients for the point detectors of T due 1o variation in Z,
of 7Li is also shown in Fig. VIL.9. Significant positive values are observed, particularly ar middle
locations. Thus, any variation in the cross-sections of Li (and other materials) at these locations leads to
large variation in Tjg.

In the reference system, the profiles P(T¢, Pj, Z)R for i=1,3,4,5 due to variation in the X, of TLi
are shown .in Fig. VIL.13. It can be noticed by comparison to Fig. VIL7 that the profile at P; point
detector (z=0.5 cm) location follows the shape of the incident neutron spectrum: namely, a sharp peak at
14 MeV and relatively large values below 100 eV. Except for the difference in the absolute values, the
features of the profiles found in the benchmark system still apply in the reference system, i.e., positive
values above a cutoff energy and the energy range below the cutoff energy where the profiles are negative
is widened as one proceeds toward the back end of the assembly. The reasons discussed for the change in
the sign of the profiles are the same as in the benchmark system. One notices, however, that at locations
P, through P3, the profiles are negative around 250 KeV (Tg resonance). This is due to the collisional
loss term of the sensitivity profile whose negative value dominates the gain term caused by elastic,
inelastic and (n,2n) reactions at this ¢nergy range.

As for the zone detectors, similar profiles are obtained except at the detector location Z3. The
profile for Z; has the same shape as the one for the point detector P;. However, some differences were
found in the profiles for the point detector Ps {55-cm depth) shown in Fig, VII.14 and the zone detector Z3
shown in Fig. VIL15. Negative values are obtained around 14 MeV. The negative peak corresponds to
the D-T neutron direct component for which the negative profile for the (n,d) reactions at this back
location dominates the positive contribution to the sensitivity profile caused by the inelastic reactions,
which are depressed by the thick materials in front of the detector location. Note aiso that the profile for

the zone detector Z3 has negative values at almost all neutron energies.
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The integrated sensitivity coefficients are also shown in Fig. VIL9 for the point detectors
considered. The figure shows a steady increase in the value of these coefficients when the detector position
moves deeper in the assembly. As in the benchmark system, the largest coefficient found is when the
detector location is at the middle of the assembly. Notice, however, that the magnitude for these

coefficients is smaller in the reference system than in the benchmark system.

VIL6.1.3 Variation in T of Oxyeen

The atomic density of oxygen in the LipyO assembly is relatvely high, as shown in Table VII.1.
Accordingly, one would expect large cross-section sensitivity coefficients, as turned out to be the case. In
the benchmark system, the profiles for the point detectors considered due to variations in I, of 180 are
very similar in shape and magnitude to the ones found in the 7Li case, as shown in Fig. VIL16. That is,
the profiles are positive at all energies above a cutoff energy, E, and negative below that energy, with a
dominant peak around 14 MeV, and a shape that resembles the incident source neutron spectrum.
However, the profiles are negative around the 14 MeV peak for the point detectors P; and P3 and around
the SLi resonance (~250 KeV) for the point detectors Py and Py. The reasons for having a positive profile
above E¢ and negative values below E( are the same as for the “Li case, ie., the inelastic and elastic
reactions at higher energies tend to slow down neutrons to the energy range where Ty is large. However,
around 14 MeV for the detector locations P9 and P3, the positive contribution resulting from these
reactions is less than the negative contribution resuiting from those reactions such as (n,p), (n,a), and
{n,d,) that lead 10 neutron disappearance and thus have negative values. However, the integrated sensitivity
coefficients, defined by Eq. VIL4, are all positive at the point detector locations considered. This is shown
in Fig, VIL9, where again the iargest coefficient is found at the middle detector location.

The breakdown of the contribution to the total integrated sensitivity coefficient at various detector
locations is shown in Fig. VIL.17. As shown,the negative contribution from neuwron disappearance
reactions tends to increase for those detectors located at back locations, while positive contributions from
elastic and inelastic reactions have a reversed trend. This is expected since more absorption by 160 occurs
as the thickness of the LioO layer in front of the detector location increases.

The profiles for the zone detectors have shapes similar to those for the point detectors except that
they are positive at all energies (except at the 14 MeV peak). The positive contribution from the elastic
and inelastic reactions occurring in a spreaded zone (10 cm thick) dominates the negative contribution from
absorption reactions, a trend that is reversed at low energies for the inner detector locations for which the
profiles are negative below the cutoff energy Ec. Thus, the integrated sensitivity coefficients for the.zonal
detectors are slightly larger than those for point detectors.

As was observed in the SLi and 7Li cases, the sensitivity profile in the reference system for the
P detector is large at low energies due to the soft component of the incident neutrons, as shown in Fig.

VI1.18, where the profile is positive at all energies (except at the resonance of 8Li and below E¢=0.01 eV).
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However, below the cutoff energies E¢ = 1 KeV, 1 KeV, and 3 KeV for P3, P4, and P5 detectors, the
profiles have negative values, which is due to the increase in the absorption by 180 at low energies from
reactions such as (n,y), (n.p), (n,o), and (n,d). The profiles for the zone detectors show different trends
than for the zone detectors of the benchmark system. Shown in Fig. VIL19 is the profile P(Ts, Z3, L)R.
As shown, the profile for the zone detector Z is negative at all energies, demonstrating that the negative
contribution o the sensitivity profile from absorption reactions dominates the contribution from scattering
reactions that serve as a gain term to the sensitivity profile. Moreover, the profile shown in Fig. VII.18
for the point detector P5(Z=55 cm) has a different shape and is positive only in the energy range 2 KeV-
300 KeV. Itis true that 160 has a large absorption cross-section for (n,ct), (n,p) and (n,d) reactions. For
the zone detector Z,, these reactions tend to remove those slow neutrons prodnced by elastic and inelastic
collision at higher energies before reaching the detector location, resulting in a negative profile at all

energies, as shown in Fig. VII.19.

VIL6.1.4 Variation in & of I

Iron is present in the LioO assembly with lower atomic density in comparison to 8Li, 7Li and
160, Consequently, the sensitivity profiles obtained are in general lower than those of other materials. In
the benchmark system, the profiles for all the detectors considered have shapes similar to the ones found
for 160, i.e., a dominant peak at 14 MeV, positive at all energies except around 250 KeV (SLi resonance)
and below the cutoff energy E, and resemblance in shape to the incident neutron source. The reasoning
for these features was discussed above. The profiles for the zone detectors Z; (i=1-3) very closely resemble
those found for the point detectors. The integrated relative sensitivity coefficients are positive at all
locations, as shown in Fig. VIL.9. However, their values are much less (by more than one order of
magnitude) than the coefficients calculated for “Li (same as for the ratio of atomic densities).

In the reference system, the sensitivity profiles at all detectors considered have features similar to
those found for 7Li and 160, i.e., larger values at low energies due to the appreciable low-energy
component of the incident D-T neutrons in comparison to the benchmark system. The integrated relative
sensitvity coefficients are much smaller than in the benchmark system, as shown in Fig. VIL9. In
contrast to the benchmark system, the coefficient at P5 is negative since the sensitivity profile has

negative values at aimost all energies.

VIL6.1.5 Variation in Z._of Other M ial
Although the Li»O assembly inclydes other materials such as Mn, Cr, and Ni, the sensitivity
coefficients were found to be small because of the low atomic densities for these materials. Therefore,
discussions regarding their sensitivity profiles are excluded in the present work.
In Table VIL3, the integrated relative sensitivity coefficients of Tg at the middle point detector

(P7 in benchmark; P4 in reference system) are given for the total and partial cross-sections of SLi, 7Li,
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160 and Fe. As shown, the largest coefficient is for 7Li in the benchmark system, where a 1% increase in
Z, of 7Li in the whole assembly leads to a 0.919% increase in Tg at this location. Note that the
coefficients are larger by a factor of two in the benchmark system than those found for the reference

system, except for OLi, where it is larger by a factor of ~1.5.

YI1.6.2 Sensitivity Profiles of T7
Tritium production from 7Li, T, has a threshold energy around 3 MeV. Accordingly, all the

sensitivity profiles P(T7, P;, Z,)p and P(T7, P;, Zy)R in the benchmark and reference systems have zero
values below this threshold energy, for all the point detector locations shown in Table VIL2.
Furthermore, variation in a cross-section type, Z,, having a value above this threshold energy leads. fo
negative sensitivity profiles for all the elements considered (except for 7Li, see below). Neutron
interactions with these materials, such as elastic and inelastic scattering, (n,2n}, (n,3n), lead to neutrons
with energies below the 7Li(n,n'o)t threshold energy and thus reduce the chance for the TLi(n,n'a)t
reactions.

Examples of the Ty profiles are shown in Fig. VIL20 for the benchmafk system for variation in
the %, of 160, at the point detector P,. The profile for 180 in the reference system is very similar. This
is due to the fact that, in contrast to Tg, the T7 is sensitive to the high-energy component of the incident
neutron source above the threshold energy for “Li(n,n'o)t reactions (~3 MeV), and this component, in a
relative sense, is similar for the two incident spectra, shown in Fig. VIL.6 and VIL.7. Thus, the difference
in the low energy component of the two incident spectra has practically no impact on T7 (except for the
difference arising from the l/r effect discussed in Subsection VII;S). Moreover, the shape shown in Fig.
VI1.20 closely resembles the TLi(n,n'ce)t cross-section curve in shape. The profiles obuained for all
materials considered and at all detectors in both systems are more or less similar in shape to the profile
shown in Fig. VIL20. Note, in particular, the peak around 14 MeV that is dominant in all the profiles
considered.

Figure VII.21 shows the integrated relative sensitivity coefficients as a function of the point
detector focations in the benchmark system due to variation in X, of various materials. Aside from the 7Li
case discussed below, the coefficients are all negative at all the detector locations. The coefficients get
larger as one proceeds toward the back end of the LizO assembly for every material shown. In addition,
the contribution from variation in the Z; of 160) leads 1o the largest negative coefficient among the other
materiais. As discussed earlier, the deeper the location of the detector, the greater the chance that neutrons
are absorbed and do not contribute to T7 at the detector location. This is also shown in Fig. VIL22, where
the integrated sensitivity coefficient for each partial cross-section of 160 is shown as a function of detector
location. All the reaction types shown have negative coefficients which become larger at deeper locations.

As for the variation in Z; of 7Li, the sensitivity profiles are positive at all energies at the detector

locations Py and P, for both systems and have a shape similar to that shown in Fig. VIL.20. The direct
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part of the sensitivity profile, which is always positive, dominates the negative contribution from the
other indirect effect. However, for Py detectors in both systems, the profile around 14 MeV has negative
values, where the negative indirect part [e.g., from (n, elastic), and (n,d) reactions] has a larger contribution
than the positive direct part. Accordingly, the net integrated relative sensitivity coefficient is negative at
this detector location, as shown in Fig. VII.21. Note from the figure that variation in Z; of 7Lion T7 has
a greater impact as one moves toward the back end of the assembly and that T7 is most sensitive to
variations in 7Li cross-sections. The relative values of the integrated coefficients shown in Fig. 22 are
alrnost the same in both the benchmark and reference systems for the reasons discussed earlier.

The integrated relative sensitivity coefficients of Ty at the middle of the Li;O assembly are given
in Table VIL4 for variations in the cross-section of various elements. As shown, the coefficients are
negative for all reaction types and for all elements. However, the net coefficients for variation in the 2y or
(n, inelastic) cross-sections of TLi are positive. Note also that the coefficients shown are comparable in
both the benchmark and reference systems. This is in contrast to the coefficients shown in Table VII.3 for

Té.

YIL.7 Uncertainty Analysis Resylts

The uncertainty in the TPR, both from SLi and 7Li, is best quantified by evaluating the relative

standard deviation (RSD) in Tg and T7 at the detector locations under consideration as:

RSD in Rk = [ & (AR /R, |12

where m denotes each material present in the assembly and the variance (ARK/Ry)? is derived by coupling
the sensitivity profiles with the uncertainty correlation matrices and the standard deviations of the cross-
sections in the manner given by Eq. VIL.1. In the following, estimates for the uncertainty in Tg and T7

are given for both the benchmark and reference systems at various point detector locations.

VIL.7.1 Uncertainty in Tg

The contribution to the RSD in Tg from each material present in the benchmark and reference
systems is shown in Fig. VIL.23 as a function of point detector location. In the benchmark system, the
RSD attributed to the uncertainties in Li cross-sections at §-cm depth (P1) is about 2.87%, twice the
values attributed to 'Li and 160. As shown in Fig. VILS8, the sensitivity profile at this location due to
variation in Z; of 6L1i has large values, particularly at the high energy range where the uncertainty .in the
6Li(n,o)t cross-section has a relatively large RSD. The combined effect of having large sensitivity

profiles and large RSD in a cross-section yields the somewhat large contribution to the RSD in Tg from
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8Li cross-section uncertainties. Also, although the sensitivity analysis showed that the sensitivity
coefficient for variation in X; of 7Li is larger than that for 160 by a factor of 1.5, the uncertainty analysis
showed that the contribution from the uncertainties in 7Li and 160 cross-sections is almost the same at
this detector location. This is due to the fact that the uncertainties in the (n,inelastic), (n,p} and (n,a)
cross-sections of 180 are large. Also, as shown in Fig. VIL.23, the RSD's in T4 from the uncertainties
in other material cross-sections are small compared to the principal elements (7Li, 6Li, and 160) at all the
detector locations considered.

At the middle detector location (P3), the RSD in T4 due to the uncertainties in 7Li data is
~2.85%, which is the largest value. This is also the case for the detector location P3. The uncertainties
in 160 cross-sections give larger RSD's in Ty (~2.12%) than those for 5Li, which yields a RSD in Tg of
1.4%. The low value obtained in the SLi case is due to the rapid decrease in the value of the high-energy -
part of the sensitivity profile as one moves toward the back locations. Also, the ratio of the RSD in Tg
due to the uncertainties in 7Li and 160 cross-sections is almost the same as the ratio of their relative
sensitivity coefficients (see Table VIL.3). At the deeper detector location (P3 at 55-cm depth), all the
RSD’s in Tg show smailer values than those at the detector location P,. The decrease in the RSD'S of Tg
is proportional to the decrease in the corresponding sensitivity coefficients.

In the reference system, a similar trend for the RSD’s of Ty is found, also shown in Fig. VIL23,
except that the uncertainties in the 160 cross-sections give the largest RSD's in Tg at the detector located
at 55-cm depth. This is due to the large uncertainties in the (n,p), (n,d) and (n,&) cross-sections, whose
sensitivity profiles are large at deep locations. As for the detector locations at 0.5 cm and 1.5 cm depth,
the RSD's in Tg due to the uncertainties in the Li, 7Li, and 180 cross-sections show a fast increase near
the front locations. The low value obtained at 0.5-cm depth (~0.31%) due to the uncertainties in SLi
cross-sections, although the sensitivity coefficient is rather large, can be explained by the fact that the
sensitivity profile shown in Fig. VIL.11 has large values in the low-energy range, particularly at the
thermal energy, due to the large fraction of room-retumed neutrons. However, the RSD in the 6Li cross-
sections at this energy range is less than 0.5%, which leads to a low RSD in Tg. The steep increase in
the RSD of Tg at the P, and P4 detector locations is due to the shift in sensitivity region, where the
values are large, toward the higher energy side (see Fig. VII.11), where the RSD's in the SLi cross-sections
gradually increase in addition to the increase in the sensitivity coefficient itself as shown in Fig. VIL9,
where the highest value is encountered at the detector location at 5-cm depth. The increase in the RSD of
T due to uncertainties in the 'Li and 160 cross-sections is due simply to the increase in the integrated
relative sensitivity coefficients (also shown in Fig. VIL9), where the largest coefficients are found at the
detector location at 30-cm depth. In general, the RSD's in Ty for the reference system are lower than those
for the benchmark system.

The total RSD's in Tg that result from the summation of contributions from each material are

shown in Fig. VIL.24 as a function of the detector location. The values of these RSD's are 3.5, 3.8, and
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2.0% for detectors Py, Py, and Ps, respectively, in the benchmark system, while they are 0.31, 1,23,
1.79, 2.47, and 1.28% for the detectors Py through P, respectively in the reference system. It is
worthwhile to note that more than 99% of the RSD in Tg is attributed to the uncertainties in the 5Li, 7Li
and 160 cross-sections at the detector locations considered in both systems. Moreover, the uncertainties in
Tg are more pronounced in the benchmark system than in the reference system. This observation was
found to be true in the study cited in Ref. (3) where it was shown that the uncertainties in the nuclear data
base have more impact on Tg values in open geometries (such as the benchmark system) with hard
incident neutron spectra than in closed geometries (such as the reference system) having a large portion of

low-energy neutrons in the incident spectra.

YIL7.2 Uncertainties jn T7

‘The RSD's in T7 arising from the uncertainties in the cross-sections of the various materials as a
function of the point detector positions are shown in Fig. VI1.25, Uncertainties in ’Li cross-sections give
the largest RSD's in T7 at the front detector location (P1) in both the benchmark and reference systems
(3.3% and 2.0%, respectively). The larger value encountered in the benchmark system (by a factor of
1.65) is due to a larger sensitivity profile at the first neutron group in which the inelastic cross-section
{(basically Li(nn'ot cross-section) dominates other partial cross-sections. At this energy group, the
sensitivity profile has a 20% contribution to the total integrated sensitivity coefficient in the benchmark
system, while the corresponding contribution in the reference system is 0.1%. This is related to the
incident spectra shown in Fig.s VIL6 and VIL.7, where the first group spectrum is much lower in the
reference system. In addition, from the uncertainty information processed by the PUFF-2 code, i.t was
found that the RSD in the inelastic cross-section for 'Li is ~15% in this first group (above 15 MeV),
while the RSD's at lower energies are ~4%. At deeper detector locations, however, the RSD's in T'7 due to
uncertainties in the 'Li cross-sections are lower (~1.5%) and have the same magnitude in both systems.
The decrease in the RSD of T7 itself is due to the decrease in the sensitivity coefficient as shown in Fig.
VIL21 (note that, regardless of the sign, the absolute value for the coefficient is the same for the 30-cm
and the 55-cm depth detectors).

As for other materials, the RSD in T7 increases as the detector location moves toward the back of
the assembly. This is due to the increase in the absclute values in the integrated coefficients as shown in
Fig. VI1.21. In particular, the RSD in T7 due to the uncertainties in the 180 cross-sections shows a
noticeable increase, and it has the largest values as compared to contributions from other elements, For
that element and at 30-cm and 55-cm depths, the RSD in T7 is 3.24% and 4.79%, respectively, in the
benchmark system. In the reference system, the values are comparable (3.72% and 5.31%, respectively).
These relatively larger values are attributed to the increase with depth in the sensitivity coefficients of the
(n,p} and (n,x) reactions (see Fig. VIL.22) whose cross-sections have a rather large RSD at high energies.
The impact of the uncertainties in the cross-sections of other materials is rather small due to their small

sensitivity coefficients.
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The total RSD in T7 at various detector locations varies from 3.5% to 5.5% as shown in Fig.
VIL24. The contribution from the uncertainties in the cross-sections of 'Li and 180 amounts to ~96% of
the total RSD in T7 at all detector locations. In particular, at the back location, the contributon from the
uncertainties in the 190 cross-sections is about 86% in both systems. Two major observations can be
made from Fig, VIL24, First, in contrast to the divergence in the RSD in Tg found in the benchmark and
reference systems, this divergence is less pronounced for T7. This is because T7 has a threshold energy
and, thus, less sensitivity to the difference in the low-energy component of the incident neutron spectrum
of the two systems, while the Tg is sensitive to that component and to the neutrons reflected by the
surrounding structure (e.g., concrete wall). Secondly, the RSD in Ty increases with depth in the
assembly, while the RSD in Tg has its largest values at middle locations. This is due to the increase in
the integrated sensitivity coefficients of T7 with depth since more neutron absorption events take place,
while for Tg, the change in the in-system spectrum and the neutrons reflected by the surrounding structure

have a dominant role at the middle locations.

YIE3 Summary and Conclusions

The comprehensive two-dimensional cross-section sensitivity and uncertainty analysis carried out
aimed at estimating the range of uncertainty in predicting both tritium production from ®Li(Tg) and
TLi(T7) due to the current uncertainties in cross-section data as presently implemented in ENDF/B-V, file
33. The analysis was performed for two systems, namely, the benchmark system (open geometry and hard
incident neutron spectrum) and the reference system. Several point detectors (responses) were considered at
various locations along the central axis of the LipO assembly for both Tg and T7. These positions
simulate those chosen for the tritium production measurements in the two systems.. An analysis for zonal
detectors was also carried out for comparison.

The uncertainties estimated for Tg were found to be 2.0-3.6% and 0.3-2.5% in the benchmark and
reference systems, respectively, with the largest uncertainties occurring at the middle locations of the
assembly. The uncertainty in Tg was mainly attributed to the current uncertainties in SLi data at those
locations near the front surface, while the uncertainties in the 7Li and oxygen cross-sections are the main
contributors to the uncertainty in Tg at the middle and back locations.

At locations very close to the front surface in the reference system, the uncertainty analysis
showed very small uncertainties in Tg ( 0.3%), despite the fact that the cross-section sensitivity is large at
these locations. The large discrepancies found between the calculated and experimental values at these
locations, shown in Fig, VILI, (C/E 0.8-1.4) are not, therefore, attributed to the uncertainties in the data
base. Rather, these discrepancies are attributed to inaccuracies in characterizing the source neutron
spectrum (particularly the room-returned component) and in the self-shielding factor applied, as pointed out
in Section IV. At middle locations, the C/E values are 1.1-1.2, as shown in Fig. VIL.1, as predicted by
the 2-D model applied. Since the experimental errors are on the order of 3-4%, the analysis showed that
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the contribution to the uncertainty in predicting Tg at these locations is 2.5% in the reference systern and
it is clear that there are other sources contributing to the rather large values of C/E shown in Fig. VIL.1.
As discussed in Section IV, these sources could be the neutron group structure effect, the weighting
spectrum used to generate the data libraries applied, and the methods used to calculate the neutron fluxes
{Monte Carlo vs. discrete ordinates), It seems that these sources have a larger impact on the uncertainty in
the prediction of Tg than those arising form the current uncertainties in data, at least for tritium production
from OLi. |

As for the uncertainties in T+, there is no significant difference between the benchmark and
reference systems in the trend of the uncertainty with the depth of the detector location. These
uncertainties were found to be 3.5-5.5%, larger than those found for Ty, with the largest values occurring
at the back locations in the assembly. The current uncertainties in the “Li(n,n'c)t, 180(n,e), 160(n,p),
and *60Q(n,inelastic) cross-sections are the main contributors to the uncertainties in T7. The present
analysis revealed that the uncertainties in the oxygen cross-sections have a large impact on the uncertainty
in T7, especially at deeper locations in the test assembly, where their contribution amounts to ~90%.
Improving the 7Li(n,n'c)t above 15 MeV, and the (n, inelastic), (n,p), and (n,cr) cross-sections of 160
above several MeV will improve the uncertainty in T7.

The C/E values for T+ for the reference system shown in Fig. VIL.2 are 1.05 and 1.18. As was
shown in Fig. IV.11, the TLi(n,n'a)t cross-section of JENDL3-PR1 is underestimated by ~7%. Thus, the
C/E value range is 1.12-1.18. With the current estimation of the uncertainty in predicting T7 of ~6% due
to data uncertainties, still other sources exist that contribute to the discrepancy between calculation and
measurement. It seems that the flat C/E curves shown in Fig. VIL.2 suggests that this discrepancy is
systematic and is due mainly to the basic values for the 7Li(n,n'a)t cross-section which needs re-

evaluation. This was pointed out in Section V.
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YIig, D REMARK

The analyses of Phase I experiments of the JAERI/U.S. Collaborative Program on Fusion Blanket
Neutronics have been performed independently by both parties. The predictions of key neutronics parameters
were compared to measurements to derive information on the accuracy involved in the calculations of these
parameters, First, measurements were performed to characterize the neutron field by the foil activations method
and spectrum measurements using both TOF technique as well as NE213 and proton recoil counters. The
measurements inside the Li»O assembly included tritinm production rate (TPR), foil activation and neutron
spectrum measurements above 1 MeV. Analyses for these measured parameters were performed by using two-
dimensional discrete ordinates codes, DOT3.5 (JAERI) and DOT4.3 (U.S.) and Monte Carlo codes, MORSE-DD
(JAERI) and MCNP (U.S.). The nuclear data used by JAERI were based on JENDL3/PR1 and PR2 while the
U.S. calculations were based on ENDF/B-V and data evaluated at LANL for 7Li and Be.

The configurations considered for the test assembly were: (a) a reference Li,O assembly, (b) first wall
preceded the Li,O assémbly with and without 2 coolant channel simulfated by polyethylene, and (c} beryllium
zone in front of the Li;O assembly as well as sandwiched between a front Li;O zone and the main assembly.
The summary of the comparisons between measurements and calculations for the neutronics items mentioned

above is given below.

S Cl o

The calculational results for the source characteristics agree satisfactorily with the measurements for
both the spectrum and integral quantities. As for the neutron spectrum at the entrance of the experimental hole,
good agreement between calculations and measurements was obtained in the energy range 15 Mev - several kev
for the cases with and without a shadow shield placed between the D-T neutron source and the experimental hole,
However, if the Li»O assembly exists, the agreement worsens in the energy range, 8§ MeV ~ several hundred
keV. The magnitude of source neutrons reflected by the room walls was confirmed to be very large below
several MeV as expected before starting the experiments,

With respect to the integral quantities, reaction rate distributions for several reactions were compared in
horizontal and in vertical directions on the surface of the Li;O system. The calculation predicts most
measurements fairly well, with the exceptions of 58Ni(n,2n)57Ni and 197 Au(n,v)1%8An reactions. The
discrepancy in the Ni(n,2n) reaction is attributed to the improper reaction cross-sections as currently
implemented in both ENDF/B-IV and ENDF/B-V data files and the discrepancy in the Au(n,y) reactions is due to
the self-shielding effect introduced by the use of thick foils.
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TPRs have been measured along the central test channel of the Li,O assembly. We make the

following observations based on the comparison between calculations and measurements:

(A) Reference System

1.

Both JAERI and U.S. results overestimated Tg by 5 - 25% in the bulk of the Li;O assembly and
the U.S. predictions is larger by 10-15% than JAERI's calculations. Large discrepancies were
found at the front zone for Tg (by a factor of 0.8-3) due to the uncertainty in predicting and
interpolating the low-encrgy component of the incident neutron.

The Monte Carlo results used by both countries give a better agreement in general with the
measurements, although the overprediction in the bulk zone still persists.

Concerning T, the C/E values depend on the measuring methods adopted. If the Li-metal
method is used (which gives higher values by about 10% than the NE213 method) , the JAERI
results underestimate T; by 7-10%. On the other hand, the U.S. results overestimate
T by 1 - 8%. When the NE213 method is used, the C/E values are ~1.1-1.2 (U.S.) and ~1-
1.05 (JAERI). Thus the divergence in Ty predictions is ~1-20%.

With respect to JENDL-3/PR1 or PR2, the cross-section of 7Li should be reevaluated to reduce
the discrepancy as discussed in chapter V. The 7Li(n,n'c0t cross-section should be increased while
the 7Li(n,elastic) cross-section should be decreased in JENDL-3 evaluations. The over-
estimation in 7Li(n,elastic) cross-section in comparison to Young's values (U.S.) tends to
overmoderate neutrons in JAERI's calculation and this leads to a decrease in C/E curves for
threshold reactions,

The sensitivity/uncertainty analysis indicated that the uncertainty in Ty due to current
uncertainties in cross-sections of all materials present in the ENDF/B-V data is ~6% and is
mainly due to uncertainties in the 7Li(n, n'alt and 1'5O(n,n') cross-sections. Direct
comparison between ENDF/B-V and JENDL3/PR1 data for oxygen showed that the 160 (n,n")
cross-section is overestimated in JENDL3/PR1 by a value as large as 90% at 12.5
MeV in comparison to ENDF/B-V data. The combination of lower values of 7Li(n,n'c) cross-
section and larger values for TLi(n, elastic) and 160 (n, inelastic) in JENDL3/PR1 lead to lower
T4 in JAERI's calculations.

(B) First Wall System

1.

JAERI's predictions overestimate Tg by 15% in all cases, while the overestimation in the U.S.

calculations is ~20%.

JAERI's predictions overestimate T by 2 - 4% in the range 4 cm<Z<20 cm inside the Li,O
assembly when the NE213 method is used. The U. S. calculations show an overprediction of
~16% with this measuring method. The observations regarding T in the reference system are

also applicable in the FW system.
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The inclysion of a FW/PE layer in front of the LiyO assembly tends o improve the C/E curves
for Tg and T+ (closer vaiues to unity).
The relative change in the TPRs due to varying the FW thickness is well reproduced by the

calculations.

(C) Beryllium-Sandwiched System

1.

The multiplication effect in the Li;O system in comparison to the reference system is
underestimated in JAERT's calculations by a few percent by DOT3.5 and about 10% by MORSE-
DD.

On the C/E values of TPRs for Tg. 2 similar overestimation as in the reference case was observed
by both JAERI and the U.S., although the C/E values vary by about 5 - 10%, depending on the
measuring methods used. The C/E values for Tg are almost the same as in the reference system
in the bulk of the Li,O assembly.

The trend at the interface between the beryllinm and the Li»O assembly is fairly different between
calculations and the measured values. This suggests examining the secondary energy and angular
distribution for the emitted neutrons from the ?Be (n,2n) reactions.

The peak of C/E values appears in the middle of the beryllium region.

The self-shielding factors were compared among the values obtained by calculations and by
experiment. With the exception of one calculation, the calculated values agree fairly well with
each other, but differ by 10% or more compared with the experimentally derived values in the
front region of the Li»O system.

The multiplication effect on T upon including the Be layer is less than unity as expected and is
well predicted over the whole system. The C/E values for T; show two different
tendencies depending on the measuring techniques used as pointed out earlier. The differences in
C/E values between JAERI and the U.S. are similar to the case of the reference system.

As for tritium production rate from natural lithium (Ty), the C/E values are almost unity in the

range 0<Z<35 cm, but a peak value was also seen in the beryllium region.

ctivation Foil M

The C/E values for most reaction rates, as calculated by JAERI, have a descending trend with
increasing distance from the front surface, This is particularly apparent for threshold reactions
such as 38Ni(n,2n) and 197Au(n,2n). This feature is due to the overestimation of neutron
moderation by 7Li(n,elastic) and 10 (n,inelastic) reactions as predicted by JENDL3/PR1 and
PR2 data. This trend is not apparent in the U.S. calculations,

The 38Ni(n,2n)37Ni reaction cross-section is underestimated in ENDE/B-IV and V data
and the C/E curves for this reaction are below unity. The newly evaluated cross-sections at FNS

should give better agreement.
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3. JENDL3/PR1 data gives lower C/E values more than JENDL3/PR2 data does in the back
locations of the LiyO assembly. This is due to the improved (and lower vaiues) for the
TLi(n.elastic) cross-section of JENDL3/PR2 above 10 MeV in comparison to JENDL3/PR1 data.
However, further improvement is needed in both evaluations of this cross-section below 10 MeV.

4. In the beryllium sandwiched sysiem, trends 1 and 3 mentioned above are less pronounced,
compared with the reference case.

5. The non-threshold reaction 197Au(n,y)198 Au is weil predicted in the range 5 cm<Z<40 cm if
sufficiently thin foils were used in measurements. The activation foil measurements provided
good integral data to examine the calculation in addition to TPR. However, reaction types whose

cross-sections are known to have a high accuracy should be carefully selected.

In-System Spectrum Measurement

Only the in-system spectrum measurements offered the differential data inside the test assembly. The

following is a summary of the observations drawn from comparing calculational results to the measured values.

1.

In the reference system, the calculated values are slightly lower than the measured values in the energy
range, 7 MeV - 3 MeV, except for the specttum at Z = 0 cm.

The prediction for the integrated flux above 10 MeV is in good agreement with measurement.
However, the predictions for the integrated flux in the energy range 1 MeV to 10 Mev are lower than
measurements in the front half of the Li,O system,

In the beryllium sandwiched system, this underestimation becomes notable in the range 7 MeV - 3
MeV, which could be attributed to the inadequacy in the beryllium cross-sections.

In this system, the measured values are larger than the calculated values both above 10 MeV and in the
energy range 1 MeV - 10 MeV, hence such a trend is inconsistent with that mentioned above in
connection with the reaction rates distributions, One reasan for such inconsistency could be introduced

by the unfolding method used in determining the spectrum.

From the Phase I experiment and analysis, we can obtain much useful information, as mentioned above.

Nevertheless, some discrepancies are left to be resolved in Phase IT and in future experiments. As an overall

concluding remark, it could be stated that for an important integrated quantity such as the TPR, the prediction

accuracy is not satisfactory because the discrepancy in Ty is + 25% - -5% and is 20% in Ty in the bulk of the

LiyO zone, including experimental uncertainties. In addition, the discrepancies in T at front locations were

found to be very large (C/E = 0.8-5) in all the experiments performed. These discrepancies are attributed to the

large uncertainty involved in estimating and predicting the transport of the low-energy component of the input

neutron source that is mainly due to neutrons scattered by the room walls. Possible causes are:

M

ling: .
(1) Modeling the geometrically complicated target and room walls

(2) Source separagon model used in the Monte Carlo calculation
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(3) Isotwropic source assumption and cylindrical modeling used in the 2-D calculation which impacted
the prediction accuracy of the room-returned neutron source

(4) Sensitivity of the results to the spatial mesh size, especially at front locatons.

Data processing:

(1) Interpolation scheme used to interpolate calculated values to0 measuring locations near the front
surface (e.g., Lagrangian, log-linear) where the T profiles are very steep

(2) Approximations used to derive the self-shielding correction factors

(3) Determinations of exact locations of detectors, particularly at zone boundaries (e.g., Be and Li,O
zones) where Ty profiles are steep

{4} Determination of accurate atomic densities of the concrete wall constituents.

The analysis also revealed the need to re-evaluate several cross-sections and nuclear data to reduce the
observed discrepancies, particularly 7Li(n,n'c)t and 7Li(n elastic) cross-sections. Also, the current evaluations
for the secondary energy and angular distributions of neutrons emitted from the Be(n,2n) reactions need
improvement since large discrepancies in low-energy reactions such as Tg, were found inside the beryllium zone
and at Be/Li,O boundaries. The direct comparison for 'Li neutron cross-sections between ENDF/B-V and
JENDL3/PR1 and 2 data was shown to be useful in explaining the differences in the C/E curves obtained by
JAERI and the U.S. The differences observed in the present study are mostly consistent with those obtained in
the calculational benchmarks performed by both parties and discussed in Ref, 3. Such intercomparison should
be carried out for other elements such as oxygen, iron, nickel, etc.

With a prediction accuracy in local tritium production rate from 8Li of 5-25% (excluding front zone) and
from 7Li of ~20%, it seems from the experiments performed in Phase [ that it is still difficult to predict tritium
breeding ratio for demonsiration and commercial fusion reactors utilizing Li5O as the breeding material with a
target accuracy of 5%. It is thus required from the experiments planned for Phase II of the program to resolve
and reduce the discrepancies found in the prediction of tritium production rate. It will also be most useful to be
able to measure tritium production rate in large zones such as the whole central zone of the Li,O assembly and
make comparison to the calculated integral value. Such intercomparison will be more indicative of the
uncertainty involved in tritium breeding ratio as opposed to the uncertainties in local values which are normally
large. It is planned in Phase II experiments to carry out these measurements and intercomparison in a better

simulation of the incident neutron spectrum to the one found in fusion reactors.
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