s

THE NUCLEAR ANALYSIS OF AN
ANNULAR LioO BLANKET SYSTEM
SURROUNDING AN ARTIFICIALLY
SIMULATED 14-MeV LINE SOURCE

BLANKITT ENGINECRING

KEYWORDS: fusion neutronics

experiments, fusion blanket, tri-
tium breeding

AND COMPARISON OF CALCULATIONS

TO MEASUREMENTS

M. Z. YOUSSEF, M. A. ABDOU, A, KUMAR, and LI ZHANG
University of California, Los Angeles, School of Engineering and Applied Science
Mechanical, Aerospace, and Nuclear Engineering Department

Los Angeles, California 90095

K. KOSAKO, Y. OYAMA, F. MAEKAWA, Y. IKEDA, C. KONNO,
and H. MAEKAWA Japan Atomic Energy Research Institute
Depariment of Reactor Engineering, Tokai Research Establishment

Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan

Received January 28, 1994
Accepted for Publication July 28, 1994

Experimental simulation 1o a line source has been
realized at the Japan Atomic Energy Research Institute
(JAERI) Fusion Neutronics Source within the U.S. De-
partment of Energy/JAERI collaborative program on
JSusion neutronics. This simulation, achieved by cyclic
movement of an annular LiyO test assembly relative to
a stationary point source, was a step forward in better
simulation of the energy and angular distributions of
the incident neutron source found in tokamak plasmas.
Thus, compared with other experiments breviously per-
SJormed with a stationary point source, the uncertain-
ties (that are system dependent) in calculating important
neutronics paramelers, such as tritium production rate
(TPR), will be more representative of those anticipated
in a fusion reactor. The rectangular annular assembly
usedis 1.3 x 1.3 m and 2.04 m long with a square cav-
ity of 0.42 x 0.42 m cross section where the simulated
line source (2 m long) is located axially at the center.
To characterize the incident neutron source, flux map-
ping with foil activation measurements was performed
in the axial direction (Z = ~100cm to Z = 100 cm) at
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the front surface of the assembly in the cavity with the
annular blanket in place, and comparison was made to
the bare line-source case (without annular blanket).
Three phases of experiments were performed. In Phase-
IlA, a 1.5-cm-thick stainless steel first wall was used.
An additional 2.45-cm-thick carbon layer was added in
Phase-111B, and a large opening (42.55 x 37.6 cm) was
made at one side at the center of the annular assembly
in Phase-1IIC, Calculations were performed indepen-
dently by the United States and JAERI for many mea-
sured items that included TPR from °Li(Ty), 'Li(T;),
in-system spectrum measurements, and various activa-
tion measurements. In this paper, the calculated-to-
measured values for the aforementioned measured
items are given, as obtained separately by the United
States and JAERI, In addition, the mean value of the
prediction uncertainties of the local and line-integrated
TPR and the associated standard deviations are given
based on the calculational and experimental results ob-
tained in all the experiments.

I. INTRODUCTION

Phase 111 fusion integral experiments were con-
ducted at the Fusion Neutronics Source (FNS) facility
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at the Japan Atomic Energy Research Institute (JAERI)
within the U.S. Department of Energy (U.S. DOE)/
JAERI Collaborative Program on Fusion Blanket Neu-
tronics. Unlike other phases of the program in which
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a 14-MeV point source was utilized (Phase I: open ge-

.ometry,' Phase 1I: closed geometry*'2), a simulated
line source has been utilized by moving an annular
blanket assembly in a periodic motion relative to a sta-
tionary 14-MeV point source and thereby generating the
same neutronics characteristics in the test assembly that
would have been achieved by a true line source.!3-!5
This simulation is a first-of-its-kind and opens new
areas in advancing fusion neutronics research and de-
velopment, Another major difference between Phase
LIT experiments'*'? and other experiments performed
previously in Phases I and Il is that the annular as-
sembly totally surrounds the simulated line source.
This leads to more prototypical conditions for the in-
cident neutron source in terms of energy and angular
dependence resulting from the spatial dependence of
the line source (versus a point source). These conditions
are closer to those found in the toroidal plasmas in
tokamaks.

The simulation of the line source has been achieved
at JAERI through two modes of operation, namely the
stepwise mode and the continuous mode of operation.
In the former, the D-T neutrons are generated at a se-
lected number of points along the simulated line source.
These point sources are equally separated from each
other and the duration of operating the D-T neutron
source is equal at each point. In the latter operation
mode, the annular assembly moves continuously rela-
tive to the fixed point source in a periodic movement
with a speed of 6.1 mm/s. It was shown that both
modes of operation produce the same neutronics effects
inside the assembly.'*!S Several measurements have
been performed for tritium production rate, spectra,
and several reaction rates, and the calculated results
were compared to the experimental values to examine
the prediction accuracies obtained by various codes and
databases. Both JAERI and the U.S. have separately
performed these analyses using their own computa-
tional tools and neutron databases.

The subject of this paper is to discuss the analyses
and quantify the prediction uncertainties of the mea-
sured parameters. The impact of design variations (e.g.,
inclusion of a carbon layer, large opening, etc.) on the
profiles of tritium production rates (TPR) is also em-
phasized. Furthermore, the prediction uncertainties in
the local as well as the line-integrated TPR are estimated
based on the calculational and experimental uncertain-
ties (errors) at each location where TPR is measured by
various techniques. From these prediction uncertainties,
the mean prediction uncertainties in TPR and the pos-
sible spread around these mean values are evaluated. For
more detail about the description on the experimental
techniques and measurements, the reader is referred to
Refs. 15 through 21. The experiments are briefly de-
scribed in Sec. 11. Discussion of the calculational meth-
ods applied by the U.S. and JAERI is given in Sec. II1.
The analytical results and the comparisons with the ex-
perimental values are given in Sec. [V, Section V is de-
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voted to estimating the overall prediction uncertainties
in the local and line-integrated TPR. Conclusions from
this work are outlined in Sec. VI.

Il. THE EXPERIMENTS

Figure 1 shows the experimental annular assembly
of 2040-mm length and outer dimensions of 1301 mm x
1301 mm (see also Ref. 17 for other details). The inner
cavity has a square shape of 425.5 mm x 425.5 mm with
a 15-mm-thick Type 304 stainless steel first wall (FW),
The Li;O zone is 203 mm thick followed by a 203-mm-
thick Li;CO3 zone whose outer surface is covered by
a 16-mm polyethyiene (PE) layer to isolate the assem-
bly from the room-returned neutrons. Both ends of the
assembly are open to facilitate its movement relative to
the long-tube water-cooled neutron target. The length
of the simulated line source is 2000 mm, There are
six experimental drawers (in Phase IIIA and I1IB) in
the radial direction (three on each side) that are filled
with special blocks of Li;O and Li,CO; separated by
~509 mm. In the Phase IIIB experiment, a 2.54-cm-
thick layer of carbon was placed in front of the FW,
to act as an armor zone used in fusion reactors. The
measurements were repeated to study the impact of the
armor inclusion on the neutronics characteristics of
the test assembly. In the Phase IIC experiment, a large
opening of 376-mm X 425.5-mm dimensions was made
at one side at the center of the annular assembly of
Phase [11B, as shown in Fig. 2. This opening simulates
the ports and ducts in a fusion reactor that are neces-
sary for vacuum pumping, plasma diagnostics, neutral
beam injection, etc. There are three drawers facing the
opening on the other side of the assembly (drawers A
& B & C) and a drawer (D) next to the opening in the
radial direction. The objective of the Phase 111C exper-
iment is to experimentally and analytically (using three-
dimensional transport codes) verify the effect of the
inclusion of a large opening on the tritium production
characteristics in the test assembly. Since the coverage
fraction of the opening in Phase 111C relative to the full
coverage case of Phase I1IB is not negligible, it is ex-
pected that total tritium production rates and their pro-
files will be decreased due to (a) the removal of part of
the breeding zone itself and (b) the decrease in the re-
flected component of the incident source neutron due
to the existence of the large opening.

Prior to performing the in-system measurements,
the simulated line source was characterized without the
annular assembly in place. This was performed by mea-
suring severa! activation reactions in the axial direction
(Z = —100 cm to Z = 100 cm) and at a distance of
219 mm {rom the line source. The continuous opera-
tion mode was adopted for these measurements and the
multifoils (MF) were placed at eleven positions that are
200 mm apart. These measurements were also made
with the assembly placed around the line source and
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Fig. 1. Experimental arrangement for the Phase [1IB experiments.

comparisons were made 1o the without-the-assembly
case, Performing this task was necessary to study the
impact of the reflected neutrons traveling inside the in-
ner cavity on these MF activation measurements. The
experiments were performed in the first target room of
the FNS facility which is Jarge (~15m X ~15m X
9 m) compared to target room #2 (~5m X ~5m X
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5 m) where previous experiments in Phase [ through II
were performed. The consequence is that the com-
ponent of the room-returned neutrons in Phase 111
experiments is small and do not adversely affect the
in-system measurements, For the bare source charac-
teristics experiments, however, it is expected to find a
large discrepancy between calculations and measure-
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Fig. 2. Experimental arrangement for the Phase 111 experiments.

ments for nonthreshold reactions such as '""Au(n,v),
where reflection from the room floor (at a distance of
~3 m} is large and will cause this discrepancy, unless
the calculational model takes into account the floor and
other equipment located close to the assembly. The re-
actions considered to characterize the source in the con-
tinuous mode of operation include: **Ni(n,2n)’"Ni,
%0Zr(n,2n)%Zr, Nb(n,2n)*?™Nb, ’Al(n,«)>Na,
*Fe(n,p)*Mn, °Co(n,a)**Mn, 3#Ni(n,p)*Co,
#Zn(n,p)**Cu, and "*In(n,n’)!'*™In, These reactions
have effective threshold energies of ~13 MeV, ~12 MeV,
~8MeV, ~6MeV, ~5MeV, ~5MeV, ~2MeV, ~2 MeV,
and ~0.5 MeV, respectively. Also, the nonthreshold re-
action ""7Au(n,y) was considered as an index for the
thermal neutrons.

Neutron spectra above 1 MeV along the central axis
of the three drawers was measured by the NE213 de-
tectors at four locations each. A proton recoil counter
(PRC) was used to measure neutron spectrum in the en-
ergy range of a few keV to 1 MeV at the inner surface
of the cavity and at a distance of 5 ¢m inside the Li,O
zone for the stepwise mode of operation. Li-glass de-
tectors were used to measure the tritium production rate
from SLi(Tg) inside the drawers, while the NE213 indi-
rect method was used to measure the tritium production
rate from "Li(T;) by folding the measured spectrum
with the "Li(n,n’a)t cross section from JENDL-3PR2,
The T and T, were also measured inside the drawers
in the continuous operation mode (long irradiation time
of ~10 h) by using Li,O pellet technique. -
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lIl. CALCULATIONAL METHODS

Both deterministic and Monte Carlo methods were
used to analyze the experiments. The U.S. adopted the
DOTS5.1 code? along with the RUFF (Ref. 23) first
collision code for the deterministic treatment while the
MCNP-3B code that uses continuous energy and an-
gle ENDF/B-V data was applied in the Monte Catlo
treatment. The cross-section library used in DOTS.1
calculations (P3-Si¢) is the 30-group MATXSS li-
brary,?* which is based on ENDF/B-V (version 2)
data. In JAERI’s analysis, the DOT3.5 code was ap-
plied in the deterministic method along with the
FNSUNCL code. The latter is a modified version of
GRTUNCL (Ref. 25) in which multiple neutron
sources, including variations in energy and angular dis-
tributions, were considered. The FNSUNCL is thus
equivalent to the RUFF code. The FUSION-J3 library
{Ps-5)6, 125-n, 41-g) based on JENDL-3 data was used
in the DOT3.5 calculations. For the Monte Carlo cal-
culations, the MORSE-DD (Ref. 26) code and the
GMVP (Ref. 27) code (a vectorized version of MORSE-
DD) were applied along with the DDXLIBJ3 library
(125-g, double differential cross-section library based
on JENDL-3).

In the two-dimensional calculations performed by
DOTS.1 (U.S.), the energy and angular distribution of
neutrons generated at the D+ beam spot on the Ti-T
target was treated relativistically. It was necessary to
perform first a three-dimensional MCNP calculation

323




Youssef et al.  ANNULAR Li;0 BLANKET SYSTEM
for the long tube water-cooled target in order to ac-
count for the presence of the target structure and cool-
ant tubes and thus generate the appropriate angular/
energy distributions of the incident neutrons in the an-
nular assembly. These distributions were assumed at
each of the point source locations considered in the sim-
ulation of the line source, and a single RUFF run was
made to estimate the first collision neutron source
needed for the DOTS. 1 calculations. Notice in this ap-
proach that while neutron collisions in the target struc-
ture and coolant channels are considered in the initial
MCNP run, neutrons that reach the annular assembly
and reflect back to the target to interact with its struc-
ture and reflect back to the annular assembly are ig-
nored, i.e., interactions in the annular assembly and the
target structure are decoupled. This decoupling was
necessary, otherwise a separate RUFF/DOT run would
have been performed at each selected point source to
account for the varied length of the drift tube inside the
cavity as one moves toward the front edge of the as-
sembly (details of the drift tube and target structure can
be found in Refs. 16, 17, and 18). Similar procedures
were applied in JAERI’s DOT3.5/FNSUNCL calcula-
tions. The number of equally-spaced point sourcelo-
cations, N, selected for the line source simulation was
26 in the U.S. calculations and 41 in JAERD’s calcula-
tions. It was shown that N ~ 20 is sufficient for the sim-
ulation.'? The two-dimensional R-Z cylindrical model
used for the deterministic methods calculations can be
found in Ref. 28.

In the Monte Carlo treatment, there is no need for
the multiple point source approach used in the DOT
calculations. Random sampling of the energy and an-
gular distributions of incident neutrons to the annular
assembly for each position along the line source is made
(continuously in MCNP calculations and from bins in
the MORSE-DD calculations) from the distributions
obtained from the initial Monte Carlo run for the drift

tube/target calculations. The atomic densities of the

materials used to construct the assembly are given in
Table I, '

IV. CALCULATIONAL RESULTS AND COMPARISON
TO MEASUREMENTS

Figure 3 shows the relative intensity of total neu-
trons emitted from the long tube water-cooled target
(WCT) obtained from the initial Monte Carlo run
(JAERI) for the drift tube/target alone (no assembly).
Forward emitted neutrons (0 < x = 1) exceed the back-
ward neutrons (—1 = p < 0) by ~10% due to reaction
kinematics and collisions in the target assembly. Inci-
dent neutron spectra are shown in Fig. 4 in the direc-
tion u =1, 0, and —1, where it peaks around 15 MeV
for u =1and at 13.6 MeV for y = —1. In the latter case,
more soft neutrons are found as compared to 4 = 1 and
i = 0 cases due to the reaction kinematics for 330-keV
deuteron acceleration.

IV.A. Source Characteristics

IV.A. 1. Bare Source and Source with Annular
Assembly (Phase I1IA)

Figure 5 shows the axial distribution in the Z direc-
tion (from Z = 100 ¢m to Z = 100 cm) at a radial dis-
tance R = 21.9 cm from the line source for the
*¥Ni(n,2n) [E,, ~ 13 MeV], PAl(n, ) [Ey, ~ 6 MeV],
and '"In(n,n")!"*™In reactions [E;, ~ 0.5 MeV] in
the bare source case (without the assembly). The
8Ni(n,2n) reactions are larger in the forward direction
(Z > 0, toward the front end) relative to the values in
the back direction (Z < 0; toward the back end on the
target side). Locations that are toward the front end see
more forward neutrons than backward neutrons as the
target travels from Z = —100 ¢cm to Z = 100 cm. As

TABLE |
Atomic Densities of Materials Used in Phase 111 Expetiments*
Element 55304 Li.O" Li.CO, Polyethylene Graphite
Fe 6.0210-2" 1.0976-3
Cr 1.5302-2 3.0188—4
Ni 8.2258-3 1.3358—4
Mn 1.2607-3 1.5440-5
SLi 4.1921-3 2.2798-3
Li 5.2411-2 2.8030-2
150 2.8302-2 4.5464-2
12¢ 1.5155—-2 4.1280--2 8.2894--2
H 8.2560—2
*Given in atom/cm?® x 10%,
“Includes Type 304 stainless steel structure.
bRead as 6.0210 x 1072,
324 FUSION TECHNOLOGY VOL. 28 SEP. 1995
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Fig. 4. Incident neutron spectrum from the long tube water-
cooled target (JAERLI's calculations),

shown in Figs. 3 and 4, these forward neutrons are
larger by ~10% and also peak around 15 MeV where
the *®Ni(n,2n) cross-section is large. Reactions such as
"3In(n,n’) have low threshold energies. Locations that
are near the back end (target side) see more of back-
ward emitted neutrons than forward emitted neutrons.
The backward emitted neutrons (u < 0) are less than
the forward ones (see Fig. 3); however, most of the
backward neutrons have a larger low-energy neutron
component above the threshold energy of the " In(n,n’)
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Fig. 5. Reaction rate distribution in the axial direction for
ZAl(n,e), **Ni(n,2n), and 'In(n,n’) reactions at a
radial distance R = 219 cm without the assembly
(JAERI’s measurements).

reactions, and this compensates for the intensity dif-
ference seen in Fig. 3 resulting in a more or less sym-
metric distribution relative to the central value at Z = 0.

The calculated-to-exg)erimental value (C/E) for the
high threshold reaction, ®Zr(n,2n)*Zr, [E, ~ 12 MeV]
is shown in Fig. 6. The values are within 2 to 5%
(MCNP, DOT3.5) and about —10% (DOTS.1). The
C/E values for the '"*In(n,n’) reaction are shown in
Fig. 7. The values obtained by JAERI (DOT3.5) are
within 5% of the measurements while they are within
—18% to +10% in the U.S. calculations with the larg-
est deviations occurring at the front and back ends. It
was noticed for other low-threshold reactions that the
C/E curves exhibit an ascending trend as one moves to-
ward the front end (Z = 100 ¢m). This could be due to
discrepancies in the calculated incident spectrum. [t
seems that the spectrum of the backward neutrons is
harder than it should be in the U.S. calculations resulting
in fower C/E values (below unity) at locations near the
back end (target side) where neutrons seen at the detector
locations are mostly backward, On the other hand, at
locations near the front end, the larger C/E values
(larger than unity) could be due to a softer spectrum for
the forward neutrons than it should be in the U.S. cal-
culated incident neutron source. This combined effect
results in the ascending trends for the *In{(n,n’)'*™In
reaction seen in Fig. 7 and for other low-threshold re-
actions [e.g., *®Ni(n,p)].

The presence of the assembly around the simulated
line source resulted in an appreciable fraction of low-
energy neutrons inside the cavity attributed to neutrons
that are reflected by the assembly materials. It was
shown?® that an increase by a factor of 3 occurs in the
H5In(n,n’) reaction at the inner surface of the cavity
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Fig. 6. The C/E values for the ®¥Zr(n,2n)®Zr reaction in the axial direction (without assembly).
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Fig. 7. The C/E values for the ***In(n,n’)"***In reaction in the axial direction (without assembly).

328 FUSION TECHNOLOGY  VOL.28  SEP. 1995




at an axial distance Z = 0 for the cases with and with-
out the annual assembly. Figure 8 shows the C/E values
for the **Nb(n,2n)*’Nb reactions with the assembly in
place. At most locations, the errors are overlapping.
{Note: Errors in the Monte Carlo calculations include
both the statistical calculational errors and the experi-
mental errors. Errors in the DOT calculations are only
the experimental errors.) The ascending trends in the
C/E values obtained by the U.S. that are observed for
the low-threshold reactions still persist but to a lesser
extent, especially for these reactions that have relatively
high threshold energies [e.g., >’Al(n,a)]. The C/E val-
ues obtained by the DOT3.5 calculations (JAERI) are
always larger than those obtained by the MORSE-DD
code by 10to 15% for the low energy response reactions
and by ~5to 10% for some (n, p) reactions that have rel-
atively large threshold energies [e.g., **Fe(n,p)**™Fe,
Ein ~ 5 MeV].

As for the nonthreshold reaction '"’Au(n,v), the
C/E curves in the with-assembly case of Phase 111A are
shown in Fig. 9. All calculations underpredict the re-
action by as much as 15 to 50%, depending on the lo-

Youssef et al. ANNULAR LiyO BLANKET SYSTEM

cation along the Z axis, and the discrete ordinates
results are larger than those obtained by the Monte
Carlo methods by ~10 to 15%. As mentioned earlier,
the underestimation is due to the room returned com-
ponent from the floor that is not accounted for in the
modeling. The underestimation is much larger (C/E ~
0.03) in the case of a bare line source.

1V.A.2, Effect of Armor Layer and Large Opening

The inclusion of the armor layer at the inner surface
o1 the assembly tends to increase the low-energy compo-
nent of the incident neutron source due to reflection
by carbon. Consequently, measured reaction rates
that have no threshold or low threshold energies are
enhanced inside the cavity and at the front zone in-
stde the test assembly. In Sec. IV.A.3 of Ref. 17, the
reactions *Nb(n,2n)*>™Nb, "PIn(n,n’)"*™In, and
97Au(n,v)'*8Au are shown along the line source in the
Z axial direction at the surface of the assembly (located
at the radial direction of 187 cm). It was shown that the
reaction rates in the armor case (Phase 11! B) are larger than

Reaction rate mapping for 93Nb(n,2n)92Nb with the

-

14
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1.3 .
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Fig. 8. The C/E values for the ®*Nb(n,2n)*2Nb reactions in the axial direction (with assembly), Phase 11IA.
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Reaction rate mapping for 197Au(n,Y)198Au with the assembly
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Fig. 9. The C/E values for the '"Au(n,v)""®*Au reactions in the axial direction (with assembly), Phase IIIA.

those in the Phase 11IA reference case by ~19% and
~25% for the first two reaction rates and by a factor of
~4 for the 'Au(n,y)'*Au reaction. The increase is due
to the shorter distance at which measurements were taken
in Phase I1IB [particularly for the **Nb(n,2n)*2™Nb re-
action] and large low~ener§y neutron component [partic-
ularly for the '’ Au(n,v)'*Au reaction]. The effect of the
opening of Phase I11C is that a decrease occurs in the low-
energy threshold reactions measured at the no-hole side
{opposing side) of the test assembly and that decrease is
noticeable along the whole region in the axial direction,
Inthis latter phase, the reaction rates at the opening side
- relative to those at the opposite (no-opening) side are lower
only around an axial width corresponding to the opening
size (see Ref. 17). Figures 10, 11, and 12 show the C/E val-
ues for these reactions in Phase I11B based on JAERI’s
analysis. Again, the DOT calculations give larger values
than those obtained with the MORSE-DD code. How-
ever, the underestimation for the ""Au(n,y)'%Au re-
actions is not as pronounced in Phase I1IB as it is in
Phase I11A since the low-energy neutrons are increased
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due to the presence of the armor and the contribution of
the room-returned background neutrons are relatively de-
creased. Generally the agreement between the JAERI’s
calculations for the several reaction rates considered with-
out the assembly is within 5% while it is within 10% when
the assembly is in place. Those obtained by the U.S. are
within 10% (without the assembly) and within 10 to 20%
(with the assembly).

IV.B. In-System Measurements

IV.B.1. Reaction Rates

Several multifoil activation rates were also measured
along the axes of the radial drawers of Phase I11A, IIIB,
and 111C. Numerical values of the measured reactions
can be found in Ref. 17. Generally, the threshold-type
reactions, such as *°Zr(n,2n)*°Zr, **Nb(n,2n)*2™Nb,
and "PIn(n,n’)!!*™n, steadily decrease by depth in-
side the annular assembly in the radial direction, but
the '"?Au(n,y)'*®Au reaction showed a flat profile ex-
cept near the front surface. Upon the inclusion of the
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Fig. 10. The C/E values for the **Nb(n,2n)*2Nb reactions
in the axial direction (Phase 11IA and 111B).
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armor layer, a decrease of ~10 to 30% occurs in the
threshold-type reactions while the '’Au(n,y)!*8Au
reaction increased by ~ a factor of 2 at front locations
in the assembly. There is practically no effect on the
high-threshold reactions inside drawer B facing the
opening in Phase LIIC as compared to Phase 1[1B val-
ues, but the *"Au(n,y)'*8Au reaction gets lower up to
a depth of ~20 cm due to the decrease in the reflected
low-energy neutrons upon the inclusion of the opening
in Phase 111C (Ref. 17).

Figure 13 shows the C/E value along the axis of
drawer B in Phase II1A for the ®Zr(n,2n)*Zr reactions.
At the front surface of the cavity, the C/E values obtained
by the U.S. are lower than those obtained by JAERI.
However, the C/E values increase with increasing radial
distance in the U.S, calculations and become greater than
unity and those obtained by JAERI at deeper locations.
Figure 14 shows the C/E values for the integrated spec-
trum above 10 MeV in drawer B of Phase 1I1A. As shown,
the integrated component is generally underestimated by
all codes/data (in all drawers) and the values obtained by
DOTS5.1 (U.S.) are relatively the largest. The effect of this
underestimation in the spectrum leads to lower values for
the ®Zr(n,2n) at the front locations, but the larger C/E
values for this reaction at back locations, as obtained by
the U.S., could be due to a combination of a relatively
larger high-energy component of the spectrum and larger
cross-section for that reaction. Figure 15 shows the C/E
vatues for '"*In(n,n’)**™In reaction along the radial di-
rection of drawer B of Phase I[HA. As was observed in
the C/E curves in the axial Z direction, the discrete or-
dinates results of the U.S. and JAERI are, on the aver-
age, larger than the Monte Carlo results. This can also
be seen in the C/E curves of the *Nb(n,2n)*>™Nb,
BIn¢n,n’ Y In, and ""Au(n,y)'*®Au reactions shown
in Figs. 16, 17, and 18 (JAERI), where a comparison to
Phase I11B results can be made. The relatively larger
results of DOT3.5 calculations are lessened at deeper
focations compared to MORSE-DD results. The dis-
crepancies between the two calculational methods are
lessened in Phase 111B. Note in particular that the C/E
values for the '*’Au(n,y)'*®Au reaction are improved
relative to the ones of Phase IIIA for the reasons men-
tioned earlier. In general, the features of the C/E curves
for other reactions in the three phases are as follows:
2TAHn,«) is within 5% (JAERI) and 10% (U.S.);
8Ni(n,p) is within 2 to 10% (JAERI) and 2 to 15%
(U.S.); *Nb{n,2n) is <5% (JAERI) and 2 to 10%
(U:S.), and for the *®Ni(n,2n) reactions, the agreement
is within 5% (JAERI) with a tendency to worsen to-
ward the back locations. '

IV.B.2. Neutron Spectrum

Figures 19 and 20 show a comparison between the
spectrum calculated by DOT3.5 (JAERI) and measured
by NE213 and PRC at the surface and at a depth of
79.4 mm from the FW (292.4 mm from the line source)
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Fig. 13. The C/E values for the **Zr(n,2n)*Zr reaction in the radial direction along drawer B, Phase 11IA,
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Fig. 14. Integrated neutron spectrum, E > 10 MeV, along the axis of drawer B, Phase I11A.
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Fig. 15. The C/E values for the '*In(n,n’)!"*™In reaction in the radial direction along drawer B, Phase IIIA.

of Phase ITIA. The two spectra are similar below 100 keV,
except for the dip caused by resonance in iron at the sur-
face. The dip caused by resonance in 6Li at 250 keV is
apparent in Fig. 20. It is clear that the peak of the uncol-
lided flux is decreased inside the assembly, and gener-
ally ~50% decrease in the spectrum around 200 keV oc-

curs at a depth 79.4 mm from the FW. A comparison

between the surface spectrum and the spectrum at ‘a
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Fig. 16. The C/E values for the Nb(n,2n)**Nb reaction in

the radial direction along drawer B, Phases 1IIA
and IIIB.
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depth of 79.4 mm from the FW in Phase I1IB is shown
in Figs. 21 and 22. The similarity between the spectra
at 79.4-mm depth is clear except for the larger dip in
Phase I1IB at the 250-keV resonance of %Li. The agree-
ment between the calculations and measured data is rea-
sonable, as can be seen in Figs. 19 through 22. The C/E
curves for the spectrum above 1 MeV measured by the
NE213 detectors are shown in Fig. 23 based on the

Phase-3 Foils ''SIn(n,n") in B-drawer
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Fig. 17, The C/E values for the **In(n,n")!"**In reaction
in the radial direction along drawer B, Phases I[1IA
and I1IB.

3N




Youssef et al. ANNULAR Li;O BLANKET SYSTEM

Phase-3 Foils '%’Au(n,y} In B-drawer

T T 3 T T I 1
! ! -—— P3A-MORSE |
1.0 ooy ; : --cx- p3aDOT N
: i s —e—P3B-MORSE |1
0.9 [- *[ e Bl g i|®-PB-poT H
m AN ! ]
- 0.8 |-
o
0.7 -
0.6 |-
0.5

20 25 30 35 40 45 50 55 60
' Radlal Position [cm]

Fig, 18, The C/E values for the ""Au(n,y)'"*Au reaction
in the radial direction along drawer B, Phases 111A

and HIB,
10-3: ! HRERLA1 1

el F
o
« - | —— Cal.{surface) - ]
E=) 100 4 * ExphL(PRC) -
@ 3 T E
- i n .

) n ,J'\FW N i
* . ¥ :
3 0% mﬂ ' S 4
L Eeo H@Jﬁ" Ik
g [ " ]

O .
= 107 E
o i 3
[ H]
=2
-7
10
10° 104 10° 108 107 10°

Energy (eV)

Fig. 19, Neutron spectrum at the front surface of the test as-
sembly, Phase [11A.

DOT3.5 and MORSE-DD calculations (JAERI) and
along the axis of drawer B, In phase I11C, the results
shown are based on the Monte Carlo calculations with
JENDL-3 (J3) and JENDL-3PR2 {PR2) data where it
is clear that the J3 data give values of C/E closer to
unity than the PR2 data. The high-energy component
of the spectrum is under predicted in all phases, and the
DOT results are larger than those of the Monte Carlo,
particularly at front locations in the assembly, as was
discussed earlier.

IW.C. Tritium Production Rate

IV.C.1. Tritium Production Rate from ’Li (T,)

~The profiles of local T, inside drawer B in the ra-
dial direction, as measured by NE213 (on-line, stepwise
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Fig. 23. The C/E value for the integrated spectrum above
1 MeV in Phases I11A, 11IB, and IIIC.

operation mode), are shown in Figs. 24a, 24b, and 24c
for Phases 1I1A, I1IB, and I1IC, respectively, along
with the caiculated values obtained by various codes
and databases. The experimental errors with the NE213
method are within the size of the markers used in the
graphs. The calculated values are in good agreement
with the measured ones. Generally, the steepness of the
Ty profile is more pronounced in Phase III as com-
pared to other phases performed with the 14-MeV point
source since in the latter case, the assembly is located
at a larger distance from the source [~78 cm in Phase

Youssef et al. ANNULAR Li,O BLANKET SYSTEM

II (Ref. 5), ~248 cm in Phase I (Ref. 2)) and therefore
the inverse of the square distance effect is dominant in
Phase III for threshold reactions such as T;.

The impact of the inclusion of the armor layer on
T, can be seen from Fig. 25 where the ratio of local T7
in Phase 11IB to those in Phase 111A are depicted and
are estimated from the experimental (NE213) and cal-
culated results. The decrease in local T, is ~8 to0 10%
as obtained from the experimental data; however, the
predicted decrease is larger when calculated by all codes
and databases. The change in the neutron spectrum be-
hind the armor layer, as measurements indicate, is such
that more neutrons are moderated to the energy range
below a few keV [where ®Li(n,e)t cross section is
large] and above a few MeV [where the threshold of the
"Li(n,n’)at reaction lies} and fewer neutrons are mod-
erated to the energy range a few keV to a few MeV. On
the other hand, the spectrum predicted with the carbon
data is such that fewer neutrons are moderated to the
energy range below a few keV and above a few MeV,
and more neutrons are moderated in the energy range
a few keV to a few MeV. This led to the larger ratios
(above 0.9) obtained from measurements compared to
those obtained from calculations, as shown in Fig. 25.
Based on JAERI's results from the Monte Carlo codes
(MORSE-DD, GMVP) and the discrete ordinates
DOT3.5 code, the decrease in local T, is ~12 to 14%
while the largest decrease (~ 18%) is predicted by the
DOTS3.1 code. In Fig. 25 and all subsequent figures, the
transport and response calculation of MORSE-DD are
based on JENDL-3PR2 data while the transport cal-
culation of GMVP is based on JENDL-3 data. In the
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Fig. 24a. Profiles of TPR from "Li along drawer B, Phase [IIA,
FUSION TECHNOLOGY ~ VOL. 28  SEP. 1995 333




Youssef et al, ANNULAR Li,QO BLANKET SYSTEM

104 UYL AR o, PO, et o, . ol e s et o3 s e |
CT-7 —0— Expt. (NE213)
3 ® DOT3.5(JAERI)
- A GMVP <PR2>
» 8 GMVP <J3>
= @ MORSE-DD <PR2>
E -5 o DOTS.1(US)
i 10 S A  MCNP(US)
e
¢ gt
3
g 10 e
g =1
£
3
& | ... Drawer B
107 T i N DN S .
200 250 300 350 _ 400 - 450 500 550
Distance from Line Source (mm)
Fig. 24b. Profiles of TPR from "Li along drawer B, Phase 11IB.
10* oo e s Atee s, o o SN et
— —Q-— Expt, {NE213)
% m GMVP(PR2)
= o GMYP(J3)
»
g lo.'s _8\
] i
g Dt
g e
- \&\ .
-]
2 10 \
_§ -
4 Drawer B
107 METRPEENS WGP B o .
200 250 300 350 400 450 500 550

Distance from Line Source {mm)

Fig. 24c. Profiles of TPR from "Li along drawer B, Phase II1C.

later case, the response (e.g., T, Ts. . .) has been cal-
culated from JENDL-3PR2 [denoted GMVP (PR2)]
and from JENDL-3 [denoted GMVP(J3)]. The de-
crease in local T, has also been measured in the other
drawers (A & C) and in the axial Z direction at a ra-
dial distance of 279 mm and 380 mm from the line
source where it has been shown that the decrease in lo--
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cal T, is more pronounced at locations toward the
front and back ends of the assembly.!”

The effect of the large opening on T profiles in
drawer B (facing the opening on the other no-hole
side) is shown in Fig. 26 where the ratio of local T, in
Phase ILIC to those in Phase II1B is given. The mea-
surements show a decrease at all locations due to the

SEP. 1995
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existence of the opening by values that vary between 0.5 Table II gives the numerical values of measure-
to 8%. Although the calculations show a decrease in  ments and calculations of local T, (units of T/atom -
local T; at a radial direction of 292.4mm and 393.4mm  source neutron) measured by NE213 in the three
by ~1to 2.5%, the ratios are larger than unity at other  phases, and they are consistent with the graphical val-
locations by ~1.5 to 3%, ues depicted in Figs. 24. The C/E curves are shown in
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Figs. 27, 28, and 29 for Phases I11A, IIIB, and IIIC,
respectively. In Phase I11A, the C/E values lic between
0.9 and 1.05 (except for the MCNP value of 1.38atR =
545.8 mm where the statistical error is ~ 12%, see Ta-
ble I1), indicating that the prediction uncertainty in lo-
cal T, is about —10% to +5% in Phase IT1A, but on
the average, the C/E values are lower than unity by
~5%. Since the predicted decrease in local T; upon
the inclusion of the armor layer is larger than the cor-
responding decrease detected by NE213 (see Fig. 25),
the corresponding C/E curves in Phase I1IB (see Fig. 28)
are lower in absolute values than those of Phase I11A .
In Phase I1IB, all the C/E values are lower than unity
by an average vatue of ~10 to 15%. The C/E curves
in Phase I1IC are shown in Fig. 29, where some oscil-
lating trend in these curves can be seen due to the same
trend found in the ratios of local T, in Phase 11IC rel-
ative to Phase II1B values. At all locations, the C/E val-
ues are still lower than unity as in Phase HIB. It should
be noticed in Figs. 27, 28, and 29 that the errors in the
C/E values are overlapping at most locations. These
errors include both the calculational and experimen-
tal errors. The C/E values obtained by GMVP with
JENDL-3 data are closer to unity than those obtained
with the response calculated from the J3/PR2 database
{the calculated T; with GMVP/J3 are larger than that
with GMVP/PR2 (see Figs. 24 and 27, 28, and 29)).

IV.C.2. Tritium Production Rate from °Li (Tj)

The calculated and measured profiles of local T in
drawer B are shown in Figs. 30a, 30b, and 30c, for
Phases I11A, IIIB, and HIC, respectively. The measured
data sets of the Li-glass detectors (on-line, stepwise op-
eration mode) are shown with their associated errors.
The calculated T¢ by various codes and databases,
along with the associated statistical errors in the Monte
Carlo calculations, are also given in Fig. 30 where good
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Fig. 27. The C/E values of tritium production rate from
"Li(T,) in the radial direction along drawer B of
Phase 111A (NE213 measurements).
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Fig. 28. The C/E values of tritium production rate from
"Li(T;) in the radial direction along drawer B of
Phase liIB (NE213 measurements).
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. 29. The C/E values of tritium production rate from
"Li(T;) in the radial direction along drawer B of
Phase I11C (NE213 measurements).

agreement with the Li-glass measurements can be ob-
served. The profiles themselves are almost flat in the
radial direction, as opposed to steeper profiles found
in the other 14-MeV point source experiments.2® This
feature is attributed to the simulated line source where
every spatial point on the 2-m length line source con- -
tributes to the nonthreshold ®Li(n,a)t reactions, even
at deeper locations inside the Li,O zone, contrary to
the T, case, which is dominated by high energy neu-
trons. Consequently, the T, profiles in the Z direction
(see Ref. 17), which assume a cosine-shape, are wider
than those of Ty in the Z direction, These trends have
also been demonstrated through the preanalysis of the
line-source experiments.'?

As mentioned earlier, the change in the spectrum
behind the armor layer, as measurements indicate, is
such that more neutrons are moderated to the energy
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Fig. 30a. Profiles of TPR from SLi along drawer B, Phase 111A.
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Fig. 30b. Profiles of TPR from °Li along drawer B, Phase ITIB.

range below a few keV [where the SLi(n,a)t cross- tions. Consequently, measurements indicate more in-
section is large] and above a few MeV, and fewer neu-  crease in local Te upon the inclusion of the armor layer
trons are moderated to the energy range few keV-few  compared to caiculations as shown in Fig. 31. The mea-
MeV. This trend is reversed, as obtained from calcula-  sured increase is ~20% (at front locations) to ~10%
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Fig. 30c. Profiles of TPR from ®Li along drawer B, Phase 111C.
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Fig. 31, Ratio of local TPR from °Li (Tg) in drawer B of Phase 11IB to corresponding values in Phase IIIA (measurements:
Li-glass). '

(at back locations). The predicted increase is ~14%  source (~102-mm depth inside the Li,O zone), the re-
(with GMVP, MORSE-DD, DOTS5.1), ~17% (MCNP),  sults based on MCNP, DOT3.5, and DOTS5.1 showed
and ~9% (DOT3.5) at the very front locations. How-.  a decrease in local T4, contrary to the measured trend.
ever, at a distance greater than ~330 mm from theline  The effect of the opening in Phase IIIC on local T in
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drawer B is shown in Fig. 32, The Li-glass measured
data show a decrease of ~8% at front locations and
~11% at back locations. The corresponding decrease
predicted with GMVP code is ~13% and 9%. This de-
crease is due to the decrease in the reflected low-energy
neutrons incident on the no-hole side resulting from the
presence of the opening. It was shown that such a de-
crease is confined to a width in the axial direction cor-
responding to the width of the opening'” (42.5 cm). It
should be noted that the predicted decrease in Tg at
front locations (~13%) is comparable to the predicted
increase (~ 14%) resulting from the inclusion of the ar-
mor layer, rendering local T4 to have values similar to
those found in Phase II1A,

Table III shows the numerical data of the measure-
ments and calculations for local Tg in drawer B as ob-
tained in the three phases. The relevant C/E curves are
shown in Figs. 33, 34, and 35. In Phase 1A, the C/E
values are generally larger than unity by 5 to 15% and
the curves have a flat shape (i.e., no spatial depen-
dence), except for the results based on MCNP calcu-
lations. Since the predicted increase in loca! T4 when
the armor layer is added is less pronounced than those
obtained from measurements, the overestimation in Ts
in phase IT11A is compensated for in Phase IIIB, lead-
ing to C/E values that are on the average lower than
unity by ~5% inside the Li,O zone, as shown in Fig. 34
(MORSE-DD and DOT3.5 results are larger than mea-
surements inside the Li,CO; layer). The C/E curves in
Phase I1IC are also flat and the calculated values by the
GMVP code are lower than the measured ones by ~ 5% ,

as shown in Fig. 35. Notice that the results based on the
JENDL-3 data are better than those based on JENDL-
3PR2. Also, the errors in the C/E values are overlapping
at almost all locations.

V. THE PREDICTION UNCERTAINTY IN LOCAL
AND LINE-INTEGRATED TPR

Table 1V summarizes the overall prediction uncer-
tainty in local TPR from °Li and 'Li in the three
phases of the line source experiments. For a given
phase, the prediction uncertainty is the average of the
quantity [(C/E) — 1] x 100 estimated at all locations
where measured data were taken inside the Li,O zone.
These average values are based on both the U.S. and
JAERI results. As can be seen, local T+ is underesti-
mated by 5 to 15% based on the NE213 results. Local
T measured by Li-glass detectors, on the other hand,
is overestimated in Phase IIIA by ~5 to 15% while it
is underestimated in Phases I1IB and I}IC by ~5%.

More rigorous treatments were made to guantify
the prediction uncertainty in local and line-integrated
TPR from °Li and Li in all the experiments per-
formed under the U.S. DOE/JAERI collaborative pro-
gram on fusion blanket neutronics. For more details
on the methodology followed to quantify these predic- -
tion uncertainties, the reader is referred to Refs, 29
through 32. Briefly, the best fitting curve (by the least-
squares method) for the measured data is integrated
in the radial direction, and uncertainty (error) in the
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8
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Fig. 32. Ratio of local TPR from ®Li (T,) in drawer B of Phase 11IC to corresponding values in Phase ITIB (measurements:

Li-glass).
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Fig. 33. The C/E values of tritium production rate from
®Li(Ts) in the radial direction along drawer B of
Phase 111A (Li-glass measurements).
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Fig. 34, The C/E values of tritium production rate from
SLi(T) in the radial direction along drawer B of
Phase IIIB (Li-glass measurements).

integrated value, E,,,, is estimated from the uncertain-
ties in the fitting coefficients which account for the un-
certainty in the measured data. The same procedures
are applied to the calculated data at the locations where
measurements are taken. An estimate is then made to
the value [(C/E});, — 1] % 100 and the associated rela-
tive standard deviation, o;. These prediction uncertain-
ties and associated errors are listed in Table V for the
line-integrated Tg and T, based on Li-glass and NE213
measurements.

By examining Tables IV and V, the prediction un-
certainty in line-integrated Ty is similar to the average
prediction uncertainty in local values evaluated in
drawer B; e.g., overprediction in Phase 111A by 5 to
15%, and generally underprediction in Phases 11IB and
IIIC by ~2 to 6%. As for the line-integrated T, it is
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underpredicted in all the drawers of Phase IIIB and
IIC by 8 to 15% (as opposed to the underprediction
of 10 to 15% in the local values, see Table IV). Under-
prediction by ~6% in Phase I1IA can also be seen from
Table V, particularly in the GMVP case, which is sim-
ilar to the underprediction (~5%) in local values. The
standard deviation around these mean values is ~2
to 6%.

It should be noted that the observed differences be-
tween the results of the U.S., and JAER] cited here are
attributed to the differences in nuclear data libraries
used, their group structure, and the input specification
of the calculational methods applied. This includes, for
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Fig. 35, The C/E values of tritium production rate from
SLi(Ts) in the radial direction along drawer B of
Phase IIIC (Li-glass measurements).

TABLE 1V

Average Values of the Prediction Uncertainty,
[(C/E) ~ 1] x 100, in Local Tritium Production
Rate from SLi and "Li

Tritium Production Rate from SLi (Tj)

Li-Glass Method

Phase (%)
IT11A 5to 15
IIB -5
I1C -5

Tritium Production Rate from 7Li (T)

NE213 Method

Phase (%)
IIA -5
IIIB —10to ~15
HiC -10
FUSION TECHNOLOGY VOL, 28 SEP. 1995
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TABLE V

ANNULAR Li;O BLANKET SYSTEM

grated Tritium Production Rate

U.S. JAERI]
Phase DOTS.1 MCNP DOT3.5 MORSE-DD | GMVP (PR2) GMVP (J3)
Line-Integrated Tritium Production Rate from SLi (T)
Phase IIIA
Drawer B 8.8 (+3.10® 9.4 (£5.0) 1.9 (£3.D) 4.5 (x3.1) 5.2 (3.1
Draser C 10.7 (£4.4) 3.7 (£6.9) 12.5 (+4.4) 4.0 (24.5) 5.3 (x4.5)
Phase IIIB
Drawer B —-1.9(£2.8) —6.6 (£3.9) | —0.3(x£2.8) —~3.8(+2.8) —3.4(*2.8)
Drawer C 3.9(£3.9 —4.1 (24.0) 3.3 (£3.5) —-1.7 (£3.5) -3 (£2.9)
Phase 1IIC
Drawer B ~4.7 (+£4.9) —4.4 (+£4.9)
Drawer C ~2.4 (+4.9) ~2.0 (£4.9)
Line-Integrated Tritium Production Rate from “Li (T5)
Phase 11IA
Drawer A —0.4 (£3.8) 0.2 (£5.0) | —2.9(+3.8) —6.7 (£3.8) —3.5(x3.8)
Drawer B 1.3 (x2.1) =L5(£3.7) | ~1.4(23.8) —5.6 (+3.8) =2.4 (+£3.8)
Drawer C 2.7 (+3.8) L7 (£5.1) | ~2.3(+3.9) —-5.8(+£3.9 —5.8 (£3.9)
Phase 11IB
Drawer A -8.9(£1.8) -9.3(+3.9) ~5.1(+3.2) -7.7(£3.2) —-9.7{£3.2) -6.9 (£3.2)
Drawer B —10.8 (£3.2) —11.4(+3.8) | -7.6(£3.2) =11.9 (£3.2) | ~11.2(x£3.2) —8.4 (£3.2)
Drawer C ~8.6 (£3.2) —11.1 {+3.8) —6.5 (£3.2) —10.8 (£3.2) ~10.5 (£3.2) =7.6 (£3.2)
Phase 111C
Drawer A . =153 (£3.1) -12.8 (£3.1)
Drawer B ~11.4 (%3.2) —8.7 (+3.2)
Drawer C —13.2(x3.) ~10.6 {(x3.1)

*From Ref, 29.
1Ts: Li-glass measurements, T;: NE213 measurements.

*Relative standard deviation, o;, in the (C/E),, value; it includes the calculational and experimental errors in the Monte
Carlo cases and only the experimental errors in the discrete ordinates cases.

example, the level of the discretization in the discrete
ordinates method (e.g., S,P; approximation) and the
number of histories in the Monte Carlo calculation. The
impact of these specifications on the calculated results
was investigated and discussed in Refs. 33 and 34.

VI. SUMMARY

Integral fusion neutronics experiments with a sim-
ulated line source have been performed to better sim-
ulate the incident neutron source conditions found in
tokamak reactors. The characteristics of the simulated
line source were examined by various flux and foil ac-
tivation measurements (with and without the annular
test assembly in place) and comparisons were made with
calculations using various codes and nuclear data. The
FUSION TECHNOLOGY
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agreement with foil activation measurements is within
5 to 10% (bare line source) and within 10 to 20% (with
the annular assembly surrounding the line source). The
annular blanket experiments were performed in three
phases. In Phase [IIA, the reference blanket consisted
of a 1.5-cm-thick first wall followed by the Li,O and
the Li,CO; zones. Phase I1IB is dedicated to studying
the impact of the inclusion of 2.45-cm-thick armor (car-
bon) layer on blanket characteristics, while Phase 111C
focused on studying these characteristics in the presence
of a large opening at one side of the annular assembly.
Foil activation measurements inside the assembly indi-
cated good agreement with calculations within 5% for
some reaction rates and within 10% for some others.
In-system spectrum is reasonably predicted except that
the high-energy component is underpredicted in all
phases and the discrete ordinates results are larger than
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the results based on the Monte Carlo calculations. This
was also reflected on the several reaction rates measured
inside the assembly where the C/E values based on
DOT calculations were larger than those based on
MCNP, MORSE-DD, and GMVP Monte Carlo codes.
The armor layer tends to decrease local TPR from
"Li (T;) and to increase local TPR from SLi (T). The
decrease in T; measured by the NE213 detectors is less
pronounced than the calculated values, while the in-
crease in Tg detected by the Li-glass method is more
pronounced than the predicted values. The change in
the spectrum behind the armor layer, as measurements
indicate, is such that more neutrons are moderated to
the energy range below a few keV [where SLi(n,c)t
cross section is large] and above a few MeV and fewer
neutrons are moderated to the energy range a few keV
to a few MeV. This trend is reversed, as obtained from
calculations. Additionally, the increase in T is de-
tected at all locations inside the Li,O zone, while cal-
culations showed that a decrease in local Ty could
occur at back locations. The effect of the large open-
ing of Phase 111C on local T, is such that reduction in
their values occurs at front locations of the breeding
zone facing the opening. Local T, also decreases with
an amount comparable to the increase achieved due to
the inclusion of the armor layer, rendering local Teto
have values similar to those found in Phase IIIA.
The average values of the prediction uncertainties
in local as well as line-integrated TPR {which has closer
similarity to the tritium breeding ratio, TBR, in a blan-
ket) have been calculated based on results from all
codes/databases, along with the associated errors aris-
ing from the statistical errors in the calculations and the
evaluated experimental errors, The prediction uncer-
tainty in the line-integrated Tj is similar to the average
prediction uncertainty in local values, which are over-
predicted in Phase IIIA by 5 to 15%, and generally un-
derpredicted in Phases LIIB and I1IC by ~2 to 6%. As
for the line-integrated T, it is underpredicted in all the
drawers of Phases I1IB and IIIC by 8 to 15%. Under-
prediction in the integrated T, by ~6% was also found
in Phase HIA, which is similar to the underprediction
(~5%) in local values. The standard deviation around
the mean values of the prediction uncertainties is ~2
to 6%. These estimates are based on the Li-glass mea-
surements of Tq and NE213 measurements of T,. Gen-
erally, the results based on Monte Carlo calculations
are closer to the experimental values than those based
on the discrete ordinates method. The results based on
DOT calculations are, on the average, larger than the
results obtained from the Monte Carlo calculations.
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