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Integral experiments on a Li,0 cylindrical assembly have been
carried out, using the FNS facility to provide benchmark data for
verification of methods and data used in fusion neutronics research.
The size of assembly was 63 cm (diameter) by 61 cm (length).
Measurements included ®Li and 7Li tritium production rates ; 233U,
238|), 237Np and 232Th fission rates ; 27A1(n,q)2%Na, ®8Ni(n,2n)57Ni,
115In(n,n‘)“-"mln and *%In{n,y)'*%In reaction rates. Neutron energy
spectra in the assembly, as well as response rates of TLDs and PIN
diodes, were also measured. Measured data are presented in tabular
form together with estimated errors. A sample calculation using the
DOT3.5 code js provided to facilitate the reader understanding of the
experiments. Although several different measuring techniques are used
in the experiment, the data are mutually consistent. This fact
supports that present experimental data can be applied to the
benchmark verification of methods and data.
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1. Introduction

The design of an effective blanket for a controlled thermonucltear
reactor calls for an exact knowledge of the behavior of neutrons
within the blanket medium. The methods and data used in the design
and analysis of fusion blanket should be examined by comparing the
calculated results with experiments. At the JAERI a number of such
integral experiments‘on simulated blanket assemblies had been carried

(1)-(7)

powerful D-T neutron generator, the Fusion Neutronics Source faciliy

out using the PNS-A neutron source. The installation of a more
(FNS),(B)(g) provided the opportunity for additional benchmark
experiments on simulated blanket assemblies. In particular, the
tritium production-rate distributions were measured in two such
bianket assemb11es.(10)
Lithium oxide (Li,0) had been propo?$$)by JAERI's designers as a

urgent requests for benchmark experiments on fusion blankets of L1,0

ceramic solid tritium breeding material. This in turn led to
using the FNS facility.

In blanket design calculations as well as in the interpretation
of experimental data, it is necessary to describe the angular
distributions of secondary neutrons with some accuracy. Two transport
codes, BERMUDA-2DN'2) and MorsE-DD "3) were developed at the JAERI
for this task, both employ a double differential cross section (DDX)
format. A new nuclear data file based on DDX is in process of
evaluation by the Japanese Nuclear Data Committee, to be issued as
JENDL-3 in March 1987. Meanwhile, some important nuclides of interest
blanket work, i.e., ¢Li, 7Li, Be, C, 0, Cr, Fe and Ni have been made
available as JENDL-3PR1 ( JENDL-3 preliminaly version one ). These
methods and data should be examined by the benchmark experiments.

Experimental assemblies to be obtained the benchmark data must
have simple geometry with simple composition. In the case of the
spherical assemblies used in the previous experiments,(1}‘(7)
one-dimensional caltculation was applied to the analysis because of the
1imit of computer resource at that time. There are two problems in
this case. First, the energy and angular distributions of D-T source
neutrons are not uniform due tc the kinematics of D-T reaction and
scattering effect by the structual material of target assembly.

Second, there is some ambiguity in the boundaries of experimental

_1_
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assembly to make a one-dimentional calculation model, since the actual
experimental assembly was composed by rectangular blocks. Recent
innovation of computer resource makes us the two-dimensional
calculation within reasonable time.

As a series of clean benchmark experiments, an integral
experiment on a lithium-oxide (Li,0) cylindrical assembly was planned
and carried out. The assembly was placed in front of the target. In
this case, it is easy to make the calculational model of two-dimen-
sional geometry in the condition of reasonable accuracy. Moreover,
source neutrons entered almost isotropically into the assembly.

It is aTso very important to kmow the characteristics of source
neutrons accurately in the benckmark problem. They were measured by
time-of-flight technique, foil activation method and an NE213
spectrometer.(14) These measured values were confirmed by an analysis
based on Monte Carlo calculation.{15)

Benchmark data suitable for comparison with calculation must, on
one hand, furnish absolute values ; on the other hand, it is highly
desirable to obtain as many measurements as possible to afford
internal cross-checks among the data and provide a large amount of
information. This cross-check should support the reliability of
measured values.

Measured guantities and methods of measurement in this work are
summarized as follows:

(a) Tritium production-rate distributions

* Tiquid scintillation counting of tritium extracted from
irradiated ¢L1,0 and 7Li,0 pellets

* online pulse height spectroscopy with a pair of ¢Li- and
7Li-glass scintillators

* online neutron spectroscopy with an NE213 scintillator and
evaluated nuclear data of 7Li(n,n"t)*He

(b} Fission-rate distributions

* online micro-fission chambers containing 235U, 238U, 237Np
and 232Th

{c) Reaction-rate distributions, for 27A1(n,q)2“Na, 58Ni{n,2n)

S7TNi, 115In(n,n’)*15™In and 115In{n,y)!1€In
* offline gamma-ray spectroscopy of irradiated A1, Ni and In
foils
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(d) Neutron spectra within the assembly
* online pulse-height spectrum recording and unfolding of a
small sphere NEZ213 spectrometer
* offline evaluation of threshold reactions induced in foils
(AT
In addition to these measurements, the response distributions of
PIN diodes and thermoluminescence dosimeters {TLD) were measured as
well as fission-rate distributions by offline scanning of solid-state
track recorders packaged with 2%*®U and %°%Th foils, in an effort to
develop new techniques. They are presented in Appendix. To give the
reader a better understanding of the use of the experimental data for
purposes of comparison with theoretical predictions, a calculation

based on DOT3.5(16) is provided in Appendix A.4.

+ The result of the MFA measurements is omitted from this report and
will be published elsewhere.
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2. Experimental Assembly and Neutron Source

Three types of Li,0 blocks were made to construct a experimental
assembly. The outside dimensions of these blocks had an area of 5.06
cm x 5.06 cm and lengths of 5.06, 10.12 and 20.24 cm. The bricks,
which were almost cubic, were made from Li,0 powder by cold pressing.
Density of Li,0 bricks was 75.5 % of theoretical density. One, two
and four Li,0 bricks were encapsulated, respectively, in a 0.2
mm-thick stainless steel box, edge-welded with a 2.5 mm deep rim. A
photograph of these blocks is shown in Fig. 2.1.

These blocks were supported by a framework consisting of
thin-walled, aluminum sguare tubes. Sectional views of the cylindri-
cal slab assembly and Li,0 blocks are shown in Fig. 2.2. The size of
the assembly was 63.0 cm in average diameter and 61.0 cm in Tength.
Apendix A.4 describes a two-dimensional model for the experimental
analysis. Homoginized nuclide densities in each region are presented
in Table 2.1.

An experimental channel — a set of sguare tube and drawer made
of 0.2 mm-thick stainless steei (5S304) — was prepared for saving
the time to change the detector location and thus minimizing the
personnel exposure. A photograph of the sguare tube and drawer is
shown in Fig. 2.3. This experimental channel was set at the central
axis of the assembly. Three types of special-sized Li,0 blocks were
manufactured for loading in the drawer. The cross section of
special-sized blocks is a Tittle smailer than that of the standard
ones, i.e., 4.98 cm x 4.98 cm. While the Tength of them equals that of
the standard blocks. Lithium-oxide blocks with an experimental hole
were also made tc allow insertion of a detector. This outer size was
4.98 cm cube and the hole size was 2.0 cm x 2.0 cm. Four small blocks
were stacked and fixed by stainiess steel solder to form the
experimental hole. A drawing and photograph are shown in Figs. 2.4 and
2.5. An additional experimental channel was placed at off-central axis
located three units above the center (r = 15.2 cm).

The 80° beam line in the first target room of the FNS facility
was used for the present experiment. An experimental layout is shown
in Fig. 2.6. A high speed water-cocled target assemb?y(?7)
the end of the beam line. A 20 Ci Ti-T target was mounted on the

was set at

target assembly. Neutrons were generated at the distance of 20 cm
from the assembly surface on its central axis. The setting accuracy is

— 4 —



JAERI-M 86-187

estimated to be within + 0.1 cm. A view of the experimental arrange-
ment is shown in Fig. 2.7. The layout of the first 15 m x 15 m target
room is shown in Fig. 2.8. The distances from the target to the west
and south walls are 5.5 m, and those to the ceiling, the grating floor
and the basement floor are 7.9, 1.8 and 3.8 m, respectively.

Neutron yields were determined by means of the associated

g-particle detection method.(18)

A small silicon surface-barrier
detector was mounted in the target assembly to detect the a-particle
of 3T{(d,n)"*He reaction. Source characteristics(14)} --- neutron yield,
angular distribution and spectra --- of the target assembly were
measured by the time-of-flight technique,(19) foil activation and an

(20)

The agreement between neutron yields measured by different

NEZ13 spectrometer.

methods was well within the experimental error. An analysis by Monte
Carlo computation (15) also showed fairly good agreement with measured
neutron energy spectra as well as angular distributions, the latter
obtained by foil activation. Thus, the calculated source spectrum and
other characteristics were essentially confirmed and can be used as
input information in the benchmark catculations.

Table 2.1 Homoginized nuclide density for each region of Li0

assembly.
Regiaon | Inner Li0 Stafinless steel  Quter Li,0
Quter 2.7175 cm 2.86¢ cm 31.5 ¢cm
Radius
*
8L 4,221 ,-3 -—— 4,191 44-3
L 5.277 -2 -—— 5.240, -2
0 2.849 -2 -——- 2.8294 -2
Fe 5.204 4-4 2.324 ,4-2 1.1114 -3
Ni 6.296 ;-5 2.812, -3 1.351¢ -4
Cr 1.433 ;-4 6.397 5 -3 3.067 5 -4
Mn 7.244 -6 3.294, -4 1.880, -5

* Read as 4.221, x10-3 [ 102* atoms / cm?® ]

75_
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Fig. 2.1 Lithium-oxide blocks.

Fig. 2.3 Thin-walled square ftube and drawer made of SS304 for the
experimental channel.
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Fig. 2.5 Lithium-oxide blocks with experimental hole.

Fig. 2.7 A view of the experimental arrangement.
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3. Tritium Production-Rate Distributions

3.7 Tritium Production Rates Measured by Liquid Scintillation Method
with Li,0 Pellets

Tritium production-rate {TPR) distributions were measured by the
Tiquid scintillation counting method, using sintered Li,0 pellets. The
size and density of pellets were 12 mm dia. x 2 mm and about 83 % of
theoretical density, respectively. Enriched ¢Li{95.446 atom %) and
7Li(99.952 atom %) pellets were placed in the 2.5 mm deep cavities
between welding rims of the special-sized Li,0 blocks arranged along
the central axis. They are shown in Figs. 3.1 and 3.2. Deuteron beam
energy, average beam current and total irradiation time were 310 keV,
2 mA and 17 hours. Total neutron yield at the target was estimated to
be 9.39 x 10%>.

Irradiated pellets were dissolved in 6.5 ml of water ; complete
solution required about 2 days. The solution was distilled with an
apparatus shown in Fig. 3.3. As the first step, the solution was
poured into a "boiling flask" and frozen in a iiquid nitrogen dewar.
The apparatus was then evacuated by a rotary pump ; upon complete
evacuation, the flask was warmed up in a water bath of 80°C while a

. "condensing flask" was , in turn, cooled down with a 1iquid nitrogen

dewar. This resulted in the transfer of almost all of the water to the
condensing flask. Six ml of the collected water was pipetted into a
20 ml vial; then, 4 ml of ethylalcohol and 10 ml Jiguid scintillation
cocktail were added. The addition of ethylalcohol made liquid (single
phase) samples clear and stable. The tritium activity in the sample
was measured by a calibrated lTow background liquid scintillation
counting system (Aloka LSC-LB1).

To estimate tritium escape during the irradiation and chemical
treatment, some pellets, covered with aluminum foil of 210 ym
thickness were placed near the rotating target of the FNS. The foil,
in which recoil tritons were trapped during the irradiation, were
treated chemically and the tritium was measured by a radioc gas
chromatograph. The HT gés undissolved in the solution was extracted by
the D, gas bubbling method and measured in a similar way. Measured
values are summarized in Table 3.1. The total escaped tritium rates
were (6.7 + 1.3) % and (7.1 + 0.9) % for 5Li,0 and 7Li,0 pellets,
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respectively. An additional experiment for estimating the escaped
tritium is being carried out using the same method and a different
method from the method mentioned above. Preliminary data support the
above data within the experimental errors. After the correction for
escaped tritium, the TPRs of °Li and “Li were obtained by making use
of the atomic ratios of peltets. |

The experimental data are presented in Table 3.2 together with
experimental error. Three values for ®Li TPR are listed in the table.
First, the observed tritium production rate in the pellet, i.e., the
data including corrections for tritium decay and escape ; Secondly
the data corrected for the self-shielding. This correction was based
on a simple model of the group-wise self-shielding factor Gi’

= 01 N tm

it absorption cross section of i-th group

where

T
o
N : atom density

tm : mean chord length =4V / §
V : volume of pellet

S : surface area of pellet.

For the ®Li.0 pellet, the diameter is 12 mm, thickness 2 mm and atom
density 6.934 x 1022 of °Li.

The third value in the table includes both corrections for
self-shielding and for room-return effects ; the room-return effect
was evaluated by the MORSE-DD code.(21)

The experimental error analysis is summarized in Table 3.3. The
major error source was the statistical error in the tritium count. A
comparison with the sample calcuTation is given in Appendix A.4.
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3.2 Tritium Production Rates Measured by a Pair of Lithium-Glass
Scintillators

The tritium production rates(TPR) of éLi along the central axis
and the off-central axis were measured by a pair of %Li- and 7Li-glass
scintillators. This method, newly-developed at the JAERI for TPR

(22) offers the following specific advantages :

measurement,
1) no heavy irradiation is required, because of its high
sensitivity,
2) on line measurement is provided,
3) the size of the scintillator is small {10 mm dia. x 3.0 mm),
hence the positional resolution is high.
The y-ray background is removed by subtracting the pulse height
spectrum of 7Li-glass scintillator from that of the #Li-glass
scintillator, after the adjustment of pulse height spectrum by the use
of the ratio of y-ray detection efficiencies of the two scintillators.

This ratio was determined experimentally.

3.2.1 Measurement

The measurements were carried out at 11 points along the central
axis {r = 0 cm) and 5 points along the off-central axis (r = 15.2 cm).
The positions of the scintillator center and schematic configuration
of Li,0 block are shown in Fig. 3.4, respectively. The Li-glass
detector was inserted in the special Li,0 blocks equipped with a
square central hole of 20 mm x 20 mm. Solid blocks were used to fill
space forward of the detector. These blocks holding the detector were
loaded in the drawer, then this drawer was inserted intoc the
experimental Li,0 assembly. The traverses of the two detectors were
performed separately. During the traverses, the accelerated deuteron
energy was 330 keV. Beam currents were 0.8 to 33 A and 0.8 to 75 yA
for ®Li and 7Li detectors, respectively, adjusted to the detector
Tocation so as to keep the anode current of the photo-multiplier tube
almost constant. In order to achieve this condition, the product of
channel number I and count C(I) in a MCA (multi-channel pulse height
analyzer) was computed for every measurement ; and the current

— 14—
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adjusted proportionately :

S = E I « C(I) = const.
1

The object of adjustment of the beam current was to prevent the gain
drift.

The 6Li atom number in the fLi-glass scintillator was 4.426 x
1021 [atom/cm?], calculated by using the values of a chemical

- *
analysis.

3.2.2 Experimental results and experimental errors

Experimental results are shown in Table 3.4 and in Fig. 3.5.
Experimental errors are summarized in Table 3.5. Self-shielding
corrections were not included. The error in the ®Li atom number was
estimated to be + 0.5 %. Triton and g-particle escape was estimated
by calculating the probability of total kinetic energy deposition in
the scinti]]ator.(zz) To estimate the void effect on the TPR due to
the channel (See Fig. 3.4}, the calculated TPR for the case with the
channel was compared with that without the channel. The TPRs for both
cases agreed well within 1 %. Random errors of counts (aAs/s)
resulting from the €Li(n,q)3T reaction are larger in the frontal
region of the assembly because the signal-to-noise ratio is small
there. The fitting error is 10 ~ 40 % for the data of Z £ 30.1 cm and

5~ 10 % for the data of Z 2 40.2 cm.

* The chemical analysis was performed by Mr. & Mrs. Tamura of
Analytical Chemistry Laboratory of JAERI by means of the isotope
dilution method.

_15.._."
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3.3 Tritium Production Rates of 7Li Measured by an Small Sphere NEZ13
Spectrometer

The threshold energy of 7Li(n,n't)“He reaction is about 3 MeV.
If we can measure the in-system spectra above this energy, the TPR of
L (T,) is obtained using an evaluated nuclear data of 7Li{n,n't)“He.
That is,

where

¢(E) : measured neutron spectrum,
ag,(E): evaluated cross section of 7Li(n,n't)"*He.

Newly developed small sphere NE213 spectrometer (20) 55 encugh
for this purpose. Therefore, the T, data were obtained automatically
from the in-system spectra measurement (See Section 6).

" Experimental results are shown in Table 3.6. The data of
JENDL-3PR1 are used as the evaluated cross section of 7Li(n,n't}*He.
Experimental error due to the unfolding is estimated from the
canfidence interval (See section 6).

Table 3.1 Evaluation of escaped tritium rates during the irradiation
and chemical treatment of Li,0 pellet.

*
Escaped tritium rate (%)

Pellet

Recoil Gas Total escape

+
+

§Li,0 3.93 £ 0.18 2.14 + 1,07 6.07
7Li,0 1.81 = 0.14 5.29 + 0.76 7.10

1+

1.25
0.90

+
I+
1+

* The ratio divided by total produced tritium.
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Table 3.2 Measured tritium production rates (TPR) in the 60 cm-thick Li,0

cylindrical slab assembly by Tiquid scintillation method with
sintered Li,0 pellets.

(a) ©&Li(n,t)*He

*
Position ! Measured TPR Corrected TPR Corrected TPR
*
[cm] for self-shielding for both effects 4

[ 3T / source neutron / atom]

*2 *3

19.8, 7.58 -29°% (4.8%) 7.71 -29 7.66 -29
22.4, 8.81 29 (4.5%) 8.98 -29 8.93 -29
24.9, 9.30 -29  (4.5%) 9.48 -29 9.44 -29
27.4, 9.17 29 (4.5%) 9.28 -29 9.23 -29
30.0, 9.01 -29  (4.5%) 9.19 -29 9.15 -29
35.1, 8.05 -29  (4.7%) 8.23 -29 8.18 -29
20.1, 6.89 -29  (4.9%) 7.06 -29 7.01 -29
15.2, 5.61 -29  (5.3%) 5.75 -29 5.71 -29
50.3, 4.48 -29  (5.8%) 4.60 -29 4.55 -29
5.4, 3.02 -29  (6.5%) 3.52 -29 3.48 -29
60.4, 2.73 29 (7.3%) 2.81 -29 2.76 -29
65.5, 2.01 -29  (8.7%) 2.08 -29 2.03 -29
70.6, 1.47,-29  (10.5%) 1.51,-29 1.46,-29
75.7, 8.65 -30 (15.7%) 8.94 -30 8.36 -30
80.8, 7.11 =30 (18.3%) 7.34 -30 B

*1 Distance from the target

*?2 Read as 7.58 x 10-2°%

*3 Experimental error

*4  Self-shielding and room-return effects

*5  Room-return effect was very large and etimated to be over 200 %
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Table 3.2 (continued)

(b) 7Li(n,n't)%He

Position*1 Measured TPR

[ cm ] [ 3T / source neutron / atom ]
19.8, 6.32 2972 (4.29)"3
22.4, 4,60 -29 (4.9%)

24.9, 3.85 -29 (5.6%)

27 .4, 2.67 -29 (6.4%)

30.0, 2.08 -29 (7.6%)

35.1, 1.26,-29 (10.7%)

45.2, 4.57 -30 (23.8%)

50.3, 3.92 -30 (28.1%)

Table 3.3 Error analysis for the TPR measurement by liquid
scintillation method with sintered Li,0 pellet.
The measured data are presented in Table 3.2.

[tem Systematic error Random error

Neutron yield + 1.5 % negligibte
Efficiency curve + 1T % + 2%
Tritium count -——-- £+ 2.8~ 24 %
Li atom number + 0.1 % negligible
Tritium decay negligible -——-
Tritium escape -—-- + 0.9 1.3 %
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Table 3.4 Measured tritium production rates {TPR) in the Li,0

by a pair of Li-glass scintillators.

assembly

Location [ cm ] TPR1/%Liatom/source neutron Random error
z R (error [%1)*] Systematic
error®] As/s ACa/Ca
Central axis
20.2s 0 5.40 29 (+11.0) 5.4 ¢ £ 3.6  +2.0
22.53 0 7.06 -29 (+ 9.9) + 2.6 + 1.9
25.04 0 8.49 -29 (£ 9.1) * 1,7 t 2.0
27.6; 0 7.63 -29 ( £ 10.5 ) £ 3.1 + 2.0
30.1; 0 7.32 -29 (+ 8.3) 1.3 * 1.6
40.2, 0 6.21 =29 (+ 7.9) * 0.90 * 1.6
50. 34 0 4,23 =29 (£ 7.1) * 0.60 + 1.1
60.5¢ 0 2.52 =29 (+ 7.3) £ 0.76 1.1
70,64 0 1.33p0-29 (£ 6.9 ) £ Q.72 + 0.80
75.72 0 8.28 -30 (+ 6.8) + 0.75 * 0.65
80.70 0 8.13 -29 (= 6.6 ) * 0.63 * 0.56
Off-central axis
20.25 15.2 6.10 -29 ( + 9.5 ) * 2. + 1,7
25.0¢ 15.2 .56 =29 ( + 8.3 ) * 1. + 1.6
30.1, 15.2 .04 -29 (= 8.6 ) 1. + 1.9
50.34 15.2 3.57 -29 (= 7.7) + 0.88 + 1.4
70.6, 15.2 1.11,-29 ( + 6.8 ) + 0.70 +* 0.70

*1 Fitting and self-shielding errors are excluded.

*?2 Systematic error is same for all data.
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Table 3.5 Error Analysis for the TPR measurement by Li-glass scintillators.

*1

*2

items systematic randam

count (as/s)*? —aee- + {0.6 v 3.6) %
6Li Atom Number +0.5%  -----
Edge Effect <2.0%  ae---
Void Effect <1.0%  —----
Neutron Yield + 1.9 % + (0.6 ~ 2.0) %
Self-Shielding JJO~26 % —----
Fitting *2 540 % 0 -----

Statistical error for subtracted count.
This error is originated from the ambigquity of fitting region.(zz)

Table 3.6 Measured tritium production rates (TPR) of 7Li{(n,n't)*He

*1
*2
%3
x4

in the Li,0 assembly by a small spherical NEZ213 spectrometer.

Position™] Measured TPR of 7Li
[cm] [*T / atom / source neutron]
21.6 4.61 -29%2 (2.1%)*3  (3.3%)™4
31.5 1.65,-29 (1.0%) (2.7%)
41.6 6.23 -30 (1.0%) (2.7%)
51.7 2.40 -30 (2.4%) {2.5%)
61.8 9.04 -31 (3.2%) (2.4%)
72.0 3.46 -31 (4.1%) (2.4%)
82.1 1.255-31 (3.6%) (2.3%)

Distance from the target.

Read as 4.61 x 10 -29.

Experimental error due to the unfolding process.
Experimental error for source intensity.

(See Tables 6.1 and 6.2)
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Fig. 3.1 Sintered Li,0 pellets.

Fig. 3.2 Arrangement of sintered pellets in the space within the
welding rim of a Li,0 block.
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Fig. 3.3 Apparatus used for tritium extraction.
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4. Fission-Rate Distributicons Measured by Micro-Fission Chambers

Fission-rate distributions were measured with three micro-fission
chambers coated respectively with about 4 mg of the oxides of 233U,
2381t and 232Th; a fourth chamber was coated with about 1.6 mg of the
oxide of 237Np. The chamber were Type FC4A manufactured by T.C.
Centronic Ltd, had 6.25 mm 0.D. and 25.4 mm active Tength.

A11 the counter traverse experiments were made in the central
experimental hole of 2 ¢cm x 2 cm. Fission rates in the 235U and 238U
chambers were measured simultaneously, side by side, in the same hole.
Similar measurements were carried out with the 237Np and 232Th
chambers. As the detector was successively withdrawn along the axis,
the channeled Li,0 blocks were replaced by solid blocks of the same
material, to minimize neutron streaming. The remaining channel toward
the rear of the assembly served to pass the signal cable.

The deuteron beam energy during the counter traverse was 330 keV
and the beam current was varied from 100 yA to 2 mA with the count
rate.

The four fission chambers were calibrated by a scheme very
similar to that used in a previous experiment.(4) A chamber was placed
in front of the water-cooled target at distances of 20, 30 and 40 cm
to count the neutrons emitted in the forward direction. The chamber
was positioned with its axis at 0°, 45° and 90° to the incident d+
beam. To correct for the effect of room-return neutrons, the fission
chamber was placed in front of the target at a distance of 2 m. The
background effect was found to be 9.3 and 1.6 % for the 235U and 237Np
chambers respectively, and effect was negligible for the other
chambers. The room background was subtracted from the data.

The number of effective atoms present in the chamber coating is

calculated by the eguation

Co
N — [fissile atoms/chamber] (4.1)
P a¢ Y

where N is the effective number of atoms in the micro-fission chamber,
Y the neutron yield at the target obtained by g-monitoring, C, the

_254u



JAERI-M 86-182

total count of fissions during the measuring time, P a geometrical
factor determined by the configuration of target and chamber, af the
fission cross section averaged over the source spectrum and the atomic
composition ;

(;f = Z U.-fI: N'I 1 (4'2)
1

where c; the average fission cross section, is given by,

.i
ot = fol) ofle) o, (4.3)
where _ _
Ni : isotopic abundance of i-th fissile material,
alE) : fission cross section,

¢f(E) : forward source neutron spectrum.

The fission cross-section data were taken from the ENDF/B-IV data file

(15)

spectrum. It may be noted that the integral of the forward source

and the result of a Monte Carle calculation was used as the source

neutron spectrum is not unity. The value of P was calculated by

(4)

The effect of the structural material of the chamber was included

numerical integration.

in the effective atom number. The effective numbers of fissile atoms
present in the chambers were calculated by Eq. (4.7) and are
summarized in Table 4.1. The data at 45° were very close to those of
90 degree, while the data of O degree were a little differed from
those of the others. Therefore the data for 0° to the axis (parallel)
were calculated by averaging over three positions and the data of
non-parallel over the other positions. The calibration errors were
estimated to be 2.8 % for ?33U, 238 and 232Th, and 3.8 % for 237Np
chambers. Major sources of error were uncertainties in the neutron
yield (Y) and positioning (P) ; the Tatter error was 1 %.

The absolute fission rate R(z}, for each chamber at the position
z is given by the equation

R(z) = . [fissions/scurce neutron/atom] (4.4)
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where Fp(z) is the total fission count at z, N(z) the number of
effective fissile atoms present in the chamber, and Yt the total
neutron yield at the target during the measurement. The N(z) was
estimated by assist of a pre-experimental analysis. An energy
integrated angular flux within 6.72 degree was assumed as the forward
(parallel) component. The N{z) was obtained by averaging over the
calculated fluxes of parallel and non-parallel components.

The uranium in the 235U micro-fission chamber contained 7 % 2%°U,
and inversely that in the 238U chamber 0.044 % 2°°U, for which
appropriate corrections were made in the observed fission rates. In
the 237Np chamber, the neptunium contained 0.1 % plutonium, mostly
23%py, . Fissions contributed by this plutonium fraction were accounted
for estimating its fission rate from that of *°°U, assuming an average
ratio of 1.26 between the fission cross sections of 2®°Pu and 2*°U.
The error due to this assumption should be small. The corresponding
amount of impurity for 232Th chamber was unknown, hence, the results
obtained with 2°2Th were not corrected.

The absolute fission rates thus determined are summarized in
Table 4.2. The error estimates given in the table were determined in
the following manner. The error was mainly caused by the errors of
total neutron yield (2.1 %) and effective fissile atom numbers (3.2
4.6 %). The latter error included the angular-dependency of chambers.
The absolute fission-rate distributions are shown in Fig. 4.1.

Room-return effect for the fission-rate of **°U was evaluated by
the MORSE-DD code. 2!} The corrections were 7.4, 3.8, 2.2, 1.4 and
1.0 % for 77.2, 72.1, 67.1, 62.0 and 56.9 cm from the target,

respectively.

,._27_
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Table 4.1 Measured effective fissile atom numbers in micro-fission
chambers.
Effective fissile atom number
[ x 1018 atoms/chamber ]
Parallel 7.32,4 6.73, 2.20, 6.78;
Non-parallel 7.774 7.33, 2.43, 7.61,

Table 4.2 Fission-rate distribution in the Li,0 cylindrical slab assembly.

Posi’cion*1 Fission rate [fission / source neutron / atom]
[cm] U-235 U-238 Np-237 Th-232
*2 *3

23.9 5.00 -28 (4.1%) 1.84.-28 (3.9%) 4.71 -28 (5.1%) 5.74 -29 (4.7%)
26.4 4.,24.-28 (4.2%) 1.404-28 (3.9%) 3.67 -28 (5.1%) 4.29 -29 (4.7%)
29.0 3.67 -28 {4.1%) 1.04,-28 (3.9%) 2.93 -28 (5.1%) 3.29 -29 (4.7%)
31.5 3.14,-28 (4.1%) 8.04 -29 (3.9%) 2.38 -28 (5.1%) 2.45 -29 (4.7%)
36.6 2.40 -28 (4.1%) 4.87 -29 (3.9%) 1.50,-28 (5.1%) 1.44,-29 (4.7%)
41.7 1.83,-28 (4.1%) 2.97 -29 (3.9%) 9.57 -29 (5.1%) 8.73 -30 (4.7%)
46.7 1.39,-28 (4.1%)  1.804-29 (3.9%) 6.33 -29 (5.1%) 5.40 -30 (4.7%)
51.8 1.06,-28 (4.1%) 1.13,-29 (3.9%) 4.04.,-29 (5.1%) 3.29 -30 (4.8%)
56.9 7.96 -29 (4.1%) 7.05 -30 (3.9%) 2.62 -29 (5.2%) 2.05 -30 (5.2%)
62.0 5.90 -29 (4.1%) 4.42 -30 (4.0%) 1.68,-29 (5.2%) —

67.1 4,18 -29 (4.1%) 2.80 -30 (4.0%) 1.10,-29 (5.2%) 7.87 -31 (6.4%}
72.1 2.81 -29 (4.1%) 1.72,-30 (4.0%) 7.13 -30 (5.3%) 5.22 -31 (5.6%)
77.2 1.67,-29 (4.2%) 9.97 -31 (4.2%) 4.31 -30 (5.2%) 3.30 -31 (5.7%)

*1 Distance from the target.
*2 Read as 5.00 x 10-28,

*3 Estimated error
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5. Reaction-Rate Distributions Measured by Activation Foils

Reaction-rate distributions of 27A1{n,q)%“Na, S8Ni(n,2n)57?Ni,
ll51n(n,n')115m1n and 115In(n,y)“5m1n were measured along the central
axis of the assembly by the foil activation technique. The four
reactions were selected for their different energy responses, covering
the whole energy region from thermal to 15 MeV. The reaction-rate of
58Nj(n,2n)57Ni, with a threshold energy of 12.5 MeV, senses the direct
D-T neutron flux. Since the 27A1(n,q)%"*Na cross section is well
known, the reaction-rate is expected to provide accurate information
on the flux above 5 MeV neutron energy. The 1151n(n,n')“5m1n
reaction senses the intermediate flux because of its low threshold
energy (about 0.5 MeV). The 1151n(n,y)115m1n reaction, sensitive to
slow neutrons, is appropriate to estimate the low energy neutron flux

distribution.

5.1 Irradiation of foils and measurehent of induced activities

Stacked foils of Al, Ni and In were inserted into the small
spaces between Li,0 blocks, in the same manner as the Li,0 peilet
measurement. The Al and Ni foils were 10 mm in diameter and 0.5 mm in
thickness ; the In foils were 10 mm sguare and 0.7 mm in thickness.
Foils were irradiated for 12 hours by D-T neutrons at an average
intensity of 2.797 x 10'! n/sec at the target. After irradiation,
spectra of gamma-rays emitted by the foils were measured with a 60 cm?
Ge(Li) detector. The spectra were analyzed by the code BOB?S,(23) to
compute peak areas. Reaction rates were deduced from the measured
gamma-ray peak counts, detector efficiency and decay data, with
corrections for self-absorption, sum peak and saturatioh factor during

the irradiation. The reaction-rate, R, is given by

AeC
R = s
N. X. Y. Yn
W. N, -a
N = .
A



JAERI-M 86-182

where,

: decay constant,

: measured gamma-ray counts,
: weight of foil,

: Avogadro constant,

: source neutron yield,

¢ abundance,

T o w =ZExE O >

: atomic number,

(D

£ - detector efficiency,

b : gamma-ray branching ratio,

P : gamma-ray self-absorption coefficient for each foil,
s : saturation correction coefficient,

tb : irradiation time,

tC : cooling time,

L, measuring time.

The neutron yield was monitored by the associated w-particle counting
(18)

method.

are summarized in Table 5.1.

Decay data of the reaction products, taken from Ref.(24),

5.2 Observed reaction rates and their errors

The reaction rates at various positions are listed in Table 5.2.
Counting statistics errors were in the range of *+ 0.5 to 9 % ; the of
uncertainty detector efficiency was about 2.5 %. Other error sources
were in the decay data, the source neutron yield and corrections for
self-absorption, sum peak and saturation factors. The error
assessment is given in Table 5.3.
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Table 5.1 Decay data needed for reaction-rate calculation.

Reaction Half Tife Detected y-ray y-ray branching
energy [keV] ratio [%]
2781 (n,a)**Na 15.02 h 1368.6 100
*"Ni(n,2n)°7"Ni 36.0 h 1377.6 . 77.6
1S Tn(n,n* ) 3" n 4.49 h 336.2 45.9
115Tn(n,y) ¢In 54.1 m 1293.5 85.0
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Table 5.2 Reaction rate distribution in the Li:0 assembly.

{a) “SIn(n,n')“smIn and 1%In{n,~) 11EIn

Position*1 115In(n,n')“smln Y13Tn(n, v} Yt 8In
fem ] [ reaction rate / atom / source neutron ]
29.9, 2.01 -29%2 (3.8%)*3 3.38 -29 (5.6%)*3
40.1, 9.12 -30 (4.1%) 2.65 -29 (4.9%)
50.2 4 3.77 =30 (4.6%) 1.79,-29 (4.3%)
60.4 . 1.62,4-30 (7.2%) 1,12 5-29 (4.7%)
70.6, 6.58 -31  (9.5%) 4.92 -30 (4.5%)

(b} 27A1(n, o) **Na

Position (cm) [reaction rate/atom/source]

19.9, 2.12 -29 (3.2 %)*3
22.4, 1.57 ,-29 (3.1 %)
24.9, 1.17 29 (3.1 %)
27.5, 8.61 -30 (3.3 %)
30.0, 6.31 -30 (3.3 %)
35.1, 3.60 -30 (3.3 %)
40.2, 2.12 =30 (3.5 %)
45.3, 1.274-30 (3.5 %)
50.2 4 7.62 =31 (3.5 %)
55.4, 4,49 -31 (3.1 %)
60.5 2.84 -31 (3.8 %)
65.6 , 1.66,-31 (3.8 %)
70.7, 9.87 -32 (3.7 %)
75.7 6.11 =32 (3.6 %)

__33_
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Table 5.2 (continued)
(c) 38Ni(n,2n)>7Ni

Position [cml [reaction rate/atom/source]

19.85 8.00 -30  (3.1%)*3
22.3, 5.19 -30  (2.8%)
24.8, 3.61 =30 (3.2%)
27.4, 2.34 -30 (4.5%)
29.9¢ 1.615-30  (5.3%)
35.04 8.84 -31  (5.3%)
40.1, 4.10 -31  (6.6%)
45.2, 2.35 =31 (6.7%)
50.24 1.235-31  (7.1%)
55.3, 6.13 -32  (2.8%)
60.45 3.22 -32  (9.5%)
65.5; 2.01 =32 (9.6%)
70.6, 1.15¢-32 (10.3%)
75.65 6.12 -33  (8.9%)

*1 Distance from the target.
*2 Read as 2.01 x 10-2?,
*3 Experimental error.
This error excludes the error of neutron yield.

Table 5.3 Error ahé]ysis for the"reaction—rate measurements.
The measured data are presented in Table 5.2.

Item ' Error [+ %]
Counting statistics 0.5~ 9
Detector efficiency 2.5
Natural abundance < 0.2
Foil weight < 0.1
Sum peak 0.5 (only for 2%Na)
Saturation factor 0.3 for 57Ni

0.5 for Z*Na
1.0 for 115Mpy
2.0 for 116My
Source neutron yield 3.0
Times for irradiation, ~ negligible
Cooling and measuring
Decay data < 0.5

__.34_,
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6. Spectra measured by a small spherical NE213 spectrometer

A 14 mm-diameter spherical NEZ213 neutron spectrometer was used to
make in-system neutron spectrum measurements. This spectrometer,

(20) 45 shown in Fig. 6.1. The

newly developed for this purpose,
spectrometer measures pulse height spectra produced by hydrogen
recoils in an NE213 liquid scintillator. The observed spectra are
unfolded to yield neutron energy spectra by using previously prepared
response matrices. The energy resolution of the detector is folded
into the final spectra. The uncertainty of this technique depends

mainly on response matrices and unfolding technigues.

6.1 Measurement and Data Processing

The detector was inserted into the experimental Li,0 assembly
described in Section 3.2 for the Li-giass scintillator experiment.
Positions of the detector center are summarized in Table 6.1. The
table also shows the g-particle counts detected by the source neutron
moniter. The deuteron energy was 310 keV ; the conversion factor from
alpha counts to the total neutron yield is 5.517 x 107 [neutrons/alpha
count] for that energy. The measuring time was 2000 sec each position
at an average count rate of about 1 kcps for the sum of neutrons and
gamma-rays. The signal from the photomultiplier anode was split into
two signal lines after the pre-amplifier and analyzed by two
independent pulse height analyzers, with separate amp1g£;§r gain and

This

scheme provided a linear overall response over the wide dynamic range

pulse shape discrimination systems (JAERI model 154A).

that must be covered.

The two pulse height spectra thus obtained were joined at an
appropriate energy point. This combined recoil-proton spectrum was
unfolded by the FCRIST code(zs)
yield. Data were stored on a floppy disk and later processed by means

and normalized to the total neutron

of a VAX-11/780 computer system.

The FORIST code determines the appropriate resolution function by
internal iteration, hence, the computed resolution function differs
somewhat from the actual detector resclution. The resolution function
( window function W{E) ) is thus given, together with the unfolded
spectrum, for each case. A Gaussian function is used in smearing the
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calculational spectrum :

wo 1 (E-E')2
3 (E) = e BXp [- —— 1} (E')dE' {(6.1.1)
obs JOJZ_TT-(; P Zgz(Et) cal
where
W(E')E"
o(E') = _
235

(26)

and the denominator 23% is the conversion factor

6.2 Results and Errors

The unfolded results obtained by this measurement are summarized
in Tables 6.3 - 6.9. These tables indicate the upper and lower limits
of the confidence interval given by the FORIST code, which means the
true spectrum exists in this range with 67 % probability. The tables
also include the window functions related to the detector resolution
mentioned above. A1l spectra presented in the tables have been
smeared by these resolution functions and have been normalized to
scalar fluxes per unit 4 7 source neutron produced at the target.
Figures 6.2 - 6.8 show midpoints of the upper and lower fluxes with
uncertainty band (confidencelinterval).

The probable errors of the results include two contributions.

One of these, the statistical error, is included in the results as the
confidence interval. The other is error related to the response
matrices which are used in the unfolding procedure. This is included
in the systematic errors summarized in Table 6.2. The systematic
errors also include the error in the alpha-monitor, as described in
Ref. (18). The response matrix error is difficult to evaluate because
there is no good way to determine the covariance matrix of response
matrix terms. Thus we just give the efficiency error as the error of
the integrated spectrum for mono-energetic neutrons which is
calibrated through comparison with a time-of-f1i to the detector area,
which is used in conversion to scalar fluxes, is given by the actual
volume of scintillation liquid.
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Table 6.1 Detector location and alpha count of
in-system neutron spectral measurement.

Data No. Position™! alpha counts : C_
[ cm ] [counts]
1 21.6 * 0.1 1,962 (3.3%)*2
Y 1.5 2 0.1 5,474 (2.7%)}
3 47.6 + 0.1 5,389 (2.7%)
4 51.7 + 0.1 10,319 (2.5%)
5 61.8 £ 0.1 35,654 (2.4%)
6 72.0 £ 0.1 88,963 (2.4%)
7 82.1 = 0.1 318,777 (2.3%)

*1 Distance from the target.
*7 Experimental error for source intensity.
(See Table 6.2) '

*
Table 6.2 Systematic errors in the unfolded spectra 1.

Item Error [ % ] Comment

Source intensity + /{2.34)2 + (10“/Ca) Alpha monitor
Efficiency (+ 0.4 v - 1.6) % Calibration error*2

*1 Except the error related to the unfolding process.

*2 The calibration was performed by using the same D-T neutron
source and g-monitor,
Therefore, the systematic error (2.34 %) is excluded in the
value.
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7. Discussions and Concluding Remarks

To confirm the reliability of measured data, they were
intercompared. First, the SLi TPR's (T,) measured by the ¢Li,0 pellet
were compared with those determined by the Li-glass scintillation
method. This comparison is shown in Fig. 7.1. The Li,0 pellet data
plotted in the figure are corrected for the self-shielding and
room-return effects, while the Li-glass data are uncorrected for them.
Since the €Li atom density in ®Li-glass scintillator is about one
order smaller than that in the ¢Li,0 pellet and since the self-shield-
ing for the ¢Li,0 pellet in the Li,0 assembly was esimated to be 2 ~ 3
% except near the surfaces, the correction for the Li-glass data might
be small. Figure 7.1 indicates that, though data were measured
independently by quite different methods, they agree well within
experimental errors except in the vicinity of surfaces, where both the
room-returned soft-neutron effect and the self-shielding effect would
be expected to be large. For the glass scintillator, there are large
experimental error in the measured data due to a relatively large
background to signal ratio. High-energy B-T neutrons are dominant in
the region near the front surface and the contiribution of
7Li{n,n't)*He reaction is the almost same order as that of ®Li(n,t)*He
reaction. Therefore, the measured data might be oversubtracted by the
contribution of 7Li{n,n"t)*He reaction.

The 7Li TPRs (T,) measured by the 7Li,0 pellet and the NE213
spectrometer are shown in Fig. 7.2. The agreement between two method
is very well within the experimental errors. The data obtained by the
NE213 spectrometer, however, is a little Tower than that by the 7Li,0
pellet. The data of JENDL-3PR1 were used for calculation of T, as the
Li{n,n't)*He cross section. Recent cross section measurement(27)
recommends that the value of JENDL-3PR1 for 7Li(n,n't)“He cross
section around 14 MeV had better increase by about 7 %. If this
revised data are used, the agreement between two methods is expected
to improve almost perfectly.

Another set of comparisons was provided for the measured fission
rates and reaction rates, and calculated predictions. As, here,
measurements of different type are to be compared, it was expedient to
express results in terms of a suitable indexing scheme such as the
Calculated to Experimental ratio (C/E). The C/E plots of reaction
rates for 238U(n,f) and 27A1(n,q)}2*Na are presented in Fig 7.3. The
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calculation used in C/E is discribed in Appendix A.4. The plots
indicate agreement of either measurement with its predicted values,
within the experimental error.

Both the TPR and the C/E comparisons support the view that the
reliability of the measured data is adequate for use in benchmark
verification of calculational methods and nuclear data.

Since April 1982, JENDL-2 has been distributed and widely used as
a Japanese standard nuclear data library. As JENDL-2 was evaluated
for applying mainly to fission reactors, the accuracy of evaluated
data above 5 MeV was pointed out to be insufficient for fusion
neutronics studies.

Therefore, a strong request for a newly evaiuated nuclear data
file was submitted to the Japanese Nuclear Data Comittee. In Dec.
1983, eight selected nuclei have been evaluated and released as
JENDL-3PR1T.

As a useful exercise, we examined JENDL-3PR1 by providing this
database, as well as ENDF/B-IV, in the analysis of the present
benchmark experiments. (28)

A sample of calculational procedure is provided in Appendix A. 4.
The Tg¢ predictions based on JENDL-3PR1 clearly are in good agreement
with measured values. Recently, an updated data file JENDL-3PRZ, has
been released. In that set, ®Li 7Li and C data have been modified
from those in JENDL-3PR1 ; in this new evaluation, the present
benchmark results were duly considered.

The next experiments in this series of benchmark measurements,
using a 60 cm cylindrical graphite assembly, as well as a set of
measurements with a 40-cm long Li,0 cylinder with 20-cm long graphite
reflector, have been completed ; results will be reported in the near

future.
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Concluding Remarks

(1) Fusion blanket benchmark experiments on a 60 cm-thick
Tithjum-oxide cylindrical assembly have been carried out using
the FNS. Measured data are very reliable and can be used for
testing methods and data as the benchmark data.

(2) Preliminary versions of the JENDL-3 nuclear data file and the
newly developed transport codes BERMUDA and MORSE-DD, are being
evaluated using present benchmarck data. They are also useful for
evaluations of not only the JENDL-3 file but the other files
such as the ENDF/B-VI, JEF (Joint European File) and EFF
{Europian Fusion File).
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Appendix

A.1 Fission Rate distributions Measured by Fission Track Recorders
(FTD)

Solid state track recorders (SSTR) were used to measure fission
rates in an effort to examine their applicability to fusion neutronics
experiments, where the SSTRs were coupled with fission foils to form
fission track detector (FTD). This study is a result of collaboration
with Hokkaido University, where considerable research has been done on
the SSTR technique. In contrast to the micro-fission chambers, FTDs
have an advantage of being small, thus affording good spatial
resolution and 1ittle perturbation to the environment. Polycarbonate
film {Takiron PC-1600) of 24 mm x 19 mm and 0.5 mm thickness was used
as the solid state track recorder, with fission foi]s of both thorium
and depleted uranium. The foils were standard diameter, and were
mounted at the center of the polycarbonate ff]ms.

Detectors were inserted into gaps between the Li,0 blocks loaded
in the central experimental drawer. Detector locations are shown in
Fig. A.1.1. A stepwise irradiation was performed to keep track
densities as uniform as practicable throughout the drawer. The
required source intensities and irradiation times were evaluated by
pre-experiment analysis. The track densities thus obtained ranged
from 8500 to 54000 per square centimeter,

Irradiated films were treated for etched in 30 w/o KOH bath for
30 minutes at 60°C, washed in water, rinsed and dried.

Etch-pit tracks were measured by a semi-automatic image
processing apparatus, LUZEX 450 (Toyo Ink Co.), with an optical field
of 100 um x 100 ym. The track size spectrum was measured, affording
discrimination against small-sized pits due to recoil protons. One to
two thousands tracks were accumulated by scanning a number of fields.

(29)

The calibration of FTD was performed by directly irradiating

Details of the chemical processing and reported elsewhere.

different detectors of the same type in a 15 MeV neutron beam. The
neutron flux in this case was determined by the absolute yield
monitor, an associated g-particle detector, while the neutron spectrum
was calculated by 3-D Monte Carto ana]ysis(15)
time-of-flight experiments. The prime sensitivity for the each type
of FTD was determined by taking the effective fission cross section at
the source field. Table A.1.1 gives the prime sensitivity that was

and confirmed by
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used in the present experiment.

Measured values are suymmarized in Table A.1.Z2 ; numbers in
parentheses are statistical errors in etch-pit counting. As the
systematic errors, 2 v 3 % and v 2.4 % are assigned to the prime
sensitivity and the absolute neutron yield, respectively. Overall
accuracy of the fission rates in the present experiment is estimated
to be approximately 9 %. The fission rates distributions in the Li0
assembly are shown in Fig. A.1.2 with those of micro-fission chambers
(mfc). In the case of U-238, the data of FTD agree well with those of
mfc. While in the case of Th-232, some data of FTD deviate from those
of mfc. This deviation might be attributed to the change of condition
during the etching and to the miscontact between the fission foil and
polycarbonate film during the irradiation.

The results indicate that FTD allows a sensitive and useful
measurement of the Jocal fission rate as the spectrum index in fusion
blanket neutronics experiments, and that irradiation, chemical
processing and calibration are handled with proper care.



JAFRI-M 86-182

Table A.1.1 Measured prime sensitivity of the FTDs.

Radiator Fissionable Prime sensitivity
material k [ em™2 ]
Th Th-232 (1.03 = 0.02} x 10:°
bu U-238 (7.39 + 0.18) x 101¢

Table A.1.2 Absolute fission rates in Li,0 assembly measured
with FTD method.

Absolute fission rate

Position *1 [fissions/atom/source neutron]
Th-232 U-238
*2 *3
24.8¢ 4.37 -29 ° (2.9%) 1.534-28 (2.4%)
29.9, 1.58,-29  (2.1%) 9.71 -29 {3.0%)
34.9, 1.28,-29 (2.6%) 5.51 -29 {3.9%)
40.0, 7.97 -30  (2.6%) 3.00 -29 (2.4%)
45.1, 5.62 -30  (3.0%) 1.93,-29 (2.6%)
50.14 2.91 -30 (2.7%) 1.224-29 (3.3%)
55.2, 1.774-30 (2.8%) 7.77 =30 (3.3%)
60.2, 1.15,-30  (3.0%) 5.09 -30 (2.2%)
65.3, 7.05 -31 (2.9%) 2.74 =30 (3.1%)
70.4,  ==--- 1.77,-30 (3.8%)

*1 Distance from the target.

*7? Read as 4.37 x 10-%°.

*3 Experimental error due to the stafistics of etch-pit counting.
The errors of source neutron (~ 2.4 %), prime sensitivity
(2 v 3 %) and unknown factors are excluded.
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A2 Response Distribution of PIN Diode

A PIN diode measurement was carried out along the central axis of
the Li,0 assembly in addition to the fission rates and reaction rates
measurements. With a low threshold energy of 0.2 MeV, the PIN diode
is suitable to measure the intermediate energy neutron flux.

The PIN diode , Studsvik Type 5430, was set in the space between
the special-sized Li,0 blocks in the same manner as the reaction-rate
measurement. Total neutron yield at the target was 1.178 x 10%° during
the irradiation. After the irradiation, the forward voltage drop of
the PIN diode was measured by a Studsvik Type 3809A reader at a
constant current of 25 mA. The voltage drop difference between before
and after irradiation is proportional to the neutron fluence.

The results of the PIN diode measurement are shown in Table
A.2.1. The value is in unit of Volte.cm?/source neutron. The response
function of the PIN diode was experimentally determined; it will be'

pubTished elsewhere.(30)
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Table A.2.1 Measured response rate of PIN diodes
in the Li,0 assembly.

ce %] . *2

Position PIN-diode response Error
[cm] [Vecm?/source neutron] [+ %]
22.4 2.68 -15°3 5.2
25.0 2.07 -15 5.3
27.5 1.674-15 5.4
30.1 1.366-15 5.1
53.1 7.745-16 5.5
40,2 4.63 -16 5.4
45.3 2.83 -16 5.3
50.4 1.685-16 5.3
55.5 1.12,-16 5.3
60.6 6.96 =17 5.4
65.6 4,58 -17 5.6
80.7 1.02 -17 4.9

*1 Distance from the target.

*7? The PIN diodes were measured at one day after the irradiation.

*3 Read as 2.68 x 10-'°,

** DT peutron yield during the irradiation was 1.17g x 10'° at the
target.
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A.3 Response Distribution of Thermoluminescence Dosimeters

In preparation for the experimental study of nuclear heating in a
simulated fusion blanket assembly, response distributions of
thermoluminescence dosimeters (TLD) were measured in the Li,0 slab
assembly. Types of TLDs are summarized in Table A.3.1. The TLD powder
was sealed in an Pyrex glass ampoule of 2 mm dia. x 12 mm length.

Five or seven TLDs of each type were placed in the spaces between
the special-sized Li,0 blocks. These blocks were Toaded in the drawer
and inserted in the experimental channel. Some TLDs were also placed
on the front and the back surfaces. Ten or fifteen TLDs of each type
were used for the determination of background. Deuteron beam current,
Irradiation time and total neutron yield at the target were 150 pA,
1300 sec and 1.99, x 10'3%, respectively.

A TLD reader of type UD-502B (Matsushita Electric Industrial Co.,
Ltd.) was used for measurement of the absorbed dose. The observed
data are summarized in Table A.3.2. The errors in the table were
estimated from the standard deviation of the observation and the
uncertainty in the neutron yield (2.2 %). Measured response-rate
distributions are shown in Fig. A.3.1.
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Table A.3.1 Thermoluminescence dosimeters (TLD) used in the

experiment.
*
Type TLD material
UD-110S CaS0, : Tm
UD-136N CaS0, : Tm + BLiF { 95.6 atom% )
UD-137N CaSQ, : Tm + 7LiF ( 99.99 atom% )

* Al1 TLDs were manufactured by Matsushita Electric Industrial Co.

Table A.3.2 Response-rate distributions of TLDs in the Li,0 assembly.

Position*1 Response [ R/source neutron ]

[cm] UD-136N UD-137N UD-110S8

19.9  3.48 -13 ( 5.9 %)% 3.32 -13 (12.0 %) 3.38 -13 (5.5 %)
24.9 2.25 -13 ( 8.7 %) 2.15 -13 ( 6.7 %) 1.825-13 (6.4 %)
30.0 1.25,-13 (10.8 %) 1.17,-13 (11.3 %) 1.21,-13 (9.0 %)
35.1 8.73 ~14 (16.7 %) 7.17 =14 {11.3 %) 7.33 -14 (3.9 %)
40.2 6.33 -14 { 8.9 %) 4.47 -14 (13.5 %) 4.72 -14 (5.5 %)
45.3 3.53 -14 { 7.6 %) 2.86 -14 ( 4.1 %) 3.15 -14 (4.7 %)
50.3 2.49 -14 ( 6.1 %) 1.95:-14 ( 9.6 %) 2.00 -14 (4.5 %)
55.4 1.75.,-14 { 8.7 %) 1.40,-14 { 8.9 %) 1.35,-14 (5.7 %)
60.5 1.20,-14 ( 6.3 %) 9.24 -15 ( 6.7 %)} 9.25 -15 (3.3 %)
65.6 9.12 -15 ( 5.3 %) 6.37 -15 ( 8.3 %) 6.36 -15 (5.8 %)
70.7 6.61 -15 ( 9.2 %) 4.35 -15 ( 8.0 %} 4.42 -15 (5.1 %)
75.7 4,00 -15 ( 8.1 %) 2.65 -15 (12.2 %) 3.03 -15 (4.1 %)
80.8 3.32 =15 (12.3 %} 1.64,-15 ( 8.9 %) 1.96,-15 (6.7 %)

*1 Distance from the target
*?2 Read as 3.48 x 10-13
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A.4 Sample Calculation

In order to make clear how the calculational model is used for
analysis, a sample calculation using the D0T3.5 is described in this
Appendix.

A two-dimensional R-7 model was adopted in this calculation. The
equivalent radius was 31.5 cm. The experimental channel was modeled as
two regions : a lithium-oxide region and a thin stainless steel
Tayer. The calculational model is shown in Fig. A.4.1.

The zero-degree source neutron spectrum, calculated by a Monte

(15), was used as a isotropic input spectrum. Al7l

Carlo program
experimental data were normalized to one source neutron generated at
the target. It is noticeable that the integrated flux of input source
neutron spectrum is not unity but 1.173 because of its anisotropy.

The GRTUNCL code was used to calculate the first collision source
in order to eliminate the "ray effect". The number of Legendre
polynominals was 5 ; the number of angular guadratures was 16. The
mesh width was 9 ¢cm in air and about 1 cm in the 1ithium-oxide region
except near the front surface of assembly. A sample of input data for
the GRTUNCL and the D0T3.5(16) is shown in Fig. A.4.2. The cross
section set JACKAS(31) is taken from the JENDL-3PRT using the
PROF—GROUCH-G/B(32) process code. The group structure is just the
same as used in MORSE-DD. (13)

in Fig. A.4.2 (a) were interpolated from the result of a Monte Carlo
(15)

The source neutron spectrum data of 3*
calculation. In this sample calculation, air was assumed to be
made of Oxygen and Mn in S5304 was included in Fe. After calculation
of the neutron flux distribution in the assembly, the APPLE-2 code(33)
was used for calculating the reaction-rate distributions. As a typical
example, the calculated-to-experimental ratios (C/E) for the ®Li
tritium production rate were shown in Fig. A.4.3.

Additional points of information are as follows:
1) Aluminum support

homogenized nuclide density : 1.234 x 1022

effective outer radius : 56.7 cm

* A pre-analysis showed that the effect of the aluminum support

was very small.
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2)  Anisotropy of source neutrons
The effect of this anisotropy may be small but we will consider
it in further analysis.
3) Room return effect
A layout of the target vicinity is shown in Fig. A.4.4,
Room-return effect was calculated by the MORSE-DD code.(13) The
results showed that the room-return neutrons had some effect on the

reaction rates that were sensitive to low energy neutrons(21).
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Comparison of tritium production rate
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Fig. A.4.3 Comparison of C/E values for the 87 tritium production
rate.
Experimental data are corrected for self-shielding and

room-return effects.
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Fig. A.4.4 Configuration around the experimental assembly.



