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Abstract

Under ITER/EDA R&D Task T-218, an integral experiment on the induced radioactivity was conducted at the
Fusion Neutronics Source (FNS) facility in JAERI. The objective was to provide experimental data for validating the
inventory calculation codes and relevant activation cross section libraries to be used in the ITER nuclear design.
Sample materials investigated were Al, Mg, Ti, V, Mn, Fe, Ni, SS-316LN, Cu, Zn, Nb, Mo, Ag, In, Sn, Hf, Ta, W
and Pb. The corresponding neutron spectra at two locations were calculated by MCNP4A with JENDL-Fusion File
based nuclear data library by modeling the experimental assembly precisely. The calculations with currently updated
activation cross sections, JENDL-ACT96, FENDL-A1 and FENDL-A2, were carried out to compare the results with
the experiment. The results for the comparison between the measurement and calculation of radioactivity are
discussed in terms of the adequacy of calculation as far as the D-T neutron dominated neutron field is concerned.
© 1998 Elsevier Science S.A. All rights reserved.

1. Introduction

The importance of the induced radioactivity in
a D-T fusion environment is recognized as the
most critical issue from a safety point of view
[1–5]. In order to arrive at an establishing
qualified data base for the design calculation,
extensive efforts have been carried out in terms of
inventory calculation code development and asso-

ciated data library preparations [6–14]. ITER de-
velopment have addressed important tasks
undertaken in the R&D to validate all processes
requested for the design calculation. The require-
ment for the reactor licensing order has been
noted. In order to make all efforts for the code
system development effective, validation with ex-
perimental data are highly necessary to assure
objectively the reliability of the calculation values
themselves. For this purpose, integral experiments
demonstrated effectiveness by means of showing
the quality of the cross section data and calcula-
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Fig. 1. Cross sectional view of the copper assembly and sample position.
Table 1
List of irradiation time, neutron yield, used materials and cooling time

Neutron yield MaterialNo. Cooling timeIrradiation time (h)

Fe, Ni, Cu, Co, Mg, Ti, W, Hf, Sus2.93×10164 12 h–100 d1
Ag, Ta, V, Sn, Dy, Pb 4 h–100 d2 4 2.68×1016

tion method and relevant decay data. The im-
portance was demonstrated by an extensive ex-
perimental program on the induced radioactivity
under the framework of JAERI/USDOE collab-
oration [15,16]. The program provided invalu-
able knowledge regarding the present status of
the cross section adequacy through experimental
analysis. The radioactivities of concern, how-
ever, were products of near threshold type reac-
tion with D-T neutrons, and these, as a result of
the tested neutron spectra, were rather hard.
However, there have been critical needs to exe-
cute experiments with neutron spectra where a
D-T primary neutron is insignificant compared
to the low energy neutrons. Uncertainty from

the neutron spectrum calculation has not been
verified thoroughly and was left to be examined.

This paper describes a new integral experi-
ment on the induced radioactivity in copper as-
semblies. Two irradiation positions with
different neutron spectra were selected. The pri-
mary objective of these experiments is to
provide integral experimental data of induced
radioactivity to validate the data and method
associated with various materials of Al, Mg, Ti,
V, Mn, Fe, Ni, SS-316LN, Cu, Zn, Nb, Mo,
Ag, In, Sn, Hf, Ta, W and Pb, which are ex-
pected to be used in a fusion reactor. The
parameters investigated were cooling time, neu-
tron spectrum, cross section libraries, which
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Fig. 2. Neutron flux spectra at positions A and B, calculated by MCNP-4A with FSXLIB-J3.2 nuclear data library.

Fig. 3. Measured radioactivities at position A at different cooling times and corresponding decay curves calculated with
ACT4/JENDL-ACT96.

should be factored into consideration in the ex-
perimental analysis. As the neutron transport
code, a continuous energy Monte Carlo code
MCNP-4A [17] was employed coupled with
FSXLIB-J3.2 [18] and FENDL-MC based on

JENDL-3.2 nuclear data file [19] and FENDL/E1
[20], respectively. For the activation calculations,
ACT4 of THIDA code system [7] with JENDL
activation library [14], FENDL-A1[12] and
FENDL-A2activation library [13] was used.
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Table 2
C/E values for induced radioactivities in various materials

C/E

Product Position AMaterial Position B

JENDL FENDL/A1JENDL FENDL/A1 FENDL/A2 FENDL/A2

1.32 1.251.26SS-316 1.3957Co 1.39 1.39
0.94 0.94 0.8651Cr 0.93 0.910.93

1.00 2.8956Mn 1.18 1.79 1.08 0.93
1.091.07 1.361.1258Co 1.07 1.09

0.97 0.80 0.80 0.8454Mn 0.91 0.95
1.19 1.1457Ni 1.19 1.20 1.09 1.03

0.930.98 0.951.0499Mo 1.07 1.06
1.09 1.11Mg 24Na 1.15 1.12 1.14 1.13

1.34 1.32Ti 46Sc 1.31 1.22 1.12 0.79
1.761.76 1.441.2447Sc 1.22 1.46

1.01 1.45 1.39 1.1948Sc 1.17 1.17
0.81 0.98V 48Sc 0.97 0.96 0.96 0.98

1.021.06 1.07Fe 1.0856Mn 1.08 1.14
1.16 1.1254Mn 1.18 1.16 1.23 1.17
— —51Cr 0.83 0.88 0.83 —

1.000.57 0.99Co 1.0258Co 0.54 1.02
1.01 0.8956Mn 1.02 0.94 0.97 0.92

1.101.601.121.0359Fe 1.03 1.54
0.94 0.93 0.83 0.83Ni 57Co 0.99 0.94

0.890.990.921.0157Ni 0.99 1.11
1.15 1.10 0.9658Co 1.21 1.251.12

1.56 1.9061Co 1.50 1.93 2.20 2.17
—— —1.0360Co 0.97 1.03

1.19 1.16 1.02 1.12Cu 65Ni 1.19 1.06
1.35 1.2064Cu 1.04 1.01 1.01 1.19

0.770.82 0.82Ag 1.13106mAg 1.13 1.13
0.15 0.54 0.54 0.44106mRh 0.09 0.18

— —110Ag 0.12 4.31 0.74 —
0.600.63 0.75Sn 0.39117gIn 1.61 1.74

1.00 — — —117mIn 0.77 0.78
1.26 1.21117mSn 1.12 1.12 0.90 0.90

0.660.69 0.710.80123mSn 0.79 0.79
1.28 1.21111gIn 1.15 1.15 0.80 1.11
0.72 0.71113gSn 0.77 0.76 0.78 0.73

1.171.21 1.16Dy 0.16165Dy 0.17 0.16
1.32 0.42 0.40 0.40157Dy 1.32 1.32

1.43 12.71Hf 180mHf — 15.10 1.82 1.47
1.121.11 1.041.15181Hf 1.33 1.21

1.28 35.5179mHf 0.14 0.95 0.24 2.48
1.02 1.21Ta 182Ta 1.26 1.25 0.88 0.90

—— —0.03180Hf 0.94 0.97
0.69 0.72W 187W 0.59 1.12 1.16 0.74

1.04******Pb 1.02203Pb *** ***
1.52 *** *** 0.85204mPb *** ***

—, No experimental data available; ***, no corresponding calculations.
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Fig. 4. Overall C/E for radioactivities at position A.

Fig. 5. Overall C/E for radioactivities at position B.

2. Experiment

2.1. Neutron source

The D-T neutrons were generated by bom-
barding a tritiated rotating target with a 20 mA
deuteron beam accelerated to 350 kV at FNS
[21]. The absolute neutron yield was monitored
by a 232Th fission chamber which was calibrated
by the associated alpha-particle counting
method. Nominal neutron yield at the target
was 3–4×1012 ns−1. The D-T neutron target

was located at the center of the target room
with the dimensions 5×5×4.5 m, surrounded
by ordinary 2.5-m thick concrete walls. The neu-
tron irradiation history was recorded with multi-
channel scaling (MCS) with 10 s duel time bin.

2.2. Experimental assembly

The schematic cross sectional views of the ex-
perimental assembly are given in Fig. 1. The
central zone of the assembly consisted of copper
blocks with a central channel hole of 50 mm in
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diameter. The cross section of the central zone
of copper measured 150×150 mm. In addition
to this central region, :100 mm thick copper
regions were stacked, followed by a 100 mm
polyethylene layer. The outer dimension of the
container was 600×600×600 mm. The assem-
bly was set in front of the D-T neutron target as
the distance between the target outer surface,
and the front surface of the assembly was 14
mm. The axis of the central channel was aligned
to the d+ beam direction in order to keep good
symmetric configuration. The height of the d+

beam line was 1.8 m from the ground floor.

2.3. Sample materials, irradiation and
measurement

The samples of Al, Mg, Ti, V, Mn, Fe, Ni,
SS-316LN, Cu, Zn, Nb, Mo, Ag, In, Sn, Hf, Ta,
W and Pb were irradiated with D-T neutrons at
two positions in the copper assembly, namely,
position A at 50.2 mm from the bottom of the
experimental channel and position B at 151.2
mm. The size of the sample is 10×10×0.01–0.5
mm3. The weight of the sample ranged from 10
to 300 mg.

After irradiation, induced radioactivities were
measured by g-ray spectroscopy with Ge detec-
tors at cooling time from several minutes to
about one year. Experimental data were derived
as the radioactivity intensity per unit volume (Bq
cm−3). The radioactivities were identified by g-
ray energies and their intensity relationship. The
decay rate was derived from g-ray counts, detec-
tor efficiency, g-ray emission probability and
other corrections needed, e.g. g-ray collection
time, half-lives, etc. The decay property data
were taken from the Table of Radioactive Iso-
topes [22]. When there were multiple g-rays asso-
ciated with a particular radionuclide, the most
intense g-ray line was used for the data process-
ing. In Table 1, irradiation, materials, neutron
yield, and typical cooling times are summarized.

3. Experimental analysis

A 3D code, MCNP-4A [17], was used for

modeling the rotating target geometry and the
experimental assembly. The library, FSXLIB-
J3.2 [18], was used for neutron transport in
MCNP calculation in the whole system. Neutron
spectra at two locations, A and B, were calcu-
lated (Fig. 2). Also, FENDL-1 library was ap-
plied for the MCNP calculation. The neutron
spectra obtained by the two libraries were almost
identical.

The ACT4 of the THIDA code system [7] was
used as the radioactivity inventory codes. The
activation cross section library based on the
JENDL-ACT96 [14] activation file with 125 neu-
tron energy groups (JENDL) and FENDL-A1
[12] and FENDL-A2 [13] with 175 neutron en-
ergy groups were used for the induced radioac-
tivity calculations. Induced radioactivities
corresponding to the experimental conditions
were calculated by those codes to be compared
with the measured value. Fig. 3 shows decay
profiles for radioactivities induced in SS-316 irra-
diated at position A, calculated using JENDL
along with the experimental data.

4. Results and discussion

The induced radioactivities given in Bq cm−3

at each cooling time were compared with calcu-
lations. The ratios of the calculation to the ex-
periment (C/E) are tabulated in Table 2. In
general, there is good agreement for the radioac-
tivities in which activation cross sections are well
known. These good agreements indicated that
the calculated neutron spectra were reasonably
validated to be used in the radioactivity analysis.
For example (Fig. 3), there are excellent one-to-
one correspondences of the measurements to cal-
culations for the SS316 case. However,
overestimations and underestimations by more
than a factor of 2, were found in the calculations
for some important radioactivity productions.
For example, all calculations overestimated 24Na
production in Mg by a factor of 2. For 110mAg
production in Ag via the 109Ag(n,g)110mAg reac-
tion, JENDL and FENDL-A1 gave an underes-
timation and an overestimation by more than a
factor of 4, respectively, whereas FENDL-A2
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gave a reasonable agreement with C/E of 0.74.
There were underestimations in all of the calcula-
tions for 165Dy production at position A, whereas
calculations gave reasonable agreements with the
measurement at position B. For 180Hf production,
JENDL and FENDL-A2 gave better results than
FENDL-A1. For 179mHf production, JENDL and
FENDL-A2 were much better than FENDL-A1,
though they still overestimated the measurement.
In general, however, (Figs. 4 and 5), FENDL-A2
showed better agreement with the experiment that
JENDL and FENDL-A1. This fact is the direct
demonstration of the FENDL-A2 quality, which
has been completed through a stringent selection
procedure by the international collaboration.

5. Summary

The integral test of the induced radioactivity
calculation has been carried out using neutron
spectra in the copper assembly bombarded with 14
MeV neutrons. The results ensured an improved
FENDL-A2 quality. However, further investiga-
tion for the activation of cross sections for minor
elements to be used in the fusion reactor compo-
nents is still required.
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