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Reliability assessment for the high energy particle induced radioactivity calculation
code DCHAIN-SP 2001 was carried out through analysis of integral activation experiments
with 14-MeV neutrons aiming at validating the cross section and decay data revised from
previous version. The following three kinds of experiments conducted at the D-T neutron
source facility, FNS, in JAERI were employed: (1) the decay gamma-ray measurement
experiment for fusion reactor materials, (2) the decay heat measurement experiment for
32 fusion reactor materials, and (3) the integral activation experiment on mercury. It was
found that the calculations with DCHAIN-SP 2001 predicted the experimental data for
(1)~(3) within several tens of percent. It was concluded that the cross section data below
20 MeV and the associated decay data as well as the calculation algorithm for solving the
Beteman equation that was the master equation of DCHAIN-SP were adequate.
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1 Introduction

In the JAERI/KEK high-intensity proton accelerator project, a complex of acceler-
ators (a 400 MeV linac, 3 GeV and 50 GeV synchrotoron ring) and experimental facilities
are to be constructed. A great amount of radioactive nuclides are to be produced by bom-
bardment of GeV order energy protons and associated secondary particles to surrounding
materials. Appropriate estimation of radioactive nuclide inventory in such materials is
essential for radiation safety design of these facilities: y-ray dose estimation around pip-
ing for circulating liquid such as water, mercury and lead-bismuth eutectic, decay heat
estimation of activated materials for loss of flow/coolant accidents, y-ray dose estimation
of activated components to make maintenance scenarios, and so on. To estimate these

quantities, we have developed the high-energy particle induced radioactivity calculation
code DCHAIN-SPh 2).

The first version of the DCHAIN-SP code!) with a complete manual has been released
in 1999. The second version of the code, DCHAIN-SP 20012, has been released in early
2001. The following items are enhanced in the second version compared to the first
version:

1) the fission process is included in the code,
2) part of activation cross section data for neutrons below 20 MeV are revised, and
3) user-interface of the code is enhanced.

Figure 1.1 illustrates a schematic diagram of the DCHAIN-SP code sys-
tem. High-energy particle transport calculation codes, e.g., NMTC/ JAERI-97® or
NMTC/JAM4’ 56) calculate and make a data file of nuclide yields produced by high-
energy particles such as protons, pions and neutrons above 20 MeV. On the other hand,
neutron transport calculation codes such as MCNP?: 8) take over simulation of neutron
transport below 20 MeV, and provide neutron flux spectra. The DCHAIN-SP code reads
the neutron flux spectra below 20 MeV, and calculates nuclide yield by using activation
cross section data involved in the code. The DCHAIN-SP code merges the nuclide yield
data contributed by both high-energy particles and neutrons below 20 MeV, and calculates
time-evolution of decaying nuclides by using decay data libraries. Finally, radioactivity,
decay heat and decay ~y-ray spectrum are obtained.

Reliability assessment of calculation codes is one of the most important aspects in
any code developments. Apart from calculation accuracy for particle transport simula-
tion, reliability of calculation results by the whole DCHAIN-SP system is dominated by
accuracy of nuclide yields data calculated by NMTC/JAM etc., accuracy of the activation
cross section data for neutrons below 20 MeV, and validity of the calculation algorithm
for solving the Beteman equation that is the master equation of DCHAIN-SP. This re-
port deals with reliability assessment for the latter two parts, the activation cross section
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data and the calculation algorithm, by analyses of integral activation experiments with
14-MeV neutrons. Although the first part, the accuracy of nuclide yields data calculated
by NMTC/JAM etc., is very important for the code system, reliability for this part will
be assessed in the future.

The following three series of experiments conducted at the D-T neutron source facility
FNS? in JAERI were employed:

1) the decay y-ray measurement experiment for fusion reactor materialsl® 11 12).

2) the decay heat measurement experiment for 32 fusion reactor materialsld 14 15),
and

3) the integral activation experiment on mercury.

These experiments were selected because the source neutron energy of ~14-MeV was
suitable for testing the activation cross section data below 20 MeV, experimental data
for many materials were available, and experimental conditions were clear enough for
reliability assessment of calculation codes. Chapters 2 through 4 describe results of the
reliability assessment basing on the three series of the experiments. Chapter 5 summarizes
this report.
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2 Benchmarking with the Decay Gamma-Ray Measurement Experiment
2.1 Outline of the Experiment and Benchmark Calculation

The decay ~-ray measurement experiment was carried out by using a D-T fusion
neutron field of FNS? in JAERI. The experimental conditions and results are detailed
in the Ref.10. We estimated accuracies of DCHAIN-SP calculations in terms of 7-ray
intensities and energy spectra emitted from induced-radioactivity through benchmark
calculations of the experiments. Table 1 shows 30 kinds of materials selected for the
benchmark, neutron irradiating conditions and measuring conditions. The symbols Al,
A2, B2 and C1 in the column “spectra.id” represent neutron spectra and irradiation time.
The irradiation time in A1, A2, B2, C1 were 30 minutes, 9 hours, 10 hours and 9.78 hours,
respectively. The neutron spectra were same in Al and A2. As shown in Fig. 2.1, 14 MeV
neutrons were dominant for all cases. Contribution of low energy neutrons decreases in the
order from A to C. The chemical compositions including impurities were cited from the
Table 1 in the Ref.10. The compositions of Mn-Cu alloy and stainless steel are shown in
Table 2. The isotopic compositions were cited from ” Chronological Scientific Tables16)”,

The calculations were carried out using the activation cross section library and decay-data
library included in DCHAIN-SP 2001.

2.2 Results and Discussion

Figures 2.2 through 2.31 compare the DCHAIN-SP calculations (solid lines) with
experiments for the decay vy-ray spectra. Discrete energy points (diamond marks) are ob-
tained by experiments although groupwise energy spectra are given by the DCHAIN-SP
calculations. In order to compare them directly, the experimental results are converted
to groupwise energy spectra of VITAMINE-J 17) 42 groups (dotted lines). General agree-
ment could be seen between calculations and experiments in the y-ray energy spectra.
However, large discrepancies are observed in some energy groups. For the purpose of
radiation protection against y-ray emitted from induced radioactivity, it is reasonable to
discuss about a total amount of ~-ray energy release instead of <-ray intensities at ev-
ery energy group. As shown in Fig. 2.32, we compared experiments and calculations by
amounts of y-ray energy release for all the cases. The experiments and calculations agreed
within 30% in 22 cases. In five cases of SIA11(silicon), TAA21(tantalum), SNC13(tin),
INA22(indium) and WA23(tungsten), discrepancies between the calculations and experi-
ments ranged between 30% and 50%. The calculations overestimated the integrated inten-
sities by a factor of 2.5~3.0 for three cases of CRA22(chromium), MOA11(molybdenum)
and MCA11(manganese-copper alloy). We discuss about the 8 cases in which differences
more than 30% are observed.

(1) SIA11(silicon)
Figure 2.33 shows the comparison between the DCHAIN-SP calculation and mea-
surement by the ~-ray energy release at each group. It is found that the calcu-
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lated values are smaller than the experiment for the 16th (3.0~3.5 MeV), the 18th
(2.0~2.5 MeV) and the 28th (0.510~0.512 MeV) groups. The y-ray energies which
were observed in the experiments but not found in the DCHAIN-SP result were
2.128, 0.511, 3.303, 2.737 and 1.176 MeV (the contributions to energy release de-
creased in this order). These energies are identical to those of the decay 7-rays of
34mC], The C/E value improves to be 0.99 when these v-rays are excluded from
the experimental results. Therefore, the discrepancy between the calculation and
experiment are attributed to **™Cl produced probably from the 33Cl(n,2n)34™Cl
reaction. It was thought that the silicon sample was contaminated by chlorine.

TAA21(tantalum)

As shown in Fig. 2.34, the dominant v-rays of the energy release are in the 23rd
(1.0~1.33 MeV) and the 35th (0.075~0.1 MeV) groups in both the experiment and
the calculation. These y-rays are emitted from '8%6Ta and !8%Ta, respectively. The
calculation overestimates the yields of both nuclides about 40%. There is no problem
in the decay data and the cross section of '#'Ta(n,y)!®%Ta and '#'Ta(n,2n)!8%8Ta
reaction. DCHAIN-SP calculation generally overestimates (n,y) reaction rates due
to an inadequate treatment of self-shielding effect since the cross section library is
groupwised assuming the infinite dilution. One of the reasons about the overestima-
tion for the energy release from !82€Ta seems to be the self-shielding effect. However,
the reason for the %8 Ta overestimation has not been found.

SNC13(tin)

The y-ray energy release for the 30th group (0.40~0.45 MeV) in the experiment
is much larger than that in the DCHAIN-SP calculation as shown in Fig. 2.35.
The 417 keV y-ray observed in the experiment corresponds to the 30th group. No
explanation was found for the 417 keV ~v-ray, however, the C/E value is improved
to be 0.92 by eliminating the 417 keV ~-ray.

INA22(indium)

The y-ray energy release from INA22 sample is compared by nuclide in Fig. 2.36.
The yields of 2Na, !14m+&In and >™In are underestimated in the calculation.

The 2Na is considered to be produced from impurities since the reaction to produce
24Na from indium dose not take place.

Although the '“€In and !*™In are produced through both the *In(n,y) and
"®In(n,2n) reactions, the reaction rate of the ®In(n,2n) reaction was estimated
about 10® as large as that of the *3In(n,7) reaction under this experimental condi-
tion. Energy release of '8 is proportional to the yield of the parent nuclide, 14™]n,
since the cooling time of 16.4 hours are much longer than a 1“8In half-life of 72
seconds. The "°In(n,2n)!**™In cross section data in the FENDL/A-2.0 adopted in
the DCHAIN-SP is 0.8 b for 14-MeV neutron, however, the experimental data is ~
1.4 b 18, Therefore, it was found that the *5In(n,2n)'4™In reaction cross section
caused the underestimation of energy release from 4m+&Jp

_4_



JAERI—Research 2002—005

The 1150]n is produced through the °In(n,n’)}®™In reaction. The reaction rate
was improved by 14% if the cross section data in JENDL Dosimetry file!? was uti-
lized in stead of that in FENDL/A-2.0, however, no explanation was found for the
underestimation of energy release from !!™In.

WA23(tungsten) »

In Fig. 2.37, the y-ray energy release of the WA23 case is compared by each group. It
is found that the calculation overestimates the energy release for the 26th (0.6~0.7
MeV) and the 29th (0.45~0.51 MeV) groups. The corresponding <y-ray energies are
685 and 479 keV which are emitted from 8W produced through the ¥¢W(n,v)¥"W
reaction. As mentioned in the TAA21 case, the DCHAIN-SP calculation generally
overestimates (n,y) reaction rates. In the WA23 case, about 90% of y-ray energy is
emitted from the 187W. It was concluded that the overestimation was caused by the
inconsideration for the self-shielding effect.

CRA22(chromium)

The 7-ray energy release of the CRA22 case is compared by groups in the Fig. 2.38.
The overestimations of the calculation are found in the 17th (2.5~3.0 MeV) and the
21st (1.34~1.5 MeV) groups. Both energy groups correspond to ?*Na which is pro-
duced from aluminum impurity in the chromium sample through the 2”Al(n,a)?**Na
reaction. However, the aluminum content of 0.1wt% is not an actually analyzed
value but a typical one. It was concluded that the discrepancy was caused by the
uncertainty of the content of aluminum impurity. On the other hand, good agree-
ment can be seen in the 31st group in which the dominant 320 keV -ray emitted
from the 5!Cr is included.

MOA11(molybdenum)

In the Fig. 2.39, the 7-ray energy release of the MOA11 case is compared by each
group. The dominant discrepancy is found at 511 keV ~-ray in the 28th group.
According to the calculation, 99.8% of the 511 keV 7-ray is associated with the de-
cay of %18Mo produced through the ?Mo(n,2n)?'™+8Mo reaction (the 9'™Mo decay
to the ?'8Mo with half-life of 65 s). The reaction cross section and the decay data
of ¥'™Mo and *8Mo in the DCHAIN-SP libraries were compared with the existing
experimental data. However, no problem has been recognized. A reason for the
discrepancy can be attributed in the experiment for measurement of annihilation
~-rays. Positrons emitted following #*-decay run away from the sample, and anni-
hilation ~y-rays are produced at positions far from the sample. This effect degrades
experimental data significantly. The reason for the discrepancy was inferred that
no consideration was paid for the effect mentioned above.

MCA11(manganese)

In the Fig. 2.40, the ~-ray energy release of the MCA11 case is compared by each
group. The overestimation for 511 keV ~-ray is the dominant reason of the dis-
crepancy. As a result of the calculation, 99.0% of the 511 keV ~-ray is emitted
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from %2Cu produced through the %3Cu(n,2n)%2Cu reaction. No problem was found
in the reaction cross section and the decay data. As similar to the MOA11 case, the
discrepancy seems to be caused by positrons which run away from the sample.

Note that it is only 2 cases (MOA11 and MCA11) that the annihilation '7-ray of g*
is dominant in the 511 keV «-ray. The %Mo and %2Cu emit the high-energy 3*-ray
with maximum energy of 3.412 and 2.926 MeV, respectively. The assumption that
the y-rays were produced in the sample is incorrect for these cases since these §*-ray
emit the annihilation vy-ray far from the sample.

2.3 Summary

The DCHAIN-SP calculations and the experiments were compared by the energy
spectra of y-rays emitted from induced activities. Reasonable agreement could be seen
although discrepancies were found in some cases.

The comparison was also carried out for the total amount of y-ray energy release.
In three cases, the calculations overestimated the values of y-ray energy release compared
with the experiments by a factor of 2.5 ~ 3. The discrepancies could be attributed to the
experiment, the uncertainty in the composition of impurities (CRA22) or the inadequate
estimation of the annihilation y-ray from positrons at the experiments (MOA11, MCA11).
In five cases, the differences were between 30% and 50%. The reasons for the differences
were considered as that some impurities were not included in the calculation (SIA11,
INA22) and the contribution of (n,y) reaction was dominant (WA23). In other 22 cases,
agreement within 30% could be seen.

We carried out benchmark calculations for 30 kinds of materials. More than 30% of
differences were found for eight cases. However, the differences for six cases out of eight
were due to the experiments. Therefore, it was found that the DCHAIN-SP can predict
adequately the energy spectrum and +-ray energy release from radioactivity induced in
14-MeV neutron fields.
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3 Benchmarking with the Decay Heat Measurement Experiment
3.1 Outline of the Experiment and Benchmark Calculation

In this experiment, thirty-two kinds of fusion reactor relevant materials were irradi-
ated in a 14-MeV neutron field of FNS/JAERI, and decay heat produced in the samples
were measured. Details of the experiment are described in Refs. 13, 14 and 15. Two
combinations of irradiation and cooling time were employed to cover a wide variety of
radioactive nuclides having short and long half-lives:

(1) irradiation time: 5 minutes, cooling time: 1 min. ~60 min.
(2) irradiation time: about 7 hours, cooling time: 0.6 days ~ 400 days.

Since this experiment measures total decay heat by all radioactive nuclides produced in
a sample, comparisons of decay heat for individual species of radioactive nuclides are
impossible. However, since experimental data are obtained at many data points in the
wide range of cooling time from 1 minute to 400 days and also for many kinds of samples,
reliability of the DCHAIN-SP calculations for production of many radioactive nuclides
can be verified through this benchmark.

According to the experimental conditions!®, decay heat values for 28 sample mate-
rials were calculated with DCHAIN-SP, and the calculated results were compared with
the experimental data. The activation cross section library used in the previous version of
the DCHAIN-SP codel) refers the FENDL/A-2.0 library?® as it is, while many activation
cross section data in FENDL/A-2.0 are revised in the DCHAIN-SP 20012). Some data
in the decay data library used in the previous version of DCHAIN-SP are also revised in
DCHAIN-SP 2001. To confirm the effects of the revisions, calculations were performed
with the original and revised data libraries. Comparisons were also made with another
series of calculation!® using the ACT4 code and the original FENDL/A-2.0. The ACT4
code is the main calculation module of the THIDA code system?!). Table 3 summarizes
combinations of code and data libraries adopted in this benchmark.

3.2 Results and Discussion

Results for the 28 sample materials are shown in Figs. 3.1 through 3.28. Each
figure consists of six sub-figures. Three sub-figures in the left-hand side are for the 5
minutes irradiation and those in the right-hand side are for 7 hours irradiation. Two sub-
figures at the top compare the results calculated by DCHAIN-SP with the experimental
data in absolute values. Two sub-figures at the middle show the ratios of calculated to
experimental values (C/E) for DCHAIN-SP and ACT4. Two sub-figures at the bottom
show the contributions to the total decay heat by individual radioactive nuclides based
on the ACT4 calculation. In the sub-figures for the C/E values, calculated results of
DCHAIN-SP with the nuclear data finally adopted, that is the DCHAIN-SP 2001, are
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shown with solid circles; the case (a) in Table 3 when some data needed for calculation
for a sample have been revised while the case (b) when no data have been revised. Since
experimental errors for the bismuth sample for the 7 hours irradiation are large, results
for supplemental experiment in which a bismuth sample is irradiated for 10 hours are
shown instead.

In the sub-figures for the C/E values, when we compare the DCHAIN-SP 2001
calculations with the experimental data indicated by solid circles, most of C/E values are
within the range of experimental error bands plus 20%. The good agreement indicates
that decay heat can be calculated adequately with the DCHAIN-SP 2001 code for 28
kinds of sample materials irradiated in the 14-MeV neutron field for the wide cooling
time range from 1 minute to 400 days. For the S, Ti, Mn, Ni, Cu, SrCO3, Mo, SnO,
W, Ta, Pb and Bi samples, the results of DCHAIN-SP 2001 are improved remarkably
from those of the previous version due to the revision of activation cross section data.
In some cases, however, the calculated results with DCHAIN-SP 2001 still disagree with
the experimental data. As explained below, the disagreement is not attributed to the
DCHAIN-SP 2001 code.

(1) Radioactive nuclides produced mainly by the (n,y) reactions

In the experiment, neutron flux spectra at the irradiation fields are defined in detail
around the 14-MeV neutron peak, but not for low energy region below 10 MeV.
Since most of threshold reactions are induced by 14-MeV neutrons, uncertainties
associated with the neutron spectra at the irradiation fields are considered to be
small for threshold reactions. On the other hand, uncertainties ranging from several
tens of percentages to a factor of 2 are expected for the (n,y) reactions induced by
low-energy neutrons.

Hence, the calculations could give rather large uncertainties to the decay heat val-
ues of the radioactive nuclides produced dominantly via the (n,7y) reactions dom-
inantly by the low energy neutrons at the irradiation fields. Comparison of the
calculated decay heat values with the experimental data is meaningless in these
cases. This is the reason for the disagreement between the DCHAIN-SP calcula-
tions and the experimental data in some cooling time regions for the Na,CO3, Mn,
Ta, W and Bi samples since they are predominantly produced by the 2*Na(n,y)?*Na,
5Mn(n,y)%Mn, ®1Ta(n,y)!82Ta, 86W(n,v)¥"W, 299Bi(n,7)?'°Bi, respectively.

(2) %¥mCo in the cobalt sample
In the cobalt sample irradiated for 7 hours, the ®™Co nuclei (half-life: 9.15 hours)
are produced from the **Co(n,2n)%™Co reaction. According to Fig. 3.12, the decay
heat produced by **™Co is about 30% of the total value at the cooling time of 0.6
days. However, decay heat from the *®™Co is scarcely observed in the experiment
because the %¥™Co emits only very low energy radiations such as X-rays of 7 keV
and conversion electrons of 17 and 24 keV, and most of these radiations do not come

_8._
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out from the cobalt sample. This effect makes the experimental data smaller and
the corresponding C/E value larger. Although the ¥™Co is produced also in the
nickel and stainless steel samples, the effect does not influence the experimental data
meaningfully because the contribution of 5™Co to the total decay heat is small.

Yttrium oxide

Samples of yttrium oxide powder spread on adhesive plastic tape are used in the
experiment. During the 14-MeV neutron irradiation, protons included in the plas-
tic tape are recoiled into the yttrium oxide layer, and induce the proton-incident
89Y (p,n)89™Zr reaction, so-called the sequential charged particle reaction (SCPR). In
the case of the yttrium oxide sample irradiated for 5 minutes shown in Fig. 3.16, de-
cay heat values calculated with DCHAIN-SP neglecting the SCPR are much smaller
than the experimental data in the period of cooling time from several minutes to
several tens of minutes due to the omission of 8°™Zr produced by the SCPR. As-
suming the effective SCPR cross section for the #Y(p,n)%¥™Zr reaction as 1 mb and
considering the decay heat from 8¥™Zr (half-life: 4.18 min.), the calculation agrees
well with the experimental data (see Fig. 3.16). Indeed the SCPR occurs in sam-
ples other than yttrium oxide, the effect appears meaningfully only in the yttrium
oxide case. The reason is that the decay energy of neutron-induced activities is
insignificant for the yttrium oxide sample irradiated for 5 minutes.

The calculations by the first version of DCHAIN-SP (case (b) in Table 3) and the

ACT4 (case (c)) utilize the same activation cross section library, the original FENDL/A-
2.0. Hence, as a whole, both calculations agree well with each other. This agreement is one

of the proofs to demonstrate validity of the two calculation codes developed independently.

In some cases, however, discrepancies are found between the two calculations. These can
be explained as follows.

(1)

Differences in the decay data library

Differences in the decay data libraries for the DCHAIN-SP and ACT4 calculations
are very small for relatively light radioactive nuclides having the mass numbers
roughly less than 100. Most parts of decay energies are conveyed by (- and +-
rays for these nuclides. When a mass number of a radioactive nuclide reaches to
~ 200, conversion electrons and X-rays sometimes convey a significant fraction of
decay energy. The decay data library used in the ACT4 calculations do not treat
the decay energies associated with the conversion electrons and X-rays properly
as described in Ref.13, and this could be one of the reasons to degrade calculated
results with the ACT4 code.

Differences in the energy group structure

The VITAMIN-JI7) 175-energy group structure is used in the DCHAIN-SP calcula-
tion while the 125-energy group structure is used in the ACT4 calculation. Energy
bin widths for the 125-group structure is finer than those for the 175-group structure
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as far as 14-MeV neutron peak region is concerned. Both energy group structures
are fine enough to describe the 14-MeV neutron peak. Nevertheless, the difference
in the energy group structure could cause the differences in the calculated results
by the DCHAIN-SP and ACT4 codes although they are estimated to be several
percentages at most.

3.3 Summary

Both the algorithm of the DCHAIN-SP code and the associated nuclear data library
have been validated through the decay heat benchmark. Accuracy in the calculated results
are improved significantly by the revision of the activation cross section and decay data
libraries for the DCHAIN-SP 2001 code. It is concluded that the DCHAIN-SP 2001 can
predict decay heat values with an accuracy of approximately 20% for the 28 materials
irradiated by 14-MeV neutrons in a period of cooling time from 1 minute to 400 days.
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4 Benchmarking with the Integral Activation Experiment on Mercury
4.1 Outline of the Experiment

Mercury is one of the most important materials as a spallation neutron production
target. However, neither a decay ~-ray measurement experiment nor a decay heat exper-
iment has been carried out because mercury has not been interested for fission or fusion
applications. To provide experimental data for mercury, an integral activation experiment
was performed by using the D-T neutron source FNS.

As shown in Fig. 4.1, three stainless steel boxes of 100 x 100 x 70 mm? in inner
dimensions, which were filled with mercury, were arranged in series to make an experi-
mental assembly. The total thickness of mercury was 210 mm. The assembly was placed
at 100 mm from the D-T neutron source. Three positions (#1 through #3) indicated
in Fig. 4.1, i.e., the front surface of the assembly and two boundaries between every
neighboring boxes, were served as irradiation fields. An integral experiment for neutron
and secondary 7-ray transport was conducted before the activation experiment. Neutron
spectra, dosimetry reaction rates, y-ray spectra and y-ray heating rates were measured
at the irradiation positions.

A induced radioactivity measurement and a decay heat measurement were performed
using mercury oxide powder of 300 mg and 30 mg, respectively. A pair of samples for
induced radioactivity and decay heat was placed at each irradiation position, and irra-
diated for 400 minutes by D-T neutrons. After the irradiation, induced radioactivity
produced in the samples was measured by high-purity germanium detectors by detecting
~-rays emitted from the samples at cooling time of 0.1, 0.3, 1, 3, 10, 30 and 100 days. In
addition, decay heat was measured by the whole energy absorption spectrometer13’ 22) ot
the same cooling time as the induced radioactivity measurement.

4.2 Neutron Spectra of the Irradiation Field and Benchmark Calculation

A computational analysis for the integral experiment for neutron and secondary y-ray
transport was performed with the MCNP code”). The cross section data® for mercury
to be adopted in JENDL-3.3 and those needed for stainless steel in JENDL Fusion File?%
were used in the analysis. Calculated results were compared with the experimental data,
and the following conclusions were derived for the MeV energy neutron fluxes 25) which
corresponded to a source term for the successive analysis of the activation experiment.

(1) The calculated 14-MeV neutron fluxes agreed within +10% with the experimental
data at all the three irradiation positions.

(2) Although the calculated neutron fluxes in the energy range from 1 to 10 MeV tended
to be smaller than the experimental results as the penetration thickness increased,
the agreement between the experiment and the calculation was good in general.
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The calculated reaction rate of the **In(n,n’)!*®™In reaction, which has a large
sensitivity to neutrons in the specific energy range from 0.5 to 10 MeV, was 20%
smaller than the experimental data at the 140 mm position.

It was shown that neutron fluxes in the MeV energy region by which threshold ac-
tivation reactions were induced were calculated without a significant problem with the
combination of MCNP and JENDL. Accordingly, the calculated neutron flux spectra
shown in Fig. 4.2 were used for the activation analysis with DCHAIN-SP. Although frac-
tions of 14-MeV neutrons to the total decrease as we move from the position #1 to #3,
most of threshold reactions at all the three positions are induced by 14-MeV neutrons due
to their high threshold energies; about 8 MeV for the (n,2n) reactions and higher than 10
MeV for the (n,p) and (n,a) reactions. Therefore, it can be stated that the uncertainty
associated with the neutron flux spectra used in the activation analysis is ~ 10%.

Calculations of induced radioactivity and decay heat were performed with DCHAIN-
SP using the neutron flux spectra at the three irradiation fields. Since activation cross
section data for mercury have been revised extensivelyz), both cross section data before
and after the revision were used in the calculations in the decay heat benchmark.

4.3 Results and Discussion
4.3.1 Induced Radioactivity

Figures 4.3 through 4.5 show time evolutions of induced radioactive nuclides pro-
duced in the samples irradiated at the position #1 through #3, respectively. The exper-
imental data are indicated by symbols while the calculated results with DCHAIN-SP are
shown with lines. The experimental data are obtained in the period of cooling time from
0.1 to 100 days, and the radioactive nuclides having the shortest and the longest half-lives
are '"Hg (half-life: T/, = 42.6 min.) and 23Hg (T}, = 46.6 days), respectively.

When the calculated values are compared with the experimental data in Fig. 4.3~4.5,
although discrepancies between them are found in some cases, the calculated time evolu-
tion curve of each radioactive nuclide agrees with the corresponding experimental data.
The “"#Hg nuclide (T, = 2.67 days) is produced directly by the neutron induced
'*Hg(n,2n)'*"8Hg reaction during the irradiation as well as a decay product of 19"mHg(T, /2
= 23.8 hours) that is produced by the %Hg(n,2n)!®™Hg reaction. Hence the time evo-
lution curve for the 9"8Hg is not a simple exponential decay curve but has a broad peak
at ~ 1 day after the end of the irradiation. This trend observed in the experiment is
reproduced well by the calculation. This suggests that half-lives and decay chain data
used in the calculation are valid.

Total eight radioactive nuclides are observed in the experiment, and the four nu-
clides out of them, ¥"™Hg, 1978Hg, 99mHg and 2°3Hg, take the major contribution to the
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total. The calculated results for 1°8Hg and 2 Hg agreed with the experimental data
mostly within the experimental error ranges. That for 1"™Hg and %™Hg, however, 20%
smaller and 60% larger than the experimental data, respectively. Since the cross sec-
tion data contained in the DCHAIN-SP 2001 library for the ®Hg(n,2n)'*"™Hg reaction
and the Hg(n,x)'%™Hg reaction, i.e., sum of the ®Hg(n,7)!%™Hg, 1*°Hg(n,n’)!%™Hg and
20Hg(n,2n)'**"Hg reactions, are revised based on the measured cross section data® 26
the discrepancies between the calculated and the experimental data in the integral activa-
tion experiment can not be attributed to the improper cross section data in the DCHAIN-
SP library. Although a reasonable reason for the discrepancies has not been identified,
there are some possible reasons: (1) inadequate decay data such as the y-ray intensity per
disintegration used in the DCHAIN-SP calculation and also in the processing of experi-
mental data to derive radioactivity from observed ~y-ray peak intensities, and (2) exper-
imental uncertainties associated with.the measurement of low-energy ~v-rays and X-rays
around 100 keV for which large correction of attenuation in the sample is indispensable.

Although experimental errors for the rest of nuclides, %°¢Hg, °Au, 9% Au and
197m Ay, are large, no significant problem is found for those nuclides since the calculated
radioactivity agrees roughly within several tens of percentages with the experimental data.

4.3.2 Decay Heat

Decay heat values measured and calculated for the three irradiation positions are
compared in Figs. 4.6 through 4.8. Total decay heat contributed by all the radioactive
nuclides in the sample is measured in this experiment unlike the induced radioactivity
experiment. Another difference from the induced radioactivity experiment is that both
photons (y-rays and X-rays) and electrons ((3-rays and conversion electrons) are measured
in the decay heat experiment while only the former is measured in the induced radioac-
tivity experiment. In Figs. 4.6~4.8, contributions from each radioactive nuclide to the
total decay heat values calculated with DCHAIN-SP are also shown. Figure 4.9 shows
ratios of calculated to experimental values (C/E) for the three positions. To check the
effect of the revision? 26) of the activation cross section data, C/E values obtained with
the activation cross section data before the revision, i.e., the original FENDL/A-2.0, are
shown in Fig. 4.9 together with those for the DCHAIN-SP 2001.

According to Figs. 4.6~4.8, the dominant radioactive nuclides to the decay heat are
197mHg 197eHg 199mHg and 23Hg. This aspect is similar to that of the induced radioactiv-
ity experiment. The '%¥Hg(n,2n)'®"™Hg and the '®Hg(n,2n)'*"8Hg reaction cross sections
have been increased to be about double from their original values as indicated in Ref.2, 26.
As a result, agreement between the experiment and the calculation is improved in the pe-
riod from 0.3 to 10 days when the ®"™Hg and %"#Hg nuclides contribute predominantly
to the total decay heat.
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By the revision for many of the activation cross section data for mercury, the calcu-
lated results reproduce adequately the experimental decay heat data as a general trend.
One thing that can be remarked is that the calculated results are likely to overestimate
the decay heat by 10 to 20% even the experimental errors are considered. Some incon-
sistencies are also found between the results derived from the decay heat benchmark and
the induced radioactivity benchmark although they are not so significant. These points
have not been clarified yet, but possible reasons could be in systematic errors involved in
the two distinct experimental methods.

4.4 Summary

To verify induced radioactivity and decay heat calculations on mercury with
DCHAIN-SP 2001, an experiment was conducted by using the 14-MeV neuron source
of FNS. As a result of computational analysis of the experiment with DCHAIN-SP, the
following general conclusions were derived.

(1) The revision of activation cross section data on mercury? 26) has improved signifi-
cantly the prediction accuracy of activation calculations for neutron-induced reac-
tions in the energy region below 20 MeV.

(2) The DCHAIN-SP 2001 code can estimate induced radioactivity and decay heat
of mercury with the accuracy of ~20% for the irradiation in the neutron fields
dominated by 14-MeV neutrons.



JAERI—Research 2002—005

5 Concluding Remarks

The validity of the high energy particle induced radioactivity calculation code
DCHAIN-SP 2001 was investigated with the three integral activation benchmark experi-
ments conducted with the 14-MeV neutron source FNS, JAERI. The present investigation
focused on the accuracy of the decay chain calculation of the DCHAIN-SP code using acti-
vation cross section data and low-energy (< 20 MeV) neutron fluxes calculated by neutron
transport calculation codes such as MCNP. As a result of the present assessment, we have
derived a general conclusion that induced radioactivity and decay heat for most of ma-
terials which are important for the high-intensity proton accelerator facilities, including
mercury, lead, bismuth and structural materials, can be predicted within the typical un-
certainty range of £20 ~ 30% with the DCHAIN-SP 2001 code under the condition that
the neutron flux spectra are given precisely. In principle, this conclusion is true only for
14-MeV fusion neuron environments. However, the energy of 14-MeV lies around the
midpoint between 20 MeV (the maximum energy of activation cross section data library)
and the threshold energies for such threshold reactions as (n,n’), (n,2n), (n,p) and (n,a).
Therefore, the conclusion gives a good estimation for the calculation accuracy with the
DCHAIN-SP code for any neutron fields up to 20 MeV where threshold reactions produce
radioactive nuclides predominantly. It is noted that the benchmark experiments used in
this study aim at the validation for radioactive nuclides produced by threshold reactions,
not for those by the (n,y) reactions induced by low-energy neutrons. Hence, the conclu-
sion can not be adopted when the (n,y) reactions are dominant for producing radioactive
nuclides. In general, the DCHAIN-SP calculation overestimates reactions rate of (n,y)
since the cross section library was groupwised assuming the infinite dilution.

In the near future, we will investigate the calculation accuracy for another feature

of the DCHAIN-SP 2001 code system, that is, the decay chain calculation with using
nuclides yield data provided by the high-energy particle simulation code NMTC/JAM.
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Table 1 Identification and experimental conditions for the selected experiment cases.

time
D material spectra id. irradiation | cooling counting
FEA1l | Iron Al 30 m 22.4 m 10 m
FEA25 | Iron A2 9h 2d22.1h 15h 25.9 m
NIA11 | Nickel Al 30 m 56.3 m 30.9 m
NIA23 | Nickel A2 9h 4d13h 8h41.9m
NIB22 | Nickel B2 10 h 2d176h |4h132m
CRA22 | Chromium A2 9h 15h168m | 1h0.5m
MOA11 | Molybdenum Al 30 m 46.3 m 30.5 m
MOA24 | Molybdenum A2 9h 4d3.7h 15h 28.6 m
SSA24 | SS316 A2 9h 3d21.8h 13h 54.6 m
SSC14 | SS-ANSI316 C1 9h47m |7d15h 7h23 m
MCA11 | Mn-Cu alloy Al 30 m 123 m 10 m
MCA23 | Mn-Cu alloy | A2 9h 6d21h 4h50.3m
MCB22 | Mn-Cu alloy B2 10 h 3d134h |6h449m
WA23 | Tungsten A2 9h 2d19.1h 18 h-22.7m
ZRA21 | Zirconium A2 9h 2h265m |43.5m
VB22 Vanadium B2 10 h 2d224h 14 h51.3m
ALB21 | Aluminum B2 10h 5h523m | 1h 285 m
COA23 | Cobalt A2 9h 5d19.2h |3h21.5m
TIB21 Titanium B2 10 h 7h275m |[1h43.4m
NBB21 | Niobium B2 10 h 13h39m |[1h13.7m
SNC13 | Tin C1 9h47m [6d226h |[15h52m
PBC11 | Lead C1 9h47m |[12h192m|{1h1l4m
TAA21 | Tantalum A2 9h 3h172m {259 m
AGC12 | Silver C1 9h47m |19h37.3m |245m
ZNC12 | Zinc C1 9h 47 m 21h26.3m | 323 m
SIA11 Silicon Al 30 m 37.3 m 15 m
YC13 Yttrium C1 9h47m |6d189h [(2h23.7m
INA22 | Indium A2 9h 16 h23.7m | 45.7m
MGAZ21 | Magnesium A2 9h 3h51.7m |263m
AUA22 | Gold A2 9h 4h3lm 2h46.7 m
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Table 2 Chemical composition of alloy samples (weight fraction).

Fe Cr Ni Mo Mn Si Co Cu A%

Mn-Cu alloy 0.0007 - 0.0046 - 0.7980 - - 0.1967 -
SS316 0.6622 0.1775 0.116 0.0208 0.0133 0.0042 0.0019 0.0034 0.0006
SS-ANSI316 0.686 0.165 0.113 0.0212 0.0146 - - - -

Table 3 Codes and data libraries used in the decay heat benchmark.

[ Calculation code | Activation cross section library | Decay data library

(a) | DCHAIN-SP 2 | FENDL/A-2.0 (Revised) 2 Library in DCHAIN-SP (Revised) 2 |
(b) | DCHAIN-SP ? | FENDL/A-2.0 20) Library in DCHAIN-SP D)
(c) | ACT4 %D FENDL/A-2.0 20) Library in ACT4 4D




JAERI—Research 2002—005

"wRYSAS 3p0d JS-NIVHOJ 2Y? Jo wreiderp onjewsydg 1'1 81,0

Areiqy
UOND3IS SSOIO UONBAIOR

uonnau dnox3-¢/ |

wnoads Kes-A
[m] spyjonu jo 1eay AeosQ
[bg] sprponu jo sanranoy

w1)dads £319u3 uoNAU

dNOW 10§
ATBIQI| UOIOAS SSO10

A819us snonunuo)

(A3 07 > ug)

SOpI[oNU PadNpoId dnois-g. asim-uniSoy

: S)[NS3I1 UONENO[ED)

A

\ 4

sa[ored Arepuooss pue weaq sjonred Krewrud Aq pajerpern
19811 uonefpeds v ur paonpur LIOJUSAUI JO uoNe[NoTEd dn-wing

dS-NIVHOd

uonejnofed podsuen uojoyduonnaN
dNOI

(AW 0T > ud)
o[y Kioysty
uonnau A315u3 Mo

Areiqr] ejep wmnaoads
one1 Aesop, ¢ Ke1-A Suipnjout Y pPK
pue amydes uonos[g Areiqy eyep Kesa( uoponpoad apfpnu )¢
Isim-uordg

(- ‘wonus ‘uord ‘n0jo1d=1
AN T < ¥ ‘AN 07 < B1)
uone[no[ed Jodsuen TOSaW-UOI[INN

VI/DLIAN ‘L6-TAAVI/DLIAN

wasAg apo)) Jo sjdurexy uy




JAERI—Research 2002—005

§; T T T L AR IR BRARL T T
o 109 4 E
£ 3 3
L E 3
(b} r .
S 6 F & 1
2 10 r :
5 I
= 3F 1
£ 107 ; &
3
L 0 1
< 10 : 1
N S L
apd F 3
- -3 X

8 103 5,8.,..1..1 ol el il et i »
< 10 10 10 10 10 10

Neutron Energy (MeV)

Fig. 2.1 Neutron spectra used in the benchmark calculations for decay v-ray.
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Fig. 2.26 Decay v-ray spectrum of INA22.
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Fig. 2.27 Decay 7-ray spectrum of SNC13.
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Fig. 3.1 Results for decay heat benchmark on polytetrafluoroethylene.
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Fig. 3.2 Results for decay heat benchmark on sodium carbonate.
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Fig. 3.3 Results for decay heat benchmark on aluminum.
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Fig. 3.4 Results for decay heat benchmark on sulfur.
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Fig. 3.5 Results for decay heat benchmark on potassium carbonate.
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Fig. 3.6 Results for decay heat benchmark on calcium oxcide.
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Fig. 3.7 Results for decay heat benchmark on titanium.
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Fig. 3.8 Results for decay heat benchmark on vanadium.
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Fig. 3.9 Results for decay heat benchmark on chromium.
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Fig. 3.10 Results for decay heat benchmark on manganese.
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Fig. 3.11 Results for decay heat benchmark on iron.
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Fig. 3.13 Results for decay heat benchmark on nickel.
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Fig. 3.14 Results for decay heat benchmark on copper.
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Fig. 3.15 Results for decay heat benchmark on strontium carbonate.
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Fig. 3.16 Results for decay heat benchmark on yttrium oxide.
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Fig. 3.17 Results for decay heat benchmark on zirconium.
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Fig. 3.18 Results for decay heat benchmark on niobium.
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Fig. 3.19 Results for decay heat benchmark on molybdenum.
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Fig. 3.20 Results for decay heat benchmark on tin dioxide.
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Fig. 3.21 Results for decay heat benchmark on barium carbonate.
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Fig. 3.22 Results for decay heat benchmark on tantalum.
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Fig. 3.23 Results for decay heat benchmark on tungsten.
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Fig. 3.24 Results for decay heat benchmark on rhenium.
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Fig. 3.25 Results for decay heat benchmark on lead.
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Fig. 3.26 Results for decay heat benchmark on bismuth.
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Fig. 3.27 Results for decay heat benchmark on stainless steel 304.
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Fig. 3.28 Results for decay heat benchmark on stainless steel 316.
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Fig. 4.1 Experimental configuration of the induced radioactivity and decay heat measurement
experiments for mercury samples.
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Fig. 4.2 Neutron flux spectra for the three positions in the integral experimental assembly of
mercury for the induced radioactivity and decay heat measurement experiments.
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Fig. 4.3 Comparison of experimental (symbols) and calculated (lines) induced radioactivity for
the mercury oxide samples irradiated at the position #1
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Fig. 4.4 Comparison of experimental (symbols) and calculated (lines) induced radioactivity for
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Fig. 4.5 Comparison of experimental (symbols) and calculated (lines) induced radioactivity for
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Fig. 4.6 Comparison of experimental decay heat values for the mercury oxide sample irradiated
at the position #1 with those calculated by DCHAIN-SP. The upmost bold line denoted
as DCHAIN-SP is to be compared with the experimental data. The contribution by
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Fig. 4.8 Comparison of experimental decay heat values for the mercury oxide sample irradiated
at the position #3 with those calculated by DCHAIN-SP. The upmost bold line denoted
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each nuclide is based on the DCHAIN-SP calculation.



JAERI—Research 2002—005

2.0

&
S iR cExpt Error o
g D S R A I A
o FENDL/A-2.
e | o DCHAIN-SP |
0'0 hi‘;’ll‘ _ ‘nlw.*l.-l'.-;hi.;il ““““ i-ujl.iﬂ;:llll 1 B S S
0.1 1.0 10.0 100.0
Cooling Time [Days]
2.0
e
Q
as
~
o
E ._.:
FENDL/A-2.0 |
DCHAIN-SP i
100.0
FENDL/A-2.0
DCHAIN-SP
2 e
a | LBl e e O L
W PR e T
~
B R i ittt GERREARE s EHRER St AR
E

0.1 1.0 10.0
Cooling Time [Days]

Fig. 4.9 The C/E values for the decay heat of mercury oxide samples as a function of cooling
time. The values denoted as FENDL/A-2.0 and DCHAIN-SP are the DCHAIN-SP
calculation with the previous and the revised activation cross section library, respec-
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