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Abstract

Decay heat is one of the most important factors for the safety aspect of ITER. Especially, the prediction of decay

heat with an uncertainty less than 15% for the three most important materials, i.e., copper, type-316 stainless steel

(SS316) and tungsten, is strongly requested by designers of ITER. To provide experimental decay heat data needed for

validation of decay heat calculations for SS316 and copper, an experiment was conducted as the ITER/EDA task

T-426. An ITER-like neutron field was constructed, and decay heat source distributions in thick copper and SS316

plates were measured with the whole energy absorption spectrometer. The measured decay heat distributions in the

thick sample plates were compared with the predicted values by MCNP calculations. It was found that the use of an

effective activation cross-section calculated by MCNP was needed to consider the self-shielding effects and, for both

cases, MCNP calculations could predict the decay heat adequately.

� 2002 Published by Elsevier Science B.V.

1. Introduction

Decay heat is one of the most important factors for

the safety aspect of ITER. An accurate decay heat pre-

diction for various materials found in ITER is required

to reduce safety design margins. Especially, the predic-

tion of decay heat with an uncertainty less than 15% for

the three most important materials, i.e., copper, type-

316 stainless steel (SS316) and tungsten, is strongly

requested by the designers of ITER. To provide exper-

imental decay heat data necessary for validation of de-

cay heat calculations for the tungsten baffle plates, an

irradiation experiment was conducted at the Fusion

Neutronics Source (FNS) facility at Japan Atomic En-

ergy Research Institute [1]. In this experiment the main

attention was focused on the accuracy of the self-

shielding effect of the 186W(n,c)187W reaction induced by

low-energy neutrons and the results show that the pre-

cise treatment of the self-shielding is necessary for an

accurate prediction of decay heat for tungsten.

As the decay heat sources of copper and SS316 are

also generated by the resonance reactions, a supple-

mental experiment was conducted as an ITER/EDA

task T-426 to provide experimental decay heat data

needed for the validation of decay heat calculations for

copper and SS316 in an ITER-like neutron field. This

report summarizes these decay heat experiments.

2. Experiment

2.1. Simulation of ITER-like neutron field

One of the important features of the experiment is the

simulation of the neutron field environment at the baffle

plates of ITER. A neutron spectrum calculated by Sa-

wan et al. [2] was employed as a reference ITER-like

spectrum. Their calculation took full details of geomet-

rical configuration of ITER into account by a precise

three-dimensional ITER model with the MCNP-4A

Monte Carlo neutron transport code [3]. The neutron

spectrum was calculated just at the position of the baffle
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plates, therefore, the calculated reference spectrum was

believed to be very close to the real neutron spectrum

appeared in ITER. We attempted to reproduce the ref-

erence spectrum by using the D–T neutron source of

FNS. Most parts of the final experimental assembly

shown in Fig. 1 were in cylindrical symmetry. A beryl-

lium reflector of 382.4 mm in radius and 101.6 mm in

thickness was introduced in to the source reflector made

of SS316. A tungsten layer was attached on the front

surface of the SS316/water region. A central part of the

tungsten layer was SS316 plate or copper plate of

254� 254� 12:6 mm3 for each decay heat measure-

ment, while surrounding parts of the tungsten layer were

made by many tungsten-alloy tiles of 50:7� 50:7� 12:6
mm3.

2.2. Sample preparation and irradiation

Another important feature of the experiment is the

observation of the self-shielding effect of neutron fluxes

in the sample plate of 12.6 mm in thickness.

The copper plates had thicknesses from 0.1 to 1 mm.

On the other hand, copper samples for decay heat mea-

surements were thin copper foils, area of 25� 25 mm2,

25 lm in thickness and 140 mg in weight. The 16 copper

plates were stacked. Fifteen samples were sandwiched by

each pair of copper plates, and also two samples were

attached on the front and rear copper plates.

The SS316 plate and the copper plate of 254� 254

mm2 had a square space of 45� 45 mm2 at their center.

The space was filled with 13 SS316 plates of 45� 45

mm2 for decay heat measurement of SS316 and with 16

copper plates of 45� 45 mm2 for decay heat measure-

ment of copper. The SS316 plates had a thickness of 1

mm. On the other hand, SS316 samples for decay heat

measurement were very thin SS316 foils, area of 25� 25

mm2, 7.5 lm in thickness and 37 mg in weight. The 13

SS316 plates were stacked. Twelve samples were sand-

wiched by each pair of SS316 plates, and also two

samples were attached on the front and rear SS316

plates.

A neutron irradiation was conducted for 420 min

with a total neutron intensity of 5:83� 1015 for copper

samples and as 3:01� 1015 for SS316 samples. A number

of D–T neutrons generated at the target were deter-

mined by the associated alpha-particle counter with an

accuracy of 2%. The alpha-counts were recorded for

every 10 s by a multi-channel scaling system to monitor

fluctuation of numbers of generated neutrons.

2.3. Decay heat measurements

After irradiation, the decay heat in each foil sample

was measured by the whole energy absorption spec-

trometer [4–6]. Decay heat data for copper samples were

obtained at cooling times of approximately 0.5 days

after the end of irradiation. The measurements were

repeated two days after the first measurements to follow

the time evolution of decay heat. Note that the half-life

of 64Cu is 12.7 h. The measurements for SS316 samples

were repeated at 2 and 15 h after the end of the irradi-

ation to follow the time evolution of decay heat. Note

that the half-life of 56Mn is 2.579 h.

3. Experiment analysis

The continuous energy Monte Carlo transport

calculation code MCNP-4B was employed for the ex-

periment analyses. The code could treat precisely the

self-shielding effect for resonance reactions. Cross-sec-

tion data used for the neutron transport calculation were

taken from FENDL/2 [7]. The experimental assembly

including the very fine sample plates/foils stack and the

D–T neutron source conditions were modeled precisely.

Neutron spectra and the activation reaction rates in the

VITAMIN-J 175-energy bins were calculated at each

sample position.

Decay heat values averaged in the thick sample plates

were calculated with the ACT4 code, which is the in-

ventory calculation module of the THIDA code system

[8], by using the calculated neutron fluxes. An activation

cross-section library that had been processed into 175

groups from FENDL/A-2.0 [9] without taking into ac-

count of self-shielding effect was also used.

4. Results and discussion

4.1. Decay heat of copper

Measured pulse height spectra by WEAS clearly

demonstrate that the main contributor of decay heat is

Fig. 1. Cross-sectional view of the experimental assembly for

the ITER-like neutron field. The geometry is in an R–Z sym-

metry except for the beam ducts and the pure-tungsten.
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64Cu. Two peaks corresponding to b decay of 64Cu be-
low 578.2 keV and electron capture below 1674.9 keV

were clearly observed. Gradients of decay curves for the

copper samples were consistent with the expected gra-

dient with a half-life of 12.7 h. This is an another ex-

perimental proof that most of the measured decay heat

is contributed by 64Cu.

Measured data for all samples were converted to

decay heat values at the cooling time of 16 h. Since the

total measurement time of ’1 h for all the samples was
not negligible compared to the half-life of 64Cu of 12.70

h, the derived decay heat at the time of each measure-

ment was extrapolated to a common time with assuming

the decay half-life of 12.7 h. The decay heat distribution

in the thick copper plate and the calculated production

rates of 64Cu were shown in Fig. 2. Both experimental

and calculated spatial distributions are normalized for

comparisons so that the spatial average is unity. It is

obvious that the spatial distribution by calculation

agrees nicely with the experimental distribution (within

’5%). This results suggests that the change of the decay
heat distribution in the copper plate due to self-shielding

effect can be reproduced by MCNP calculations which

use point-wise cross-section data.

The averaged value of the measured decay heat value

was compared with the calculated decay heat value with

the neutron flux averaged over the thick copper plates.

The C/E values of the decay heat of copper were 1.72

when the self-shielding effect of the 63Cu(n,c)64Cu reac-
tion was included in the calculation and 1.15 when the

self-shielding effect of the 63Cu(n,c)64Cu reaction was

not included in the calculation.

Fig. 3 shows effective 63Cu(n,c)64Cu reaction cross-
sections at the two positions, which are derived by di-

viding the group-wise reaction rates by the group-wise

neutron fluxes. The effective cross-section at 500 eV is

largely decreased by nearly one order of magnitude due

to the self-shielding effect. This is the reason why the

reaction rates of the 63Cu(n,c)64Cu reaction are small at
the center of copper plates.

These results indicate that the self-shielding effect is

important for predicting the decay heat source in thick

copper plates, therefore, sophisticated neutron transport

calculation techniques such as MCNP are required.

4.2. Decay heat of SS316

Measured pulse height spectra by WEAS at ’1 h
cooling clearly demonstrate that the main contributor of

the decay heat is 56Mn. Discrete peaks corresponding to

the beta energy of 1.04 MeV emitted from 56Mn was

clearly observed. The high-energy end of the sun-spec-

trum is equal to the decay Q-value of 56Mn at 3695 keV.
This result indicates that 56Mn is the only nuclide that

contributes practically to the decay heat. Gradients of

decay curves for SS316 samples were also consistent

with the expected gradient with a half-life of 2.579 h.

Measured data for all samples were converted to

decay heat values at the cooling time of 1 h. The decay

heat distribution in the thick SS316 plate and the cal-

culated production rates of 56Mn were shown in Fig. 4.

Both experimental and calculated spatial distributions

are normalized for comparison so that the spatial aver-

age is unity. It is obvious that the spatial distribution by

Fig. 2. Comparison of decay heat and 64Cu production rate in

the thick copper plate.

Fig. 3. Energy profile of the 63Cu(n,c)64Cu reaction rate.

Fig. 4. Comparison of decay heat and 56Mn production rate in

the thick SS316 plate.
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calculation agrees nicely with the experimental distri-

bution (within ’10%). The predicted decay heat values
averaged in the thick sample plates were compared with

the averaged decay heat value of the SS316 plates. The

decay heat calculation was conducted with the neutron

flux averaged over the thick SS316 plates. C/E values of

the decay heat of SS316 were 1.06 when the self-shield-

ing effect of 55Mn(n,c)56Mn was included in the cal-

culation and 1.21 when the self-shielding effect of
55Mn(n,c)56Mn was not included in the calculation. Two
reaction mechanisms of 56Fe(n,p) and 55Mn(n,c) have
comparable contributions for production rates of 56Mn,

so the spatial distribution of the production rate of 56Mn

is more gentle than that of 64Cu. Nevertheless the self-

shielding effects should be treated precisely for the ac-

curate prediction of the decay heat source of SS316.

Fig. 5 shows effective 55Mn(n,c)56Mn reaction cross-
sections at the two positions, which are derived by di-

viding the group-wise reaction rates by the group-wise

neutron fluxes. The effective cross-section at 300 eV is

decreased by nearly 40% due to the self-shielding effect.

This is the reason why the reaction rates of the
55Mn(n,c)56Mn reaction are small at the center of SS316
plates.

These results indicate that the self-shielding effect is

important for predicting the decay heat source in thick

SS316 plates, therefore, sophisticated neutron transport

calculation techniques such as MCNP should be used.

5. Conclusion

It was confirmed from the experimental results that

almost all decay heat originated from 64Cu nuclei was

produced by the 63Cu(n,c) reactions. The measured de-
cay heat distribution in the thick copper plate suggested

an influence of the self-shielding effect. The measured

decay heat distribution in the thick copper plate was

compared with the predicted values by an MCNP cal-

culation. As a result, the calculated distribution agreed

very well with the measured one. C/E values of the decay

heat of copper were 1.72 when the self-shielding effect of

the 63Cu(n,c) reaction was not included in the calcula-
tion and 1.15 when the self-shielding effect of 63Cu(n,c)
reaction was included in the calculation. Consequently,

it was concluded that careful treatments of the self-

shielding effect were required for calculating the decay

heat of copper, and MCNP calculations cold predict the

decay heat adequately.

It was also confirmed from the experimental results

that almost all decay heat originated from 56Mn nuclei

produced by the 55Mn(n,c) reactions and 56Fe(n,p) re-

actions. The measured decay heat distribution in the

thick SS316 plates suggested a relatively small influence

of the self-shielding effect compared with those for the

thick copper plates. This is because one of the production

reactions of 56Mn is a threshold reaction and the two

reaction mechanisms have comparable contributions.

The measured decay heat distribution in the thick

SS316 plate was compared with the predicted values by an

MCNP calculation. As a result, the calculated distribu-

tion agreed very well with the measured one. C/E values

of the decay heat of SS316 were 1.06 when the self-

shielding effect of 55Mn(n,c) was included in the calcula-
tion, and 1.21 when the self-shielding effect of 55Mn(n,c)
was not included in the calculation. Consequently, it was

concluded that the self-shielding effect of the 55Mn(n,c)
reactions were important for calculating the decay heat of

manganese-rich stainless steel, and MCNP calculations

could predict the decay heat adequately.
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