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Abstract

An experiment to determine nuclear heating rates in an SS-304 assembly was conducted using the intense D-T
neutron source FNS at JAERI, within the framework of the JAERI-USDOE collaborative program on fusion
neutronics. The distribution of the heat deposition rate at a depth of up to 200 mm in an SS-304 assembly was
measured directly with a microcalorimeter incorporated within the intense D-T neutron source. A heat transfer
calculation code ADINAT, coupled with the neutron and y-ray transport DOT3.5, was applied to derive a time
dependence temperature profile in SS-304 probes during irradiation. It was demonstrated that the ADINAT is a
powerful tool for analyzing the nuclear heating process in materials with low thermal conductivity such as SS-304.
The measured heating rates were compared with comprehensive calculations to verify the adequacy of the currently
available database relevant to the nuclear heating process. The analysis based on JENDL-3 nuclear data demon-
strated that the calculation of heat deposition on SS-304, in general, was in good agreement with measurements.

1. Introduction

The importance of nuclear heating in structural mate-
rials has been recognized from the point of view of
system design of D-T fusion reactors. Requirements
for a reduction in design margin are addressed strin-
gently from critical design criteria. The uncertainty of
the database for nuclear heating is considered one of
the most crucial problems for the development of first-
wall-blanket-shield designs for ITER. Many data
libraries have been compiled and issued to be imple-
mented in the neutron transport code system [1-6]. The
adequacy of these data, however, has not been tested
owing to lack of suitable experimental data.
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In order to provide substantial experimental data for
data testing, nuclear heating experiment in an SS-304
assembly was carried out at the fusion neutronics
source (FNS) [7] at the Japan Atomic Energy Research
Institute (JAERI) within the framework of the JAERI/
USDOE collaborative program on fusion neutronics.
The present experiment was an extension of previous
single probe experiments [8—10]. The data in this exper-
imental configuration, however, were expected to be
more suitable for validation of calculations of the neu-
tron spectrum where the D—T neutron contribution is
less important and associated y-ray and slow neutron
contributions are dominant. As the SS-304 is a rela-
tively low thermal conductivity material, the time de-
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pendent temperature change due to heat flow in the
probe material was analyzed with the heat transfer
analysis code ADINAT [11]. The measured tempera-
ture rise due to nuclear heating was corrected by the
ADINAT analysis. Measured data at depths up to
200 mm in the SS-304 assembly were compared with the
DOT3.5 [12] calculation using KERMA data based on
the JENDL-3 nuclear data file [13]. The ratios of
calculated to experimental results (C/E) are discussed
with emphasis on the adequacy of the JENDL-3 nu-
clear database.

2. Experiment
2.1. System configuration

Fig. 1 illustrates the cross-section of the assembly
consisting of an SS-304 core region, side Li,CO; enclo-

sure and polyethylene insulator. The outer regions of
the side with respect to the d* beam direction were

covered with Li,CO; bricks. The supporting frame used
in phase 1l series experiments of the JAERI/USDOE
collaboration [8—10] was utilized. The front surface was
placed close to the D-T neutron source in order to
maximize the neutron flux levels inside the SS-304 core,
resulting in a high signal to noise (S/N) ratio. As
shown, the D-T neutron source was not enclosed with
the materials. Thus, a large amount of slow neutrons
reflected off the wall of the target room were expected
to impinge on the assembly from the front and rear
surfaces. From the side, the influence of the slow neu-
trons returned by the room was mitigated by the
Li,CO, and polyethylene layers. The nominal size of
the SS-304 core was 357 x 458 x 458 mm*. Cubicle
blocks of SS8-304 with unit dimensions 51 x 51 x
51 mm? were contained in the SS-304 stainless steel box
and stacked along the central axis of the assembly.
Based on previous experience of limits of detector
sensitivity due to background noise of the system, the
test region was enclosed in an SS-304 box to ensure an
air-tight system. The idea of applying the SS-304 block
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Fig. 1. Cross-scctional view of the SS-304 assembly. The dimensions are given in millimeters.
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itself as probe material was based on the assumption
that heat flow is not significant in the short period
during the sampling times, e.g. 30-100 s, when a ther-
mal insulator is attached on each block. On the surface
closer to the D-T neutron source, TM (10 kQ) sensors
were attached and thin leading wires were extracted
through the thin space between blocks. On the side of
the last block at a depth range 170-220 mm, a 100 Q
RTD was attached and also extracted utilizing a small
space between blocks. The extracted wires were con-
nected directly to Keithly-181, 182, 182 and Solatron-
7081 voltmeters. The data acquisition scheme was the
same as for previous single probe experiments {8-10].

2.2. Experimental measurement

Sampling times of 30-120s, longer than the 10s
used for the single probe measurements, were applied to
increase the effective temperature rise. If adiabatic con-
ditions are assumed, we can have a larger accumulation
of heat deposition, resulting in a higher temperature
rise. In order to observe a slight change at deep posi-
tions, this scheme was essential. However, another un-
certainty was introduced in the determination of the
realistic temperature due to heat flow in the relatively
large probe zone and to the relatively large gradient of
the heating rate. However, we chose this scheme know-
ing these drawbacks.

The D-T neutron source strength of (2—3) x 10'2s~!
was almost identical with that of previous experiments

with the single probe configuration. The same long
pulsed neutron operation was applied to discriminate
between the background drift produced by slow compo-
nents due to radiation, heat conduction through both
cable lines and paper insulators attached to adjacent
SS-304 blocks. In addition, self-heating by resistance of
the thermal sensor should be factored into the slow
component. For the same reason as given for the
long sampling time, neutron pulse lengths of 5—10 min
were applied. The data acquisition diagram is shown
in Fig. 2.

3. Experimental results

The derivatives of temperature changes for the SS-
304 block detectors are shown in Fig. 3. The data at the
position closest to the D—T neutron source display the
highest values with strong overshoots and undershoots
at the beginning and end of the neutron pulse irradia-
tion respectively. This profile is very similar to that
observed in an Li,CO; probe in the previous experi-
ments. Considering the relatively low thermal conduc-
tivity of SS-304 and the steep gradient of the neutron
flux over the large block detector 51 mm in length, the
variation in the derivatives during irradiation is ex-
plained by heat transfer from the front to rear sides.
This effect due to heat flow was also observed in the
data from the second position. The neutron flux gradi-
ent at this position was expected to be much smaller
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Fig. 2. Block diagram of direct nuclear heating measurements with a microcalorimeter.
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Fig. 3. Rate of temperature change in the SS-304 probes due
to D-T neutron irradiation.

than that at the first probe. At the third position, an
almost flat distribution was detected. Although the data
at the last position at a depth of 210 mm measured with
the RTD are identical with the background drift line,
there is a slight rise on average. Throughout these
SS-304 assembly experiments, a longer cycle time of
50 s was adopted to increase the temperature rise, as-
suming adiabatic conditions within the probe. The tem-
perature rise due to nuclear heating was derived from
the first rise in the rate of temperature change. Fig. 4
shows a plot of all measured data. The temperature rise
decreases with depth in the SS-304. This trend is rea-
sonable given the steep neutron flux distribution. The
rate of temperature change with a drastic decrease at
the first probe shown in Fig. 3, however, suggested that
there was strong heat flow within the first 50 s, although
the thermal conductivity of SS-304 is low.
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Fig. 4. Measured temperature rise distribution. The values are
normalized with respect to the D-T neutron source strength
of 102 n s,

Table 1
Physical properties and dimensions of the SS-304 probe

Item Value

Dimension (mm) 51 x 51 x 51
Density (g mm™?) 7.82 x 10~*
Thermal conductivity (W mm~' K1) 16.3 x 102
Specific heat (J mm* K~') 4,286 % 107
Boltzmann constant (J K—') 0.1380658 x 1022
Radiation coefficient 0.39 x 10!

In order to estimate the temperature change over a
duration of 50 s, the heat transport code ADINAT was
applied. The ADINAT code treated all possible heat
transfer phenomena in terms of heat conduction, con-
vection and radiation. All the conditions and data used
are given in Table 1. The heat source distribution was
determined from neutron and y-ray fluxes calculated by
DOT3.5 with the FUSION-J3 cross-section library
based on JENDL-3. The experimental analysis is given
in the next section in detail. Simulating the probe
configuration, the time-dependent temperature change
was calculated with the DOT3.5/ADINAT coupled
code for the position of the front surface of the first
SS-304 block probe. The difference in temperature
change at the first sampling time point with different
sampling times is shown in Fig. 5. As shown, at first the
temperature rise is less as the sampling time increases. It
is naturally understood that if the neutron flux is con-
stant, the nuclear heating rate is also constant. How-
ever, the heat flow toward the deeper region, where the
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Fig. 5. Difference in temperature change at the first sampling
time point with different sampling times.
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Fig. 6. Comparison of calculations by ADINAT with mea-
surement.

lower temperature rise is associated with a low nuclear
heating rate, was negative at the front surface of the
probe. As time passed, the rate of temperature change
decreased and stabilized at equilibrium. A correction
factor for data with 50 s sampling time was derived
assuming that data with 1 s sampling time give a realis-
tic temperature rise without heat flow. The experimen-
tal data to be analyzed were obtained by correcting the
measured data shown in Fig. 4 with derived factors at
all positions. A direct comparison of ADINAT calcula-
tion with measurement is shown in Fig. 6. The compari-
son demonstrates that the heat transport analysis was
appropriate for investigation of the time-dependent
temperature change.

4. Analysis

Experimental analysis was carried out to examine the
adequacy of the current data relevant to nuclear heat-
ing. Neutron and y-ray fluxes were calculated using the
two-dimensional transport code DOT3.5 and FUSION-
J3 cross-section library based on JENDL-3. The experi-
mental system was modeled as an R-Z cylindrical
geometry and the Ps-S,, approximation was applied.
The neutron Kerma data were created from FUSION-
J3 [14] by a direct method, counting all contributing
reaction cross-sections. The Kerma for y-rays was
derived from DLC-99 [15]. Calculated differential sensi-
tivities of neutron Kerma multiplied with neutron spec-
tra are shown in Fig. 7. The D-T neutron peak
fraction decreases with depth appreciably, whercas the
fraction of low energy components does not decrease so
rapidly. In particular, the flux in the energy region
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Fig. 7. Differential sensitivities of the neutron heating rate for
SS-304 at 15, 115 and 215 mm from the surface of the SS-304
assembly.

below 100 keV does not change according to the posi-
tion. Moreover, the neutron flux below 10keV, in
contrast, increases as the depth increases. The fraction
of 14 MeV at 215 mm becomes only 2% of the total
neutron flux. Thus, the nuclear heating rate at this
position is contributed to mainly by low energy neu-
trons. This indicates that the present neutron flux spec-
trum is suitable in terms of integral testing of the
heating rate for a wide energy range and overall valida-
tion of the calculation.

5. Discussion

The experimental data before and after correction for
hcat flow are plotted in Fig. 8 along with the calculated
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Fig. 8. Measured and calculated nuclear heating distributions
in the SS-304 assembly.
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data. The neutron and y-ray fractional contributions
are given separately in addition to the total heating
rate. The results clearly demonstrate that consideration
of the heat transfer is essential for determining the
heating rate when a large size detector is used. The
general agreement between the calculation and experi-
ment suggests that the nuclear data for SS-304 em-
ployed in this analysis are adequate as long as the
validity of the correction method is assured.

Kerma factors of j-rays also have an ascending
profile for almost all materials at an energy higher than
several hundred kiloelectron volts. At lower energy
below 100 keV, kerma of y-rays increases greatly. How-
ever, the spectrum is dominated by 7-rays with energy
ranging from hundreds of kiloelectron volts to 10 MeV.
Emphasis should be placed on this as, from Fig. 8, the
y-ray contribution to the heating rate becomes more
dominant as the depth of the position increases.

The neutron and y-ray spectra at deeper positions of
the shielding structure are very similar to those at
215 mm in the present assembly. It is worthwhile noting
that these experimental data are assumed be appropri-
ate for verification of the data and method to be
applied in design calculation.

The present study shows the possibility of applying
the calorimetric method for measurement of the total
nuclear heating, for validating the design calculation.
However, uncertainty in the nuclear heating at deeper
regions, €.g. at the interface between the shield structure
and following insulator and superconducting magnet,
depends on the uncertainty in calculation of the neu-
tron and y-ray flux spectra. In order to arrive at
sufficient levels of uncertainty for design calculation,
the neutron and y-ray flux spectra should be deter-
mined. More effort is to be directed toward a dosimetry
study.

6. Conclusion

The SS-304 assembly experiment provided nuclear
heating distribution data at depths up to 200 mm. It
was suggested that a stronger neutron source and more
sensitive thermal detection system are required to mea-
sure the data in deeper regions. However, regarding
simulation of the neutron spectrum for the field of
interest in shield design for a fusion reactor, this type of
integral experiment is very effective for validation of the
overall nuclear heating process. Although further exam-
ination of the data is needed to reduce the uncertainty,
the present results demonstrate that calculations based
on JENDL-3 are fairly adequate within experimental

error. In conclusion, the experimental approach with
a microcalorimeter demonstrated in the present study
offers a promising way to obtain experimental data
for validating the adequacy of design calculations and
associated nuclear data.
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