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Nuclear heat deposition rates in the structural com-
ponents of a fusion reactor, have been measured di-
rectly with a microcalorimeter incorporated with an
intense deuterium-tritium (D-T) neutron source, the Fu-
sion Neutronics Source (FNS) at the Japan Atomic En-
ergy Research Institute (JAERI), under the framework
of the JAERI/U.S. Department of Energy (U.S. DOE)
collaborative program on fusion neutronics. Structural
materials of aluminum, titanium, iron, nickel, molyb-
denum, and Type 304 stainless steel, along with a ce-
ramic of Li;CO;, have been studied with a small-size
single probe configuration, subjecting them to D-T neu-
trons. Heat deposition rates at positions up to 200 mm
of depth in a Type 304 stainless steel assembly bom-
barded with D-T neutrons were measured along with
these single probe experiments. The measured heating
rates were compared with comprehensive calculations
in order to verify the adequacy of the currently avail-
able database relevant to the nuclear heating. In gen-
eral, calculations with data of JENDL-3 and ENDL-85
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I. INTRODUCTION

The importance of nuclear heating in structural ma-
terials has been recognized from the point of view of
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libraries gave good agreement with experiments for all
single probe materials, whereas RMCCS, based on
ENDEFE/B-V, suffered from unreasonable overestima-
tion in the heating number. For Li,CO; with a low
heat conduction coefficient, analysis was carried out by
using a heat transfer calculation code ADINAT, cou-
pled with the neutron and gamma-ray transport
DOT3.5. It was demonstrated that the nuclear/thermal
coupled calculation is a powerful tool to analyze the
time-dependent temperature change due to the heat
transfer in the probe materials. The analysis for the
Type 304 stainless steel assembly, based on JENDL.-3,
demonstrated that the calculation, in general, was in
good agreement with the measurement up to 200 mm
of depth along the central axis of the assembly. The ex-
perimental approach demonstrated in this study clearly
showed the feasibility of the calorimeter to measure the
nuclear heating for the neutron field where the 14-MeV
contribution is relatively small in comparison with the
low-energy neutron contribution.
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system design of deuterium-tritium (D-T) fusion reac-
tors. Requirements for reduction of the design margin
is stringently addressed from the critical design criteria.
The uncertainty of the database relevant to the nuclear
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heating is considéred as one of the most crucial prob-
lems in the designs not only for inboard shielding but
also for the plasma-facing component configurations.
Many data libraries have been compiled and issued so
far to be implemented in the neutron transport code
system.!*$ Adequacy of these data, however, has not
been tested due to lack of suitable experimental data,

Since 1989, extensive effort has been devoted to
the development of a measuring technique for nuclear
heating in the D-T fusion environment in the frame-
work of the Japan Atomic Energy Research Institute/
U.S. Department of Energy (JAERI/U.S. DOE) collab-
oration on fusion neutronics”'? at the Fusion Neutron-
ics Source'! (FNS) at JAERI. The microcalorimetric
method, which has been applied in the reactor dosim-
etry studies,'?'¢ has been adopted in the direct mea-
surement of nuclear heating in fusion reactor structural
components subjected in D-T neutron fields. This tech-
nique provides direct and totally integrated data associ-
ated with the heating process by neutrons in the materials.
The series of experiments demonstrated the feasibility
of the microcalorimetric method for direct nuclear heat-
ing measurements, even though the signal was very small
in the available D-T neutron source at FNS (Ref. 11),
the strength of which was around 3 x 10'%/s.

This study, focusing on structural materials, de-
scribes experimental measurements with a “single
probe” configuration for aluminum, titanium, iron,
nickel, molybdenum, Type 304 stainless steel, and 2 ce-
ramic of Li,CO;. Precise experimental data examina-
tion and analysis were performed. The experimental
analysis was carried out by using neutron transport
codes and comprehensive nuclear data libraries based on
JENDL-3 (Ref. 17), RMCCS (Ref. 18), and ENDL-85
(Ref. 19). The time-dependent temperature profiles are
analyzed with the ADINAT code,?® coupling neu-
tron/gamma-ray transport calculations and heat trans-
fer on Li,CO; with a low heat conduction coefficient.
Based on the ratio of calculation-to-experiment (C/E)
analyses, uncertainty ranges in the kerma factor for
D-T neutrons are discussed for the materials tested.

Besides the “single-probe” experiments, nuclear
heating distribution in a Type 304 stainless steel assem-
bly was measured. The data in this experimental con-
figuration are expected to be more suitable to validate
calculations in the spectrum in the fields where the D-T
neutron contribution is less important, and associated
gamma-ray and slow neutron contributions are domi-
nant. Measured data up to 200 mm of depth in the Type
304 stainless steel assembly are analyzed by the DOT3.5
calculation with the JENDL-3 nuclear data.

In Sec. 11, the technical background and experimental
procedure is outlined. Section III gives the experimental
results with graphical presentation of nuclear heating.
The analytical condition is described in Sec. IV, The dis-
cussion of data validation based on the C/E values is
given in Sec. V. Section VI summarized the results of
this study.
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Il. EXPERIMENT

H.A. Microcalosimeter for Direct Nuclear
Heating Measurement

The microcalorimetric technique comprises two
components: the material absorbing the radiation en-
ergy and a thermal sensor for detecting the temperature
rise due to the absorbed radiation energy. The tech-
nique has been applied for ordinary neutron/gamma
dosimetry applications and nuclear heat deposition rate
measurements in the fission reactor environment.12-16
The application of this technique in a D-T fusion neu-
tron field, however, required additional considerations,
l.e., a very small temperature rise due to the nuclear
heating is expected in materials subjected 10 a neutron
flux level from 10? to 10'%cm?2-s~!, which is consid-
ered a lower limit to generate the nuclear heating sig-
nal as long as the available neutron source strength at
FNS (Ref. 11) is concerned. A corresponding temper-
ature rise ranging from 107% to 10~5 K/s has been ob-
served in the previous experiments.”™° It is critical to
detect such a slight signal against the large background
due to the ambient temperature change. To meet this
critical condition, the following are required: {a) sta-
bilization of the microcalorimeter system, (b) precision
of the electric device with low noise, and (c) elimina-
tion of the background noise. Even though these con-
ditions are satisfied, there is an inherent heat source due
to the applied current on the resistance of the thermal
sensor. To minimize such that the macroscopic temper-
ature change is governed by the current source, the
slope of temperature change was differentiated by tak-
ing derivatives for each subsequent piece of data. In this
scheme, the stability of background drift is very essen-
tial to realize a good signal-to-noise (S/N) ratio. No
heat flow in the probe material is assumed. This as-
sumption is valid if the size of the material is small
enough to make no difference in the temperature gra-
dient and/or the material has a high thermal conduc-
tivity coefficient. It is also commonly understood that
the heat transfer between the probe and ambient ma-
terials through convection and conduction is very slow
in speed if the system is well stabilized with thermal
equilibrium. In a short time span, it could be assumed
that the heat transfer has a constant change. The static
background noise, however, should be kept as low as
possible, Eliminating the slow or constant component,
the differentiation of temperature gives better S/N ra-
tios in the range of a factor of ten or more in compar-
ison with the direct observation of the slope of the
temperature rise.

H.B. Experimental System

The experiment was divided into two parts. The
first experiment dealt with single-probe materials sub-
ject to D-T neutrons directly. Structural materials of .
aluminum, titanium, iron, nickel, molybdenum, and
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" Type 304 stainless steel along with a ceramic of Li,CO,
were tested mainly to provide nuclear heating data for
verifying the kerma data for the 14-MeV neutrons. The
material properties are listed in Table I. The second part
is the measurement of the heat deposition rate distribu-
tion in a Type 304 stainless steel assembly. Hereinafter
we call the first one the “single-probe experiment” and
the second one the “Type 304 stainless steel assembly
experiment.” A more detailed description on the whole
experimental procedure is documented in the joint re-
port under the JAERI/U.S. DOE collaboration.??

IL.C. Instrumentation

I1.C.1. Single-Probe Configuration

A block diagram of this system for nuclear heat-
ing is shown in Fig. 1. The D-T neutron source using
a rotating target at FNS (Ref. 11) was used to bombard
the probe materials. The probe materials were put in a
vacuum chamber suspended with thick carbon papers.
The distances of the probes from the neutron source
position ranged from 3.5 to 4.5 mm. The schematic
cross-sectional view of the microcalorimeter is given in
Fig. 2. The vacuum chamber was covered with a layer
of polystyrene foam to insulate the ambient change of
room temperature. This configuration minimizes the
thermal conduction and convection from the surround-
ing area. The following two types of thermal sensors
were used: two thermistors {(TM) with 10 kQ] placed
at the front and rear surface of the probe and a plati-
num resistance thermodetector [(RTD) with 100 2] at-
tached on the side. All metal probes had a cylindrical
geometry with ~20-mm diameter and 20-mm height,
the axis of which aligned to the direction from the neu-
tron source, The size of the Li,CO; probe was 51 x
51 X 51 mm>. The probe was supported by thin carbon
papers in order to reduce the thermal conduction. The
sensors were contacted directly on the probe materials
with the use of a small piece of organic tape. The sen-
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sors were connected by thin wires with voltmeters. The
four pole measurement was performed for RTD with
less resistance to mitigate the effect of the resistance of
connecting wires. The coefficients of the sensors for
the temperature change were 2.04 x 1073 K/Q and
2.53 K/1 for the TM and the RTD, respectively. The
temperature rise of 10~ K/s corresponded to a voltage
change of 5 X 107® V and 4 x 107 V when 10-xA and
1-mA currents were applied on 10-kQ and 100-0 resis-
tances, respectively, resulting in the last one or two dig-
its change of the nanovoltmeters used (Keithly-181 and
-182, and Solatron-7081). This means that the stabil-
ity of the system for the ambient temperature change
as well as the self-heating is very crucial in order to ob-
serve a meaningful signal.

11.C.2. Type 304 Stainless Steel
Assembly Configuration

Figure 3 illustrates the cross-sectional view of the
assembly made of the Type 304 stainless steel core re-
gion, side Li,CO, enclosure, and polyethylene insula-
tor. As we can see, the D-T neutron source was not
enclosed with the materials. Thus, a large number of
slow neutrons reflected from the wall of the target room
were expected to impinge onto the assembly at the front
and rear surfaces. From the side, it was mitigated by
the Li,CO; and polyethylene layers. The nominal size
of the core Type 304 stainless steel was 357 x 458 X
458 mm>. Cubicle blocks of Type 304 stainless steel
with unit dimensions of 51 x 51 x 51 mm? were con-
tained in a Type 304 stainless steel box and stacked with
each other. The outer regions of the side with respect
to the d* beam direction were covered with Li,CO,
bricks. The supporting frame was made of Li,CO;,
which was used in the Phase-II series of experiments of
the JAERI/U.S. DOE collaboration.?*?* The front
surface was placed in close vicinity to the D-T neutron
source in order to maximize the neutron flux levels in-
side the Type 304 stainless steel core, resulting in a high
S/N ratio.

. TABLE I
Material Properties and Dimensions of Probes
Specific Heat? Conductance Density Dimension
Materials J/g-10! {(W/m-K)™! (g/cm?) (mm)
Aluminum 0.900 235 2.70 20 diam x 20
Titanium 0.527 (0.528)° 22 4,51 21 diam x 20
Iron 0.435 (0.460) 84 7.87 20 dgam % 20
Nickel 0.444 (0.440) 91 8.90 21 diam x 20
Molybdenum 0.248 (0.255) 135 10.22 21 dgam x 20
Type 304 stainless steel 0.548 16.3 7.93 20 diam x 20
Li,CO, 0.879 (---) 1to5 1.82 50 x 50 x 50
*Value at 300 K.
®Values in parentheses were taken from Ref. 21,
158 FUSION TECHNOLOGY VOL. 28 AUG, 1995
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Fig. 1. Block diagram of direct nuclear heating measurement with a microcalorimeter,

The idea for applying the Type 304 stainless steel
block itself as the probe material was based on the as-
sumption that heat flow is not significant in the short
period of 30 to 100 s for the data sampling. The ther-
mal insulator of thin paper was attached on each block.
For the first three blocks, the TM (10-k{2) sensors were
attached on the surface closer to the D-T neutron

source, and thin lead wires were extracted through the
thin space between blocks. On the side of the fourth
block at a depth range of 170 to 220 mm, a 100-Q RTD
was attached and the leading wire was extracted also
utilizing the small space between blocks. The extracted
wires were directly connected with the voltmeters of
Keithly-181, -182, and Solatron-7081.

o~ [}
Polystyrene Foam [-CH(C6HS)CH2-]
_ I 150 !o|1o] R
pr ||
Neutr _
d+ 100 lso ....................... .-_
beam
14-]
400
Rotating Neutron
- Target - - : S
S ; 11-16 Vacuum Chamber
- 400 ——
| Micro-Calorimeter Configuration |

Dimension is given in mm.

Fig. 2. Cross-sectional view of the microcalorimeter and experimental configuration.
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Fig. 3. Cross-sectional views of the Type 304 stainless steel assembly (RNT = rotating neutron target).

il.D. Neutron Source and Bombardment of Probe

I1.D.1. Single-Probe Experiments

The D-T neutrons were generated by bombarding
a tritiated metal target with a deuteron beam of 350kV
and 20 mA. The absolute neutron yield was monitored

160

by a ***Th fission chamber calibrated by the associated
alpha-particle counting method.?® The calorimeter was
irradiated with neutrons over a time space in the range
of 3 to 5 min. Before irradiation, we had to wait to
stabilize the thermal probe system. Sometimes, a pre-
heating of the probe was required to facilitate the pro-
cedure. A constant current was applied to the resistance
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thermal sensors throughout the irradiation to detect the
signal during the irradiation. Thin niobium foils were
placed in the front and back sides of the probe to mea-
sure the exact neutron flux during the irradiation. The
location of the probe was deduced from the D-T neu-
tron source strength obtained by the fission chamber
and the neutron flux derived by using the reaction rate

of ¥ Nb(#,21)**" Nb assuming a cross section of 459 mb
at 14.9 MeV (Ref. 26).

I1.D.2. Type 304 Stainless Steel
Assembly Experiment

Sampling times of 30 to 100 s longer than that of
105 in the single-probe measurements were applied to
increase the effective temperature rise output. If the
adiabatic condition was valid, we should have a larger
temperature rise. This scheme, however, introduced an-
other uncertainty in the determination of the realistic
temperature due to the heat flow in the relatively large
probe zone and relatively large gradient of the heating
rate. The D-T neutron source strength was identical to
those for the single-probe experiments. The same long
pulsed neutron operation was applied to discriminate
the background drift of siow components due to radi-
ation, heat conduction through both cable lines, and
paper insulator attached upon adjacent Type 304 stain-
less steel blocks.

1Il. EXPERIMENTAL RESULTS

LA, Graphical Representation of Signals
Due to Nuclear Heating

II1.A.1. Single-Probe Experiments

III.A.1.a. Aluminum. Figure 4 shows the deriva-
tives of the temperature change. This case was the worst
in terms of the stability of the temperature in the 5YS-
tem. The temperature at the probe suffered from a large
change of the ambient temperature. Positive values of
the derivatives as shown in Fig. 4 indicated a strong heat
flow into the probe through the wires of the sensor. The
responses to the D-T neutron pulses appear as shown
in Fig. 4, superimposed on the drift-line of the slow
component with the winding curve. The response to the
long neutron pulse for 30 min suffers from a large drift
during the irradiation. However, the responses to short
pulses for 5 min each give a clear rise in the tempera-
ture. It was demonstrated that the derivative is very ef-
fective to obtain the signal of the nuclear heating.

*ILA.Lb. Titanium. The data of the temperature
change and its derivatives are shown in Figs. 5a and 5b,
respectively. On the contrary to the aluminum case, the
temperature change exhibits a descending profile. How-
ever, the range of the change is one order of magnitude
less than in the aluminum case. It suggests that over-
all stability was much better than that in the aluminum
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" measurement. As a result, there are clear changes in the
slope of the temperature. At the start of the neutron
pulses, the temperature starts to increase, and at the end
of the neutron pulse, it continues to decrease as the sim-
ilar slope before the neutron pulse. The difference in
the absolute temperatures between thermistors at the
front and rear of the probe may be caused by the dif-
ferent heat flow rate through the wires. However, the
reduced slopes to the neutron pulses, correspond rea-
sonably to the difference in the temperature rises at the
front and the rear. As the titanium has relatively low
thermal conductivity in comparison with other commoén
metallic materials, there should be a difference in the
rate of temperature rise according to the neutron flux
gradient. Figure 5b, showing the derivatives of the tem-
perature change as a function of time, gives the differ-
ence more explicitly. The drift line corresponding to the
slow component is almost constant. This is due to the
better thermal stability in the system as described. It is
clearly observed that the rate of temperature rise at the
front, at the beginning of the neutron pulse, is appre-
ciably higher than that at the rear. The temperature rise
measured with RTD, which was assumed to correspond
to the data in the middle of the probe, is almost flat
through the irradiation. The rates at the front and rear
approach to almost the same value at the end of irradi-
ation. This is explained by the equilibrium of the tem-
perature through the heat transfer in the probe.

III.A.1.c. Iron. Figure 6 gives the derivatives of the
temperature change. The responses due to the neutron
pulses are clearly obtained. In this case, the difficulty
in the large change in the drift line was mitigated. A
meaningful difference in the values between front and
rear is not observed in this case. A factor of four higher

thermal conductivity than titanium mitigated the heat
transfer problem,
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Fig. 6, Derivatives of the temperature change in the iron
probe due to D-T neutron irradiation.
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II1.A.1.d. Nickel. Figures 7a and 7b correspond to
the temperature change and its derivatives, respectively,
As shown in Fig. 7a, a very clear temperature profilé is
observed. An almost ideal case was realized by achieving
a good thermal stability in the probe system. One could
extract very easily the temperature rise due to the nii-
clear heating from the difference in the stopes before
and after neutron irradiation. The derivatives of the
temperature change, as shown in Fig. 7b, however,
were used to derive the net response to the neutron ir-
radiation. It should be noted that the fluctuation of the
drift line is much smaller than those observed in the aly-
minum and iron cases. [n particular, the data taken
with Keithly-182 offered very small fluctuations
throughout the measurements. o
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Fig. 7a. Temperature changes in the nickel probe.
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Fig. 7b. Derivatives of the temperature change in the nickel
probe due to D-T neutron irradiation,
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Il1.A.1.e. Molybdenum. The temperature change
and the derivatives are plotted in Figs. 8a and 8b, re-
spectively. The changes in slopes corresponding to the
neutron irradiation are also clearly exhibited as shown
in the titanium and nickel cases. The flat top profile of
derivatives, given in Fig. 8b, indicated the high thermal
conductivity of molybdenum. In fact, the conductiv-
ity of molybdenum. is the largest among those of me-
tallic materials studied except aluminum.

1Al f. Type 304 Stainless Steel. Although the
change in the slopes according to the neutron pulses
were observable, the measurement suggested that the
overall temperature profile was governed by the external
heat flow. Performing the derivation, clear responses
are obtained as shown in Fig. 9.
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Fig. 8a. Temperature changes in the molybdenum probe.
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Fig. 8b. Derivatives of the temperature change in the molyb-
denum probe due to D-T neutron irradiation.
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Fig. 9. Derivatives of the temperature change in the Type 304
stainless steet probe due to D-T neutron irradiation.

I .A.L.g. Lithium Carbonate. Figure 10 gives the
derivatives of the temperature change in the Li;CO,
probe. As observed in the figures, a higher value in the
slopes of the temperature rise was always found for the
data on the front in comparison with the rear data. In
general, a material with lower thermal conductivity gives
a higher ratio. This is reflected by the thermal conduc-
tion problem in the stort integration time of 10 s (sam-
pling time). Since the probe was exposed to a strong
D-T neutron flux at the close vicinity of the neutron
source, a steep gradient of nuclear heat deposition along
the axis of the probe makes heat flow in the material.
[n the integration time for 10s, equilibrium could not
be accomplished, so that slight imbalance was expected.
This situation is clearly observed in Fig. 10. A fast and

Time depemdent profile of temperature rise
due to nuclear heating
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Fig. 10. Derivatives of the temperature change in the Li,CO;
probe due to D-T neutron irradiation.
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larger rise on the front and slow and smaller rise on the
rear were detected at the beginning of the neutron shot.
The data gradually approached to an identical value at
the end of the irradiation. In particular, clear overshoot
and undershoot of resistance change on the front as
shown in Fig. 10 indicated thermal conduction phenom-
ena at the boundary for the pulsed heating source. The
previous experiment adopting 20 to 30 s for the inte-
gration time mitigated the imbalance in temperature
equilibrium at both ends of the probe. Contrary to TM,
RTDs inserted in the middle of the probe from the side
perpendicular to the axis show flat response during the
irradiation as shown in Fig. 10. Especially in the ma-
terial probe of Li,COj; with low thermal conductivity,
there was a recognition of more enhanced time depen-
dency in the heat flow in the probe materials during ir-
radiation. This figure shows explicitly the process of
equilibrium of temperature according to the gradient
of the heat deposition rate distribution.

II.A.2, Type 304 Stainless Steel
Assembly Experiment

The derivatives of temperature changes for the
Type 304 stainless steel block detectors are shown in
Fig. 11. The data at the position closest to the D-T neu-
tron source display the highest values with strong over-
shoots and undershoots at the beginning and end of the
neutron pulse irradiation, respectively. This profile is
very similar to that observed in the Li,CO; probe.
Considering the relatively low thermal conductivity of
Type 304 stainless steel and the steep gradient of the
neutron flux over the large block detector with 51-mm
length, the variation in the derivatives during irradia-
tion is explained by heat transfer from the front to the
rear sides. This effect due to the heat flow, though it

0.0044 i —e—— Block-1
- =@ =~ = Block-2
- =0 = - Block-}
smranpeee Block-4
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Fig. 11. Temperature changing rates in the Type 3/ stainless
steel probes along the central axis of the Type 304
stainless steel assembly.
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was not prominent, was observed in the data at the sec-
ond position. The neutron flux gradient at this position .
is expected to be much smaller than that at the first
probe. At the third position, an almost flat distribution
is detected. Although the data at the last position at
210 mm, measured with RTD is identical to the back-
ground drift line, there are slight rises in the average.
Throughout the Type 304 stainless steel assembly ex-
periments, a longer cycle time of 50 s was adopted in
order to increase the temperature rise in assuming the
adiabatic condition within the probe.

HLB. Nuclear Heating Rate Reduction

The temperature rise as given in the previous sec-
tion was obtained by multiplying the resistance changes
with the conversion coefficient C, for each thermal
sensor, TM (2.04 x 1073 K/Q) and RTD (2.53 K/Q).
The temperature rise per source neutron T is given as

T=C, R/t Y;! (K/s-source neutron™") ,
where
t = cycle time for data acquisition (s)
Y, = source neutron strength (s™').

The experimental data for the temperature rises for the
single probe materials were given as an average between
the front and rear for the thermistor, averaging the data
of all shots. For the Li;COj;, the data derived from the
RTD measurement were employed, because a large un-
certainty in averaging the data of the front and the rear
was expected from the thermal equilibrium point of
view. On the other hand, as described in the Type 304
stainless steel block probes with larger sizes, the data
at the position of the thermal sensors seem most suit-
able from the spatial resolution point of view.

For the determination of the nuclear heating rate
with the Type 304 stainless steel block detector, as re-
gards the spatial resolution, the data at the starting mo-
ment of the neutron pulse were assumed to correspond
to the nuclear heating. The data during irradiation, as
described, suffered from heat transfer, giving less value
than that at the initial point. From the curve of the de-
rivatives, it was judged that the last point was not good
in equilibrium. The nuclear heating rate is erg per gram
per source, then, was derived by applying the number
of the specific heat?' of each material given in Table I.

lI.C. Experimantal Errors

The self-heating driven by the joule heat in the re-
sistance of the thermistor sensor gives a constant heat-
ing load, which contributes a constant change of the
temperature, [f the weight of the 10-k{ thermistor sen-
sor is assumed to be 1073 g, the heat generation with
10 1A was equivalent to 1072 W/g, resulting in a much
higher rate than that produced in the nuclear heating
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process ranging from 10™% to 10~ W/g. The other fac-
tor to be considered was the contribution to the tem-
perature change from heat conduction even though it
was small and slow. Even in the circumstance with good
air conditioning, a change of 10-2K is unavoidable.
This change makes a steep gradient in the temperature
between the probe and the circumstance in comparison
with the temperature change due to the nuclear heat-
ing. The overall fluctuation of the drift line was, as a
result, governed by the constant self-heating and the
slow component due to the ambient temperature change

in the room along with electrical noise (it may be some

timing effect). As the signal of nuclear heating is su-
perimposed on that slow component, the stability of the
drift-line determines the error for the nuclear heating
derivation. The nominal error due to the fluctuation of
the drift-line ranged from +3 to 5% with respect to the
net nuclear heating signal in a well-stabilized condition.
If the stability of the system was not sufficient, the er-
ror ranged from +10 to 15% with respect to the net nu-
clear heating signal.

As mentioned earlier, the distance of the probe
from the neutron source was determined by using the
neutron source sirength and the reaction rate measure-
ment of niobium foil activation. A change of 1 mm in
the distance of 37 mm made a maximum change of

4% in the heating rate as long as the calculation of -

JENDL-3 was concerned. Thus, the uncertainty in the
determination of distance should be taken into account
as the experimental error. In this data processing, we
assumed adiabatic thermal insulation, no thermal con-
vection, and conduction and radiation between the
probe and the environment. The validity of this as-
sumption was examined by the ADINAT calculations,
which considered all the heat flow process and gave a
negligibly small contribution.

Other factors of error sources were the source neu-
tron yield, coefficients of the thermal sensors, and
specific heat data. The experimental errors and uncer-
tainties considerations are summarized in Table I1I.

IV. ANALYSIS

The neutron and gamma-ray transport calcula-
tions were carried out by using the two-dimensional
code DOT3.5 {Ref. 27) and the three-dimensional code
MCNP (Ref. 18) with nuclear data libraries, including
FUSION-]3 (Ref. 28) based on JENDL-3 (Ref. 17) for
DOT3.5 and RMCCS (ENDF/B-V) (Ref. 18) for
MCNP. Both calculations modeled the experimental
system as precisely as possible, including the rotating
neutron target structure, the microcalorimetric system,
and the target room. In the DOT3.5 calculation, a P, S,
approximation was used for the r-z model and the first
collision source was calculated by the GRTUNCL code.
The kerma factors of neutron and gamma ray for the
DOT3.5 calculations were generated from the JENDL-3
FUSION TECHNOLOGY
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TABLE 11

Experimental Errors and Uncertainties

Items Range
Neutron flux determination
Probe positioning +4%
Nb(n,2n) reaction rate 12.5%
Cross section +3%
Absolute neutron yield +2%
Net temperature rise derivation
Fluctuation of drift-line <x5%*
_Determination of background <t5%?
Conversion coefficient of sensors +1%
Volume averaging procedure +2050
Heat loss/gain through conduction,
convection, and radiation +2%,¢
Specific heat data 1204
Overall <%10

*For the aluminum, iron, and Type 304 stainless steel cases,
the errors assigned were +15, +10, and 10%, respectively.
®The error was tentatively assigned from the difference of
data at the front and the rear.

“The error was tentatively given,

4There is no explicit error for the specific heat data in the
literature. The uncertainty is considered from the differ-
ence in the values taken from the different sources.

by using the NJOY processing code?® and from DL.C-99
(Ref. 30) by the energy balanced method,*! respectively.
The heating numbers of the libraries with MCNP, i.e.,
RMCCS (Ref. 18), and ENDLS8S (Ref. 19), were used
for the MCNP calculations. The calculated heating rate
in each material was converted to the temperature rise
in the unit of kelvin per source neutron to be compared
with the measurement. In this analysis, we didn’t treat
time-dependent thermal conduction during the finite ir-
radiation time. The value to be compared with the ex-
periment was the derived averaged data over the entire
volume of the probes except for Li;CO;. The Li,CO,
probe has a considerably low thermal conduction so
that the time-dependent profile should be taken into ac-
count. Comparison of the measurement and calcula-
tion was performed in the dimensions of erg per gram
per source neutron of 10!%/s. The specific heat (joule
per gram per kelvin) was used to derive the heating rate
from the measured data of the temperature rise in
kelvin.

The time-dependent profile of the temperature rise
due to heat transfer in the probe medium of Li,CO,
was analyzed with the ADINAT code,?® which couples
the heat source calculation associated with DOT3.5 for
neutron and gamma-ray transport and the heat trans-
fer phenomena in terms of convection, conduction, and

radiation of the system. The initial temperature of the .

system was assumed to be the room temperature of
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25°C. Neutron pulses simulating exactly the same ex-
perimental condition were put in the calculation.
FUSION-J3 (Ref. 28) was used for the DOT3.5 trans-
port calculation and the successive nuclear heating cal-
culation, with the two-dimensional r-z model. As the
vacuum chamber was used, no convection was treated.

V. DISCUSSION
V.A. Single-Probe Experiment

V.A.1. 14-MeV Neutron Sensitivity

To give the general idea of how much the 14-MeV
neutrons contribute to the total neutron heating, Fig. 12
gives a calculated product of the neutron spectrum at
the middle of the probe and the neutron kerma for
nickel, as an example. This figure demonstrates that
14-MeV neutrons dominated the total neutron heating.
Based on this calculation, the fraction of more than
96% is originated by the 14-MeV neutrons. This implies
that these data are effective for the verification of the
neutron kerma data at the 14-MeV region. There is un-
certainty caused by the gamma-ray fraction. As the pre-
liminary analysis shows in Table II1, external gamma-ray
contributions are <10% for almost all materials except
aluminum. The contribution of external sources was
calculated by putting a negligibly small piece of mate-
rial at the same location of the center of the probe in-
stead of the probe, In this case, the heat production by
the associated gamma-ray that originated in the probe
materials could be neglected. Although the external
gamma-ray heating rate is not exactly the same as the
calculation with the actual probe size, it can be assumed
that they give the same magnitude of fractional contri-
butions to the total. The uncertainty due to the error
of the external gamma-ray source, as a result, falls in
<5% even if the error of gamma-ray spectrum flux is
assumed to be +50% in the calculation.
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Fig. 12. Differential sensitivity of the nuclear heating in a
nickel probe associated with nentrons. The sensitiv-
ity is a calculated product of the neutron spectrum
at the middle of the probe and the neutron kerma
for nickel.

V.A.2. Material Wise Discussion .

Table IV gives a summary of ratios of C/E corre-
sponding to all kerma libraries tested here. The calcu-
lations based on nuclear data libraries of JENDL-3,
RMCCS, and ENDL-85 are, hereafter, to be denoted
as JENDL, RMCCS, and ENDL-85, respectively. Ma-
terialwise discussion is as follows:

V.A.2.a. Aluminum. JENDL underestimated the
experiment by 20%. Taking into account the experi-
mental error of £20%, the agreement seems accept-
able. RMCCS, on the other hand, largely overestimated
the experiment by 80%. Even considering the large ex-
perimental error, this range of overestimation requires
further examination of data processing for RMCCS.
ENDL-85 gives the best results among the libraries

TABLE 111
Calculations of Nuclear Heating Contributions by Neutron, Gamma Ray, and External Gamma Rays*

Material Neutron Gamma-Ray Total External Gamma Ray Total (n + )
Aluminum 2.014E—10* (86.5)" J145E—11 (13.5) 1.616E—11 ((51.4))° 2.329E-10
Titanium 1.O1SE—~10 (48.8) 1.064E—10 (51.2) 3.820E-11 ((35.9)) 2.079E-10
Iron 1.755E—10 (70.4) 7.363E—11 (29.6) 2.384E—11 {(32.4)) 2.491E-10
Nickel 2.554E—10 (69.6) 1.}13E—10 (30.4) 3.934E-11 ((35.3)) 3.667E—-10
Molybdenum 3.425E-11 {22.09) L21BE—10 (78.0) 4.540E 11 ((37.3)) 1.561E—10
Type 304 stainless steel 3.337E-10 (73.3) 1.216E—10 (26.7) 2.863E—11 ((23.5)) 4.553E~10
Li,CO, 5.823E-10 (94.5) 3.385E—11(5.5) 2.925E—11 ((86.4)) 6.162E—-10 -

*Nuclear heating rate is obtained as the volume averaged in the unit of erg per gram per source.

*Read as 2.014 x 10~

®Values in parentheses give the fractional contribution in percent to the total, .
“Values in double parentheses give the fractional contributions by external gamma-ray flux in percent to total gamma rays.
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TABLE IV
C/E Summary for the Single-Probe Experiment
C/E
Material JENDL RMCCS | ENDL-85
Aluminum 0.80 + 0.19* 1.78 1.03
Titanium 0.99 + 0.08 1.06 1.04
fron 1.20 £ 0.15 1.32 121
Nickel 0.99 + 0.08 1.3 1.2%
Molybdenum 1.12 £ 0.06 0.84 0.96
Type 304 stainless steel { 1.02 + 0.15 112 0.97
Li;CO, 1.00 £ 0.10 0.98 -

“Experimental errors are considered. The same relative error
should be associated with the values for RMCCS and ENDL.-85.

tested. According to the small fraction of the external
gamma-ray contribution to the total as shown in Ta-
ble 11, those results imply the validation of the kerma
factor for 14-MeV neutrons.

V.A.2.b. Titanium. All calculations are in good
agreement with measurements giving the C/Es a range
from 0.99 to 1.06. As shown in Table 111, there is, how-
ever, a considerable amount of external gamma-ray
contribution of ~18% to the total heating rate. Also,
note that the fraction of the gamma-ray is larger than
that of the neutron. As the experimental error was less
than £10%, the kerma data for the single-probe con-
figuration seem adequate. It is strongly recommended
to perform further experimental validation for the kerma
data, int particular, in a neutron field with different sen-
sitivities for both neutrons and gamma rays.

V.A.2.c. Iron. According to the JENDL calculation
given in Table 111, neutrons contribute 70% to the to-
tal response. The external gamma-ray fraction is <10%
of the total. All calculations overestimated the measure-
ment by 20 to 30%. This range seems to be too large
to be neglected even though the experimental error of
+13% is taken into account. As iron is the most essen-
tial structural material, it is urgently required to validate
the heating data as well as the gamma-ray production
cross sections of iron. To discriminate the gamma-ray
contribution, an additional experiment using probes
- with larger sizes is suggested.

V.A.2.d. Nickel. The fractions of neutrons and
gamma-rays to the total are similar to those of iron.
JENDL gives an excellent agreement with the experi-
 ment. Since the experimental error is less than £ 10%,
the adequacy of the calculation with JENDL is assured
. as long as this single probe configuration is concerned.
RMCCS and ENDL-85 overestimate the experiment by
30 and 21%, respectively. Urgent examinations not
only for kerma data of each library, but also neutron
and gamma-ray transport calculations based on ENDF/
B-V are needed.
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V.A.2.e. Molybdenum. The contribution of gamma
rays dominates the total heating rate, according to Ta-
ble I1l. As the materials with higher atomic number
tend to have a large gamma-ray absorption coefficient,
this large contribution of 78% to the total is reasonably
understood. JENDL slightly overestimates the mea-
surement by 12%. In this case, the experimental error
is very small being +5%. Therefore, the source of the
overestimation should be examined even though it is
small. In contrast to JENDL, RMCCS underestimates
the measurement by 15%. ENDL-85 gives the best agree-
ment with the measurement.

V.A.2.f. Type 304 Stainless Steel The neutron and
gamma-ray fractions to the total are identical to those
of iron as shown in Table 1. All calculations are in
good agreement within the experimental error of the
measurement. This result suggests that the adequacy of
the heating data in the libraries could be assured within
+15% for the neutron field close to the first wall. Fur-
thermore, the present results suggest that the overall

‘prediction accuracy including the transport calculation

is in a high confidence level because the configuration
with the vacuum chamber surrounding the probe, made
of the same Type 304 stainless steel, offered a better
simulation of the neutron and gamma-ray field.

V.A.2.g. Lithium Carbonate. The C/E values of
both JENDL and RMCCS are close to 1.0. This result
indicates the adequacy of the data for heating numbers,
i.e., kerma factors as long as the averaged value over
the entire volume of the probe is concerned. As shown
in Fig. 10, however, a more precise analysis should be
required by taking into account the time dependency
of the temperature change at the front and the rear po-
sitions during irradiation.

The Li,CO; probe made by sintering the Li,CO4
powder was effectively the lowest Z-material among the
materials tested. This reflected the low gamma-ray con-
tribution of 5.5% to the total heating as shown in Ta-
ble I11. Asis commonly known, the thermal conductivity
of the ceramic is extremely low in comparison with or-
dinary metallic materials. Even though the conductiv-
ity is low, a duration for 10 s was not enough to neglect
the heat transfer if the gradient of the temperature was
steep. Time-dependent profiles of change in tempera-
ture rise rates in Li;CO; were analyzed with a heat

. transfer code, ADINAT (Ref. 20}, which was coupled

to the neutron and gamma-ray transport calculation by
DOT3.5. As the thermal conductivity for the Li,CO;

_ was not well characterized, a parametric study chang-

ing the coefficient of thermal conductivity in the range
from 0.5 to 5 W/min-K ™' was used, and time-dependent

'profiles were directly compared with the measurement.

Figure 13 shows the calculated time-dependent changes
using thermal conductivity coefficients of 0.5, 1.0, and
5.0 W/min-K~', respectively, along with the measured
data. It is remarkable that the calculation represents
clearly the measurements for the profile of responses
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Fig. 13. Comparison of calculations by ADINAT with dit-
ferent therma!l conductivity coefficients for the
Li;CO; prebe with the measurement. The neutron
and gamma-ray fluxes were calculated by DOT3.5
with FUSION-J3,

with strong overshoot and undershoot at the front and
slow increase and decrease at the rear, at the beginning
and end of the neutron pulses. The calculation with a
thermal conductivity coefficient of 5.0 W/min.K-"
gives the best fit to the measurement. This result demon-
strates that the time-dependent analysis with ADINAT
is very effective for the nuclear heating process in the
material probe with low thermal conductivity, in which
the flux distribution is steep, resulting in a strong heat
transfer according to the large gradient of temperature.

V.B. Type 304 Stainless Steel Assembly Experiment

The heating rates were derived from the measured
temperature rises at the beginning of the neutron pulses
at positions of 15, 65, and 115 mm, and in a range of
165 to 215 mm. The experimental data are plotted in
Fig. 14 along with the calculation by DOT3.5 with
FUSION-J3 (Ref. 28). The neutron and gamina-ray
fractional contributions are given separately in Fig. 14
in addition to the total heating rate. Although both the
measurement and the calculation show descending heat-
ing profiles as the depth increases, the calculation gives
steeper distributions than the measurement at the re-
gion close to the neutron source. As shown before, the
temperature changing rate in the Type 304 stainless steel
block has a strong time dependency profile as observed
in the data of the Li,CO; probe. The profile indicated
that there is a fairly large amount of heat flow accord-
ing to the steep flux gradient through the 51-mm-thick
Type 304 stainless steel block, closer to the D-T neu-
tron source. A sampling time of 50 s was applied to in-
crease the net signal of the temperature rise. As noted
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Fig. 14. Measured and calculated nuclear heating distribu-
tion in the Type 304 stainless steel assembly,

in the Li;CO, single-probe measurement, during the
sampling interval, there should be appreciable changes
in the temperature rise due to the finite heat outflow
at the front surface of the block. The initial value of
a temperature rise at the beginning of the pulse, there-
fore, was corrected by extrapolating the exponential-
like curve of the profile to the corresponding initial
point. The corrected heating rates are also plotted in
Fig. 14. The discrepancy between the experiment and
calculation was reduced significantly. This result clearly
demonstrates that the heat transfer consideration is very
essential in determining the heating rate when the large
size detector is used. The general agreement between
the calculation and the experiment suggests that the nu-
clear data of Type 304 stainless steel employed in this
analysis seems adequate as long as the validity of the
correction method is assured.

Figures 15 and 16 show differential sensitivities of
neutron and gamma-ray nuclear heating at 15, 150, and
250 mm from the surface of the assembly, calculated
by DOT3.5 with FUSION-J3. Here, the differential
sensitivity is defined as the product of the neutron spec-
trum and the kerma factor. The D-T neutron peak frac-
tion decreases with the depth appreciably, whereas the
fraction of low-energy components are not so rapidly
decreasing. In particular, the flux in the energy region
below 100 keV doesn’t change according to the position.
Moreover, the neutron flux below 10 keV, on the con-
trary, increases as the depth increases. The fraction of
14-MeV neutrons at 215 mm becomes only 2% of the
total neutrons. Thus, the nuclear heating rate at this po-
sition is mainly contributed by the low-energy neutrons.
The neutron kerma of Type 304 stainless steel has, in
general, a higher sensitivity with higher neutron energy.
It is noted that the sensitivity of the 14-MeV neutrons
still remains a larger fraction in the field at the 215-mm
depth.
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. Kerma factors of gamma-rays also have an ascend-
ing profile for almost all materials at an energy higher
than several hundred kilo-electron-volts. At the energy
below 100 keV, the kerma of gamma-rays increases
greatly. However, the spectrum is dominated by the
gamma-rays with energy ranging from hundreds of keV
to 10 MeV; therefore, the low energy gamma-ray con-
tribution is expected to be small. As seen in Fig. 14,
empbhasis should be placed on the situation that gamma-
ray confribution to the heating rate becomes dominant
as the depth of the position increases.
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As regards the neutron and gamma-ray spectra at
the deeper position of a shielding structure, they are
very similar to those at 215 mm in this assembly. It is
worthwhile to note that these experimental data are
assumed to be the substantial data for the verification
of the data and methods to be applied in the design
calculation.

This study shows the possible direction of apply-
ing the calorimetric method on the total nuclear heat-
ing measurement for validating design calculations.
However, the uncertainty in the nuclear heating at the
deeper region, e.g., al the interface between the shield
structure and the following insulator and superconduct-
ing magnet, largely depends on the uncertainty in the
neutron and gamma-ray flux spectrum calculation. To
arrive at the confidence levels of the design calculation
uncertainty, the essential part in terms of neutron and
gamma-ray flux spectrum determination should be con-
cerned. More effort should be spent on the dosimetry
study.

VI. CONCLUSION

Measurements of the nuclear heat deposition rate
were carried out on six metallic structural materials of
aluminum, titanium, iron, nickel, molybdenum, and
Type 304 stainless steel, along with lithium carbonate,
subjected to 14-MeV neutron fluxes. The measured data
were compared with the calculations of the relevant cur-
rently available nuclear data. The calculations based on
JENDL-3 and ENDL-85 gave better agreement with the
experiments than calculations with RMCCS. The over-
all uncertainty range of +30% was assured for the
JENDL and ENDL-85 as long as the D-T neutron dom-
inant field is concerned. It was demonstrated that the
heat transfer calculation code ADINAT, coupled with
DOT3.35, is effective to analyze the time-dependent pro-
file of the nuclear heating rate in the medium with low
thermal conductivity and a steep gradient in the heat
source distribution.

The Type 304 stainless steel assembly experiment
provided nuclear heating distribution data in depth up
to 200 mm. It was suggested that a stronger neutron
source and a more sensitive thermal detection system
are required to measure data in the deeper region. How-
ever, as regards the neutron spectrum simulation of the
field of interest in the shield design for fusion reactors,
this type of integral experiment is very effective to val-
idate the overall nuclear heating process. Although a
further examination of the data is still needed in terms
of reduction of uncertainty, these results demonstrate
that calculations base don JENDL-3 are almost adequate
within experimental error. In conclusion, the experi-
mental approach with a microcalorimeter, demonstrated
in this study, offers a more promising way to arrive at
the production of experimental data for validating the

adequacy of design calculations and associated nuclear

data.
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