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ABSTRACT

Nuclear heat deposition rates in ten different materials,
Li3CO4, Graphite, Ti, Ni, Zr, Nb, Mo, Sn, Pb and W,
subjected in D-T neutrons have been measured by a
microcalorimetric technigue in the frame work of
JAERVUSDOE collaborative program on fusion neutronics.
A great improvement in accuracy of experimental data was
achieved by introducing a high sensitivity voltmeter and
applying constant current on the thermal sensors. The
measured heating rates were compared with calculations to
verify the adequacy of the currently available data base
relevant to the nuclear heating process. In general,
calculations with data of JENDL-3 and ENDL-85 libraries
gave excellent agreements with experiments for all materials
except Zr. The calculation with the MBCCS suffered large
discrepancy from measurement,

I. INTRODUCTION

Importance of nuclear heating in the structural materials
has been recognized from the critical system design of D-T
fusion reactors. The accuracy of the data base relevant to the
nuclear heating is considered as one of most crucial problems
in the designs. Many data libraries have been compiled and
issued so far to be implemented in the neutron transport code
system.1-6) Adequacy of the data has been tesied through the
integral experiment a3 the common course of the data
evaluation. An attempt to measure nuclear heating in D-T
neutron field was initiated7 8) at the fusion neutronics source
facility9). Since 1989, extensive effort has been devoted on
the development of measuring technique for the nuclear
heating in the D-T fusion environment in the framework of
the JAERLUSDOE collaboration on fusion neutronicsi®11),
The microcalorimetric method has been introduced in the
measurement, This technigue gives direct and totally
integrated results associated with the heating process by
neutrons in the materials. Although the microcalorimetric
method has been applied in the reactor dosimetry studies, }?-

6) we had to develop a sophisticated method to measure
very small signal for the temperature rise due to nuclear
heating, because of limitation in D-T neutron source,
strength of which was around 3 x 101%/s,

The previous papers on this subject have shown the
basic e:&per}mcnml procedure and the preliminary
results.!0.11) Some improvement has been made on the
measuring system in terms of increasing the accuracy of the
voltmeter, thermally stabilizing the probes, elimination of the
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scanner for the output signals. The present study includes
new material proves of Li3CO4y, Zr, Nb, Sn and Pb in
addition to the materials already subjected. Some materials
of importance, such as graphite and mngcten. were re-
examined to give beuer qualifisd data and to realize
reproducibility of the system. The experimental analysis was
carried out by using neutron transport codes and nuclear data
libraries. The most important mission of this experimental
rogram is to test the heating data base currently available.
ntegral test in terms of the C/E (ratio of calculation to
experiment} gives direct information for this test.
. In this technique, no discrimination of the neutron and
gamma-ray contribution is possible since both neutron and
asscciated y-ray contribute to the heat deposition in the
materials. Moreover, radiations from the materials
surrounding the probe also contributes to the temperature
tise.

II. EXPERIMENTS

2.1. Concept for the nuclear heating measurement

Very small temperature rise due to nuclear heating is
exgcctcd in materials subjected in neutron flux level from
10? to 1019/cm32/s, which is considered a limit to generate
nuclear heating signal as long as the available neutron source
strength at FNE” is concernsd. The gcorresponding
temperature rise ranging from 104 1o 10°? K/s has been
observed in the previous experiments. It is critical to detect
such a slight signal against the large background of changes
in room temperature. To meet the critical condition, the
following are required:;
(1) stabilization of the microcalorimeter,
(2) precision of electric device with low noise,
(3) elimination of the background noise.

Even though these conditions are satisfied, there is an
inherent heat source due to the current applied on the
resistance of the thermal sensor. To eliminate the
macroscopic temperature change governed by the current
source and ambient temperature change, the slope of
temperature change was differentiated by taking derivatives
for each subsequent data. This process is depicted in Fig. 1.
In this regard, the stability of background drift is very
essental to realize a good signal to noise ratio. The static
background noise, of course, should be kept to be as low as
possible. Before differentiation, direct emperature gave poor
signal to noisc gatio (S/N) less than 10-5; in room
temperature at 25 C, the slope to be detected could be 104
K/sec. It is impossible to derive the siguai lium the disect
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Fig. 1 Conceptual drawing of the temperanmre rise
observation.

observation of temperature change. The differentiation makes
it possible 1o have a S/N in the range of a factor of ten or
more. For this purpose, we used the most seasitive low
voltage voltmeter currently available, Keithly Model-182
with 8,  digit effective sensitivity along with a former mode!
Keithly 181 and a precision voltmeter, Solatron 7081 both
with 715 digit effective sensitivity,

2.2 Experimental configuragon

A block diagram of the present system for the nuclear
heating is shown in Fig. 2. The D-T neutron source using a
rotating target at FNS?) was used to bombard the probe
materials which was put in 2 vacuum chamber. Distances of
the probes from the neutron source position ranged from 3.6
to 4.0 mm. The schematic configuration of the
microcalorimeter is given in Fig. 3. The vacuum chamber
was covered with a layer of polystyrene foam to insulate
ambient change of room temperature. This configuration cut
the thermal conduction and convection from the surrounding
area. Two types of thermal sensors were used; two
thermistors (I'M with 10 k) placed at the front and rear
surface of the probe, and a platinum resistance thermo-
detector (RTD with 100 Q) anached on the side. The sensors
were connected by a thin wires with voltmeters. All metal
probes had a cylindrical dimension with about 20 mm-dia.
and 20 mm- hight, the axis of which aligned to the direction
from the neutron source. The probe was supported by a thin
carbon papers in order to reduce thermal conduction. The
four pole measurement was performed for RTD with less
resistance to mitigate the effect of resistance of connecting
wires. The sensors were contacted directly on the probe
materials with use of organic tape. The coefficient of the
sensors for the temperature change were 2.04 x 10°3 /K
and 2.53 Q/K for TM and RTD, respectively. The
temperature rise of 10°5 K/sec corresponded to voltage
change of 10-7 volts when | mA and 10 pA currents applied
on 100 £ and 10 k€, respectively, resulting in the last one or
two digits change of the nano-voltmeters used (Keithly 181
and 182, and Solaron 7081). This means that stability of the
system for the ambient temperature change is very crucial to
get meaningful signal.

In order to examine the effect of scattered neutrons
from surrounding materials on the nuclear heating, an
assembly of LioCO43 was constructed to cover the
microcalorimeter. The thickness of Li;CO4 layer was 200
mm. The front part of assembly was open to make the
distance of probe from the source equal as the measurement
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Fig. 2 Block diagram of direct nuclear heating measure-
ment with micro-calorimeter.
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Fig. 3 Cross sectional view of microcalorimeter and
experimental configuration.

without assembly. The graphite probe was tested with this
LipCO4 assembly.

2.3 Probe Materials

Properties (specific heat, thermal conductivity, density)
and dimensions for the probe materials used are shown in
Table 1, Only lithium carbonate (LiyCO3) has a cubic shape
with 250 mm3. The specific heat datal?) are used to arrive at
the final temperature rise. Note that there were large
discrepancies in the specific heat data among different
literatures as shown in Table 1. This would be a large factor
of uncertainty in the experimental analysis.

2.4 Neutron source and bombardment of Jrobe

The D-T neutrons were generated by bombarding a
tritiated metal target with deuteron beam of 350 kV and 20
mA. The absolute neutron yield was monitored by a 232Th
fission chamber calibrated by the associated & counting
method!9), The calorimeter was irradiated with neutrons
spacing 3 to 5 min. Before irradiation, we had to wait to
stabilize thermal probe system. Somctimc&})re»heating of
probe was required to facilitate the procedure. Constant
current was applied to the resistance thermal sensors
throughout the irradiation to detect the signal during the
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Table 1 Material properties and dimensions of probes

Mawrials  Specific Heat*  Conductance Density  Dimension
Q/gK) (WmvK)  (gkm3)  (mm)

ct+ 0.712 (0.540)¢) 160 2.25 214 x 20
T 0.527 (0.528) 22 451 216 x 20
Ni 0.444 (0.440) 91 890  21¢x20
Zn 0.388 (0.381) 119  7.133  216x19
Zr 0.284 (0.301) 22 6489 216x18
Mo 0248 (0.255) 135 1022  216x20
Sn 0.218 (0.226) 67 729  260x20
Pb 0.128 (0.130) 35 11.34 19¢ x 20
w 0.133 (0.134) 170 1924  216x20
Nb 0.256 (0.272) 51 857  216x20
Li)0O; 0879 (=—) <1 182 50x50x50

8) Value at 300°K, b) Graphite,
¢) Values in parentheses were taken from Ref-18)

irradiation, Thin niobium foils were placed in front and back
sides of the probe 10 measure the exact neutron flux during
the irradiation. The location of probe was deduced from D-T
neutron source strength obtained by the fission chamber and
the neutron flux derived by using the reaction rate of
93INb(n,2n)92MNb assuming cross section of 455 mb at 14.8
MeV,

III. EXPERIMENTAL RESULTS

3.1 Temperature change rate reduction

An exampie of data on graphite measured by RTD is
shown in Fig. 4 to illustrate the procedure for dara
processing. The experimental data of resistance changes
were processed to derive temperature rises corresponding to
nuclear heating due 10 the neutron irradiation. The net change
of resistance R was given as,

Ri5RwAve(R,) - %(Ave(kmmve(nah.)) '

1 (Ste(R,) + Ste(Rp,) + Ste(Rp,.,)),
where,
R; : Resistance at a region of signal,
Rp : Resistance at a region of background,
Ave(Rs) :Averaged mean value for Rg,
Ave(Rp) :Averaged mean value for Rg,
Ste(Rs) :Standard error for Rg,
S1e(Rp) :Standard error for Rp,

The temperature rise was obtained by multiplying the
conversion coefficient C,, for each thermal sensor, TM(2.04
x 103 K/Q) and RTD (2.33 K/Q).

The temperature rise per source neutron, T, is given

T = Cy*RASY,
where,
t; cycle ime for data acquisition [s),
Yy ; Source neutron strength [/s).

as
[K/source neutron],
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The experimental data were given as an average berween the
front and rear for thermistor and averaging data for all shots.

All temperature changing rates measured are summarized in
Table 2, one

Table 2 Experimental results

Material Temperature Rise(K /source neutron)
T™M®) F/R* RTD TMARTD
Graphite  1.OS7E-16Y 1,07 1.132E-16 1.04
Ti 3.769E-17 1.29 4.320E-17 1.17
Ni 7.443E-17  1.21 B8.456E-17 1.14
Zr 6.291E-17 240 7.440E-17 143
8.885E-17¢)
3.697E-179
Nb 5.168E-17 1.27 5.B18E-17 1.13
Mo 3.119E-17 119 S5757E-17 1.13
Sn 4.362E-17 4.741E-17
Pb 8.681E-17 112 9.178E-17 1.06
w 9.405E-17 1.06 9.543E-17 1.02
Li00y  LI32E-168)  wooee —
2.728E-170)

4.280E-17++ 4.567E-17%*
7.014E-17%%+
Graphite  8.248E-17
(with Assembly)

1.10  9.598E-17 1.16

*, rato between data at front and rear for T™,

**. value at middle of probe,

***. mean value of front and rear data of thermistors,
++; data at the end of irradiation,

a) Averaged value of data at front and rear,

b) reads as 1.2137 x 10-16.

¢) Front of Zr,

d) Rearof Zr,

¢) Front of LiyQ0y

f) Rearof Liz004

3.2 Graphical representation of nuciear heating signals

Figure 5.1 shows the data for the Mo probe measured
by T™M. The data for the Sn probe measured by TM and RTD
are shown in Figs. 5.2 and 5.3, respectively. Figure 5.4 and
gives data for the LiyCO4 probe.

Higher value was always found for the data on the
front in comparison with the rear data. The ratios of front to
rear are also shown in Table 2. In general, material with
lower thermal conductivity gives a higher rato. This
reflected the thermal conduction problem in short integration
time of 10s (cycle time). Since the probe was exposed in
strength D-T neutrons at the close vicinity of neutron source,
a steep gradient of nuclear heat deposition along the axis of
the probe makes heat flow in the material. In the integration
time for ten seconds, equilibrium could not be accomplished,
50 that slight imbalance was expected. This situation is
clearly observed in Fig. 5.1 and 5.2. A fast and larger rise
on the front and slow and smaller rise on the rear were
detected at the beginning of the neutron shot. The dan
gradually approached 1o an identical value at the end of the
irradiation. In particular, clear overshoot and undershoot of
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Fig. 4 Scheme for processing of experimental data
reducton.

resistance change on the front as shown in Fig. 5.2 indicated
thermal conduction phenomena at the boundary for the
pulsed heating source, The previous experiment adopting 20
to 30 sec for the integration time mitigated the imbalance in
temperature equilibrium at both the ends of probe. Con

to TM, RTD attached parailelly to the axis on the side didn't
show any visible anomalous change in the resistance
changing rate during the irradiation as shown in Fig. 5.3.
Especially in the material probe of Li,CO4 with low thermal
conductivity, there was a recognition of more enhanced time
dependency in the heat flow in the probe materials during
irradiation as shown in Fig. 5.4. This figure shows explicitly
the process of equilibrium of temperature according to the
gradient of heat deposition rate distribution,

There were slight differences between temperature
rises measured by T™M and RTD. The data of R gave
systematically larger value than averaged data of TM by § 1o
10 %, depending on the materials, The TM data at front were
identical within experimental errors to the RTD data, The
ratios of RTD to TM are also given in Table 2.

Note that as shown in Figs. 5.1, 5.2 and 5.4, the data
measured by Keithly 182 with better sensitivity voltmeter
offer a factor of 3 less scattered profiles in comparison with
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Fig. 5.1 Resistance changes in Mo due to D-T neutron irrad-
iation measured by TMs.
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the data measured by Keithly-181, the former mode! of
Keithly-182, In addition, the constant current apply without
switching made the system more stable. These improvements
made cycie time shorter by a factor of 2 to 3 than the
previous experiments!+2), As a resuits, overall experimental
errors could be reduced less than 10 %, while errors in the
previous measurements were more than 20 %.

3.3 Experimental errors

The self-heating driven by the joule heat in resistance
of sensor gave constant heating load which contributed
constant change of the temperature. If the weight of sensor
was assumed 10 be 10°3/g, the heat generation was equivalent
to 103 W/g, resulting in much higher rate than that in nuclear
heating process ranging from 10 to 105 W/g,

The other factor to be considered was the conmibution
to the iemperature change from heat conduction even though
it was small and slow. Even in the circumstance with good
sir conditioning, the change of 10-2 K is possible. This
change makes a sieep gradient in the temperature between the
probe and circumstance in comparison with the temperature
change due to the nuclear heating. The fluctuation of the drift
line was auwributable to electrical noise ( it may be some
timing effect) and slow change of the ambient temperature
change in the room.

As mentioned, the distance of probe from the neutron
source was determined by using neutron source strength and
reaction rate of Nb foil activation. A change of | 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
concemed.

The experimental errors are tabulated in Table 3. In the
present data processing, we assumed adiabatic thermal
insulation; no thermal convection, conduction and radiation
between probe and environment.

Table3 Uncemainties of experimental data

Itemn Estimated ermror (%)
1. Fluctuation of drift curve 3-7

in derivatives (Standard error)
2. Background of drift curve 2-3

3. Positoning
4, Source neutron strength

3-5 (Systematic)
2.5 (Systematic)

Total 5.3-94

IV. ANALYSIS

The neutron and gamma-ray transport calculation was

carried out by using the two dimensional code DOT3.520)

and the three-dimensional code MCNP2!) with nuclear data
libraries: FUSION-J322) based on JENDL-323) for DOT3.5
and RMCCS20) for MCNP. Both calculations modeled the
experimental system as precisely as possible, including the
rotating neutron target structure, microcalorimetric system
and the target room. In the DOT3.5 calculation, PsS)¢
approximation was used for R-Z model and the first collision
source was calculated by the GRTUNCL code. A KERMA
factors of neutron and y-ray for DOT3.5 calculations were
generated from the JENDL-3 by using NJOY processin
code?4) and from DLC-9925) by energy balanced method,
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respectively. Heating number of four libraries available2!)
with MCNP, i.e.. RMCCS, ENDFST, ENDL8527) and
BMCCS based on ENDF/B-IV were used for the MCNP
calculations. The calculated heating rate in each material was
converted 10 the temperature rise in the unit of K/source
neutron to be compared with the measurement. In this
analysis, we didn't treat time dependent thermal conduction
during finite irradiation time. The value to be compared with
experiment was derived averaging data over entire volume of
probe except for Li;CO4 which has a considerably low
thermal conduction so that the time dependent profile should
be taken into account,

Comparison of measurement and calculation was
performed in a dimension of temperature (K). Since the
calculation provided nuclear heating in J/g/source, the

specific heat (J/g/K) was used to arrive at the temperature
rise in K,

V. DISCUSSION

Figure 6 gives calculated fractions of neutron and y-ray
along with total heat deposition rate in an order of Z number.
There are general trends in the ratio between neutron and v
ray contributions as well as the heat deposition rate itseif as a
function of Z number: (1) Lower Z materials have large
neutron contribution, while higher Z materials have large

.sensitivity to y-rays. (2) Heat deposition rate decreases with

Z number. This calculation was based on JENDL-3.

x10'°
10.0

AR
Calculation by DOT3.S with JENDL-)

0 B Newton
B Gimm
O Total
§.0

F ]
o

Heating Rate(Jd/g/source)

°'%rsphnuCOJTl NIl Zr Nb Mo Sn Pb W‘
Materials

Fig. 6 The fractional contribution of neutron and y-ray to
the total hearing rate calculated by DOT3.5 using
JENDL-3 nuclear data library.

Table 4 gives a summary of ratios of calculation to
experiment (C/E) corresponding to all KERMA libraries
tested here. The experimental values by TM were used for
comparison with calculations. It was proved that the
RMCCS and ENDFST were identical as far as the C/E values
were concerned here. Material wise discussion is as follows;
Graphite: All calculations overestimated measurements in
both cases with and without the Li,COq assembly. The
calculation with JENDL-3 and ENDLSS gave
overestimations of experiments by 20 %, while others
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Table 4 Summary of C/E values

Material JENDL RMCCS ENDFST ENDLSS MBCCS.

C .19 134 134 122 138
Ce 117 134 134 122 139
T 105 106 106 104 0.88
Ni L1 139 139 121 1.87
Zr 082 209 209 040 0.31
Nb 1.00 104 104 094 079
Mo 123 084 084 096 0384
Sn see 098 - 098 3.51
Pb .14 144 144 100 1.46
W 132 L18 e IR | R—
Li,CO; 1.00 098 099 -  1.00

Front 1.41 1.25
Middle 1.16 1.37
Rear 1.30 1.06

* with Li,CO4 assembly

overestimated them by 30 to 40 %. Considering experimental
errors ranged within £ § %, these discrepancies seemed large
regarding that graphite is most essential materials, in
particular, one of reference materials for the heating
consideration. One possible reason for the overestimation
could be attributable to the data of specific heat for graphite.
Az described before, the specific heat data is not well defined
because it differs sampie by sample. The graphite material
used was not well specified, possible with less density, so
that actual specific heat data could be lower than that used in
the calculaton,

Titanium: All calculation except MBCCS gave good
agreements with measurement; C/Es were 1.04 to 1.06; C/E
of MBCCS was 0.88,

Nickel: For nickel, all calculation gave similar C/E as for
graphite. The caiculation based on JENDL-3 gave the best
agreement with experiment (C/E=1.11) among all
calculations. An exceptionaily large overestimation was
found in MBCCS, giving C/E of 1.87.

Zirconium: The C/E values exhibited a very scattered
nature. The most preferable C/E was found in JENDL-3,
whereas the others overestimated and underestimated by
more than a factor of 2. The MBCCS gave the worst C/E of
0.31. This was the case with the most discrepant results in
different libraries, Since the experimental probe was made by
stacking a thin discs, less thermal conductance than that of a
single material should be taken into account for the reduction
of experimental data. Not only the library data, but also
expentmentat data should be re-examined in the future,
Niobium: All calculations, except one by MBCCS gave
satisfactory results in terms of C/E values, as shown in
titanium case. The calculadon with MBCCS underestimated
experiment by more than 25 %.

Molybdenum: Only the calculation with JENDL-3
overestimated experiment by 23 %, while the others
underestimated it 4 o 20 %. The calculation with ENDL-85
gave the best agreement with experiment. These C/E wends
were similar to those in previous experimental analysis.5)
Tin: The JENDL-3 and ENDF5T didn't include data of tin.
Though the calculations with RMCCS and ENDL-85 gave
good agreements with experiment, the calculation with
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MBCCS overestimated it by a factor of 3.5, The neutron
contributions were 13 % in both the RMCCS and ENDL-85,
and 76 % in the BMCCS. From a systematics of mass
dependency as shown in Fig. 6, the 76 % the neutron
contribution appeared in the MBCCS calculation seemed
extremely high. This would be the reason for large
overestimation.

Lead: Though the calculations with JENDL-3 and ENDL-
85 gave reasonable agreements with experiment,
calculations with RMCCS, ENDFST and BMCCS
overestimated it by 44 10 46 %, These overestimations were
atributable to the large neutron contributions of about 34 %
by the same consideration of systematic trend shown in Fig,
6 as seen in tin case.

Tungsten: No heating number data was found in
ENDFST and MBCCS. The calculations with JENDL-3,
RMCCS and ENDL-85 overestimated experiment by 32, 18
and 17 %, respectively, This range of overestimation was
consistent with that in the previous experimental analysis, 5.6}
Lithium Carbonate: The C/E values close to 1.0 for all
calculations indicated the adequacy of data for heating
numbers, i.¢. KERMA factors as long as the averaged value
over the entire volume of probe. As shown in Fig. §. 4,
however, a more precise analysis should be required by
taking the time dependency of temperature change during
irradiation:

The Li;CO3 probe made by sintering the Li;CO4
powder was the effectively lowest Z-material among
materials tested. As naturaily understood, the thermal
conductivity of the ceramic was extremely low in comparison
with ordinary metal, Even though such a low conductivity, a
duration for ten seconds was not enough to neglect the heat
flow, so that the equilibrium in the heatng rate was observed
after a few sampling of the data.

Tungsten demonstrated a capability for the y-sensitive
probe its large and small sensitivitics to neutron and y-ray,
respectively, While the material itself produces a 1ot of ¥-
rays. In this regard, lead seems more attractive, even though
low melting point limits the temperature to be measured.
Graphite is the promising neutron probe. The combination of
the both marerials with less interaction each other may be the
excellent neuclear heating probe system.

VI. CONCLUSION

Nuclear heat deposition rate in ten materials of lithium
carbonate, graphite, titanium, nickel, zirconium, niobium,
molybdenum, tin, lead and Tungsten, subjected in the 14
MeV neurron flux were measured and compared with the
calculations with currently available nuciear data relevant.
The improvement on the accuracy in the measuring system
gave exceilent S/N in the measurement of the temperature
rise during the bombardment with 14 MeV. Range of overall
errors fell within 10 %. The calculation based on JENDL-3
and ENDL-85 gave better results than calculations with the
other libraries, However, still, the large uncertainty was
found in the data for the specific heat, which differ reference
by reference. The best solution for this is to measure the
specific heat for the particular materials 1o be measured. The
other uncernainty was in the ime dependency in the thermal
conducticn in the probe itself, during irradiations. In order to
solve this problem, the sampling time should be shorten to
be range in which the thermal conduction is negligible.
Finally, we would declare that experimental technique has
been established. The results encouraged us to proceed in
the measurement in the large system with better simulation of
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D-T neutron environment, data in which feedback more
direct test of the codes and data.
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