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Experimental measurement of nuclear heating rates has been carried out in a simulated D-T  fusion neutron environment 
from 1989 through 1990 under the USDOE/JAERI  collaborative program at the Fusion Neutronics Source Facility. The 
microcalorimetric technique has been employed for online measurements. Small probes of materials have been irradiated in 
close vicinity of a rotating target. A typical probe contains a core measuring 2 cm in diameter by 2 cm in length. Probes of 
leading candidates, for different applications, have been investigated: molybdenum, tungsten, titanium, graphite (plasma 
facing components), copper (magnet coils), iron, stainless steel 304, nickel (structural material components) and aluminum. 
The measured temperature-change rates range from 30 ixK/s (iron) to 330 ixK/s (graphite). The corresponding nuclear 
heating rates range from ~ 35 ixW/g (tungsten) to ~ 225 IxW/g (graphite). These measurements have been analyzed using 
three dimensional Monte Carlo code MCNP and various heating number/kerma factor libraries. The ratio of computed to 
measured heating rates shows large deviation from 1 for all the materials. In addition, there is a large spread for different 
libraries; for example, this ratio varies from 1.03 to 1.81 for aluminum. Also, there have been three experiments with each 
having a host medium of iron, graphite or copper, that measures 85 mm in diameter by 100 mm in length. Small single 
probes of the host medium graphite and tungsten are placed inside to measure the spatial profile of heat deposition. 
Analysis of the measurements shows that the ratio of computed to measured rates varies widely, e.g., in iron host, it goes 
from 0.5 to 1.1. Further effort is to be invested to locate the sources of this discrepancy. 

I. Introduction 

Experimental  measurement  of nuclear heat deposi- 
tion rates in a simulated D - T  fusion neutron environ- 
ment has been carried out over last two years [1,2] to 
create a data base for validating kerma fac to r /hea t ing  
number  libraries [3-11]. These data bases are largely 
untested and have been playing a crucial role in the 
design and related aspects of leading fusion devices, 
e.g., ITER,  CIT, NET,  FER.  The results of these 
measurements  will be helpful in arriving at crucial 
decisions concerning the selection of materials for fu- 
sion device components  as the related parameters,  e.g., 
thermal laod bearing capacity and maximum attainable 
temperature,  play important roles there. 

An experimental  effort was initiated in 1988 to 
develop and apply the microcalorimetric technique to 
measure heat deposition in various materials subjected 
to D - T  neutron fields, in the framework of the 
J A E R I / U S D O E  collaborative program on fusion neu- 

tronics [1,2]. Materials, in contention as leading candi- 
dates for various applications, i.e., molybdenum, tung- 
sten, titanium, graphite (plasma facing components),  
copper (magnet coils), iron, stainless steel, nickel 
(structural material components),  aluminum, etc., were 
targeted for experiments. Bead thermistors and plat- 
inum resistance temperature  detectors were employed 
as thermal sensors within calorimeters made of single 
materials (or probes). The first experiments were con- 
ducted during June 1989 and the tested materials in- 
cluded: Fe, AI, C, Cu. Each of these calorimeters was 
placed inside a vacuum chamber and the mean dis- 
tance from the target was ~ 8 cm. Experiments were 
also conducted on an iron probe without vacuum 
chamber. The calorimeters were subjected to spaced 
neutron pulses of 3 to 10 rain duration. The measured 
heat deposition rates ranged from 7 to 30 ~ W / g  for a 
normalized source strength of 1012 n / s ,  iron and 
graphite providing the lowest and the highest rates, 
respectively. The single probe experiments were car- 
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ried out again in December  1989. This allowed to 
verify the reproducibility. This time, the average tar- 
ge t -p robe  distance was shortened to - 5 cm which led 
to 2 to 3 times higher rates. Tungsten was also in- 
cluded. In addition to single probe cxpcriments,  two 
novel experiments were conducted with multiple probes 
in separate host media of iron and graphite. Most 
recently, during November  199(/, experimental  mea- 
surements were conducted on small single probes of 
graphite, titanium, stainless steel 304, nickcl, molybde- 
num and tungsten. In addition, the multiple probe 
experiment was extended to copper. 

2. Experiments 

The microcalorimetric technique has earlier been 
applied for n e u t r o n / g a m m a  dosimetry [12-16] and 
nuclear heat deposition rate measurements  in fission 
reactors [17-19]. However,  the application of this tech- 
nique to measure the nuclear heat  deposition rate with 
currently available D - T  neutron sources, maximum 
source strength being ~ 10 ~2 n / s ,  requires careful 
experimentat ion owing to significant noise from the 
ambient temperature  fluctuations [1]. 

Nuclear  heating measurements  using the mi- 
crocalorimetric technique were conducted in June 1989, 
December  1989 and November  1990 at the Fusion 
Neutronics Source facility (FNS) of J A E R I .  A rotating 
neutron target (RNT)  source, having a nominal inten- 
sity of ~ 3 × 1012 n / s ,  was selected for obtaining larger 
heat deposition rates [1,2]. Bead (point-size) thermis- 
tors (TM) and platinum resistance temperature  detec- 
tors (RTD)  were employed as thermal sensors. Four 
types of thermistors were employed, having 25 ° C  re- 
sistances of 2.252 KS2, 10 KS2, 22 KS2, and 30 K.(2. 
The 2.252 KS/ and 30 KS2 thermistors were obtained 
from the Omega Engineer ing Corporat ion and 10 K.Q 
and 22 KS2 thermistors came from the Alpha Thermis- 
tor Company. A platinum R T D  had a resistance of 100 
.(2 at 0 ° C. The temperature  coefficient of resistance 
for a thermistor and a platinum R T D  were - 4.4 × 10 " 2 
per ° C ( a t  2 5 ° C )  and + 3 . 6 × 1 0  3 per ° C ( a t 0 ° C ) ,  
respectively. 

2.1. b~strumentation 

of interest could bc as low as t l aK/s  for heat dcposi- 
tion rates in the range of 1 laW/g [1,2]. All these 
considerations led to adoption of the following strategy 
[i,21: 

(1) Instrumentation to be based on usage of IEEE-  
488 bus based equipment,  

(2) Perform measurements  on small size probes, 
preferably a 20 mm diameter  × 20 mm long core, ci- 
ther alone or enclosed within a 1 mm thick jacket 
measuring 32 mm diameter  × 32 mm long; a small 
probe will enable quick equilibration of nuclear heat 
generated in the probe. 

(3) Isolate the probe from the surroundings by 
keeping it inside an evacuated vacuum chamber.  

(4) The neutron source will be pulsed so as to have 
3 to 10 min duration spaced pulses; the source intensity 
will be flat during a given pulse; tile probe will be kept 
as close to the target as possible. 

(5) Measure periodically, with a pre-determined cy- 
cle length (20 to 30 s), the resistance of a thermal 
sensor, thermistor (TM) /p l a t i num RTD,  using a highly 
sensitive nanovoltmeter  or a high-resolution digital 
multimeter.  

(6) Study the resistance change per cycle over the 
entire irradiation history and obtain its component  
directly assignable to the source neutron induced heat 
deposition. 

The system configuration for picking up low level 
voltage changes developing on a thermal sensor, kept 
in direct thermal contact with a probe, is shown in fig. 
1. The controller was PC based: HP3497A or Macin- 
tosh SE (supplemented by a M a c S C S I / I O t e c h  inter- 
face and MacDriver488 driver software). While using 
the Macintosh SE, the programmable current source of 
the HP3497A was used as such. Two scanners (model 
705, Keithley) were used to separately switch TMs and 
RTDs. For TM switching the model  7168 nV scanner 
card of Keithley was used. A single card can take up to 
8 TMs. 10 IxA was passed through a TM to measure its 
w)ltage output by a nanovol tmeter  with a resolution of 
l(/ nV in the 2 mV range. 1 mA was passed through a 
R T D  to measure its output  by a Model  7081 precision 
voltmeter  of Solatron. Also a ra temeter  was included 
to broadly monitor the source neutron pulse history 
during an irradiation. The data acquisition process was 
driven by a BASIC program residing on the controller. 

The very small temperature  changes produced with 
currently available fusion neutron sources demand high 
precision and sophisticated instrumentation, in addi- 
tion to highly sensitive and stable thermal sensors, for 
reliability and reproducibility. The temperature  changes 

2.2. Single probe experiments 

There have been concerns regarding fast neutron 
induced damage adversely affecting the performance 
of a thermistor. This was addressed before proceeding 
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with thermistor use in the first experiments done dur- 
ing June 1989 [1]. It was experimentally demonstrated 
that there was a negligible likelihood of a thermistor 
suffering any degradation as long as the neutron flu- 
ence was below 1014 n / c m  z, a safe limit for measure- 
ments to follow [1]. 

Single probe experiments have been conducted dur- 
ing June 1989, December 1989 and November 1990. 
Figure 2 shows a schematic of the single probe experi- 
ments conducted in June and December 1989. Table 1 
lists important details about these experiments. A typi- 
cal probe consists of a core, measuring 20 mm in 
diameter by 20 mm in length, that sits symmetrically 

inside a 1 mm thick jacket, with external diameter and 
height of 32 mm each. During December 1989, a single 
tungsten probe, measuring 1 in. across with a vertical 
cross section of 2 in .x  2 in., was also included. The 
experiments done in November 1990 had all probes 
without jacket. Typically, a probe measured 2 cm in 
length x 2 cm in diameter. Each probe was placed 
inside an evacuated vacuum chamber that measured 15 
cm in length x 10 cm in diameter. The vacuum cham- 
ber had an only 1 mm thick front wall. 

During the June and December 1989 experimental 
periods, thermal sensors were placed as follows: ther- 
mistors on the front and back flat surfaces of the core 

RNT 
Vacuum Chamber 

Jl[ 

SUPPORT 

Fig. 2. Schematic arrangement for nuclear heating experiments. 
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plus close to its center :  two RTDs,  such that  one was 
located, vertically to the  axis of symmetry of the corc. 
in the middle  of the first half  and the o the r  one was 
placed in the middle of the lat ter  halt' of the corc. In 
the case of tungsten,  a "10 K / 2 "  thermis tor  was placed 
at the  cen te r  of the front  surface and  ano t he r  thermis-  
tor of the  same type was placed at the cen te r  of its 
back surface. Three  addi t ional  thermis tors  and two 
RTDs  were used for m e a s u r e m e n t s  outside the probes:  
(i) a 2.252 K ~  the rmis to r  and  a R T D  were located on 
the target  surface close to the source ncu t ron  gencra-  
tion area to follow the  source t empera tu re  w~riation 
dur ing the course of each exper iment ,  (it) a 2.252 K,Q 
thermis tor  and a R T D  were more  than  a me te r  away 
from the target  to observe ambien t  t em pe r a t u r e  fluctu- 
ations, (iii) a 2.252 K~Q thermis tor  was located on the 
inside of the  front  wall of the vacuum chamber .  Apar t  
from these addi t ional  sensors, three  Nb foils were uscd 
in each exper iment  to moni to r  the  source neu t ron  flux 
across the  probe.  A Nb foil was located on the cen tc r  
of the front  surface of the  probc  ano the r  Nb foil was 
a t tached to the back surface. A third Nb foil was 
a t tached  to the ou te r  surface of the front  wall of thc 
vacuum chamber .  Dur ing  the November  1990 experi- 
menta l  period,  only two niobium foils were used pe t  

probc: one in front  and the o the r  beh ind  a probe  to 
obta in  the drop in ')2mNb activity across it. Each probe  
was kept in a vacuum chamber  measur ing  15 cm in 
length by 10 cm in diamctcr .  

2.3. Muhiple probe e:q)eritnents 

Thrcc  host media  made  individually of iron, graphi te  
(during D e c e m b e r  1989), and copper  (during Novem- 
ber  19911) were impregna ted  by single probes  of W, C, 
and F c / C u .  Each host medium measu red  85 mm di- 
ame te r  × 100 mm long and had mult iple  holes, each 
measur ing  5 mm d iamete r  × 16 mm long to house 10 
mm long probes.  No probe  was allowed to have direct 
the rmal  contac t  with the host medium.  The  front  sur- 
face of the host medium was at 38 mm from the target  
fl)r ion and graphi te  and it was at 36 mm fl)r copper.  A 
thermis tor  was a t tached  to each of these  probes.  Probes  
made  of the  mater ia l  of the host medium were located 
in the first and second halves to measure  axial and 
radial profiles of the total  nuclear  hcat  deposi t ion rates 
in the host. Probes of W and C (graphi te)  were intro- 
duced in the second half  to largely measure  the gamma 
and neu t ron  componen t s  of the total  nuclear  heat  

Table 1 
Characteristics of single probe experiments 

Probe material Experimental period Target-core Irradiation pulses Comments 
distance " (cm) duration 

C June 1989 7.9 Itlm 
December 1989 4.4 3 m / 5 m / l  lm 
November 1990 3.6 5m w/o  .jacket 

AI June 1989 7.8 3m/lOnl/3llnt 
December 1989 4.4 3m/5m 

Ti Novenrber 1990 3.6 5m w/o  jackel 

Fe June 1989 8.3 3 m / 1 0 m / l  lm 
December 1989 4.4 3m/5m/35m 

SS304 November 199(! 3.6 5m w/o  jacket 

Cu June 1989 7.8 10m 
December 1989 4.4 3m/Sm 

Ni November 1990 3.~ 3m/5m w/o  jacket 

Mo November 1991) 3.~ 5m w/o  jacket 

W December 1989 4,4 3m/5m w/o  jacket 
November 1990 3.~ 5m w/o  jacket 

~' Distance measured from front fiat surface of a core of a probe. 



A. Kumar et al. / Direct nuclear heating 401 

deposition radial profile, respectively. They were placed 
on three concentric surfaces with radii of 10, 20 and 30 
mm. By applying cavity theory [20], both the compo- 
nents of the nuclear heat deposition rates could be 
extracted, in principle. 

3. Analysis 

The three-dimensional code MCNP [21] was used 
for modeling the RNT geometry and the probe-vacuum 
chamber system. The background contribution is found 
negligible due to the close proximity of the probe to 
the neutron source and hence it was subsequently 
ignored in all the computations. The RMCCS library 
was used for neutron interactions and photon produc- 
tion in the whole system. This library has many cross- 
sections based on ENDF/B-V. The particle transport 
computations were repeated with the ENDL85 library 
and an insignificant difference was seen between the 
neut ron/photon  fluxes evaluated by the two libraries. 
Heating numbers from the four libraries available [21] 
with MCNP, i.e., BMCCS, ENDL85, RMCCS, 
ENDF5T (or ENDF5U), were used for a comparison 
of nuclear heating rates. It is to be noted that 
ENDF5T/ENDF5U,  and RMCCS, to large extent, 
have data obtained from ENDF/B-V;  ENDL85 is the 
latest library from the Lawrence Livermore National 
Laboratory; BMCCS contains older data, i.e., from 
ENDF/B-IV or ENDL73 files. In addition, KAOSLIB 
[5], a new kerma factor library generated from the 
ENDF/B-V library using KAOS-V code [5], was used 
with the neutron flux obtained from MCNP to get 
neutron heating rates for all materials. RMCCS, 
ENDF5T/ENDF5U,  and BMCCS (if from ENDF/B-  
IV) libraries contain heating numbers obtained by the 
"direct energy balance" method [5,10,11,22]. MCNP 
provides for ignoring negative contributions [22-24], if 
any. ENDL85 has positive heating numbers that are 
used to adjust photon production cross-sections and 
spectra for self-consistency [5,9,22]. MCPLIB was uti- 
lized for photon interactions and transport. The heat 
deposition rate drops very rapidly across the core due 
to its proximity to the source. However, since the 
experimental conditions are designed to lead to quick 
thermal diffusion across the core of an isolated probe, 
the heat deposition rate has to be averaged over the 
entire core to obtain the quantity that is to be com- 
pared to experimental measurements. The nuclear heat 
deposition rate, expressed in ~W/g,  is converted to 
the temperature-change rate, expressed in IzK/s, using 
specific heat data from ref. [25]. 

4. Results and discussion 

4.1. Experimental data 

Figures 3a through 3f show the typical resistance 
change per cycle (length = 20 s) as a function of cycle 
no. for a TM or RTD placed inside single probes of 
graphite, titanium, stainless steel 304, nickel, molybde- 
num and tungsten in experiments during November 
1990. These figures also show the relative "14 MeV" 
neutron intensity as measured by the ratemeter. It is to 
be noted that the onset of the neutron source leads to 
an instantaneous drop in the resistance of a TM that 
shows up as a dip in the drift curve. On the other hand, 
an RTD in such a situation shows an instantaneous 
raise in its resistance. Abrupt and large changes seen 
in the curves for graphite (fig. 3a) and molybdenum 
(fig. 3e) are due to stray electromagnetic signals. Fig- 
ure 4 shows a typical temporal profile of the resistance 
change per cycle (length = 30 s) for an RTD embedded 
radially on the mid-plane in copper host. This RTD is 
in direct thermal contact with the host medium and, 
thus, measures the average nuclear heat deposited 
therein. Niobium foils, placed in front and back of 
each probe, were counted for monitoring the drop in 
the 93Nb(n, 2n)92mNb reaction rate across it. This drop 
is expected to be a good index of the correctness of the 
positioning of a probe vis-a-vis the target. The uncer- 
tainty in the measured reaction rates varies from 3 to 
6%. 

Figure 5 shows the nuclear heating rates, expressed 
in units of ~ K / s  for a normalizing source intensity of 
1012 n/s ,  for single probes of C, Ti, SS304 (or SS), Ni, 
Mo, W of the November 1990 experimental period and 
for AI, Fe and Cu of the December 1989 period. In 
what follows, only these single probes will be touched 
upon. It is to be underlined here that one is looking 
here (fig. 5) at the temperature change rate only. The 
lowest value is seen for Ti and the highest for C. In 
fact, if the temperature change rate is converted to 
obtain the heat deposition rate, expressed in units of 
p~W/g, C tops with a value of ~ 90 b~W/g and W 
yields the lowest rate of ~ 12 l~W/g. Taking the actual 
source neutron intensity into account for each probe, 
the heat deposition rates range from ~ 35 ~W/g  
(tungsten) to ~ 225 IxW/g (graphite), whereas the 
corresponding temperature change ranged from ~ 103 
l~K/s (titanium) to ~ 325 ~ K / s  (graphite). However, 
temperature rates as low as ~ 30 ~ K / s  were already 
measured in the iron and copper probes during the 
June 1989 experiments [1,2]. 
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platinum RTD kept on curved surface along axis. (c) Stainless steel SS304 probe (November 1990): Temporal profile of the 
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Temporal profile of the temperature change rate observed via a 10 KS2 thermistor kept in front. (e) Molybdenum probe (November 
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(November 1990): Temporal profile of the temperature change rate observed via a 10 Kfl thermistor kept in front. 

4.2. Comparison o f  calculations and measurements  

Figure 6 shows rat io of the computed  (C)  to the 
measu red  ( E )  drop in the  ~2mNb activity ra te  across 

single probes.  The  largest depar tures ,  e.g. C / E  ~ 1.2, 
are no ted  for Ti, Fe, SS304 and  Cu. In principle,  there  
are two sources of discrepancy: (i) d iscrepant  t ranspor t  
and '~3Nb(n, 2n)92mNb cross-section data,  (it) unwar-  
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ranted shift in the relative position of the probe inside 
the vacuum chamber during evacuation. Extreme sensi- 
tivity of the reaction rate drop can be gauged from fig. 
7 that shows typical results of computations using 
MCNP for a single probe of  W. Normalized spatial 
profiles of "14 MeV",  flux, neutron heating rate and 
gamma heating rate are included. Normalization has 
been done with respect to the spatial average over the 
probe. This figure also provides a profile of the "14 
M e V "  fraction of the neutron flux. This fraction is 
practically constant. But, the other  three quantities 
vary rapidly and are roughly driven by 1 / d  2 depen- 
dence, where d is the mean distance between the 
target and core of a probe. Before comparing the 
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measured and computed nuclear heating ratcs, it is 
useful to get a picture of the relative contributions of 
neutron and gamma heating, on one hand, and that of 
target y's to the gamma heating rate evaluated for a 
probe. Figure 8 presents maximum and minimum per- 
centual neutron heating contributions to thc nuclcar 
heating rate as a function of the materials. Usually, 
RMCCS yields the maximum contribution except for 
Me and Cu; in fact, ENDL85 provides the maximum 
contribution as against the minimum by RMCCS for 
both Me and Cu. KAOSLIB gives the minimum for C, 
Ti and SS304. Target y's make dominating contribu- 
tions of ~ 92% and 66% to the total gamma heating in 
C and W, respectively. However, their impact is larger 
on W where 95% of the total heating is due to y's, 
unlike for C, where only 5% of total results from y's. 

For all single probes, there is a large spread in 
C / E ' s  for a given probe material for diffcrcnt data 
libraries. This needs to be examined. In addition, the 
C / E ' s  differ considerably from 1 for all materials as 
seen earlier [1]. C / E  ranges for different materials arc 
as follows: (1) graphite: 0.84-1.24, (2) aluminum: 1.03- 
1.81, (3) titanium: 0.42-1.00, (4) iron: 0.90-1.32, (5) 
stainless steel 304: 0.46-1.12, (6)copper: 1/.79-1.28, (7) 
nickel: 0.89-1.26, (8) molybdenum: 0.77-0.89, (9) tung- 
sten: 1.20-1.22. Me and W provide the lowest spreads 
of all; however, the mean C / E  is ~ 0.8 for Me, while 
it is 1.2 for W. 

For multiple probe systems, thc cxperimental rc- 
suits for inserted host medium probes in iron and 
graphite have been compared to computed results ob- 
tained with the RMCCS library for heating numbers. 
Both measurements and computations show very little 
radial dependence. The experimental crror is relatively 
large for copper probes. Hence they arc not discussed. 
C / E  for front probes is reasonable, e.g., 1.12 for iron 
and 1.05 for graphite. It is drastically lower, however, 
at mid-plane, being ~ 0.5 for iron and ~ 0.7 lk~r 
graphite. Though experimental data lk)r the spatial 
profile of the heat deposition in a copper medium 
suffers from large uncertainties, the averaged tempera- 
ture change rate over thc entire host medium has just 
5~]~ uncertainty. The C / E  for this quantity is 0.89. 

important data for fusion applications. Temperature 
change ratcs as low as 30 p,K/s helve been measured. 
Heat deposition rates as h)w as 35 l, zW/g have bcc~l 
measured. Thermistors and RTDs have generally pro- 
vided matching experimental results. The point-sized 
bead thermistors used in the present experiments have 
opened up a whole range of possibilities for their 
extensive use to obtain nuclear beat deposition ratcs 
within thin material zones too. In fact, single probe 
experiments, done with iron without vacuum chamber, 
gavc similar heat deposition rates as with vacuum 
chamber. Thus a vacuum chamber does not have to bc 
an integral part of the measuring equipment. However, 
the drift goes up without vacuum chamber and it can 
make the task of extracting heat deposition rates sub- 
ject to significant uncertainty in a weak radiation field. 

Analysis of the measured data for singlc probes of 
all ninc materials has revealed large discrepancies 
among various heating number /kerma factor cvahla- 
lions themselves, on the one hanoi, and between mea- 
surements and the computations, on the other. Multi- 
pie probe systems too show discrepancies between the 
mcasurcments and computations. These discrepancies 
have to bc examined, both experimental data and corn 
puted data arc to be looked at to find and understand 
the sources of discrepancy. 

More experimentation is required to further im- 
provc the experimental accuracies obtained, on the one 
hand, and accumulate more data on various probe 
materials, on the other. This two-prongcd approach 
will enable us to mitigate the concerns emanating from 
lack of testing of the computed kerma factors and 
related methodologies [3-11] and assumptions, apart 
from neutron and photon cross-section libraries for 
particle transport. 
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5. Conclusions 

Direct nuclear heat deposition rate measurements, 
done using the microcalorimeteric technique in single 
probes of graphite, aluminum, titanium, iron, stainless 
steel 304, copper, nickel, molybdenum and tungsten, 
have demonstrated the feasibility of extracting this 
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