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Experimental measurement of nuclear heating
rates was carried out in a simulated D-T fusion neutron
environment from 1989 through 1992 under the U.S.
DOE/JAERI collaborative program at the Fusion Neu-
tronics Source Facility. Small probes of materials were
irradiated in close vicinity of a rotating target. A so-
Pphisticated microcalorimetric technique was developed
Jor on-line measurements of total nuclear heating in a
mixed neutron plus photon field. Measurements with
probes of graphite, titanium, copper, zirconium, nio-
bium, molybdenum, tin, tungsten, and lead are pre-
sented. These measurements have been analyzed using
the three-dimensional Monte Carlo code MCNP and
various heating number/kerma factor libraries. The ra-

tio of calculated to experimental (C/E) heating rates
shows a large deviation from 1 for all the materials ex-
cept tungsten. For example, C/E’s for graphite range
Srom 1.14 (6 = 10%) to 1.36 (10%) for various kerma
Jactor libraries. Uncertainty estimates on total nuclear
heating using a sensitivity approach are presented. In-
terestingly, C/E data for all libraries and materials can
be consolidated to obtain a probability density distri-
bution of C/E’s that very much resembles a Gaussian
distribution centered at 1.04. The concept of “quality
Jactor” is defined and elaborated so as to take cogni-
zance of observed uncertainties on prediction of nuclear
heating for all the nine materials.

I. INTRODUCTION

Reliable prediction of nuclear heating in D-T neu-
tron driven fusion reactors has long been recognized as
a critical design issue. The methodologies to compute
kerma factors from evaluated nuclear data files have
been elaborated, and kerma factor libraries have been
AUG. 1995
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made available from time to time.'” However, until
very recently, practically no data were available on ex-
perimentally measured nuclear heat deposition rates,
in a D-T neutron field, to test the kerma factor librar-
ies. To fill this need, an effort to measure total nuclear
heating using microcalorimetric technique in a simu-
lated D-T fusion neutron environment was launched in
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1988 under the U.S. DOE/JAERI collaborative pro-
gram. It was continued in the following years and was
culminated in 1993. Although calorimeters have been
used in the past to measure total nuclear heating,'%'8
it was required to develop a sophisticated technique to
measure very low temperature changes produced in a
mixed neutron and photons field produced by a limited
number of D-T neutrons. The source neutron intensity
ranged from 1.5 x 10'> to 3 x 10'* n/s, and a typical
calorimetric probe was kept at a distance of ~4 cm to
enhance the signal for measurement purposes.'® %
A number of materials, in contention as leading
candidates for various applications, i.¢., molybdenum,
tungsten, titanium, graphite (plasma-facing compo-
nents), copper (magnet coils), iron, stainless steel,
nickel (structural material components), aluminum,
etc., were chosen for experiments. Bead thermistors
and platinum resistance temperature detectors were em-
ployed as thermal sensors within calorimeters made of
single materials {or probes). The first experiments were
conducted during June 1989, and the tested materials
included: Fe, Al, C, Cu. Each of these calorimeters was
placed inside a vacuum chamber, and the mean distance
from the target was ~8 cm. Experiments were also con-
ducted on iron probe without vacuum chamber. The
calorimeters were subjected to spaced neutron pulses
of 3 to 10 min duration. The measured heat deposition
rates ranged from 7 to 30 pW/g for a normalized source
strength of 10'* n/s, with iron and graphite providing
the lowest and the highest rates, respectively. The single-
probe experiments were carried out again in December
1989, This allowed us to verify the reproducibility. This
time, the average target-probe distance was shortened
to ~5 cm, which led to 2 to 3 times higher rates, Tung-
sten was also included. More recently, during Novem-
ber 1990 and October-November 1991, experimental
measurements were conducted on small single probes
of graphite, titanium, stainless steel 304, nickel, zinc,
zirconium, niobium, molybdenum, tin, tungsten, lead,
and lithium carbonate. The typical distance from tar-
get to probe was brought down further to ~3.7 cm.
We will be confining ourselves to measurements
made on plasma-facing materials. These materials in-
clude graphite, titanium, copper, zirconium, niobium,
molybdenum, tin, tungsten, and lead. Remaining ma-
terials will be covered in a companion paper. First of
all, features of the experimental technique will be pre-
sented, followed by measured data for a number of
probe materials. Later, results of analysis using neu-
tron and photon energy spectra obtained from neutral
particle transport code MCNP (Ref. 24}, and various
kerma factor libraries, are presented and discussed for
all nine materials. For almost every material, ratio of
calculation (C) to experimental measurement (E) shows
a large spread as one compares various kerma factor
libraries. We also provide uncertainty estimates on to-
tal nuclear heating using a sensitivity approach. Inter-
estingly, C/E data for all libraries and materials can be
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consolidated to obtain a probability density distribu-

tion of C/E’s that very much resembles a Gaussian dis--

tribution centered at 1.04. Also, we define and elaborate
on the concept of “quality factor” for total nuclear heat-
ing. This factor helps in qualitatively understanding the
status of uncertainty involved in predicting total nuclear
heating in different materials using currently available
kerma factor libraries.

1l. CALORIMETRIC EXPERIMENTS

The microcalorimetric technique has earlier been
applied for neutron/gamma dosimetry'®'* and nu-
clear heat deposition rate measurements in fission re-
actors.’>"!7 However, the application of this technique
to measure nuclear heat deposition rate with currently
available D-T neutron sources, maximum source strength
being ~ 10'? n/s, requires careful experimentation ow-
ing to significant noise from the ambient temperature
fluctuations.'®-%?

Important experimental considerations include: (a)
simple and flexible design of calorimeter, (b) sensitive,
fast, automated, and reliable instrumentation, (c) sen-
sor characterization, (d) calorimeter calibration, (e)
neutron source pulsing and monitoring, (f) measure-
ment, (g) data processing-determination of heating rate
and associated error.

ILA. Probe Design

A good probe design leads to good calorimetric
measurements.'®'? In this context, it is critical to un-
derstand heat transport pathways involving the probe
vis-a-vis its surroundings. It helps very much if the fol-
lowing desirable considerations can be met: (a) thermal
diffusion time across the probe should be as small as
possible, (b) heat losses to the surroundings should be
minimized, and (c) temperature change rate due to ex-
ternal heating source should be significantly larger than
that due to ambience. The surroundings include also
wires connecting a heated sensor to a measuring instru-
ment. For our experiments, we took long, thin, insu-
lated copper wires. A quick comparison of heat loss
terms through various pathways showed that the heat
loss through the connecting wires was negligible com-
pared to the radiative heat loss from heated sensor. As
a result, the former pathway is not elaborated in the
considerations to follow. '

Materialwise temperature change rates resulting
from application of pulsed heating to the probe were
simulated for a number of probe materials. A simpli-
fied sketch of a single-probe calorimeter is shown in
Fig. 1. Figure 2 explains the basic operational princi-
ple of an ideal calorimeter operated in pulsed mode
such that the probe is thermally decoupled from its sur-
roundings. The temperature of the probe will stay con-
stant in the absence of a neutron source, a heating
source. When a constant neutron heating of the probe
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Fig. 1. Simplified picture of a single-probe calorimeter.

starts, the temperature of the probe rises linearly. In
other words, if one looks at time derivative of the probe
temperature, it will show a sudden and constant jump,
from a baseline value of zero, each time the neutron
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Fig. 2. Basic operational principle of the calorimetric
method in pulsed mode.
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source pulse is on. This derivative is directly propor-
tional to the heating rate produced by the neutron
source. However, even for a simplified calorimeter de-
sign shown in Fig. 1, the time derivative of the probe
temperature is not expected to be a constant both during
the pulse and its absence. A thermal analysis of the
calorimeter design proves handy in understanding the
variation of this derivative and its relationship to the ex-
ternal heating rate. One-dimensional thermal conduction
analysis was carried out, for the arrangement shown in
Fig. 1, in the probe medium along the system axis. The
probe dimensions measured either 20 mm diameter by
20 mm length, or 50 mm diameter by 50 mm length.
The neutron source was simulated by a pulsed heating
source that followed 1/d? dependence, where d is ax-
ial distance from the simulated point neutron source.
The distance between simulated point neutron source
and the front surface of the probe medium was taken
as 3.8 cm. The simulated, pulsed heating rate averaged
over the probe-mass was expressed in units of W/g, and
was usually set at 100 xW/g. A constant resistive heating
source power, usually 100 uW, was dissipated uniformly
throughout the probe medium. This corresponds to a
100 © RTD sensor drawing 1| mA current all the time.
The probe was thermally coupled to its surroundings
through simplified modeling of conductive and radia-
tive processes. Time constants for thermal responses of
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the sensors were assumed to be one second each. John-
son’s noise was accounted while calculating time detiv-
ative of electrical resistance of a sensor as a function
of time. A customized code TEMP was written up to
calculate the temperature and resistance profiles of the
sensors by incorporating all the considerations men-
tioned above.

Figure 3 shows temporal derivative of sensor tem-
perature as a function of time for a 50 mm diameter by
50 mm long iron probe, subjected to three heat pulses
of 300 s each, and spaced by 300 s. Also shown in the
same figure is the temporal derivative of (volume-
averaged) instantaneous probe temperature. Three sen-
sors were considered to be located at the front, middle,
and rear surfaces of the probe. A spike is seen for the
front sensor as soon as a heat pulse sets in or goes off,
The relative thermal responses of the three sensors are
better seen in Figs. 4 and 5, which respectively show
leading and trailing edges of the second D-T pulse (heat
pulse). The middle sensor follows the heat pulse shape
most faithfully. The front sensor overshoots the mid-
die sensor during the leading edge phase and under-
shoots it following the trailing edge. The rear sensor is
the slowest each time. Also, the times taken by the front
and rear sensors to equilibrate to the middle sensor tem-
perature derivative are quite comparable. The impact
of probe size on relative thermal responses of the three
sensors is brought out in Figs. 6 and 7 for an iron probe
measuring 20 mm diameter by 20 mm length. It is to
be emphasized here that all the three sensors predict
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much closer responses for this smaller probe medium.
After ~10s of onset of the leading edge, the responses
of the three sensors are hardly distinguishable; the same
observation applies to the trailing edge.

Figures 8 and 9 show temperature derivatives for
graphite (low atomic number) and tungsten (high
atomic number) probes, respectively. Each probe mea-
sures 20 mm diameter X 20 mm length. it is to be noted
that there is hardly any difference among the three sen-
sors. This may be attributed to high diffusion lengths
in the two media that, in turn, lead to low thermal dif-
fusion times across the probes and, hence, fast thermal
equilibration. An additional point that needs to be an-
swered by these simulation studies is: how are pulse-
wise temperature change rates related to external heating
power? In this regard, it is to be stressed that instanta-
neous temperature change rate is directly proportional
to external heating power, and, hence, it is adequate to
compare the net temperature change rate during a pulse
to the instantaneous temperature change rate. The net
temperature change rate, say {d7/d¢ )}, during a
pulse is derived using the following relation:

and net external heating power dissipated in the probe
medium, H", is given as
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. Fig. 3. Simulated temperature change rate versus time for a 50 mm long X 50 mm diameter iron probe (pulse duration =

300 s).
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Fig. 4. Simulated temperature change rate versus time for a 50 mm long X 50 mm diameter iron probe near the leading edge

{pulse duration = 300 s).

T net
H"e = (%;-)H me . (2)

where

{dT/dt)y = time-averaged probe temperature de-
rivative during the heat pulse

{dT7dt Y2y, (dT/dt Y8y
= time-averaged probe temperature de-
rivatives in the drift periods imme-
diately preceding and succeeding the
heat pulse in question

m = mass of probe
C, = specific heat of probe.

Figure 10 shows the normalized net temperature change
rates as a function of pulse-sequence number for graph-
ite, titanium, iron, molybdenum, and tungsten. Each
probe measures 20 mm in diameter by 20 mm in length,
except for graphite, which has an additional size mea-
suring 50 mm in diameter by 50 mm in length. While
the pulsed heating power is 100 pW/g, the constant re-
sistive power is 100 xW. It is to be remarked here that
graphite shows the largest deviation from unity. Also,
the deviation is smalier for smaller graphite probe, and
it declines fast as the pulse-sequence number rises. For
all other probe media, the deviation from unity is gen-
erally less than one per cent. The impact of pulse heat-
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ing power and resistive heating power was studied for
titanium. The normalized net temperature change rate
during a pulse depends more critically on pulse heat-
ing power. The results of the study are shown in Fig. 11.
For example, for pulse heat power of 5 uW/g, the nor-
malized temperature change rate is as low as ~0.93 for
the first pulse even though it rises to 1.01 for the sec-
ond pulse.

Before we move on, it is important to mention here
that an alternative way to get net temperature change
rate due to nuclear heating could consist of carrying out
the following procedure, called the “integral method”:
First, fit a straight line through a set of time-dependent
thermistor/RTD temperature changes for each beam-
off (source neutrons are off) and beam-on {(source neu-
trons are on) period; and second, take the difference
of the slopes in contiguous beam-on and beam-off pe-
riods to get the net temperature change rate due to nu-
clear heating alone. But there are problems with this
method. First of all, it is not correct to assume that a
straight line fit is a good fit of the measured tempera-
ture changes. Secondly, it is very well possible that this
integral method might even miss a nuclear heating pulse
altogether if either (a) the drift rate were high or (b) the
nuclear heating rate were low. In either event, one would
be dealing with two slopes that would be dangerously
close. This would lead to large errors. In our assess-
ment, it is highly desirable to avoid using this integral
method altogether, and, instead, follow our differen-
tial method as explained earlier in this work.
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Fig. 5. Simulated temperature change rate versus time for a 50 mm long x 50 mm diameter iron probe near the trailing edge

(pulse duration = 300 s).

iL.B. Sensor Selection

Bead (point-size) thermistors (TM) and plati-
num tesistance temperature detectors (RTD) were em-

ployed as thermal sensors. Four types of thermistors
were employed, having 25°C resistances of 2.252 K,
10 KQ, 22 K, and 30 KQ. Thermistors with resistances
of 2.252 K and 30 KQ were obtained from Omega
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Fig. 6. Simulated temperature change rate versus time for a 20 mm long X 20 mm diameter iron probe near the leading edge

(pulse duration = 30{ s).
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Fig. 7. Simulated temperature change rate versus time for a 20 mm long x 20 mm diameter iron probe near the trailing edge
(pulse duration = 300 s).

Engineering Corporation and 10 K@ and 22 KQ thermis- platinum RTD were —4.4 X 10~2 per °C (at 25°C) and
tors came from Alpha Thermistor Company. A piati- +4.0 x 1073 per °C (at 0°C), respectively.

numn RTD had resistance of 100 € at 0°C. The temper- There have been concerns regarding fast neutron in-
ature coefficient of resistance for a thermistor and a  duced damage adversely affecting the performance of
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Fig. 8. Simulated temperature change rate versus time for a 20 mm long x 20 mm diameter graphite probe (pulse dura-
tion = 300 s).
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Fig. 9. Simulated temperature change rate versus time for a 20 mm long x 20 mm diameter tungsten probe (pulse dura-

tion = 300 s).

a thermistor. This was addressed before proceeding
with thermistor use in first experiments done during
June 1989.20-2! It was experimentally demonstrated
that there was a negligible likelihood of a thermistor

1.08— i ‘ - ‘ 3 r
| Pulse-wise temperature change rate |
... (normalized to instantaneous value) 7

1.08f N :
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1.04 - i :
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Fig. 10, Pulsewise temperature change rate, normalized to
instantaneous value, versus pulse sequence number
for probes of graphite (50 mm diameter X 50 mm
long and 20 mm diameter x 20 mm long), titantum,
jron, molybdenum, and tungsten. Pulsed heating
power = 100 uW/g, and constant resistive power =
100 pW.
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suffering any degradation as long as neutron fluence
was below 3 x 10'* n/cm? — a safe limit for measure-
ments to follow.20-2!

ILC. Irradiation Geametry

Single-probe experiments were conducted during
June 1989, December 1989, November 1990, and
QOctober-November 1991, Figure 12 shows a schematic
of single-probe experiments conducted in June and De-
cember 1989. In these experiments, a typical probe con-
sisted of a core, measuring 20 mm diameter by 20 mm
length, that sat 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 % 2 in., was also included. The experiments done in
November 1990 and October-November 1991 all had
probes without a jacket. Typically, a probe measured
2 cm length x 2 ¢m diameter. Each probe was placed
inside an evacuated vacuum chamber that measured
15 cm length X 10 ¢m diameter. The vacuum chamber
had only 1 mm thick front wall.

During the June and December 1989 experimental
periods, thermal sensors were placed as follows: therm-
istors on the front and back flat surfaces of the core
plus close to its center: two RTD’s, such that one was
located — vertically to the axis of symmetry of the
core —in the middle of the first half and the other one
was placed in the middle of the latter half of the core.

FUSION TECHNOLOGY
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Fig. 11. Pulsewise temperature change rate, normalized to
instantaneous value, versus pulse sequence number
for a probe of titanium (20 mm diameter X 20 mm
long). Variables include pulsed heating power, §
to 100 pW/g, and constant resistive power, 1 to
100 uW.

In the case of tungsten, a 10 K& thermistor was placed
at the center of the front surface and another thermis-
tor of the same type was placed at the center of its back
surface. Three additional thermistors and two RTD’s
were used for measurements outside the probes: (a) a
2.252 K thermistor and an RTD were located on the
target surface close to the source neutron generation

HEATING MEASUREMENTS AND ANALYSES FOR PLASMA-FACING MATERIALS

area to follow the source temperature variation during
the course of each experiment; (b) a 2.252 K2 therm-
istor and an RTD were more than a metre away from
the target to observe ambient temperature fluctuations;
(c)a2.252 KQ thermistor was located on the inside of
the front wall of the vacuum chamber. Apart from these
additional sensors, three Nb foils were used in each ex-
periment to monitor the source neutron flux across the
probe. A Nb foil was located at the center of the front
surface of the probe; another Nb foil was attached to
the back surface. A third Nb foil was attached to cuter
surface of the front wall of the vacuum chamber, Dur-
ing the November 1990 and October-November 1991
experimental periods, only two niobium foils were used
per probe: one in front and the other behind a probe.
Each probe was kept in a vacuum chamber measuring
15 cm length by 10 cm diameter.

1.D. Instrumentation

The temperature change rate of interest could be as
low as 1 uK/s for heat deposition rates in the range of
1 pW/g against a large background drift.?>-** Measure-
ment of such small temperature changes demands high
precision and sophisticated instrumentation, in addi-
tion to highly sensitive and stable thermal sensors, for
reliability and reproducibility.!®!?

During the 1989 and 1990 experiments, we used a
system configuration for picking up low-level voltage
changes, developing on a thermal sensor, as shown in
Figure 13 (Refs. 20 and 21). The controller was PC
based: HP3497A or Macintosh SE (supplemented by

)
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Fig. 12. Schematic arrangement for calorimetric nuclear heating measurements.
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Fig. 13. A system configuration for low-voltage measurements.

a MacSCSI/10tech interface and MacDriver488 driver
software). While using the Macintosh SE, a program-
mable current source of HP3497A was used as such.
Two scanners (model 705, Keithley) were used to sep-
arately switch TM’s and RTD’s. For TM switching, the
model 7168 nV scanner card of Keithley was used. A
single card could take up to 8 TM’s. A current of 10 uA
was passed through a TM to measure its voltage out-
put by a nanovoltmeter, with a resolution of 10 nV in

2mV range. A current of 1 mA was passed through an
RTD to measure its output by Model 7081 precision
voltmeter of Solatron. Also a rate meter was included
to broadly monitor source neutron pulse history dur-
ing an irradiation. The data acquisition process was
driven by a BASIC program residing on the controller.

During the October-November 1991 experimental
period, scanners were dropped?? as shown in Fig. 14.
This was done to have a better stability and a shorter

Caontroltler
+Data Acquisition
(Macintosh+

IEEE 488 Bus

Keithley 181
Nanovoltmeter

Precision

Voitmeter

Thermistor#.

Keithley 182
Nancveltmeter

. Keithley 224
‘Current Source

segsoscasissiottaisssess
:
St
SRR AR

Thermistor#

Source

Vacuum Chamber

Fig. 14. A recent system configuration for nuclear heating measurements with microcalorimetric technigue,
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settling time for reading off voltage drop across the
sensors due to constant current flow in all the sensors
during an experiment. Loss of scanning was partially
compensated by adding a Keithley 182 mode! of nano-
voltmeter. It is a later but more sensitive version of the
Keithley 181 model 2%

ILE. Experimental Characteristics

Table I summarizes important characteristics of the
single probe microcalorimetric measurements con-

HEATING MEASUREMENTS AND ANALYSES FOR PLASMA-FACING MATERIALS

ducted under the U.S. DOE/JAERI collaborative pro-
gram. Probes with good thermal conductivity include
graphite, titanium, aluminum, iron, nickel, stainless
steel 304, copper, zing, zirconium, niobium, molybde-
num, tin, tungsten, and lead. A calorimetric probe of
lithium carbonate was also used in October-November
1991. Five experimental periods have been identified as
A, B, C, D, and E. They respectively identify June
1989, December 1989, November 1990, October-
November 1991, and July 1992 periods. Graphite and

TABLE 1
-Characterization of Single Probe Nuclear Heating Experiments Done-to-Date
Probe Experiment Probe-Target On-Times of

Material Identifier® Probe Dimensions Distance Pulse Sequence Comments
Graphite CA 2emgp X 2ceml 7.3 cm 10m with jacket
CB 2eme X2ceml 4.2 ¢m Im/Sm/llm with jacket
cC 2cm¢ X 2cm 3.8 cm Sm w/0 jacket
CD 2em ¢ x 2cml 39cm im w/0 jacket
CD2° 2eme¢ x2eml 4.4 cm Im w/o jacket
Titanium TIC 2em¢ X 2ceml 3.5em 5m w/0 jacket
TID 2emo X 2cml 3.8cm IJm w/0 jacket
Aluminum ALA Z2ecme¢g x2ceml 7.2 cm Im/5m with jacket
ALB 2emo x2ceml 4.6 cm Im/Sm with jacket
Iron FEA 2emo x2¢cml 7.7 cm Im/5m/10m/30m with jacket
FEB 2emép x2ceml 5.7 em Im/Sm with jacket
Nickel NIC 2¢cme¢ x2cml 3.6cm Im/Sm w/0 jacket
NID 2cme¢p x2cml 4.0 cm 3m/5m w/o jacket
SS304 S8C 2emo X 2ceml 3.5¢m Sm w/0o jacket

SSE* cube of a side of 36t025¢cm 5m inside a SS304 assembly;

5.08 cm w/0 a vacuum chamber
Copper CUA 2em ¢ X 2cem | 7.8¢cm 10 m with jacket
CUB 2em e x2ceml 5.6 cm Im/Sm with jacket
Zinc ZND 2cmo¢ x 2cml 38cm Im w/0 jacket
Zirconium ZRD 2emé¢ X 1.8ceml 3.7cm Im w/0 jacket
Niobium NBD 2cméXx2ceml 3.8¢cm Im w/0 jacket
Molybdenum MOC 2cme x2eml 3.6 cm 5m w/0 jacket
MOD 2cme Xx2cml 4.0 cm Im w/0 jacket
Tin SND 2emep X 2eml 3.8c¢cm Im w/0 jacket
Tungsten wB 25cmlx5cm x 5cm 4.2 cm Iim/Sm w/0 jacket
wC 2Zlcmé xX2cml 3.6 cm Im w/0 jacket
wD 2ecmo x2ceml 3.7 cm Im w/0 jacket
WD2b 2cmé x2cml 4.4 cm Im w/o jacket
Lead PBD 21cme x 2ceml 3.7 cm Im w/0 jacket
Li;CO; LCD SemlxS5cmx 5cm 3.8cm 10 m w/o jacket

%A, B, C, D, E stand respectively for June '89, December *89, November '90, October-November *91, and July 92 experi-

ments.

bWith Li,CO, enclosure around individual probes of graphite and tungsten.
“These measurements were done inside a $S304 assembly surrounded by Li,CO,. A thermistor each was attached to three
insulated SS304 bricks stacked axially after one another. An RTD was attached to fourth SS304 brick.
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tungsten probes were used for the largest number of ex-
periments. During periods A and B, a 1 mm thick cy-
lindrical jacket of the same material as the core was
used for probes of graphite, aluminum, iron, and cop-
per. During period D, a measurement each was made
with graphite and tungsten calorimeters that were en-
closed within a lithium carbonate shell assembly on all
sides except the one facing the target. For a large ma-
jority of the measurements, the target to probe distance
was ~4 ¢m. Usually, more than one run was made for
each probe. In a single run, a probe was subjected to
one to three D-T neutron pulses. The source neutron
intensity ranged from 1.5 x 10'2to 3 x 10'2 n/s. Usu-
ally, a pulse duration was either 3 m or 5 m, and two
successive pulses were respectively separated by ~3 m
to ~5 m. As mentioned earlier, most of the probes in-
volved a simple cylindrical probe measuring 2 cm di-
ameter by 2 cm length. However, during the periods A
and B, a 1-mme-thick cylindrical jacket surrounded a
probe. The outer dimensions of the jacket measured
32 mm diameter by 32 mm length.

lil. FEATURES OF MEASURED AND PROCESSED DATA

HLA. Raw Resistance Change Data

Figures 15 through 21 show typical resistance change
per cycle (length = 10 s) as a function of cycle no. for
a TM (thermistor) or RTD attached to single probes
of graphite, zirconium, niobium, molybdenum, tin,
tungsten, and lead in experiments during October-
November 1991. Figure 19 for a tin probe also shows
relative 14-MeV neutron intensity as measured by rate
meter. In Fig. 18 for a molybdenum probe, one can
clearly observe differences in responses of the therm-
istors attached to front and rear surfaces of the probe,

E
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Fig. 15. Graphite probe (November 91): Temporal profile of

the temperature change rate observed viaa 10 KQ
thermistor kept in front.
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Fig. 16. Zirconium probe (November 91): Temporal profile
of the temperature change rate observed viaa 1000
RTD attached laterally,
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Fig. 17. Niobium probe (November 91): Temporal profile of

the temperature change rate observed via a 100 @
RTD attached laterally.

It is to be noted that the onset of the neutron source
leads to an instantaneous drop in resistance of the
front-TM that shows up as a dip in the drift curve. This
is due to the larger instantaneous rise in temperature
of the front end due to its shorter distance from the tar-
get. We call it overshooting of temperature, as depicted
in the figure, It is to be noted that the temperature rises
instantaneously everywhere inside the probe, but, due
to rapidly decreasing D-T neutron flux as a function of
distance from the target, the instantaneous rise in tem-
perature at the rear end is significantly smaller than that
at the front end. The overshooting of temperature is ac-
tually reflected as undershooting of resistance change
in the figure. Then, the moment the neutron pulse is
shut off, the front-TM senses it right away. This leads .
to an instantaneous drop in temperature increase, We
FUSION TECHNOLOGY
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Fig. 18. Molybdenum probe (November 91): Temporal pro-
file of the temperature change rate observed via a
10 KQ thermistor each kept in front and rear.
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Fig. 19. Tin probe (October 91): Temporal profile of the
temperature change rate observed via a 10 KQ
thermistor kept in rear.

call it undershooting of temperature, as shown on the
figure. It translates into overshooting of resistance
change in the figure. Abrupt and large changes seen in
some curves are probably due to interference from stray
electromagnetic signals.

11L.B. Data Processing for Nuclear Heating Rate
and Estimated Error

The raw resistance change data for a sensor is treated
to obtain net resistance change rate, (dR/dt}}f', as
follows:
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Fig. 20. Tungsten probe inside a Li,CO; enclosure (No-
vember 91): Temporal profile of the temperature
change rate observed via a 10 K€ thermistor each
kept in front and rear.
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Fig. 21. Lead probe (November 91): Temporal profile of the
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where ¢ represents a measuring cycle of length £;
{dR/dc)y is measuring cycle-averaged probe temper-
ature derivative during the heat pulse; and (dR/dcY2y
and {dR/dc)2y represent sensor resistance derivatives,
averaged over measuring cycles, in the drift periods im-
mediately preceding and succeeding a heat pulse of in-
terest. The net temperature change rate during a heat
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pulse is, then, obtained from the net resistance change
rate as follows:

<dT>net _ (dR )ne! CRT (4)
dt [y \dt]y (Y, x10712) °
where Y, is the average source neutron intensity dur-

ing the heat pulse and is expressed in units of 10'2 to
obtain a normalized net temperature change rate, and

_dT
T dR

For a 100 © RTD sensor used in the experiment, Cpr =
2.53 K/§2. For a thermistor, however, Cgy is expressed
as a function of temperature as follows:

1
TR’

where 3(7) is magnitude of the temperature coefficient
of a thermistor at T. For a thermistor of 10 K at 25°C,

B(T) ~ 0.044/°K ,
R(T) =10%Q ,

CRT

CRT

and
Crr ~2.27 X 1073 °K/Q .

Once {d7T/dt)}f' is known, the nuclear heating rate,
H", can be obtained using Eq. (2). The two major
likely sources of experimental error on the nuclear heat-
ing rate, H", are: (a) uncertainty on C, and (b) ex-
perimental error on {(d7/dt)}§'. The specific heat of the
probe C, has been known to vary for the same mate-
rial from one piece of probe to another.'® Also, the in-
sertion of extraneous materials in a probe medium is
likely to introduce additional uncertainty, We estimate
this uncertainty to be usually less than 5%. However,
for graphite, we found more than 25% difference be-
tween two sources of data.”? The conventional way out
of this source of uncertainty has been to experimentally
determine the specific heat through an electric calibra-
tion process. However, we would like to add the fol-
lowing note of caution here. This process could hide
systematic errors, on one hand, and might provide er-
roneous simulation of spatial distribution of nuclear
heating, on the other. In the present work, we did not
do electric calibration, and, instead, used the specific
heat data available in literature. The estimated errors
on various contributors to the experimental error are
provided in Table II. The role of these contributions
can be summarized as below:

1. Positioning of probe vis-a-vis neutron source:
The probe of the calorimetric system was kept quite
close to the target (3.5 to 4 cm ). It was really difficult
to know this distance very precisely. ** Nb(n,2n)2"Nb
reaction rates of the niobium foils attached to front sur-
face of each probe were utilized to derive the distance
of the probe from the target. It is estimated?? that
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this procedure will contribute an error of 3 to 5% on
(dR/dr¥ie.

2. Source neutron strength: The source neutron in-
tensity is subject to change during the nuclear heating
run due to tritium depletion in the target. It is esti-
mated?? that mean source strength will have ~2.5%
uncertainty.

3. Error on (dR/dt )}’ and (dT/dty}§': Change in
the resistance of a sensor is derived from change in volt-
age drop across it as a function of time. The change in
voltage drop across the sensor can arise due to (a) a
change in the resistance of the sensor due to tempera-
ture change, and (b) numerous sources of noise that in-
clude source resistance noise (Johnson’s noise), lack of
close thermal contact between the sensor and the probe,
degradation in the sensor quality, thermoelectric poten-
tials at connections/junctions, varying magnetic fields
in the vicinity, and radio frequency interference, among
others. Care is taken to minimize the impact of these
noise sources during the experiment. Flow of constant
current in each sensor, use of Eq. (3), and long-enough
nuclear heat source pulses help to further reduce the
contributions of both low and high-frequency noise
sources. Also, as mentioned earlier in Sec. 11.A regard-
ing (d7/dt)}{' and instantaneous temperature change
rate, there is an uncertainty involved in relating (JR/
dr)}' to an ideal resistance change rate that is directly
proportional to nuclear heating rate. A total uncer-
tainty on {dR/dt>}f' is expected to be in the range of
4 to 8% subject to getting a mean for this value over
more than one nuclear heating pulse.

4. Total error on nuclear heating: As shown in Ta-
ble I1, one standard deviation of total uncertainty on
nuclear heating is estimated to range from ~6 to
~12%_ In principle, it is possible to further reduce un-
certainties related to (a) positioning of the probe rela-
tive to the source, by better quality control of relative
emplacement of the probe, the vacuum chamber, and

TABLE II
Estimated Uncertainty on Nuclear Heating Rate
Estimate of
Uncertainty
Source of Uncertainty (%)
Paositioning of probe relative to source Jto?
Source neutron intensity 2.5
Net temperature derivative, {dT/dt>",
determination from resistance drift curve 4108
Specific heat, C,, taken from published data® 1to 5
Total uncertainty on nuclear heating 5.7t0 12.0

2In few cases, this uncertainty might significantly exceed 5%,
though usually it is estimated to remain below this number.
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outermost polystyrene foam box; (b) (dT/dt Y5 deter-
mination, by developing and implementing a multi-
layered probe such that it works in quasi-adiabatic
mode'? and better thermal contact of sensors to the
probe medium; and (c) specific heat, by doing electri-
cal heating calibration for each probe.

IV. ANALYTICAL PROCEDURE

Three-dimensional code MCNP (Ref. 24) was used
for modeling the RNT geometry and the probe-vacuum
chamber system. Whenever present, a cylindrical jacket
surrounding the core of the probe was also modeled.
The vacuum chamber was made of stainless steel 304,
The background contribution was found negligible due

to close proximity of the probe to the neutron source-

and hence it was subsequently ignored in all the com-
putations. RMCCS library was used for neutron inter-
actions and photon production inthe whole system. This
library has many cross sections based on ENDF/B-V.
Particle transport computations were repeated with
ENDLSS library, and differences were seen between
neutron/photon energy spectra evaluated by the two
libraries. Heating numbers from four libraries avail-
able** with MCNP, i.e., BMCCS, ENDL85, RMCCS,
ENDFST (or ENDF5U), were used for a comparison
of nuclear heating rates. It is to be noted that ENDFST/
ENDF5U and RMCCS, to a large extent, originated
from ENDF/B-V; ENDL8S was the latest library avail-
able from Lawrence Livermore National Laboratory;
BMCCS contained older data, i.e., from ENDF/B-1V
or ENDL73 files. RMCCS, ENDF3T/ENDF5U, and
BMCCS (if from ENDF/B-IV) libraries contain heat-
ing numbers obtained by direct energy balance method.
Some of these heating numbers have been known to be
negative due to inconsistencies in evaluated nuclear data
for a number of isotopes.*%%2%:26 However, MCNP
works with positive response functions only, and neg-
ative heating numbers, if originally present in a library,
are equated to zero before being used for tallying,2-%7
ENDLSS has positive heating numbers that are used to
adjust photon production cross sections and spectra for
self-consistency.*”*” MCPLIB was utilized for photon
interactions and transport. The heat deposition rate
drops very rapidly across the core due to its proximity
10 the source, However, as experimental conditions are
designed to lead to quick thermal diffusion across 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 compared to experimental measurements. The
nuclear heat deposition rate, expressed in pW/g, is con-
verted to temperature-change rate, expressed in uK/s,
using specific heat data from Ref. 28.

The target and other important structural compo-
nents attached to it were included in the modeling. The
target structure does make a significant contribution to
the y-component of nuclear heating. Our calculations
show that the fractional contribution of the target ’s
FUSION TECHNOLOGY
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to the y-heating component in a probe is a very sensi-
tive function of its atomic number (Z). This fraction
rises as a function of Z, and is thus a lot more important
for high Z probe than a low Z probe.?’ Previously, our
calculations showed that for an iron calorimeter, used
in the June 1989 experiment, the target structure ac-
counted for as much as ~43% to y-component of nu-
clear heating in the probe.??

Aside from the libraries available with MCNP, we
have also used various other kerma factor libraries to
obtain neutron and gamma-ray (or photon) heating
rates, using RMCCS calculated neutron photon spec-
tra for cach experiment. ENDF/B-VI based MATXS
library MATXS10, and ENDF/B-V based MATXS li-
brary MATXSS, are among those libraries.>?° Each li-
brary has 30 neutron groups and 12 photon groups.?
In fact, there are two versions each for these two librar-
ies, e.g., MATXS10-heat, MATXS10-kerma, MATXS5-
heat, and MATXS5-kerma. The heat index stands for
neutron kerma factors obtained through direct energy-
balance method.>° Basically, one subtracts the emitted
neutron and photon energy from the available energy
to get aneutron kerma factor in this method. The kerma
index stands for “kinetic upper-estimate kerma.” %30
The process used to generate this type of neutron kerma
factor is similar to the one followed by MACK code?
except that one assumes that the minimum kinemati-
cally possible amount of photons are produced. Thus,
it is expected that heat kerma factor should generally
be smaller than or equal to corresponding kerma value,
However, we have observed that heat kerma factor is
even larger than kerma value for some materials and
neutron energies. In principle, it is expected that, for
a large system, if one also uses each of these libraries
for neutron and photon transport calculations, total
heating rates for the two versions of a MATXS library
would yield very close values due to overall conserva-
tion of energy.’ In a small system, one could expect
considerable differences between the heating rates using
heat and kerma versions of a MATXS library as a good
part of the energetic photons could escape from it.

Among other kerma factor libraries, KAOSLIB
(Ref. 4), a new kerma factor library gencrated from
ENDF/B-V library using KAGS-V code,* and a
JENDIL.-3 based library were also used. In fact, we
have used two variations of KAOSLIB library: (2)
KAOSLIB-rec, recommended version, and (b)
KAOSLIB-rec+cpd, recommended plus charged particle
decay heat version. The latter variation includes decay
heats from all radioactive charged particle products (or,
in other words, recoiling products that are radioactive
too) having half-lives up to 1 day. The JENDL-3 based
library has 125 neutron groups, and it was obtained
from basic JENDIL.-3 data files using NJOY process-
ing code,>?%3132 and the photon kerma factors came
from DLC-99 (Ref. 33).

As shown in later sections, we have observed dif-
ferences in photon heating rates, from various kerma
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factor libraries, using same photon spectrum. To elim-
inate this source of discrepancy, we adopted the pho-
ton heating rates calculated with RMCCS library for
all the libraries being compared.

V. ON CONTRIBUTORS TO DISCREPANCIES IN CALCULATED
HEATING RATES AND UNCERTAINTY ESTIMATION

To understand the respective roles of various con-
tributors to nuclear heating, let us look at the follow-
ing relationship for total nuclear heating rate H:

HEATING MEASUREMENTS AND ANALYSES FOR PLASMA-FACING MATERIALS

to sensitivity per unit lethargy (or differential sensitiv-
ity), say PJ(u), through PJ = PJ(u)-Aug . Here
Aull' represents lethargy-width of energy group (or
bin) m for particle type d. Various considerations re-
lated to treatment, calculation, and discussion of sen-
sitivity of a nuclear response in a fusion reactor have
been presented in a number of publications and can be
found in Refs. 34 through 42, among others. It is use-
ful to have magnitudes of |AH/H | for (a) totally un-
correlated case, |AH/H|,,., and (b) fully correlated
{or maximum) case | AH/H |yqc. These are respec-
tively given by:

AH ; Aqb‘
'7_1_ 2 |Prr|2(
wnc n
and
AH ign ; Ad)’
H |max 2 |Pnl ( oL
ign igp
(Z kil + E k’¢’) (5)
1

where

N = nuclei density per unit mass or volume,
depending on units chosen for

qS" = neutron and gamma-ray (photon) flux in
i and j energy groups, respectively

ki = neutron kerma factor

k} = photon kerma factor

ign = number of energy groups for neutrons
igp = number of energy groups for photons.

The relative prediction uncertainty in nuclear heating,
AH/H, is given by**

& i(adn Ak R (Aq*r’ Akf)
PJ g
HaP (5 A )+§1 & )

(6)
where
kol

ign igp

$kioh+ S rlol
i=1

Py = ™

In Eq. (7), d = nor g, and m represents energy group.
P! is to be understood as (nuclear heating) integrated
sensitivity for energy group (or bin) m for particle type
d in keeping with widespread practice. It can be related
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In the event of negative P, or P;, one can get less
conservative estimates of |AH/H |, [Eq. (8)] and
|AH/H | oy [Ea. (9)] by putting those negative num-
bers to zero. To get uncertainty estimates on total nu-
clear heating, Eqgs. (8) and (9), it 1s required to know
relative uncertainties on &/, kf, ¢,,, and ¢’ In princi-
ple, one can utilize perturbatlon theory to obtain
|Agi /9| and \Aqb" /4| provided one is able to have
a good geomemcal model of the entire experimental
system and the uncertainties on the model, transport
cross sections and energy, and angular distributions of
secondary neutrons are rather small. The uncertainties
on k! and kJ could be estimated by nuclear data eval-
uators subject to availability of all required data files,

Currently, the uncertainty files on kerma factors are
unavailable. In what follows, an effort is being made
to highlight the status of kerma factor data in differ-
ent libraries, on one hand, and neutron and photon
spectra calculations using different cross-section librar-
ies, on the other. This comparative study will help in
understanding and obtaining estimates of uncertainties
on kerma factors and neutron and photon spectra.
Then, all this information can be pieced together to get
estimates of prediction uncertainty of nuclear heating
for selected cases.

V.A. Kerma Factors

Kerma factors from BMCCS, ENDL-85, RMCCS,
ENDF5, MATXSI10 (heat and kerma), MATXSS (heat
and kerma), KAOSLIB(rec > recommended, rec+
¢pd > recommended plus charged product decay heat),
and JENDL-3 have been compared for graphite, tita-
nium, copper, zirconium, niobium, molybdenum, tin,
tungsten, and lead, among other materials. Generally,
large differences have been found for neutron kerma
factors as a function of energy. Even for photons, dif-
ferences have been observed for kerma factors from
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different libraries. As one eventually looks at heating
rates, which involves an integration of product of kerma
factor and flux over energy range, it is meaningful to
see if kerma factors from different libraries all differ
significantly in some kind of integral sense. In this re-
spect, we propose to look at lethargy-wise integration
of kerma factor as follows:

Epin
Klzf K(E)du(E) , (10)
Emax

where KT is to be understood as kerma factor integral
and Xk (E) and u (F) are kerma factor and lethargy at
energy E. In multigroup formulation, one can express
neutron and photon kerma factor integrals, say, KI,
and K17,, as below:

ign . .
KiI, = >, k}Au;, (11a)
i=1
and
igp ;
Kl, = Z k;Au; . (11b)
j=1

We express kerma factors and integrals in units of Joule
barn (or simply J-b). Tables Il and 1V list KI,’s for
respective energy ranges of 14.92 to 13.5 MeV (covering
a good part of D-T neutron energy spread) and 14.92
to 0.1 MeV. Except for niobium, a dash indicates the
absence of neutron kerma factors in that particular li-
brary. (This data was not at hand for niobium while
writing this paper.) It is to be noted that for MATXS10
library, that is based on ENDF/B-VI, kerma integrals
are smaller than heat integrals for zirconium and tung-
sten. It appears that this contradictory result could be
ascribable to lack of overall energy balance when con-
sidering all reaction channels.>3® Also, integrals are
negative for molybdenum in MATXSI10 (heat) as well
as MATXSS5 (heat). Note that KAOSLIB and MATXS5
(kerma) integrals are usually close, but they differ very
widely for titanium, even though the basic data base is
ENDFE/B-V for both. JENDL-3 and ENDL-85 inte-
grals lie close enough except for molybdenum and zir-
conium. Whereas MATXS10 (kerma) and JENDL-3
integrals are close for graphite, copper, tungsten, and
lead, they differ very widely for titanium, zirconium,
niobium, and molybdenum. Due to non-availability of
uncertainty files on neutron kerma factors, we have
opted to use ENDF/B-VI based MATXS10 (heat) and
ENDF/B-V based MAT XS5 (heat) groupwis¢ neutron
kerma factors to estimate groupwise uncertainties on
neutron kerma factors. Of course, others might follow
a different approach. Figure 22 displays an estimate of
fractional standard deviation on neutron kerma factors
for graphite, titanium, and niobium, using heat kerma
factors from MATXS10 and MATXSS. For the most
part, the estimated standard deviation is below 10% for
graphite and tungsten. However, for niobium, the es-
timated standard deviation is more than 50% in most
FUSION TECHNOLOGY

VOL. 28 AUG. 1995

HEATING MEASUREMENTS AND ANALYSES FOR PLASMA-FACING MATERIALS

0.9 O=rerrrm—rrrrm T

0.70

k
[

<+ -graphlie

0.50

c

Q

>

Q

v - - — titanium

- ——— nloblum

n

2 0.30

2 r : 3

2 N : .

N TS S S v et
1077 10°5 1073 107" 10!

Neutron energy {(MeV)

Fig. 22. Estimated uncertainty on neutron kerma factors
from MATXSI0 (‘heat’) for graphite, titanium, and
niobium as a function of neutron energy.

of the neutron energy range above 0.1 MeV. Interest-
ingly, for molybdenum, the kerma factors from the two
libraries are identical for higher neutron energies. It im-
plies that for molybdenum, relative deviation on kerma
factors is zero! But, this is in direct contradiction with
the fact that, for many energy groups, MATXS10 (heat)
kerma factors continue to be negative —a sure sign of
the inadequate state of the art. It is to be thus stressed
that the estimated standard deviation values obtained
using MATXS10 and MATXSS possibly provide only
a rather low estimate of the actual numbers, as will be-
come quite clear in Sec. VI of this paper, from quite
large differences observed in energywise neutron kerma
factors from different libraries.

Kerma factor integrals for photons are listed for
MCPLIB and MATXS10 in Table V. The integrals are
not listed for zirconium, niobium, and molybdenum for
MCPLIB, even though they can be obtained. It is to be
remarked that there appears to be a baseline trend that
the difference between the integrals from the two librar-
ies is going up as a function of atomic number of the
material, and, systematically, MATXS10 KI,;’s are
larger. Probably, it is due to just one very coarse €n-
ergy group below 0.5 MeV in MATXS10. It is a criti-
cal energy region due to the fact that kerma factor
undergoes a large change in this energy range. Note that
even as the two sets of integrals differ by just ~4% for
graphite, the difference rises to ~38% for lead. The dif-
ference is too large, and the solution obviously lies in
having finer energy groups below ~0.5 MeV for the
MATXS library.

V.B. Flux

Calculated neutron and photon energy spectra carry
uncertainty due to inexact geometric modeling, the
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TABLE V
Gamma-Ray Kerma Factor Integrals
Gamma-Ray Kerma Factor
Integrals (J-b)
(Energy range > 10 MeV
through 0.1 MeV)
Material meplib matxs10
G_raphite 5.882E—13* 6.131E-13
Titanium 2.699E—12 2.851E-12
Copper 3.944E—12 4.216E—12
Zirconium - 7.130E—-12
Niobium —-——— 7.453E—12
Molybdenum - 7.788E—12
Tin 9.759E—-12 -—-
Tungsten 2.164E—11 2.745E-11
Lead 2.605E—11 3.594E-11

2Read as 5.882 x 10713,

uncertainties carried by transport cross sections and
energy-angular distribution of secondary neutrons/
photons, and the additional calculational error associated
with the transport code used. The additional calcula-
tional error due to MCNP, used in analog mode for our
calculations, is statistical due to a limited number of par-
ticle histories followed and varies for each energy group.

For neutron transport calculations, various cross-
section libraries were available with MCNP inciuding
RMCCS, ENDFS5, and ENDL-85. RMCCS is largely
adapted from ENDF/B-V (or ENDFS5), even though it
has evaluations by the T-2 group of LANL for a num-
ber of materials, ENDL-85 is an independent cross-
section library from LLNL. We have done separate
calculations with RMCCS and ENDL-85 for a number
of experiments and compared the neutron and photon
energy spectra obtained from the two libraries. This
comparison can be utilized to obtain mean particle
spectra and energy-wise relative deviation of RMCCS
(or ENDL-85) spectrum from this mean. In particular,
we want to discuss the two sets of energy spectra for
four experiments done during the 1990 period, using
individual probes of graphite, titanium, molybdenum,
and tungsten, respectively. Figures 23, 24, and 25 for
graphite, show typical neutron and gamma-ray spec-
tra and relative standard deviations on these quantities
for these probes. The normalized spectra plotted in these
figures have been obtained from particle flux by divid-
ing it by lethargy width for each energy-bin. Energy-
bin boundaries correspond to 30 neutron energy groups
of MATXS10 library. A few common observations re-
garding both RMCCS and ENDL-85 are in order: First,
for neutron spectra, the spectrum in source neutron
groups is as much as 2 orders larger compared to any
other energy group for all the probes (see Fig. 23). This
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Fig. 23. Comparison of neutron spectra per unit lethargy in
a graphite probe (November 90 experiment) com-
puted by RMCCS and ENDL-85 Transport Librar-
ies used with MCNP.
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Fig. 24. Comparison of gamma-ray spectra per unit lethargy
in a graphite probe (November 90 experiment) com-
puted by RMCCS and ENDL-85 Transport Librar-
ies used with MCNP.

can be expected, as the probe thickness of 2 cm is not
enough to slow down a significant number of source
neutrons. In addition, the closeness of the probe to the
target ensures that there is an imperceptible contribu-
tion from room-returning neutrons to lower neutron
energy groups. Apart from source energy, there is a
broad peak of inelastically scattered neutrons around
1 to 2 MeV. Second, gamma-ray energy spectra are rel-
atively flat in the energy range extending from ~0.2 to
~6 MeV, and appear to have a bell shape with a broad
peak around ~1 MeV (see Fig. 24). These photons
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Fig. 25. Relative deviation of neutron and gamma-ray spec-
tra with respect to their means for the graphite
probe.

could result from inelastic and/or capture reactions of
neutrons. As for differences in spectra from the two li-
braries (see Fig. 25), the following remarks apply: (a)
a relatively large relative deviation is observed for both
neutron and gamma-ray spectra for all the probes, 20
to 40% deviation looking guite common; {b) as for
neutron spectra, 10 to 20% deviation is observed for
the source energy groups; (¢) as for photon spectra, the
largest discrepancies are observed for graphite and
tungsten media.

In view of large relative deviations obtained for the
photon spectra, it is quite crucial to note that photon-
producing neutron capture reactions assume quite an
importance. These capture reactions are essentially
dominated by the lower energy component of the neu-
tron spectrum, Interestingly, the same component of
the neutron spectrum makes an insignificant contribu-
tion to the neutron heating due to overwhelming dom-
inance of the source neutron component. In spite of
best modeling efforts, it is quite probable that neutron
capture driven photon production might carry large un-
certainty that would be difficult to estimate. In other
words, the relative deviations on photon spectra pre-
sented above have to be understood as optimistic esti-
mates only.

V.C. Prediction Uncertainty Estimation

Once estimated uncertainties on kerma factors and
particle flux are available along with the sensitivity pro-
files, one can use Eqs. (6), (8), and (9) to obtain esti-
mated prediction uncertainties on total nuclear heating
rates. To understand and compare the individual pre-
diction uncertainties from various kerma factor librar-
ies, we have used two sets of transport cross-section
libraries for four single-probe experiments done in
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1990 — the experiments related to graphite, titanium,
molybdenum, and tungsten (as already referred to in
Sec. V.B). Two independent approaches have been fol-
lowed to get prediction uncertainty on nuclear heating
rate. In the first approach, individual prediction un-
certainty for each of the four MCNP libraries, i.e.,
BMCCS, ENDL-85, RMCCS, and ENDF35, was ob-
tained with two sets of neutron/photon flux: (a) with
RMCCS transport calculation, and {b) with ENDL.-85
transport calculation. For each set of neutron/photon
flux, mean C, say {C}, was first obtained by taking an
arithmetic average of individual heating rates through
each of the four kerma factor libraries. Then C/{C) — 1
was obtained for both RMCCS and ENDL-85 flux
based heating rates for all the four libraries.

The second approach was based on using RMCCS

" based flux with neutron and photon kerma factors of

MATXS10 (heat). First of all, neutron and photon
heating sensitivity profiles were obtained for each probe
medium. Thereafter, Eqgs. (8) and (9) were used to get
fully correlated (maximum or /ax) and totally uncor-
related (unc) uncertainties in nuclear heating rates (see
the previous sections on obtaining uncertainties on
kerma factors and neutron/photon flux). It is to be
noted that we have assumed that there is no uncertainty
on photon kerma factors from MATXS10. This omis-
sion will act to drive down the uncertainty estimates
from the second approach. Table VI provides C/{Cy — 1
from the first approach for each of the four kerma fac-
tor libraries, as well as max and wnc estimates of heat-
ing uncertainty from the second approach. Some of
these numbers are plotted in Fig. 26. If BMCCS based

Predictlon Uncertainty for
Caleulated Nuclear Heating Rates

0.3 . andlBBirmecs  Iranepory) -‘
. . tmoos(rmees IANEpOIT)
. sndiss{vndl-46  transperi)
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]
; -

'0.3 1 1 | 1
c tl mo w

C/<C>-1
[
I
4]

maximum uncertainty

Matertal

Fig. 26. Deviation from unity of ratio of computed to
“mean computed” nuclear heating, C/{(C} — 1, in
graphite, titanium, molybdenum, and tungsten
probes, and fully correlated {(maximumy) sensitivity
estimate.
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TABLE VI
Deviation from Unity of Ratio of Computed to “Mean Computed” Nuclear Heating Rates
C/{Cy — 1, Ratio of Computed to “Mean Computed” Heating Rate — 1
Sensitivity
rmces Flux endl-85 Flux Estimate
, , , |AH/H | g
Material bmees® | endi-85% | rmecs® [ endf/b-v® | bmecs® | endl-85 | rmees® | endf/b-v?® | (|AH/H )
Graphite 0.080 |- —0.05 0.048 0.047 0.082 | —0.048 0.043 0.048 0.130
(0.079)
Titanium -0.134 0.031 0.045 0.045 —0.208 | —0.045 | —0.045 —0.031 0.082
(0.028)
Molybdenum | —0.031 0.104 | -0.038 | —0.038 —0.096 6.038 | —-0.103 ~0.103 0.072
(0.024)
Tungsten -—- 0.083 0.099 —— -—- —0.099 | —~0.083 -— 0.132
(0.070)

2Continuous energy libraries used with MCNP,

numbers are excluded from consideration, the max es-
timate appears reasonable for all materials except mo-
lybdenum. Both RMCCS and ENDI.-85 estimates from
the first approach are significantly larger than the max
estimate from the second approach for molybdenum!
This apparent contradiction results directly from large
differences in total heating rates calculated through
RMCCS and ENDL-85 for this particular probe.

In the next section, both the approaches outlined
above will be followed with an important difference:
{C> will be replaced by E, the experimentally measured
total nuclear heating rate. Only RMCCS flux will be
used to obtain sensitivity profiles for each kerma fac-
tor library considered for comparison. The uncertain-
ties on neutron and photon spectra were not available
for all probes covered in the following section. We used
four available uncertainty sets of neutron and photon
spectra (for graphite, titanium, molybdenum, and tung-
sten) for each probe material other than these four and
calculated the maximum uncertainty estimate of total
nuclear heating for each set. Out of these four maxi-
mum estimates, we picked up the one with the largest
magnitude and termed it the sensitivity estimate.

VI. RESULTS AND DISCUSSION

We will first present trends of C/E’s, ratio of cal-
culated to experimentally measured nuclear heating
rates, for nine materials: graphite, titanium, copper,
zirconium, niobium, molybdenum, tin, tungsten, and
lead. Different kerma factor libraries have been em-
ployed with RMCCS based neutron and photon flux.
Later, C/E — 1 will be compared to the sensitivity
estimate of uncertainty on total nuclear heating (see
Sec. V.C for explanation) for each of the nine materi-
FUSION TECHNOLOGY
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als. In Secs. VI.A through VLI, neutron/photon kerma
factors and nuclear heating sensitivity profiles for dif-
ferent kerma factor libraries will be presented and dis-
cussed to clarify C/E trends for each material.

Table VII presents C/E’s for single probe experi-
ments done in 1991 for all materials except for copper,
which was carried out in December 1989, This table
shows results from practically all the response function
libraries mentioned earlier. This table also shows the
ratio of neutron heating to total nuclear heating for
RMCCS, ENDL-85, MATXS10 (heat), and MATXS10
(kerma) response functions, An experimental error of
~10% is estimated for each material. The C/E’s range
from 0.43 (1o = 10%) to 3.41 (ig = 10%). Tungsten
shows excellent agreement among all libraries used, and
C/E’s are very close to unity. Zirconium has the larg-
est C/E spread from different libraries. The kerma fac-
tors are absent for tin in most of the libraries. The ratio
of neutron heating to total nuclear heating varies from
95% (graphite) to —11% (molybdenum). Generally,
this ratio drops as atomic number (Z) of the material
rises. The negative number obtained for molybdenum,
with MATXS10 (heat), is indicative of serious problems
with neutron kerma factors for this material. In fact,
the ratios for all four response functions disagree
among themselves for this material.

VLA, Graphite

Nuclear heating measurements were made with
graphite single probes during experimental periods A,
B, C, and D. During the period D, measurements were
made for two geometric arrangements: (a) graphite
microcalorimeter kept close to the target without any
surrounding enclosure {bare, or without Li,CO; enclo-
sure), and (b) graphite microcalorimeter enclosed within
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_ TABLE VII
Ratio of Computed to Experimental Nuclear Heating in Single Probes by Different Response Function Libraries
C/E, Ratio of Computed to Experimentally Measured Nuclear Heating Rates?
matxs10 matxs10
endl-85® rmees? ‘heat’ ‘kerma’ | matxs5 | matxs5 | kaoslib | kaoslib
Material bmees® | (# to total)® | (n to total) { endf/b-v® | (# to total) | {n to total) | *heat® | “kerma’ | ‘rec’ |‘ree+ cpd’ | jendl-3
Graphite i.36 .20 1.32 1.32 1.14 1.14 1.27 1.27 1.22 1.22 1.16
(0.96)¢ (0.95)¢ (0.95)¢ {0.95) (0.94)¢ (0.94) (0.94)¢
Titanium 0.83 0.99 1.00 1.00 .00 1.39 0.97 1.35 0.59 0.60 1.02
(0.45) (0.54) {0.54) (0.34) (0.54) (0.66) (0.53) [ (0.66) | (0.24) (0.25)° (0.56)
Coppet 1.t5 1.15 0.77 0.77 1.24 1.24 (.33 1.42 1.41 1.54 1.20
(0.42) {0.42) (7.3E=2) | (7.3E-2) (0.42) (0.42)
Zirconium 0.26 0.34 1.77 1.77 1.83 0.45 1.83 0.45 0.44 0.44 (.43
(0.14) (0.34) (0.88) (0.88) (0.87) (0.47)
Niobium 0.75 0.90 1.00 1.00 0.87 .10 0.98 1.06 0.97 0.97 0.98
(4.8E-2) (0.20} (0.28) (0.28) 0.17) (0.35)
Molybdenum { 0.81 0.92 0.80 0.80 0.71 0.51 0.71 0.91 0.91 0.92 1.08
{1.lIE-2) (0.13) {3.8E~3) | 3. BE-3) | (-0.13) (0.11)
Tin 3.41 0.95 0.95 - - -—— -——- - -—- e -——
(0.76) (0.13) {0.13)
Tungsten ——— 1.00 1.01 -—- 1.01 1.00 1.01 1.00 1.00 1.00 0.99
(0.045) (0.059) {0.060) (0.050)
Lead 1.63 1.11 §.60 1.60 1.14 1.14 1.33 1.13 1.13 1.13 1.13
(0.35) (0.050) (0.34) (0.34) (0.059) (0.05%)

*Experimental error ~10%.
®Continuous energy libraries used with MCNP,

“The bracketed numbers for a number of response function libraries yield ratios of neutron heating to total heating calculated by these respec-

tive libraries using flux through rmces transport cross sections.

an annular enclosure made up of Li,CO; and polyeth-
ylene, but such that there is no extraneous material be-
tween the target and the calorimeter (with Li;CO;
enclosure). The Li,CO; enclosure was used simply to
understand its impact on nuclear heating in the graph-
ite probe. It was expected that there might be signifi-
cant contributions coming from both neutrons and
photons sent by the surrounding enclosure, on one
hand, and a possible drop in nuclear heating due to re-
duction in room return, on the other. Figures 27 and
28 show how the neutron and gamma-ray spectra change
in the presence of a Li;COj enclosure around the
graphite calorimeter. Also shown for comparison in
these figures are source spectra and spectra for a bare
Li;CO; probe (measuring 5.08 cm x 5.08 cm x 5.08 cm).
All the spectra have been normalized to neutron flux,
in the energy range of 15 to 13.5 MeV, so that one can
compare the shapes of the spectra in the four cases con-
sidered. As for neutron spectrum changes, one can ob-
serve that, below source energy peak, there is a large
enhancement in the neutron spectrum. However, the
source neutrons still dominate the overall neutron spec-
trum. As for gamma-ray specira, there is an enhance-
ment in overall number of photons. But, there is very
small increase in energy range with most of the pho-
tons lying between ~0.1 to ~6 MeV. On the whole, one
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expects little change in nuclear heating in the graphite
probe with or without the Li;CO; enclosure.

As shown in Table VII, C/E’s for graphite range
from 1.14 (MATXS10) to 1.36 (BMCCS). The BMCCS
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Fig. 27. Normalized neutron spectra for a graphite probe
with and without Li,CO, enclosure and its com-
parison to source spectrum.
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Fig. 28. Normalized gamma-ray spectra for a graphite probe
with and without Li,CO;, enclosure and its com-
parison to source spectrum,.

overprediction can be ascribed to the largest neutron
kerma factors for this library in the important energy
region above 10 MeV. Neutron kerma factors are com-
pared in Fig. 29 for ENDL-85, MATXS10-heat,
MATXS5-heat, and JENDL-3 libraries, The kerma fac-
tors have very strong dependence on neutron energy:
the kerma factor is ~2 x 107! j-b close to 10 MeV
and drops by five orders to ~10~'® J.b as neutron en-
ergy drops by six orders to 10> MeV. There is a region
of large differences between ~3 to ~10 MeV energy re-
gion. MATXS10-heat and ENDL-85 are generally close
to each other. JENDL.-3 kerma factors are systemati-
cally lower than those from MATXS10-heat in energy

Kerma Factor (Joule.barn)

——e—— andif5
— « — matxs10-haat
- - - - -metxsS-heat
e jendi-3
|
0 3 12 18

Neutron Energy (MeV)
Fig. 29. Neutron kerma factors for graphite as a function of

energy for ENDL-85, MATXS10-heat, MATXSS-
heat, and JENDL-3 libraries.
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range extending from ~10 to ~ 13 MeV, but the trend
reverses above ~ 14 MeV, MATXSS5-heat kerma factors
are close to those from MATXS10-heat except above
15 MeV, In the topmost energy group, from 15 to
17 MeV, the kerma factor in the former is almost 20%
larger than the one in the latter. Let us now look at rel-
ative values of neutron kerma factor integrals (see Ta-
bles H1I and 1V). Table 111 shows that BMCCS has the
largest K1, of 5.20 x 1074 J.b, as against the lowest
value of 4.14 x 107" J-b for MATXS10, explaining
largely the reason for discrepancies among various
libraries,

The kerma factors for photons are shown in Fig. 30
for MATXS10, MCPLIB, and JENDL-3. 1t is to be

‘noted that the lowest photon kerma factor is above

~3 x 107"% J.b for photon energy lying in the range
of ~0.02 to ~0.1 MeV. It is to be compared to neutron
kerma factor of ~107"5 J.b at ~10~2 MeV. Thus,
whereas the neutron kerma factor for graphite contin-
ues (o drop rapidly below ~107? MeV, the photon
kerma factor starts rising once again as photon energy
continues to fall below ~0.02 MeV. This difference in
energy dependence of kerma factors is found to exist
for all materials being discussed in this work. Its im-
plications are very important for situations where pho-
ton heating is an important component of total nuclear
heating. In these situations, it is important to compute
photon energy spectra in the entire energy range. For
example, if one were to ignore lower energy neutrons,
say below 1073 MeV, for their contribution to neutron
heating due to quite low kerma factors, it might lead
to underprediction of photons resulting from (n,v) re-
actions, and, hence, overall photon heating in a probe.
Eventually, it might lead to underprediction of C/E for
total heating in certain situations.
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Fig. 30. Gamma-ray kerma factors for graphite as a func-
tion of energy for MCPLIB, MATXSI10, and
JENDL.-3 libraries.
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Sensitivity profiles for total nuclear heating for neu-
trons and photons are quite important in understanding
possible sources of discrepancies between calculations
and measurements. Figure 31 shows nuclear heating
sensitivity profile, P:(u)’s, for graphite as a function
of neutron energy for ENDL 85, MATXS10-heat, and
JENDL-3. It is important to see that the sensitivity
drops more than two orders as neutron energy drops
to 10 MeV. In other words, source neutron energy
groups essentially determine the neutron component of
total nuclear heating. A sensitivity profile for the pho-
ton component of the nuclear heating, say Pj(u), is
produced in Fig. 32 for MCPLIB and MATXS]O The
largest y-sensitivity occurs between ~3 10 ~9 MeV, but
it is two orders lower than the largest n-sensitivity. In
other words, total nuclear heating in graphite is dom-
inated by neutrons. This is also borne out by the frac-
tional neutron heating values provided in Table VII,
which show as much as ~95% contribution to total
heating from neutrons.

The preponderance of neutron heating fraction in
total heating in graphite could be exploited to develop
and calibrate a graphite based calorimeter to obtain the
neutron heating fraction of total heating in any other
probe material subjected to D-T neutron field.

VI.B. Titanium

Nuclear heating measurements were made with ti-
tanium single probes during experimental periods C and
D. As shown in Table VII, C/E’ for titanium range
from 0.62 (KAOSLIB-rec) to 1.41 (MATXS]O—kerma)
It appears that this large variation is mostly attribut-
able to Jarge differences in neutron kerma factors for
different libraries. As shown in Table I11, the neutron
kerma factor integrals for different libraries show large
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Fig. 31. Nuclear heating sensitivity profile, Pi(u), for
graphite as a function of neutron energy for ENDL-
85, MATXS10-heat, and JENDL-3 libraries.
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MCPLIB, and MATXSI10 libraries,

differences, from the lowest value of 5.27 x 10='3 J.b
for KAOSLIB-rec, to the largest value of 3,525 x
10714 J-b for MATXS10-kerma. Neutron kerma factors
are compared in Fig. 33 for ENDL-85, MATXS10-heat,
MATXS10-kerma, and JENDIL-3 libraries. JENDIL.-3
and ENDL-85 kerma factors appear to be close above
9 MeV. MATXS10-heat and ENDL-85 kerma factor
curves cross around 12 MeV and 15 MeV, and below
10 MeV the difference between them rises. MATXS10-
kerma values are as much as 30-50% higher above those
from MATXS10-heat in the energy range above 8 MeV.
KAOSLIB kerma factors show very odd behavior. In
fact, the kerma factors from this library start declining
beginning at 12 MeV and rise again at 15 MeV, whereas
for all other libraries the kerma factors continue to rise
between 12 and 17 MeV.

The kerma factors for photons are shown in Fig. 34
for MCPLIB, MATXS10, and JENDL-3. It is to be
noted that the lowest photon kerma factor is above
~107'3 J.b for photon energy- lying in the range of
~0.2to ~0.3 MeV. It is to be compared to the neutron
kerma factor of ~10~'3 J.b at 9 MeV. The photon
kerma factor integral for MATXS10is 5.6% larger than
the one for MCPLIB (see Table V). Comparing the
photon kerma factor integral for the 10MeV to 0.1 MeV
range {see Table V) to the neutron kerma factor integral
for 14.92 to 13.5 MeV (see Table 1I1) for MATXS10-
heat library, one finds a ratio of 145. It implies that
even a small amount of photon flux, say a percent of
the neutron flux, in the titanium medium can give rise
to photon heating rates comparable to those for the
neutron heating.

Figure 35 shows the nuclear heating sensitivity pro-
file, P} (u)’s, for titanium as a function of neutron en-
ergy for ENDL-85, MATXS10-heat, and JENDL-3. As
noted earlier for graphite, sensitivity drops more than
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Fig. 33. Neutron kerma factors for titanium as a function
of energy for ENDL-85, MATXS10-heat, MATXS10-
kerma, and JENDL.-3 libraries.
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Fig. 34. Gamma-ray kerma factors for titanium as a func-
tion of energy for MCPLIB, MATXSI10, and
JENDL-3 libraries.

two orders as neutron energy drops to 10 MeV. 1t is rel-
atively flat from 10 to 2 MeV, and thereafter it drops
speedily. A sensitivity profile for the photon com-
ponent of the nuclear heating, P;g"(u), is provided in
Fig. 36 for MCPLIB and MATXS10. The largest y-sen-
sitivity occurs between ~3 to ~4 MeV, and it is only one
order lower than the largest n-sensitivity. In other
words, though total nuclear heating in titanium is
largely contributed to by neutrons, there is an appre-
ciable contribution from photonstoo. This is also borne
out by the fractional neutron heating values provided in
Table VII, which show as much as ~46% contribution
to total heating from photons.
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MCPLIB, and MATXS10 libraries.

VI.C. Copper

Measurements were made with copper single probes
during experimental periods A and B. As shown in Ta-
ble VII, C/E’s for copper range from 0.77 (RMCCS/
ENDF35) to 1.54 (KAOSLIB-rec+cpd). This large vari-
ation arises due to large differences in neutron kerma
factors for different libraries. As shown in Table III,
the neutron kerma factor integrals for different librar-
ies show large differences. They range from 3.85 X
10~%% J.b for RMCCS/ENDFS5 to 5.17 x 107! J-b
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for KAOSLIB-rec+cpd. Neutron kerma factors are
compared in Fig. 37 for ENDL-85, RMCCS, MATXS10-
heat, MATXSS5-heat, and JENDL-3 libraries, JENDL-
3 and ENDL-85 kerma factors are close above ~0.2
MeV, RMCCS values oscillate a lot about ENDL-85
curve. Surprisingly, RMCCS hits a peak around 10 to
12 MeV and then drops precipitously between 13.5 to
15 MeV., MATXS5-heat oscillates around ENDL-85 and
even turns negative around 1.5 MeV.,

The photon kerma factors are shown in Fig. 38 for
MCPLIB and MATXS10, It is to be noted that the low-
est photon kerma factor is ~2 x 107" J. b for photon
energy lying in the range of ~0.2 to ~0.3 MeV. Itisto
be compared to neutron kerma factor of ~2 x 10713
J-b at 10 MeV (for ENDL-85). The photon kerma fac-
tor integral for MATXS10 is 6.9% larger than the one
for MCPLIB (see Table V). Comparing the photon

10714 Material: Cu

rermees matxsi0-hoaat
—~ « — matxs5-heat
— - — londl|-2

Kerma Factor (Joule.barn)

| — |-
6 12 18
Neutrorn Energy (MeV)

Fig. 37. Neuiron kerma factors for copper as a function of
energy for ENDL-85, RMCCS, MATXS10-heat,
MATXSS5-heat, and JENDL-3 libraries.
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kerma factor integral for 10 MeV to 0.1 MeV range (see
Table V) to the neutron kerma factor integral for 14.92
to 13.5 MeV (see Table II1), for ENDL-85 library, one
finds a ratio of 121, It implies that even a little photon
flux, say one percent of the neutron flux, in the cop-
per medium can give rise to a photon heating rate com-
paring favorably to that for neutron heating.

Nuclear heating sensitivity profile, P} (1), is shown
in Fig. 39 for copper as a function of neutron energy
for ENDL-85, MATXS10-heat, and JENDL-3. The
neutron-sensitivity to total nuclear heating falls more
than two orders as neutron energy drops to 10 MeV,
The peak sensitivity value of ~2.5 per unit lethargy oc-
curs at a source neutron group (15 to 13.5 MeV) for
ENDL-85. It has a relatively flat value of ~3 x 107
per unit lethargy, in the energy range extending from
~101to ~2 MeV, and thereafter it starts declining quite
fast. The photon component of the nuclear heating sen-
sitivity profile, P;(u), is provided in Fig. 40 for
MCPLIB and MATXS10. The highest y-sensitivity of
~0.4 per unit lethargy occurs between ~3 to ~4 MeV,
and it is just a factor of ~6 lower than the largest
neutron-sensitivity. Thus photons can also be antici-
pated to contribute fairly to total nuclear heating. This
is further reinforced by the fractional neutron heating
values provided in Table VII, which show as much as
~58% contribution to total heating from photons (for
ENDL-85). Note that the rather low value of neutron
heating fraction for RMCCS is directly related to its
abysmally low neutron kerma factors in the source neu-
tron energy region.

VI.D. Zirconium

The measurements of total nuclear heating were
done with a single probe of zirconium during experi-
mental period D. It is to be noted that unlike single
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Fig. 39. Nuclear heating sensitivity profile, £} (u}, for cop-
per as a function of neutron energy for ENDL-85,
MATXS10-heat, and JENDL-3 libraries.
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pieces of material for most of the probes, we used a stack
of multiple small but identical pieces of material for
constructing the probe of zirconium. Due to lack of
proper thermal conduction from one piece to another in
the zirconium probe thus constructed, differences were
observed in spatial heat deposition rates inside this
probe. For this reason, we will be considering only RTD
measurements as the appropriate data for comparison
to the calculation. This is justified as the RTD sensor
was placed laterally along the entire length of the probe
and was in good thermal contact with each component
piece of the probe. In a sense, the RTD provides cor-
rect volumic average of total heat deposition. As shown
in Table V1I, C/E's for zirconium range from 0.3
(BMCCS/ENDL-85) to 1.8 (RMCCS/MATXS10-heat/
MATXS5-heat). This enormous difference is due to
large variations in neutron kerma factors for various
libraries. There appear to be two distinct groups of
C/E’s, The first group has C/E’s ranging from 0.26 to
0.44 and contains 7 libraries that include ENDI.-85,
BMCCS, MATXS10-kerma, MATXS5-kerma, KAOS-
LIB-rec, KAOSLIB-rec+cpd, and JENDL-3. The second
group has C/E’s ranging from 1.77 to 1.83 and has 4
libraries including RMCCS, MATXS10-heat, and
MATXS5-heat. The neutron kerma factor integrals
(see Table I1I) show large differences. They range from
2.68 x 10713 J.b for BMCCS to 1.25 x 10713 J-b for
MATXS10-heat and MATXS5-heat. Neutron kerma
factors are compared in Fig. 41 for ENDL-85, RMCCS,
MATXS10-heat, MATXS10-kerma, and JENDL-3 li-
braries. JENDL-3, ENDL-85, and MATXS10-kerma
values are close above ~0.2 MeV, RMCCS and
MATXS10-heat values are quite close to ¢ach other and
lie way above ENDL-85 curve in the entire neutron en-
ergy range of interest. Also, RMCCS hits a broad peak
between 8 and 10 MeV and then drops on either side.
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The problems with zirconium kerma factors are exem-
plified by the fact that MATXS10-heat are an order or
so larger than MATXS10-kerma even though the lat-
ter are designed to exceed the former. This is probably
due to lack of energy conservation in ENDF/B-VI
files.:¥0

The photon kerma factors are shown in Fig. 42 for
MATXS10, It is to be noted that the lowest photon
kerma factor is ~5 x 10™'* J-b for photon energy ly-
ing in the range of 0.5 to 1 MeV. 1t is to be compared
to neutron kerma factor of ~9 X 107" J-b at 14 MeV
{for ENDL-85). While comparing photon kerma fac-
tor integral for 10 MeV to 0.1 MeV range for MATXSI10
(see Table V) to neutron kerma factor integral for 14,92
to 13.5 MeV (see Table [1I), for ENDL-85 library, one
finds a ratio of 810. The similar ratio for MATXS10-
heat is only 57, It appears that none of the two ratios
is reasonable. Perhaps a more realistic ratio will lie be-
tween these two, In other words, more sensible neutron
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Fig. 41. Neutron kerma factors for zirconium as a function
of energy for ENDL-85, RMCCS, MATXS10-heat,
MATXS10-kerma, and JENDL-3 libraries.
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kerma factors will lie between the two sets of the neu-
tron kerma factors as discussed earlier,

Neutron component of nuclear heating sensitivity
profile, P, (), is shown in Fig. 43 for zirconium as a
function of neutron energy for ENDL-85, MATXS10-
heat, and JENDL-3. The neutron-sensitivity tumbles
more than two orders as neutron energy goes down (o
10 MeV from 14 MeV. The peak sensitivity value of ~6
per unit lethargy occurs at a source neutron group (15
to 13.5 MeV) for MATXS10-heat. It has a refatively flat
value of ~3 x 1072 per unit lethargy, in the energy
range extending from ~8 to ~2 MeV, and then it starts
dropping rapidly as the neutron energy drops further.
The gamma-ray component of nuclear heating sen-
sitivity profile, P;(u), is provided in Fig. 44 for
MATXS10. The highest y-sensitivity of ~0.3 per unit
lethargy occurs between ~7 to ~8 MeV, and it is a fac-
tor of ~20 lower than the largest neutron-sensitivity.
Thus photons are capable of making significant con-
tribution to total nuclear heating in zirconium, This in-
ference is further strengthened by the fractional neutron
heating values provided in Table VII, which show neu-
tron contributions varying from 13% (BMCCS) to 88%
(RMCCS/MATXS10-heat). The rather high value of
the neutron heating fraction for RMCCS/MATXS10-
heat is directly related to the abnormally high neutron
kerma factors in the entire neutron energy region of
significance.

VLE. Nichium

Nuclear heating measurements were made with ni-
obium single probes during experimental period DD, As
shown in Table V11, C/E’s for niobium range from (.75
(BMCCS) to 1.10 (MATXS10-kerma). The C/E differ-
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Fig. 43. Nuclear heating sensitivity profile, P, {u), for
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JENDL-3 libraries.
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ences are rather moderate. The observed variation is at-
tributable to differences in neutron kerma factors for
various libraries, Tables Ii and IV show neutron kerma
factor integrals for some of the libraries. As seen from
Table 111, the neutron kerma factor integrals range
from 4.72 X 107!* J-b for MATXS10-heat to 2.05 x
10~ J-b for MATXS10-kerma. Neutren kerma factors
are compared in Fig. 45 for MATXS10-heat, MATXS10-
kerma, KAOSLIB-rec, and JENDL-3 libraries. The
JENDL-3 and KAOSLIB-rec kerma factors are gener-
ally close. The MATXS10-kerma values lie much above
JENDL-3 in the energy region from 10 to 17 MeV.
In fact, for 14.92 to 13.5 MeV, the MATXS10-kerma
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Fig. 45. Neutron kerma factors for niobium as a function
of energy for MATXS10-heat, MATXS10-kerma,
KAOQOSLIB-rec, and JENDL-3 libraries.
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value is as much as ~46% larger. As for MATXSI10-
heat, it oscillates violently. For example, it is close to
JENDL-3 between 17 and 15 MeV and then starts drop-
ping fast and turns negative between 12 and 10 MeV. It
rises again at 10 MeV and hovers around JENDL-3,
MATXS10-kerma, and KAOSLIB-rec before turning
negative once more between 3.6 and 2.9 MeV,

The photon kerma factors for MATXSI10 are
shown in Fig. 46. It is to be noted that the lowest pho-
ton kerma factor is ~5 x 10~"* J-b for photon energy
lying in the range of 0.5 to 1 MeV. Compare it to
JENDL-3 neutron kerma factor of 1.4 x 10~'3 J.b for
14.92 to 13.5 MeV. The dominance of photons stands
out. While comparing the photon kerma factor integral
for MATXS10 for the 10 MeV to 0.1 MeV range (see
Table V) to the neutron kerma factor integral for 14.92
to 13.5 MeV (see Table I11) for the JENDL-3 library,
one finds a ratio of 531! It implies that even a tiny
amount of photon flux, say one or two percent of the
neutren flux, in the niobium medium can produce a
photen heating rate that is comparable to the neutron
heating.

Figure 47 shows the nuclear heating sensitivity
profile, P, (u)’s, for niobium as a function of neu-
tron energy for MATXS10-heat, MATXS10-kerma,
KAOSLIB-rec, and JENDL-3. These profiles are
largely driven by the respective kerma factors. Peak
sensitivity value of ~2, for MATXS10-kerma, occurs
in 15 to 13.5 energy region. The profile is almost flat
from 10 to ~0.5 MeV, and thereafter it drops. The sen-
sitivity is ~107 in this region. Sensitivity profile for
photon component of the nuclear heating, P;(u), is
provided in Fig. 48 for MATXS10. The largest y-sensi-
tivity of ~0.25 occurs between ~3 to ~2 MeV, and it
is approximately one order lower than the largest
neutron-sensitivity. This portends relatively significamt
contribution from the v’s. This is also borne out by the
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Fig. 46. Gamma-ray kerma factors for niobium as a func-
tion of energy for MATXSI10 library.

FUSION TECHNOLOGY VOL. 28 AUG. 1995

HEATING MEASUREMENTS AND ANALYSES FOR PLASMA-FACING MATERIALS

T T T LR |

1005_....‘
[} — e matxsi0-heat
E oo matxs10-kerma E
E — + — kaos-rac E
. N -3
10 25‘" jendt-z @ iR ng

I

Sensitivity per unit lethargy

107" 16° 10!

Neutfon Energy (MeV)

Fig. 47. Nuclear heating sensitivity profile, Pi{u), for
niobium as a function of neutron energy for
MATXS10-heat, MATXS10-kerma, KAOSLIB-rec,
and JENDL-3 libraries.

. e
e, [ Material: Nb
(™
[+~ -
]
el
-
=
= 1oL
= i
| -
2 1
-
=
>
z ] —
> matxsi10
m .
10-22 N N
107 10! 10° 10}

Gamma-ray Energy (MeV)

Fig. 48, Nuclear heating sensitivity profile, Pg(u), for nio-
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MATXS10 library.

fractional neutron heating values provided in Table VII,
which range from 4.8% (BMCCS) to 35% (MATXS10-
kerma). Obviously, neutron heating component has a
large discrepancy among different libraries, and needs
improvement. The ENDF/B-V1 kerma factors pro-
vided in the form of MATXS10-heat are inadequate.

VL.F. Molybdenum

The nuclear heating measurements were made
with single molybdenum probes during experimen-
tal periods C and D. As shown in Table VII, C/E’s
for molybdenum range from 0.71 (MATXS10-heat,
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MATXS5-heat) to 1.08 (JENDL-3). This variation is at-
tributable to very large differences in neutron kerma
factors for different libraries. As shown in Table 111,
neutron kerma factor integrals go from —3.34 x 10713
J-b for MATXS10-heat to 1.68 x 107'* J-b for
JENDL-3. Neutron kerma factors are compared in
Fig. 49 for ENDL-85, RMCCS, MATXS10-heat,
MATXS10-kerma, and JENDL-3 libraries. MATXS10-
kerma and ENDL-85 kerma faciors appear to be quite
close. JENDL-3 stays around ENDL-85 from ~1072
through ~1 MeV, and is considerably below ENDL-85
between 2 to 3 MeV. [t rises rapidly and overtakes
ENDL-85 and is significantly larger at 6 MeV. Above
12 MeV, JENDL-3 kerma is way above. RMCCS and
MATXS10-heat kerma factors oscillate wildly, RMCCS
drops to zero between 15 to 13.5 MeV. MATXS10-heat
stays continuously negative from 17 to 7.8 MeV!

The kerma factors for photons are shown in Fig. 50
for MATXS10. It is to be noted that the lowest pho-
ton kerma factor is ~5 x 10713 J.b for photon energy
lying in the range of ~0.1 to ~0.5 MeV. It is to be com-
pared to neutron kerma factor of ~7 x 1074 J-b for
14.92 to 13.5 MeV. When we compare photon kerma
factor integral, for MATXS10, for 10 MeV to 0.1 MeV
range (see Table V) to neutron kerma factor integral for
14.92 to 13.5 MeV (see Table I11), for ENDL-85 library,
one finds a ratio of 1109! It is obvious that there will
always be a significant contribution from 4’s to total
nuclear heating. A

Nuclear heating sensitivity profiles, P;(u)’s, for
molybdenum as a function of neutron energy are shown
in Fig. 51 for ENDL-85, RMCCS, MATXS10-heat,
MATXS10-kerma, and JENDL-3. The peak sensitiv-
ity has a value of ~0.7 for 15 to 13.5 MeV for ENDL-
85. The sensitivity for ENDL-85 averages ~2 x 1072
in relatively flat region extending from 10 to 0.5 MeV,
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Fig. 49. Neutron kerma factors for molybdenum as a func-
"7 tion of energy for ENDL-85, RMCCS, MATXS10-
heat, MATXS10-kerma, and JENDL-3 libraries.
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kerma, and JENDL-3 libraries.

and thereafter it drops continuously. Sensitivity pro-
file for photons appears in Fig. 52 for MATXS10. The
largest y-sensitivity value of ~0.4 occurs between 6to
5 MeV, and it is almost a factor of 2 lower than the larg-
est neutron sensitivity. The strong component of pho-
ton heating to total nuclear heating is evident for
molybdenum. Also the fractional neutron heating val-
ues provided in Table VII confirm the important role
of the v's. The neutron heating varies from —13%
(MATXS10-heat) to 13% (ENDL-85). MATXS10-heat
prediction of neutron heating is definitely wrong as
kerma factors were negative for a range of neutron en-
ergies, including the source energy range!
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Fig. 52, Nuclear heating sensitivity profile, P, (1), for mo-
lybdenum as a function of gamma-ray energy for
MATXSI10 library.

VLG. Tin

Total nuclear heating measurements in single
probes of tin were carried out during experimental pe-
riod ID. Only two libraries were available for tin:
ENDL-85, and BMCCS (or ENDL-73). C/E’s for tin
are respectively 0.95 (ENDL-85) and 3.41 (BMCCS),
as shown in Table VII. The huge discrepancy between
the two libraries is due to large differences in their neu-
tron kerma factors. Neutron kerma factor integrals for
the two libraries differ by a factor of 20 (see Table 11D,
the integrals being 5.90 x 10~'* J.b (ENDL-85), and
1.22 x 107" J.b (BMCCS). BMCCS KI, appears to
be excessively high! Figure 53 shows plots of neutron
kerma factors from ENDIL.-85 and BMCCS. BMCCS
values are systematically larger than those by ENDL-
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Fig. 53. Neutron kerma factors for tin as a function of en-
ergy for ENDL-85, and BMCCS libraries.
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85. The kerma factors are closest around ~1 MeV and
differ by a factor of ~7 only, The BMCCS values be-
come as much as 100 times those by ENDL-85!

Figure 54 shows photon kerma factors from
MCPLIB. The lowest photon kerma factor is above
~6.5 % 1071 J. b for photon energy lymg in the range
of 0.8 to 0.5 MeV. For perspective, it is important to
note that it is even larger than the largest neutron kerma
factor value of ~5.9 x 107" J-b (15 to 13.5 MeV
group) for ENDL-85. From comparison of photon
b ..ma factor integral for 10 MeV to 0.1 MeV range (see
Toble V) to neutron kerma factor integral for 14.92 to
13.5 MeV (see Table Li1), for ENDL-85, one finds a ra-
tio of 1654, 1t follows that photons are destined to con-
tribute, in a very significant measure, to overall nuclear
heating in a tin probe .

_ Figure 55 shows nuclear heating sensitivity profile,
P, (u)’s, for tin as a function of neutron energy for
ENDL.-85 and BMCCS. Peak sensitivity of ~0.7 per
unit lethargy, for ENDL-85, occurs for a source neu-
tron group going from 15 to 13.5 MeV. Sensitivity pro-
flle for photon component of the nuclear heating,

P;(u), is plotted in Fig. 56 for MCPLIB. The largest
¥- sensmvuy value of ~0.4 per unit lethargy occurs be-
tween ~8to ~6 MeV, and it is approximately a factor
of two lower than the largest neutron sensitivity.
Clearly, photons contribute strongly to total nuclear
heating for our experimental conditions. The fractional
neutron heating values from Table VII support this ob-
servation. The photon heating is 88% by ENDL-85.
BMCCS prediction of only 25% photon contribution
appears off due to apparently large neutron kerma fac-
tors that act to raise neutron heating.

VI.H. Tungsten

Nuclear heating measurements were made with
graphite single probes during experimental periods B
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Fiz. 54. Gamma-ray kerma factors for tin as a function of
energy for MCPLIB library.
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C, and D. During the period D, measurements were
made for two geometric arrangements, as for graph-
ite: (a) tungsten microcalorimeter kept close to the tar-
get without any surrounding enclosure (bare or without
Li,CO4 enclosure), and (b) tungsten microcalorimeter
enclosed within an annular enclosure made up of
Li,CO4 and polyethylene, but such that there is no ex-
traneous material between the target and the calorimeter
(with Li,CO, enclosure). Refer to earlier discussion for
graphite probe for rationale behind use of Li,CO; en-
closure. As for tungsten, the change in nuclear heating
was negligible due to this enclosure. As shown in Ta-
ble VII, C/E’s for tungsten range from 0.99 (JENDL-3)
to 1.01 (MATXS10-heat/RMCCS/MATXS5-heat).
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This closeness in C/E values masks the large differences
in neutron kerma factors for different libraries. Pho-
ton heating is taken to be identical for all libraries. As
shown in Table 111, the neutron kerma factor integrals,
from 14.92 to 13.5 MeV, for different libraries show
large differences. These integrals range from 4.63 x
107'% J-b (JENDL-3) to 6.43 x 10~'% J.b (RMCCS).
In fact, the integrals over larger range (14.92 to 0.1
MeV), as provided in Table 1V, show that the differ-
ences accentuate further. The neutron kerma factors
are compared in Fig. 57 for ENDL-85, RMCCS,
MATXS10-heat, MATXS10-kerma, and JENDL-3
libraries above 5 MeV, ENDL-85 and JENDL-3 kerma
factors are close to one another. RMCCS, and
MATXS10-heat kerma factors are close to each other,
but lie much above ENDL-85 beyond 2 MeV. At 14 MeV,
MATXS10-heat kerma is ~30% larger than ENDL-85
kerma. The largest difference in kerma factors is found
around 7 MeV, where MATXS10-heat value is almost
4 times of ENDL-85 value! MATXS10-kerma values lie
between the preceding two sets, but are closer to the
ENDL-85 set.

The photon kerma factors are plotted in Fig. 58 for
MCPLIB, MATXS10 and JENDL-3, There is large dis-
agreement among the two libraries below 0.5 MeV, and
above 9 MeV, The kerma factor integrals, over 10 to
0.1 MeV range, for the two libraries differ widely (see
Table V). The MATXS10 K7, is 27% larger than that
for MCPLIB. The lowest photon kerma factor from
MCPLIB is ~1.5 x 107'* J-b for photon energy lying
in the range of ~1.5to ~0.5 MeV. It is to be compared
to neutron kerma factor of ~5 x 107 J-b at 14 MeV.
This clearly brings out the importance of photons to nu-
clear heating for tungsten. Comparing photon kerma
factor integral for 10 MeV to 0.1 MeV range for
MCPLIB (see Table V) to neutron kerma factor inte-
gral for 14.92 to 13.5 MeV (see Table 1II), for ENDL-85

. .
107 Material: W

—s—— endlas
........... tmecs
-- = --matxst0-heai

— - — mstxsi0-kerma
e et L L1-1EX

Kerma Factor (Joule.barn)

6 12 18
Neutron Energy (MeV}

Fig. 57. Neutron kerma factors for tungsten as a funciion
of energy for ENDL-85, RMCCS, MATXS10-heat,
MATXS10-kerma, and JENDL.-3 libraries.
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Fig. 58. Gamma-ray kerma factors for tungsten as a func-
tion of energy for MCPLIB, MATXS10, and
JENDL.-3 libraries.

library, one finds a huge ratio of 4291. It follows that
photons will always contribute substantially to nuclear
heating in a reasonably sized tungsten probe, even when
incident field is somehow tailored to be 100% 14 MeV
D-T neutrons! A reasonably sized probe will ensure that
a great majority of the energetic electrons released in
nuclear energy deposition process is absorbed in the
probe itself for ensuring charged particle equilibrium
(CPE) through most of the probe-volume. As range for
even 1 MeV electrons in tungsten is 0.77 g/cm?, a
probe of tungsten at full theoretical density (19.3
g/cm®) will measure at least 2 mm a side. We assume
here that there are no clectrons above 1 MeV and that
it is adequate to have a probe dimension § times the
range to keep the violation of CPE to an acceptably low
level. Compare a probe dimension of 2 mm to a 14 MeV
neutron mean free path of ~ 30 mun in tungsten. Evi-
dently, there is an appreciable probability of produc-
ing y-rays even for a 2-mm-thick tungsten probe!
Figure 59 shows nuclear heating sensitivity profile,
Pl (u)’s, for tungsten as a function of neutron energy
for ENDL-85, RMCCS, MATXS10-heat, MATXS10-
kerma and JENDDL-3. Largest sensitivity, for ENDL-
85, occurs for 15 to 13.5 MeV group, and is ~0.3 per
unit lethargy. Sensitivity drops more than two orders
as neutron energy drops to 10 MeV from 14 MeV. It has
relatively flat value of ~1073 per unit lethargy from 10
to ~0.8 MeV, and thereafter it comes down fast.
RMCCS profile lies way above that with ENDL-85.
Sensitivity profile for photon component of the nuclear
heating, P,(u), is provided in Fig. 60 for MCPLIB
and MATXS10. The largest v-sensitivity, ~0.3 per unit
lethargy, occurs between ~3 to ~4 MeV (for MCPLIB),
and it is of the same order as largest neutron sensitiv-
ity, but it is ~300 times the neutron sensitivity in the
flat response region. Thus, total nuclear heating for our
experimental conditions is controlled by photons. This
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Fig. 60. Nuclear heating sensitivity profile, P.;j(u), for
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MCPLIB, and MATXSI10 libraries.

is also supported by the fractional neutron heating val-
ues provided in Table VII, which show as low as 4 to
6% contribution to total heating from neutrons.
The preponderance of photon heating fraction in
total heating in tungsten could be exploited to develop
and calibrate a tungsten based calorimeter to obtain
photon heating fraction of total heating in‘any_other
probe material subjected to D-T neutron field.

VLI Lead

Nuclear heating measurements were made with lead
single probes during experimental period D. As shown
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in Table VII, C/E’s for lead range from 1.1 (ENDL-85/
MATXS5-kerma) to 1.6 (RMCCS/BMCCS/ENDF5).
This large variation is mostly attributable to large dif-
ferences in neutron kerma factors for different librar-
ies, as photon heating is taken to be identical. In fact,
one can look at the fractional neutron heating rates for
different libraries provided in Table VII. The libraries
with the largest C/E’s are those that have abnormally
large neutron heating fractions. For example, BMCCS
(C/E = 1.63), RMCCS (C/E = 1.60), and ENDF5
(C/E = 1.60), have rather large, fractional neutron
heating values of 0.35, 0.34, and 0.34 respectively. On
the other hand, ENDL-85, MATXS10-heat (C/E =
1.14), and MATXS10-kerma (C/E = 1.14) have low,
fractional neutron heating values of 0.050, 0.059, and
0.059, respectively.

As shown in Table 111, the neutron kerma factor in-
tegrals for different libraries show large differences-
lowest value of 4.40 x 107" J.b for MATXS5-kerma,
and largest value of 6.73 x 107" J.b for RMCCS.
Neutron kerma factors are compared in Fig. 61 for
ENDL-85, RMCCS, MATXS10-heat, MATXS5-heat,
and JENDL-3 libraries. ENDL-85, MATXS10-heat,
and JENDL-3 kerma factors are close to one another.,
RMCCS, and MATXS5-heat kerma factors show large
deviations from the other three. Additionally, MATXSS-
heat kerma factors are negative for many energy groups
above 2 MeV. RMCCS kerma factors show oscillatory
behavior above 2 MeV, RMCCS kerma factors are al-
most the largest above 10 MeV. Interestingly, RMCCS
value peaks for 15 to 13.5 MeV group and decreases on
either side of this group, and this peak value is more
than an order larger than that for any other library.

The kerma factors for photons are shown in Fig. 62
for MCPLIB, and MATXS10. There is large disagree-
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energy for MCPLIB, and MATXS10 libraries.

ment between the two libraries below 0.5 MeV and
above 9 MeV. The kerma factor integrals, over 10 to
0.1 MeV range, for the two libraries differ widely (see
Table V). The MATXS10 K, is 38% larger than that
for MCPLIB. The lowest photon kerma factor from
MCPLIB is ~2 x 10~'2 J-b for photon energy lying in
the range of ~1.5 to ~0.8 MeV. It is to be compared
to neutron kerma factor of ~5 x 10~'% J-b at 14 MeV.
This clearly brings out the importance of photons to nu-
clear heating for lead. Comparing photon kerma fac-
tor integral for 10 MeV to 0.1 MeV range for MCPLIB
(see Table V) to neutron kerma factor integral for 14,92
to 13.5 MeV (see Table 111}, for MATXS10-heat library,
one finds a ratio of 5122! It implies that photons will
invariably make large contribution to nuclear heating
in a finite-size lead probe.

~ Figure 63 shows nuclear heating sensitivity profile,
P, (u)’s, for lead as a function of neutron energy for
ENDL-85, RMCCS, MATXS10-heat, MATXS5-heat
and JENDL-3. Largest sensitivity occurs for 15 to
13.5 MeV group for ENDL-85 and MATXS10-heat and
is ~0.3 per unit lethargy. Generally, sensitivity drops
two to three orders as neutron energy drops to 10 MeV
from 14 MeV. It has relatively flat value of ~1072 per
unit lethargy from 10 to ~1 MeV, and thereafter it
comes down fast. RMCCS and MATXS5-heat sensitiv-
ity profiles are driven by the oscillatory behaviors of
their kerma factors. Sensitivity profile for photon com-
ponent of the nuclear heating, P;,' (u), is provided in
Fig. 64 for MCPLIB and MATXSI0. The largest y-sen-
sitivity, ~0.2 per unit lethargy, occurs between ~0.5
to ~8 MeV (for MCPLIB), and it is of the same order
as largest neutron sensitivity, but it is ~200 times the
neutron sensitivity in the flat response region. In other
words, total nuclear heating for our experimental con-
ditions is largely dominated by photons. This is also
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Fig. 64. Nuclear heating sensitivity profile, Pg(u), for lead
as a function of gamma-ray energy for MCPLIB,
and MATXS10 libraries.

borne out by the fractional neutron heating values pro-
vided in Table VII, which show as low as ~6% contri-
bution to total heating from neutrons (for MATXS10-
heat).

VIl. STATUS OF PREDICTION UNCERTAINTY

Let us look at the C/E results for various materi-
als and libraries of the preceding section in the light of
sensitivity estimation discussed earlier in Sec. V. We
have used RMCCS spectra for neutrons and ~y-rays
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(photons) and kerma factors from MATXS10-heat Ii-

brary. Uncertainties on n and y-spectra have been ob-
tained using RMCCS and ENDL-85 spectra for the
same experiment, wherever available, and using the
procedure highlighted in Sec. V. Whenever we do not
have these spectra, we calculate sensitivity estimates,
| AH/H | oy, using the uncertainty files for four refer-
ence experiments, namely, graphite, titanium, molyb-
denum, and tungsten, and retain the largest sensitivity
estimate out of the four. The materials that fall under
this category include: copper, zirconium, niobium, tin,
and lead. Figure 65 shows prediction uncertainty in to-
tal nuclear heating, say, C/E — 1, for all the materials.
The materials are arranged in the order of increasing
Z, going from graphite (Z = 6) to lead (Z = 82).
The figure shows results from ENDL-85, RMCCS,
MATXS10-heat, MATXS10-kerma, JENDL-3, along
with sensitivity estimate. Zirconium has the lowest sen-
sitivity estimate, and lead has the largest estimate. It is
to be noted that sensitivity estimates appear to satisfac-
torily explain the uncertainty predictions from most of
the libraries for titanium, niobium, molybdenum, tin,
tungsten, and lead. However, for graphite, copper, and
zirconium, the uncertainty predictions are considera-
bly larger than the sensitivity estimates. In the case of
zirconium, the uncertainties on neutron kerma factors
are expected to be much larger than those used (refer
to Sec. V.C). As for graphite and copper, uncertain-
ties on neutron kerma factors, and photon production
Cross sections may be much larger than those reflected
in the sensitivity estimates, directly in neutron kerma
factors for the former and indirectly in photon flux for
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Fig. 65. Prediction uncertainty in nuclear heating, expressed
as C/E — 1, for various plasma-facing material
probes subjected to D-T neutrons; materials include
graphite, titanium, copper, zirconium, niobium,
molybdenum, tin, tungsten, and lead; various li-
braries are included.
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ever, there will be very little improvement for zitconium,
In other words, both neutron kerma factors and pho-
ton production cross sections for zirconium need dras-
tic improvemeni.

VIii. QUALITY FACTORS FOR NUCLEAR HEATING

It is clear from the previous sections that, in gen-
cral, there is significant disagreement between calcula-
tion and the experimentat measurement of total nuclear
heating for almost all the materials covered in this
work. Obviously, the calculated neutron and photon
energy spectrum, the neutron kerma factors, and the
photon kerma factors used in the nuclear heating cal-
culations contribute to the disagreement. The inade-
guacies in radiation transport ¢ross sections, photon
production cross sections and geometrical/material
modeling of the irradiated assembly, including the probe
and its surroundings, are notable contributors to the
uncertainties in the calculated neutron and photon en-
ergy spectra. In principle, it is possible to mitigate these
inadequacies. However, the task of bringing out signif-
icant improvement in the whole range of neutron and
photon kerma factors, and photon production cross
sections requires enormous amount of effort spread
over many vears, as one has (o patiently await avail-
ability of improved partial cross sections, and energy
and angular distributions of recoiling nuclei, and emit-
ted neutrons, photons, and light charged particles.

The designers of a fusion machine need.reliable in-
formation on total nuclear heating in its various com-
ponents. Entire range of neutron and photon energy
spectra are involved in the heating calculations. The
machine-compaonent closest to the D-T plasma sees
the hardest neutron spectrum; the one farthest from the
plasma usually sees the softest spectrum. 1t is to be re-
minded that (n,y)-reactions are preferably provoked
by low-energy part of the neutron energy specirum, un-

“like (m,2R), (1, p), (n,np/d), (n,1), (n,a) reactions
that are preferably provoked by high-energy part of the
spectrum, The neutron kerma factors fall rapidly as the
neutron energy drops. Thus, most of the contribution
to neutron component of total nuclear heating comes
from hardest part of the spectrum. But, even a small
fraction of low energy neutrons could lead to sizeable
production of photons through (#,v)-reaction, which
might, in turn, lead to relatively significant amount of
photon heating, even for a machine-component close
to D-T plasma. The designers accept the inadequacies
of modeling and the cross-section data and incorporate
safety factors to come up with a somewhat conserva-
tive design.*+

Sizable underprediction or overprediction of nu-
clear heating by calculation is undesirable due to its im-
plications tor large overheating or underheating of
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ing might be unacceptable in fusion machines that em-
ploy structural materials having high Ductile to Brittle
Transition Temperature (DBTT), close to room tem-
perature or higher. 1deally, one needs to correct the cal-
culation, using a multiplier, such that the corrected pre-
diction is equal to actual {(experimental) amount of total
nuclear heating. This correction factor for a code (and
library} can be defined as

ideal correction factor (ICF) = 1/(C/E) = E/C ,

where inverse of observed C/E’s defines correction fac-
tor for a given material. As long as one has access to
very large amount of C/E data for each material, one
can obtain the ICF and associated confidence level, The
ICF can also be seen as a quality factor that is indica-
tive of the quality of the ensemble of transport cross-
sectional library, photon production cross sections,
computed neutron and photon spectra, neutron and
photon kerma factors, and experimental data.

In practice, it is almost impossible to obtain the ICF
as defined above due to problems associated with (a)
impossibility of exact modeling of the experimental as-
sembly, (b) non-vanishing errors of the calculational
method/code, and (¢) finite experimental error. Thus,
one will rather be dealing with a distribution of correc-
tion factors.* If this distribution is statistically reliable,
one can set a confidence level and obtain a correction
factor which, when multiplied to the calculated value,
vields a corrected calculational result that will be equal
to or greater than the experimental value for ensuring
overprediction, or the reverse if underprediction of to-

tal nuclear heating will be required. We prefer to call

such a multiplier as a quality factor.

The quality factor is a good indicator of the qual-
ity of the ensemble of the experimental data, the cal-
culated neutron and photon spectra, and the kerma
factor library. It is evident that the said quality factor
will reduce to an ICF only when the associated proba-
bility distribution is a delta-function centered at the
ICF; then the confidence level in such a quality factor
is 100% . However, it is almost impossible to obtain a
delta-function probability distribution of the quality
factor (or correction factor). The realistic probability
distributions could ai best be Gaussian-like, The C/E
results discussed in the preceding sections can be uti-
lized directly to estimate quality factors for prediction
of nuclear heating in each material. But, the associated
confidence level in the estimated quality factor for a
material may suffer due to limited number of neutron
and photon energy spectra covered during measure-
ments. In other words, such quality factors might
change under different neutron and photon spectra.
More reliable quality factors can be generated by con-
ducting measurements under wide range of neutron and
photon spectra.
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At times, a designer may simply be interested in as-
certaining general trends for a code/library, regarding
its prediction capability of total nuclear heating in a
given material. In this regard, in the following, we will
be focusing on quality factors that ensure overpredic-
tion of total nuclear heating, rather than its underpre-
diction. In what follows, we have attempted to discern
some collective and individual trends for all the kerma
factor libraries used in the present work. In principle,
we can introduce two kinds of quality factors: (a) Ma-
terialwise quality factor can be associated with a given
material, where available C/E data on that particular
material from all libraries is utilized to get probability
density distribution of C/E’s, (b) Librarywise quality
factor can be associated with a given library, where
available C/E data for all probe materials, and that
particular library is used to obtain probability density
distribution of C/E's. For either type of quality factor,
we first obtain a normalized distribution of C/E data
in C/E bins spanned over 0 to infinity, such that, when
summed over the entire C/E range, one obtains unity.*
Errors associated with each C/E data are duly factored
in to obtain this normalized C/E distribution, Widths
of each C/E bin are then used to obtain probability
density distribution of C/E’.

First of all, let us look at shape of a consolidated
probability density distribution of C/E’s. This distri-
bution is obtained from all the C/E data provided in
Table VII, irrespective of material or library.* Figure 66
shows a plot of this consolidated probability density
distribution. Also plotted alongside is a Gaussian dis-
tribution. This Gaussian distribution is obtained such
that (a) C/E of its peak is same as that of the peak in
the actual distribution, (b) its full width at half maxi-
mum (FWHM) is same as that of the peak in the ac-
tual distribution. The latter condition leads to obtention
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Fig. 66. Consolidated probability density distribution of
C/E’s, for nuclear heating produced by D-T neu-
trons, for all materials and kerma factor libraries.
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of the standard deviation of the Gaussian distribution.
The total number of C/E data points is 89. The peak
and standard deviation of the Gaussian distribution are
1.04 and 0.23, respectively. Though the actual proba-
bility density distribution is remarkably similar to the
Gaussian distribution, one can observe significant dif-
ferences in the two on either side of the peak. On lower
end of C/E’s, one can, in fact, notice a secondary peak
in C/E range 0f 0.4 to 0.5, Zirconium and, to some ex-
tent, titanium contribute predominantly to this second-
ary peak. On higher end of C/E’s, one notices rising
discrepancy between the two distributions beyond 1.5.
Lead, zirconium, and to some extent, copper and tita-
nium, contribute to this discrepancy. Notice that the
actual density distribution in Fig. 66 is subject to large
uncertainties due to limited number of C/E data used
in getting this distribution, However, all the qualitative
observations made above are perfectly valid. Figure 67
shows fractional confidence level as a function of qual-
ity factor for all the materials and kerma factor librar-
ies taken together. This figure is based on actual
consolidated probability density distribution shown in
Fig. 66. One can observe an error bar (one standard de-
viation) associated with each confidence level. This is
directly related to the limited number of C/E data
points used, as already pointed out earlier. The maxi-
mum possible confidence level is unity. It is clear from
the figure that we would need to include many more
C/E data points if we desired to go beyond a confi-
dence level of ~80 to 100%. Already, the quality fac-
tor is close to 3 for ~80 to 100% confidence level! In
other words, if we took any of the eleven kerma fac-
tor libraries used for any of the nine plasma-facing ma-
terials, we would need to multiply the calculated total
nuclear heating rate by a factor of 3 to have ~80 to
100% confidence level so that the modified calculated
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Fig. 67. Fractional confidence level, and associated uncer-
tainty, as a function of a quality factor, using con-
solidated probability density distribution of C/E’s.
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heating rate does not fall below the actual heating rate L L S A R B
in that particular material. C Confidence levels in Material wise -
[ Quality Factors ]
VIILA. Materialwise Quality Factors 5 Nuciear heating by D-T neutrons
Even though, the materialwise probability density @ 100 1 , ]
distributions carry large uncertainty due to few C/E ° Py ]
data points, it is still very informative to study these dis- & : \ 3
tributions to assess current status for each material.* & Mo 1
Table VIII summarizes conclusions of the statistical & g o foh o W 1
analysis based on materialwise probability density dis- & ]
tributions for all nine materials. The mean C/E’srange ¢ [/ P | ———o il B
from 0.43 (zirconium) to 1.22 (graphite/copper). For TDi T Tungsten 1
zirconium, there are two groups of C/E’s, larger set (7 L . 1
members) peaks around 0.4, and the smaller set {4 080" 1 . ' 14. ‘16' ' '1'8‘ — .

members) peaks around 1.8. In the results included in
the table, the larger set dominates. However, if one
were to take a simple mean and standard deviation of

Quality tactor

Fig. 68. Materialwise fractional confidence levels as a func-

a single set of all 11 points, one would, instead, get re- tion of quality factor, for graphite, molybdenum,
spective values of 1.07 and 0.75. For tin, only 3 C/E tungsten, and lead, using individual probability
data points are available. As a result, one needs to be density distributions for each material.

very careful while using these numbers, Table VIII also
shows a quality factor for 90% confidence level for
each material. This number needs to be accepted with
caution due to scanty C/E data. Figure 68 shows frac-
tional confidence levels for graphite, molybdenum,
tungsten, and lead. It is clear that for any confidence
level above 90%, the quality factors will have the fol-
lowing ascending order: graphite, lead, tungsten, and
molybdenum. As seen from Table VIII, the quality fac-
tors range from 1.0 to 3.3. Qualitatively speaking,
graphite and lead have quality factor of unity. In other Table IX summarizes conclusions of the statisti-
words, no correction of computed heating rates is  cal analysis based on librarywise probability density

needed for ensuring overprediction of the total heat-
ing rates with a confidence level of 90%, if one were
not to know which of the eleven kerma factor librar-
ies is used. Zirconium, obviously, qualifies for largest
quality factor of 3.3!

VIILB. Librarywise Quality Factors

TABLE VIII

Materialwise Conclusions from Statistical Analysis of C/E Results by Different Libraries for Nuclear Heating

Probe Material

Item Graphite | Titanium { Copper | Zirconium | Niobium | Molybdenum | Tin | Tungsten | Lead
Number of C/E
results used (V) 11 11 1’ 11 11 11 3 9 11
Mean () 1.22 1.04 1.22 0.43* 0.96 0.89 1.04¢ 1.04 1.13
(1.0
Standard deviation (o) 0.13 0.14 0.18 0.05“b 0.14 0.12 0.10°] 0.11 0.12
(0.75)

Quality factor—
a conservative estimate! 1.¢ 1.7 1.3 338 1.3 1.5 1.2¢ 1.2 1.0

aBoth m and ¢ for zirconium might appear misleading, but they have to be seen in the light of two groups of C/E results,
The numbers here reflect the C/E-group lying below unity.

bThe bracketed numbers have been obtained by usual method of obtaining m and o from a set of numbers.

¢Results to be taken with extreme caution.

4Quality factor has been defined for 90% confidence level. However, due to only limited number of C/E data being avail-
able from Table VII, a more realistic quality factor will be larger than the one provided in this table,
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TABLE IX

Librarywise Conclusions from Statistical Analysis of C/E Results for Nuclear Heating

Response Function Library Used for Calculation of Neutron Heating®

MATXSI10 | MATXSI10 | MATXSS | MATXSS
Item ENDL.-85 ‘Heat’ ‘Kerma’ ‘Heat’ ‘Kerma’ | JENDIL.-3
Number of C/E results used (N) 9 8 8 8 8 8
Mean (1) 0.96 1.13 1.13 1.04 1.04 1.04
Standard deviation (o) 0.19 0.19 0.20 0.29 0.29 0.16
Quality factor —a conservative estimate® 2.6 1.4 2.1 1.4 2.1 2.2

*Gamma-heating calculated with MCNP y kerma factor library, MCPLIB, was added to neutron heating calculated with

other libraries to get total nuclear heating.

®Quality factor has been defined for 90% confidence level. However, due 1o only limited number of C/E data being avail-
able from Table VII, a more realistic quality factor will be larger than the one provided in this table.

distributions for only six kerma factor libraries,
namely, ENDL-85, MATXS10-heat, MATXS10-kerma,
MATXSS5-heat, MATXS5-kerma, and JENDL-3. The
mean C/E’s range from 0.96 (ENDL-85) to 1.13
(MATXS10). Even though MATXSS, ‘heat’ as well
‘kerma’, and JENDL-3 have same mean of 1.04, the
standard deviation is almost a factor of 2 smaller for
JENDL-3, In fact, JENDL-3 vields the smallest stan-
dard deviation. Table IX also shows a quality factor for
90% confidence level for each library. Figure 69 shows
fractional confidence levels for ENDL-85, MATXS10-
heat, and JENDL-3. It is obvious that for any confi-
dence level above 90%, the quality factors will have the
following ascending order: MATXS10-heat, JENDL-3,
and ENDL-85. As provided in Table 1X, the quality
factors range from 1.4 to 2.6. The lowest quality factor
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Fig. 69. Librarywise fractional confidence levels as a func-
tion of quality factor, for ENDL-85, MATXS10-
heat, and JENDL-3, using individual probability
density distributions for each library.
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of 1.4 applies both to MATXS10-heat and MATXSS-
heat. This means that if one were to use either of these
two libraries for any of the nine materials, the calcu-
lated heating rate would have to be multiplied by 1.4
to ensure that the modified heating rate carries 90%
confidence level. Largest quality factor of 2.6 is ob-
tained for ENDL-85. Very low C/E (0.34) for zitco-
nium by ENDL-85 is largely responsible for such a high
quality factor for ENDL-85.

IX. RECOMMENDATIONS

In view of significantly large discrepancies observed
between calculations and the experimentally measured
nuclear heating rates, it is evident that a lot of work
needs to be undertaken, both in area of neutron kerma
factor and photon production cross-section evaluation
and the experimental measurement of the nuclear heat-
ing. Transport cross sections, and spectrum weighting
functions, and spectrum calculation methods need to
be improved too for bringing the discrepancies between
the calculations and the measurements under control.

Large C/E discrepancies have been observed for all
materials except tungsten, It is to be remembered that
these discrepancies have been observed for very hard
neutron energy spectrum. For larger span of neutron
energy spectrum, it is highly probable that C/E-range
will expand too. Thus the observed discrepancies are
only indicative of the problems that lie ahead. New ma-
terials are also likely to be added to this list as the ex-
perimentation and the analysis is further strengthened
in future. The future experimental work should con-
tinue on all the materials covered in the present work
if one desires smaller quality factors and larger confi-
dence levels at the same time.

The following suggestions are recommended to be
implemented for enhancing the effectiveness and the
quality of the future work:
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1. There is a need to have a unique and complete
transport cross-section and kerma factor library, using
most recent and available cross-section data. This li-
brary should also have associated uncertainty levels on

total cross sections, secondary particle (neutron/pho- .

ton) energy and angular distributions, and neutron and
photon kerma factors. The evaluators can develop a
materialwise priority list so as to make best possible use
of the available resources.

2. Very fine energy group structure should be
adopted for this library. A reasonable compromise for
the total number of energy groups may be somewhere
near 200.

3. There is a need to perform nuclear heating ex-
periments for all the materials under a large number of
neutron and photon energy spectra. The net accuracy
of the experimental measurements needs to be better
than 5%, a factor of 2 improvement over the average
Jevel attained in the measurements covered in this work.
This will help in checking the validity of this library
over large neutron energy range with raised confidence,

4. It will be highly desirable to develop and cali-
brate graphite as a neutron heating sensitive probe and
tungsten as a photon heating sensitive probe for even-
tually getting separate estimations of neutron and pho-
ton heating rates in various probe materials, This will
be very helpful in obtaining more reliable quality fac-
tors, on one hand, and improving selected parts of the
nuclear data library, on the other hand.

X. SUMMARY AND CONCLUSIONS

Direct nuclear heat deposition rate measurements
done using microcalorimetric technique in single probes
of graphite, titanium, copper, zirconium, niobium, mo-
lybdenum, tin, tungsten, and lead have been discussed
along with their analysis using various kerma factor li-
braries. These measurements were carried out under
U.S. DOE/JAERI collaborative program during 1989
through 1992, Temperature-change rates as low as
30 uK /s have been measured. Heat deposition rates as
fow as 35 4W/g have been measured. Thermistors and
RTD's have generally provided 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
heat deposition rates within thin material zones too.

Analysis of the measured data for single probes
of all nine materials was done using neutron and pho-
ton spectra obtained from MCNP using RMCCS cross-
section library, and eleven kerma factor libraries
including BMCCS, ENDL-83, RMCCS, ENDFB3,
MATXS10-heat, MATXS10-kerma, MATXS55-heat,
MATXS5-kerma, KAOSLIB-rec, KAOSLIB-rec+cpd,
and JENDL-3. Except for tungsten, all other materi-
als have large C/E spreads. Senmsitivity profiles for neu-
trons and photons were also obtained for all the nine
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materials. In addition, neutron and photon kerma fac-
tors from different libraries were compared. The kerma
factor integrals over various energy ranges were also de-
fined and tabulated. Large discrepancies were observed
for neutron kerma factors for all the nine materials. We
have also seen differences in kerma factors for photons
from different libraries. Significant differences in pho-
ton kerma factors were seen below ~0.5 MeV. Also, the
discrepancy in photon kerma factor integrals increased
as a function of Z of the probe material.

Upper limits of sensitivity estimates were obtained
for all materials using the respective sensitivity profiles
and the uncertainty files. Smallest and largest estimates
were found for zirconium and lead, respectively. The
sensitivity estimates were found adequate for covering
prediction uncertainty spread, from various libraries,
for titanium, niobium, molybdenum, and tungsten. For
graphite, copper, and lead, the situation agreement
would become acceptable if one were to take three times
the sensitivity estimate for covering the prediction un-
certainty. For tin, the improvement is seen right away
if BMCCS library is dropped, For zirconium, there is
no way to improve the agreement unless uncertainties
on kerma factors and neutron/photon spectra were
raised drastically. In fact, the neutron kerma factors
from various libraries were already shown to carry large
uncertainties for zirconium.

From a reactor designer standpoint, it is important
to know which library is most suitable for doing nucle-
onic design of a fusion reactor. The designer will like
to make sure that nuclear heating rates are predicted
accurately enough so that the fusion reactor structural
materials operate within a temperature window extend-
ing from DBTT to melting point. Conventionally, the
designers have only worried about not exceeding the
melting point of the structure, and they have incorpo-
rated engineering safety factors to ensure that the cal-
culated numbers can assure overprediction of nuclear

heating. In the present work, an attempt has been made

to outline an approach to define a confidence level with
a quality factor for total nuclear heating, employing the
C/E results discussed in this work. The quality factor
defined in this work is akin to the conventional engi-
neering safety factor, but differs from it sharply due
to the former applying only to the limited set of param-
eter space covered in our experimental work. This pa-
rameter space includes neutron spectrum, photon
spectrum, neutron and photon transport library, neu-
tron and photon kerma factors. It is also pointed out
that a given confidence level generally carries an uncer-
tainty. Quality factors for total nuclear heating have
been defined. Two kinds of quality factors have been
defined and discussed: materialwise and librarywise.
Materialwise, quality factor is lowest for graphite, just
1.0, and largest for zirconium, say, 3.3, for a 90% con-
fidence level. As for libraries, lowest quality of 1.4 ap-
plies to MATXS10-heat, and the largest one, say, 2.6,
for ENDL-85, for 90% confidence level.
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More experimentation is required to further im-
prove the experimental accuracy obtained, on one
hand, and accumulate more data on various probe ma-
terials, on the other. This two-pronged approach will
enable us to mitigate the concerns emanating from lack
of testing of the computed kerma factors and related
methodologies®™!! and assumptions, apart from neu-
tron and photon cross-section libraries for particle
transport.

A number of recommendations have been made
for directing the future effort in the areas of nuclear
heating measurements and analyses for maximizing
the resultant gains. Strong international coordination

will be needed to sincerely implement these recommen-
dations.
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