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The selection of materials and design options for fusion device com-
ponents depends crucially on the level of radicactivity and decay-heat
induced in the components due to D-T neutron irradiation. A series of
experiment of induced radiocactivity has been carried out in the framework
of the JAERT/USDOE collaborative program on fusion neutronics. The ex-
periments aim to characterize induced radioactivities of fusion reactor
structural components subjected to D-T neutron environment and to provide
experimental data for verifying currently available calculation codes and
their associated nuclear data libraries relevant to the activation. The
materials subjected were Fe, Ni, Cr, Mn-Cu alloy, Ti, Mo, Zr, Ta, W, S5i,
Mg, Al, V, Nb, and SS316, which were irradiated in various fusionm neutron
spectrum fields utilizing experimental configuration through Phase-TIC to
Pase-IIIB. The cooling times applied ranged from 10 minutes to 7 days.

The data were given as the integrated y-ray emission rate as well as v-ray
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spectrum (over 100 keV to 3 MeV) at specific cooling times. Preliminary
experimental analyses have been performed using four leading radiocactivity
codes: DKRICF, REAC*2, RACC and THIDA.

This report summarizes all of experimental results along with the

data required for the successive experimental analysis.

Keywords: TInduced Radioactivity, D-T Fusion Reactor, Neutrou Activation,
Structural Materials, Decay y-ray, Decay Heat, THIDA-Z, REAC*Z,
DKR~ICF, RACC
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1. INTRODUCTION

One of the foremost issues in fusion reactor design is neutron induced radioactivity.
Reactor safety, biological hazard, reactor maintenance, after-shutdown cooling and waste disposal
are among the critical issues impacting the selection of materials for various components from first
wall to pressure vessel!-7.In view of a large number of materials under consideration for leading
fusion devices, like ITER, NET, CIT and FER, a series of experimental measurements have been
carried out, year 1988 through 1990 so far, at the fusion neutronics source (FNS) facility® of
JAERI under ongoing USDOE/JAERI collaborative program on fusion neutronics?-10. The
experiment aimed at characterizing the induced activities in typical D-T fusion neutron environment
and providing data for the comprehensive induced activity calculation code and associated nuclear
data; activation cross sections and decay data. The experiments have consisted of y-spectroscopy of
material samples irradiated under prototypical fusion environment. Multiple irradiation and cooling
times along with different spectral conditions have been implemented. The irradiated materials,
during phases IIC through IIIB, include Fe, Ni, Cr, MnCu alloy, Ti, Mo, Zr, Ta, W, Si, Mg, Al,
V, Nb, §8316, YBasCusO7, ErBa;Cus07, Sn, Ag, Pb, Zn and In. Most of these measurements
have already been analyzed and the results presented in comprchénsivc publications!1-17, In
addition, results of measurements of very long half life isotopes have also been published!819,

This report describes the experiméntal procedure in detail and summarizes the experimental
data to be used for the successive analysis by the currently available calculation code systems. As
the number of cases treated in the present series of experiment is so large that we have selected
very representative cases in terms of materials, neutron spectrum, irradiation time and cooling time.
In addition, results of preliminary experimental analysis by a four leading calculation codes,
REAC?2, DKRICF, RACC and THIDA are outlined. In the appendix, the papers associated with

the present experimental series so far 1ssued are attached.
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2. EXPERIMENTS
2.1 Background

The neutron induced radioactivity is defined as the product of neutron reactions, which decays
with a specific half-life emitting B-rays and y-rays. It can be characterized by several parameters,
e.g, materials subjected, neutron spectrum, reaction cross section, time length for irradiation and

cooling, and associated decay mode. The relation is given as,
E-max

L =MD;F© | o®);e®dE ,
E-min

where,
Icy: Induced radioactivity,
M : material dependent term,
D; : decay dependent term,
F, : time dependent term,
o;(E) : reaction cross section,
@®(E) : neutron spectrum.

In a fusion reactor environment, neutron energy spectrum, ®(E), will vary from place to
place. Hardest spectrum will be found in close proximity to the burning plasma. As one moves
away from the plasma, the spectrum will become softer due to slowing down of 14 MeV D-T
neutrons in first wall/blanket/shield and any other surrounding medium. Thus, materials at
different locations inside fusion reactor will experience different neutron energy spectra.
Production cross-sections, o(E), for radioactive isotopes are functions of neutron energy. (n,n"),
(n,p), (n,00), (n,2n}, (n,n‘p),' (n,3He), (n,d), (n,t) reactions are generally endothermic, and, are,
thus, provoked by higher energy neutrons. Contrarily, (n,y) reaction is an exothermic reaction and
is, thus, driven by lower energy neutrons. Consequently, the induced radioactivity, L, is highly
integrated products of those independent parameters. In particular, the production cross sections,
v-ray yield, y-ray half-life data for most of the radioactive isotopes of fusion interest need early
validation as all design strategies are critically dependent on it. Figure 1 shows schematically the
function of the integral experiment of induced radioactivity for the fusion applications.
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2.2. Strategy of Experiment

Ideally, one needs to have a neutron source that will allow to realize an intense monoenergetic
neutron flux, such that one can vary neutron energy from 14 MeV right up to 0.025 eV or lower.
Different material samples could then be irradiated under any desired neutron energy spectrum.
But, this approach is impossible to realize due to lack of availability of monoenergetic neutron
sources over the energy range of interest, on one hand, and huge requirements of expense and
effort, even for few monoenergetic sources that one can utilize, on the other. A cruder but more
practical approach consists in irradiating material samples in select locations in a simulated fusion
reactor environment, One will obtain integral effect of neutron energy spectrum at each location. A
number of small material samples can be kept at each location as long as they have minimal impact
on neutron energy spectrum in immediate neighborhood. Figure 2 gives a schematic view of a
typical experimental arrangement of sample materials. In fact, this was realized in first experiments
done under USDOE/JAERI collaborative program, in coolant channel assembly of phase IC11-13.

USDOE/TAERI collaborative and experimental program on fusion neutronics has been
designed to simulate reactor-relevant neutron energy spectra in tritium breeding blankets over the
years. Two sources of 14 MeV neutrons have been used at fusion neutronics source (FNS)
facility® of Japan Atomic Energy Research Institute (JAERI). A rotating neutron target (RNT)
source (nominal intensity = 3 x 1012 n/s) was employed in phases I through IIC. A fixed neutron
target with lower nominal intensity (~3 x 101! n/s) has been used in later phases, IIA through
IIIC, where line source was simulated. Induced radioactivity measurements have been conducted

during all phases, beginning with phase IIC, as shown in Figure 2.

2.3. Measured Items

The major concern in the present study is to measure the y-ray spectrum of each induced
radioactivity, because it gives direct information of radioactivity characteristics in each irradiation
environment. The y-emirtting radioactive isotopes span a large range of half lives, going from
fraction of a second to million years. Practical considerations oblige us to-first focus on half lives
comprised between few minutes to few years. Even in this case, number and lengths of irradiation
periods has to be so optimized as to obtain adequate and, yet, statistically meaningful data on broad
range of half lives within limited availability of neutron source, y-ray detectors and manpower. It
was thought practical fo include at the most two irradiations: shorter irradiation of ~30 m was
deemed adequate for shorter half lives ranging from few minutes to few hours; an irradiation of 9
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to 10 h was generally chosen for half lives ranging from few hours to few years. Radioactive
samples were cooled for different times and read-off on 2 to 4 detectors made available.

Another concern of the present experimental study is to extract information on the decay-heat.
in a D-T fusion reactor resulted from neutron-induced radioactive isotopes. Bulk of the
recommended fusion-reactor materials have low to medium Z (atomic) number. As a result, most
of the produced radioactive isotopes de-excite via 3-decay {electron/positron emission), electron
capture (EC), or isomeric transition (IT). Most often, B-decay and electron capture are also
followed by y—decay. Ideally, one would welcome efforts to do both 3- and y-spectroscopy of
emitted radiations from the radioactive isotopes. But, y-spectroscopy alone is capable of providing
wealth of extremely valuable data at this early stage of R&D effort in this area. Subsequently, it
would be imperative to extend the effort to studying those radioactive isotopes too that do not give
out any y-rays.

Tables 1 through 4 summarize data on chemical compositions of irradiated samples
(Table 1), isotopic compositions (Table 2), major decay y-yields of observed radioactive
isotopes (Table 3), and major nuclear reactions producing these isotopes (Table 4).

24. SYSTEM CONFIGURATION AND IRRADIATION

1) Phase IIC

Two separate irradiation programs were executed to cover each of the two locations, at 10 and.
82 cm from the neutron source respectively (see Fig. 2). Two foil packets were irradiated at each
location to individually focus on: (i) shorter half life products (less than 1 hour half life), (i1) longer
half life products (1 hour to 5 year half life). Each irradiation program consisted of initial half an
hour irradiation followed by pulling out of one of the two packets. The y-spectroscopy of the foils
in this packet was to cover primarily shorter half life products. The total irradiation periods were 9
and 10 hours respectively for the locations at 10 and 82 cm, logging average source neutron
intensities of 8.75 x 101! and 1.12 x 102 n/s. The y-spectroscopy of each sample was done using
four intrinsic germanium detectors and for multiple cooling periods ranging from 20 m to 10 d.
Three detectors were relatively calibrated with respect to an absolutely calibrated standard detector,

detector #58.

2) Phase ITIA
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The line source simulation was realized by step or continuous mode?9-22, Detector/assembly
are moved by a predetermined spatial step at a time and held at each new position for predetermined
time-interval in the step mode. In continuous mode, detector/assembly are constantly moved back
and forth at a predetermined speed except very close to the ends. Figure 3 shows schematic of the
experimental configuration for line source simulation. Three different environments were chosen
for radioactivity measurements16.17: (i) bare line source, (ii} point source inside stationary
assembly, (iii) line source driving an annular assembly. The objectives behind this selection are
discussed in what follows. It is to be outlined here that all these experiments were conducted in
large target room with 80¢ beam line. The nominal source intensity for stationary source is2x
1011 n/s (for 2 mA beam current), it is an order of magnitude lower than what was available with
rotating target neutron source (RNT) in target room#2 during earlier phases. The counting statistcs
suffers considerably and hence adversely affects accumulation of data on weaker radioactive

isotopes.

The degree of achievement of 'ideal’ line source simulation attainable through the step and
continuous modes is brought out through Fig, 4. By 'Ideal’ line source, we imply a simulated
source that is free from effects of limited speed on any foil activation rate. It is possible only if the
moving system attains infinite speed. Figure 4 shows the ratio of simulated to "ideal’ activation
rates as a function of mean axial distance, from the fixed point source, of an irradiated foil. The foil
is considered placed at 21.9 cm radial distance from the centerline passing through the target. For
continuous mode, the actual temporal profiles of source intensity and deck (or foil) position during
'line source driven assembly’ experiment (see Sec. 2.3.3) have been factored in; product half-life
is taken to be 10 m. In the actual experiment, an average cycle length of ~ 11 minutes was realized
over 54 cycles for a total irradiation period of 9h51m3s. This corresponds to an average speed of
movement of 6.1 mm/s. It is to be seen that simulation is close to ideal for a foil located with
mean distance of 30 to 40 cm on either side of the stationary target. Figure 4 also shows the
degree of simulation obtainable with stepwise mode for a product of half-life ranging from 10m to
1 d; actual source intensity and position data realized during 'line source without assembly’
experiment (see Sec. 2.3.1) have been factored in. The deviation is much larger for shorter half
lives. During this experiment, a spatial step of 10 cm was selected , for a total of 41 irradiations of
13 minutes each and total experiment time of 9h47m; only one spatial cycle was executed. It is to
be noted that even for 1 h half life product, the deviation from line source is considerable.

(a) Line Source without Assembly
Three sets of foil packets were irradiated at three initial axial distances of 0, 60 and 100 cm

from the target towards its back-side; the corresponding mean distances from the target during
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irradiation period are 0, 40 and 100 cm; radial distance from the system axis was 21.9 cm. The foil
materials common to the three sets included: Zr, AISI316, Mo, Sn, Ni and Fe. In addition, thinner
Nb and Al foils were used for source neutron dosimetry. The set at 100 cm contained additional
foils of Co, Ti, V, In, Ta, W, Y, Ag, Pb and Zn. The foils were attached to a stand resting on a
movable deck. This deck was moved 10 cm in a step and there was 13 minute irradiation at each
step. Only one cycle could be completed during irradiation period of 9h47m. The decay 7y
spectroscopy was done using three available intrinsic germanium detectors at FNS. Two of these
were relative detectors whereas the third one was used as absolute detector with its ¥ detection
efficiency known better than 2 % in the energy range of 100 keV to 3 MeV ata standard sample-
detector distance. Generally, more than one cooling time was covered for each foil. The cooling
times varied from foil to foil and ranged from 1hS50m to 7d22h37m20s. The average source

intensity obtained amounts to 1.11 x 10° n/sfcm.

(b) Point Source Driven Assembly

The movable deck was held stationary during the first irradiation with the annular assembly
on November 21, that was intended for shorter half life product isotopes; the irradiation lasted half
an hour only. The source was all the time Jocated at the center of the stationary assembly. Twao sets
of foils were irradiated for half an hour at initial axial distances of 0 and 40 cm from the target. The
set at 40 cm was kept behind 10 mm thick layers of $5304. The other set was kept just behind 15
mm thick SS304 in the central radial drawer. Each set contained foils of Sn, Zn, Pb, Ag, Ni, Fe
and W. In addition, two f(_)ils of Nb and one foil of Al were included for source neutron dosimetry.
Because of lowering of neutron flux due to line source simulation, on the one hand, and relatively .
low source neutron strength, on the other hand, it was decided to have irradiation inside stationary
assembly. It is clear that this configuration represents only a point source inside annular assembly
of phase IITA. However, this type of neutron energy spectrum was realized for the first time in this
collaborative program. only two cooling times per sample were covered. The lowest cooling time
was 11m30s for a lead sample, the highest one was 21h21m535s for a nickel sample.

(¢) Line Source Driven Assembly

The line source simulation was carried out in continuous mode for 54 cycles during total
irradiation time of 9h51mS3s. The assembly was initially located such that its farthest end was
coincident with the target; thereafter assembly was moved such that this end of the assembly was
always within 0 to 2 m of the stationary target. Three sets of foils were irradiated: 2 sets were in
the central radial drawer at an initial axial distance of 100 cm from the target and the remaining set
was at an initial axial distance of 60 cm from the target. One of the sets in the central drawer was
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just behind the 15 mm thick $5304 layers; the second set was inserted just behind first 2" thick
Li,O block. These two locations were chosen so as to provide different neutron energy spectra.
The last set was placed behind 10 mm thick $S304 layers. The first two sets had identical sample
composition: AISI316, Ti, Ta, Mo, Zr, Fe, Ni and W. The third set contained: Sn, Zn, Pb, Ag,
Ni, Fe and Mo. In addition, all the three sets contained source neutron dosimetry foils of Nb (2
each) and Al (1 each). Generally, one cooling time per sample was covered. cooling time varied
from sample to sample and ranged from the lowest of 1h37m25s for a AISI316 sample to the
higheSt of 14h33m?20s for a lead sample. The source intensity averaged to 9.66 x 108 n/s/cr.

3) Phase IIIB

One-inch thick graphite armor layer was added in front of the first wall?2, The inner cavity had
a cross-section of 37.5 cm x 37.5 cm. The line source simulation was carried out in continuous
mode for 54 cycles during total irradiation time of 9h5 1mSs. The source intensity averaged to 9.66
x 108 n/s/cm2. Figure 5 shows sample locations inside Phase ITIB. The assembly was initially
located such that its farthest end was coincident with the target; thereafter assembly was moved
such that this end of the assembly was always within 0 to 2 m of the stationary target. Three sets of
foils were irradiated: 2 sets were in the central radial drawer at an initial axial distance of 100 cm
from the target and the remaining set was at an initial axial distance of 60 cm from the target. One
of the sets in the central drawer was just behind the 15 mm thick SS304 layers; the second set was
inserted just behind first 2" thick LizO block. These two locations were chosen so as to provide
different neutron energy spectra. The last set was placed behind 10 mm thick SS304 layers. The
first two sets had identical sample composition: AISI316, Ti, Ta, Mo, Zr, Fe, Ni and W. The third
set contained: Sn, Zn, Pb, Ag, Ni, Fe and Mo. In addition, all the three sets contained source
neutron dosimetry foils of Nb (2 each) and Al (1 each). Generally, one cooling time per sample
was covered. cooling time varied from sample to sample and ranged from the lowest of 1h37m25s
for a AISI316 sample to the highest of 14h33m20s for a lead sample.

2.5. Gamma-ray Spectroscopy and Data Reduction

After each irradiation, v-rays emitted from the samples were measured with Ge detectors in
conjunction with multi-channel pulse hight analyzers. In order to facilitate the counting of a large
number of samples to be treated, four to five detectors were employed. Hereafter, we call the
detectors as #1, #3, #4, #5 and #L according to our assignments. The data were recorded in a
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VAX-11/780 mini-computer at FNS. The v pulse-height spectrum for a sample for a each cooling
time is processed by a spectrum analysis code BOB752% and GENIE system delivered by
CANBERRA Inc. to obtain y-ray energy spectrum. Then background is carefully subtracted.
Figures 6 shows typical background v count rate spectra for detector #L. Tables 5 lists
background ¥ count rates for more prominent y-rays.2* The radioactivities were identified by their
y-ray energies and relative intensity ratios. Figure 7 gives a measured Yy-ray spectrum for
tungsten irradiated for 30 m at 10 cm distance from the RNT in the Phase-IIC system.

The measured y-ray spectrum is then corrected for detector efficiency (€f) and attenuation (JL)
of decay v -rays emitted in a sample. Figures 8.1 shows absolute y-ray detection efficiency as a
function of y-ray energy for detectors #5S. The #5S corresponded to the standard sample position
for the detector #5, where the absolute efficiency was calibrated. Efficiencies of other detectors
were calibrated relative to the detector #5 by using same activities of interest. The relative
efficiency curve for the detector #4 is shown in Fig. 8.2. Variation of source neutron intensity
during irradiation is accounted for to finally obtain decay y-ray emission rate per gram for a
normalizing source neutron intensity of 1012 n/s. For simulated line source (step/continuous
mode) correction is applied to account for decay during intervening period for step mode and also
to account for decay during movement for continuous mode as the speed of movement is not
totally uniform over a cycle itself and the speed is quite low, as already described above. The
correction factors (Sp) as a function of sample location are shown in Figs 9.1 to 9.2. The y-ray

emission rate, E,,, is given as,

A-C
erw-l-Se Yo (l-exp(-A-tm))

Eact =

where,

A : decay constant of radioactivity,

C : y-ray peak counts,

w : sample weight,

tm: collection time

Y : source neutron yield (10*%/s for Phase-IIC, 10t1/s for Phase-IIIA,B).

2.6 Experimental Error
Regarding error estimation on experimental measurements, it is to be recognized that a number
of parameters affect counting statistics. The primary parameters include: neutron flux, half life of
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y-emitter, detector efficiency, cooling time, counting time, activation cross-section and atom
density. It is impossible to give a single figure for even one sample material as 1s amply brought
out in Figs. 10 and 11 that show percent standard deviation on decay rates for different
products as a function of half life for nickel and molybdenum samples respectively. The nickel
sample was irradiated at 10 cm distance from target for 9 hours in phase IIC. The molybdenum
sample was irradiated in 'point source driven assembly’ experiment during Phase IIIA. Irradiation
(tr), cooling(tcool) and counting (tcount) times are 30 m, 3h18.2m and 10.75 m, respectively. It is
to be noted that only most prominent y-peaks for a given emitter are included (see Fig., 11); in
addition, 66 h 9°Mo peak at 141 keV carries contribution from 6.02 h 99MTc too. Error varies from
3.0 % for 99Mo(+99mTc) to 14.4 % for 6.95 h 93mMMo.
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3. EXPERIMENTAL RESULTS
3.1. Material-Wise Highlights

Figures 12.1 and 12.2 are plots of decay Y emission rate/s/g versus Z of sample for ~1 day
cooling time in phase IIC and III experiments respectively. Figure 12,3 is derived from Figures
12.1 and 12.2 for equivalent conditions. Similarly, Figures 13.1 through 13.3 are plots of
decay 7y emission rate/s/g for ~1 week cooling time. Table 6 summarizes spectral conditions and
identifiers for the experiments carried out in phases IIC through IIIC. Tables 7 1 to 7.27 list
material-wise important parameters for y-spectroscopic measurements of samples irradiated in all
these experiments. -

For some of the irradiated materials, dominant contributors to decay y emission rates are
summarized as follows:
Iron: For cooling times less than 10 h, 3¥Mn (T,,=2.6 h) dominates. For larger cooling times,
54Mn (t12=312 d) assumes growing ascendancy. No significant neutron energy spectrum
dependence was observed as both these products result from high threshold (n,p) reaction.
Nickel: 62mCo (13.9 m) and 57Ni (36 h) dominate for short cooling times. 58Co (70.8 d), °7Co
(271 d), 57Ni, $9Fe (44.6 d) and $0Co (5.3 y) take over at larger cooling times.
Chromium: 320 keV 7 line from 51Cr (27.7 d) dominates for long irradiation and cooling times.
NaCl and Fe/Mn impurities seem to be present as 2*Na (15 h), 35mC] (32 m) and 3Mn( 2.6 h)
contribute as much as 3 % to the total decay ¥ emission rate for cooling time of 1.5 h. For cooling
time of 15 h only 2#Na contributes- less than 1 % only.
Molybdenum: Major contributors for short cooling times are 101Mo (14.6 m), 191Tc (14.2 m) ,
97Nb (1.2 h), 98mNb (51 m), 99Mo (66 h), **mTc (6 h), 96Nb (23.4 h), and 9*mMo (6.9 h).‘
101T¢ results from B- decay of 101Mo, and 99™Tc is produced by B- decay of 99Mo. Longer
cooling times see dominance of %Mo, 99mTc, 96Nb, 97Nb and 89Zr.
Stainless Steel (SS316 & AISI316): It is an alloy of Fe, Ni, Cr, Mn and Mo. 5Mn
contributes overwhelmingly at cooling times less than a day. At larger cooling times, Mo,
9mTc, S1Cr, 38Co, 57Ni and 3*Mn are leading contributors.
Cobalt: For cooling periods of less than 5 h, 56Mn product of **Co(n,0.)>*Mn reaction- made
dominating contribution, as much as 95 % for irradiation period of 30m and c.ooling period of 37
m. The other contributing isotopes include 5Fe (44.6 d), 8Co (70.8 d) and 60Co (5.3 y), the last
| isotope was noticeable at locations having larger component of softer neutrons.
Tungsten: 187W (23.9 h), 186Ta (10.5 m) and 183Hf (64 m) dominate short cooling times. For
larger cooling times, predominant contributor 187W is backed up by 183Ta (5 d) and 182Ta (115
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d). |

Zirconium: 89Zr (78.4 h), 87mSr (2.8 h), 90mY (3.2 h), #4Y (18.7 m), °2Y (3.5 h) and 918r
(9.5 h) contribute for short cooling times. Larger cooling times bring into focus predomiﬁance of
897r and 99mY (3.2 h).

Tantalum: 180mTa (8 h), *¥0mHf (5.5 h) and 182Ta (115 d) dominate Y emission rate.

Lead: 203Pb (52 h) and 2094mPb (67 m) dominate at shorter cooling times. 203ph dominates at
larger cooling times.

Tin: At shorter cooling times, 123™mSn (40 m) dominates. other contributors include 17n (42.3
m), 116m1Ip (54.1 m), 17In (1.93 h), 111In (2.8 d) and 117mgn (14 d). At larger cooling times,
117m8n dominates.

Zinc: Annihilation peak at 511 keV dominates at short cooling times. Other significant
contributors include 63Zn (38 m), 66Cu (5.1 m), $9mZn (13.8 h) and ®5Ni (2.52 h). At larger
cooling times, apart from annihilation peak, leading contributors are 69m7n, §7Cu (61.9 h), $5Zn
(244 d), 84Cu (12.7 h) and 65Ni.

Titanium: At short cooling times, 511 keV annihilation y -ray from *5Ti (3.1 h) and 48Sc (43.7
h) y-rays dominate the measured emission rates. At longer cooling times, other contributors
include 47Sc (3.42 d) and #Sc (83.8 d).

Vanadium: At shorter cooling times, 31Ti (5.8 m) dominated the emission rate followed by #8S¢
(43.7 h). Also, 32V (3.8 m) was observed. For longer cooling times, 485c dominated the scene
single handedly.

Aluminum & Magnesium: 24Na (15 h) dominated the decay 7 spectra at larger cooling times.
Silver: At short cooling times, a peak at 511-512 KeV dominates. This peak gets large
contributions from 196Ag (24 m), 106mRh (130 m) and 1%mAg (8.5 d). At larger cooling times, a
large number of ylines from 106mA ¢ dominate the emission rate.

MnCu Alloy: For shorter cooling times, $2Cu (9.73m, 511 keV annihilation v) and 96Mn (2.6
h) dominated the emission rate. However, their relative contributions varied depending on the
hardness of the neutron energy spectrum- 62Cu dominating for harder neutron spectrum. At larger
cooling times, *Mn (312 d) dominates.

YBa,Cus07: 135mBa (28.7 h), 133mBa (38.9 k), 139Ba 82.9 m),135m+eXe and ™Y (3.2 h)
made large contributions. Other contributors include 65Ni, 62Cu, 62mCo, 4Cu and 38Y. At larger

cooling times, 88Y dominated the scene.
3.2. Parametric Dependence

3.2.1.Spectral
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Spectrum dependence of y-ray emission rates is mostly seen only in those materials that have
dominating isotopes resulting from (n,y) reactions. High threshold reactions, e.g, (n,n'), (n,p),
(n,n'p), (n,d), (n,2n), are essentially governed by harder part of the spectrum. Comparing the
integrated y-emission rates (between 100 keV to 3 MeV), it is found that for short irradiation time
(30m), Fe, AISI316, Al and Co give leading rates in that order. However, the trend changes for
~10h irradiation to: Al, Fe, and AISI316. This is understandable as 24Na (15 h) production rate

was unsaturated during 30 m irradiation but almost saturated during ~10 h irradiation.

3.2.2. v Compenent of Energy Release Rate

v component of total energy release rate was obtained from y emission rate spectrum for each
material. Comparison of Yy energy release rates at same irradiation and cooling times shows that
for short (30m) irradiation time, Fe, AISI316, Al dominate in that order. For larger irradiation and
cooling times, the trend is different: for hard spectrum (without blanket), ~10 h irradiation and 15
h cooling time Al domination is meekly followed by Mo and Ti; for softer spectrum (with
surrounding blanket) ~10 h irradiation and 15 h cooling time, W, Al, Ta, and Zr contribute in that

order.

3.2.3. Total Energy Release Rate

Total energy release rates, directly related to decay-heat, were derived from measured ¥
emission rates and deduced B emission rates (using known branching ratios and average beta
energy release per disintegration). It turns out that 3 contribution varies widely from material to-
material and it ranges from 0 to 50%. The lowest beta contribution is observed for Cr followed by
Ni. The beta fraction varies both with irradiation and cooling times. V dominance at short
irradiation and cooling times under hard spectrum is followed by Zr, AISI316, Co and Fe. At
larger irradiation and cooling time , W lead is followed by Fe, Mo, AISI316 and Co. Generally, it
is observed that short lived isotopes make dominating contributions towards [ energy release at
shorter cooling times. This fact underlines the important role of accurate determination of short
lived activities in the selection of materials for fusion devices that would be required to be accessed

by personnel after relatively short operation time.

3.2.4. Impurity Impact

As stated in individual descriptions for dominant y-ray contributor, it was found there are lager
induced activities due to unexpected impurities in Si and Cr than we expected. Also it should be
noted that the 2*Na, possible product via 27Al(n,x), 24Mg(n,p) or ?Na(n,y), was observed in
many cases where Al and Na were assumed not to be contained. The most probable explanation for
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24Na is given by the contamination of NaCl due to hand touching on the materials unexpectedly
even though we paid maximum care not to do. All those evidence of large contribution due to the
impurities remind us the importance of consideration for small amount of impurities or unexpected

contamination,
3.3. Basis for Data Identification

As reported in Tables 7.1 through 7.27, large number of measurements were carried out.
However, it is our endeavor to pick and choose what we consider the best quality data for each
material. Also, it is aimed to cover as many radioactive products as possible. The data acquired
with absolute detector #5358 is preferred whenever feasible. 32 cases are listed in Table 8. Twenty
cases correspond to spectral identifiers A1/A2; 6 cases pertain to B1/B2; 6 cases relate to C1. Fe
(2), Ni (3), Cr, Mo (2), SS316, AISI316, MnCu alloy (3), W, Zr, V, Al, Co, Ti, Nb, Sn, Pb, Ta,
Ag, Zn, Si, Y, In, Mg, Au, YBayCu307, and ErBazCu30; are included.

3.4. Selected Tabulated Data

Tables 9.1 through 9.32 include y-emission rates as a function of y-ray energy for all 32
cases. Decay y-emission rate expresses. total number of decay y-rays emitted per gram of the
irradiated material for a normalized 14 MeV source neutron intensity of 1012 n/s. Each table carries
a header that includes measurement and detector ID’s. Per cent standard deviation on y-emission
rate is provided along with absolute detector efficiency. The standard deviation on y-emission rate

includes errors from all known contributing factors.
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4. EXPERIMENTAL ANALYSIS

4.1. Strategy

As shown in Figure 14, analysis to obtain decay y-ray emission rate involves a multi-step
procedure. A two or three dimensional transport code is employed to get neutron energy
distribution, i.e., neutron flux, at spatial locations of samples. Geometry and material composition
of irradiation environment are important inputs for this calculation. Next stage involves
computation of decay y emission spectrum using a radioactivity calculation code. Neutron flux,
sample composition, irradiation and cooling (or shutdown ) times are required input data for this
stage. Decay and activation cross-section libraries form part of the code used. Leading codes used
for this purpose include DKRICF23, REACZ?, RACC?2? and THIDAZ8, In fact, THIDA is a code
system that includes neutron flux calculating modules too. However, its central module is ACT4

that calculates induced radioactivity and associated quantities.

Two calculation schemes were followed for analysis. First scheme related to use of externally
evaluated neutron flux with four radioactivity codes: DKRICF, REAC, RACC and ACT4. The
flux was obtained in a two step process: (1)source neutron energy and angular distribution was
obtained by three dimensional MCNP2® modeling of the rotating neutron target of FN3 facility8,
(2)source neutron distribution from MCNP was input to RUFF30 and DOT4.3%! code system to
compute spatial distribution of neutron flux. 30 group MATXS5 cross-section library of LLANL3?
was used for neutron transport. The neutron flux was also obtained by full-fledged MCNP-
calculation and was found to match the flux via the foregoing approach. As neutron energy group
boundaries are different for the radioactivity codes used, flux transformation from one group
structure to another was carried out subject to total neutron flux conservation. It is evident that this
will add to total numerical error entailed in decay rate computation. However, it should not amount
to more than a percent for most of the cases. The second calculation scheme is similar to the one in
Ref. 33, wherein THIDA code is employed for whole analysis.

4.2. Neutron Spectral Conditions
The neutron spectrum information is one of the most essential parts in the induced

radioactivity production calculations. The adequacy of the spectrum governs the reliability of the

calculation results, because reactions for dominant radioactivity production varies location by
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location depending on the neutron energy spectrum. The neutron spectra applied in the present
calculations are tabulated in Tables 10.1 and 10.2. Figure 15 shows computed neutron
energy spectra per unit lethargy as a function of neutron energy in all phases IIC through IIIB.

4.3. Trends

Tables 11.1 to 11.6 summarize results of comparison of integrated, from 100 keV through
3 MeV, decay y-emission rates per gram normalized to source intensity of 1012 n/s. The computed
results from REAC-2, DKRICF and THIDA-2 are included. RACC results generally follow same
trends as those from DKRICEF, though spectral distributions of decay y-emission rates differ at
times. Large deviations in C/E (Computed/Experimental) ratio are observed for Mo, W, MnCu
alloy, Cr, Zr, Ta and YBa;Cu3O7. Figures 16.1 to 16.3 show upper and lower bounds of C/E
ratios for integrated decay emission rates for the three codes as a function of irradiated material.
Though C/E ratios for Fe, Ni, Mo, $§316 and many other materials behave reasonably well, large
discrepancies are seen for spectral distributions. Figures 17.1 to 17.6 typically bring home this
aspect. The materials covered include Iron, Nickel, Molybdenum, Stainless Steel (SS316) and
Tungsten. The experimental data displayed is of two kinds: energy-group integrated for direct
comparison, and y-ray peak-wise data for detailed break-down. The symbols of tr and tcool

respectively stand for irradiation and cooling times.

Table 11.5 provides a typical inter-comparison of computed (C) to measured (E) ratio for
different source conditions for iron samples. Quantity being compared here is integrated decay ¥
emission rate per s per g for a normalizing source strength of 1012 n/s. Though there are some
changes in C/E values for REAC and DKRICF codes, it is clear that, given rather untested nature
of wide body of decay and cross section data of these codes, the change from one spectral
environment to another does not bring out any drastic change. Hence, in what follows, we shall
generally be presenting results for samples kept inside annular assembly of phase IITA driven by
simulated line source. But, broad conclusions deduced therefrom quite possibly are applicable to

other spectral environments t00.

Figures 18.1 to 18.5 display C/E for Mo, Zn, AISI316, Sn and Zr for REAC?2 code system
for line source driven experiments of phase IIIA. Figure 18.1 for Mo corresponds to bare line
source driven experiment for a sample at mean axial location of +100 cm; tr and tcoo!l are 9h47m
and 3h18.2m. C/E's for Mo for different products are: (1) 99Mo: 1.25, (2) 96Nb: 3.18, (3) ¥7Nb:
2.56, (4) 97Zr: 6.64, (5) 89m+£7r: 4.07, (6) 92mNb: 1.02. Figure 18.5 for Zr corresponds to
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'line source driven assembly’ experiment wherein a Zr sample was located at position B, i.e., 5 cm
inside LipO zone in the central drawer; tr, tcool are 9h51m and 3h54.3m respectively. C/E values
for different products are: (1) 90mY: 4.6, (2) 87mSr: 1.22, (3) 91mY: 1.82, (4) ®7Nb: 0.10, (5)
977r: 9.7 x 1072 (6) 89m+8Zr, Figure 18.3 for stainless steel (AISI) represents C/E's for an
AISI sample located at position B in 'line source driven assembly' experiment; tcool is 13h13.5m.
C/E values are: (1) 57Co: 0.94, (2) 51Cr: 1.18, (3) 37Co: 2.23, (4) 54Mn: 0.58, (5) 35Mn: 1.02,
(6) 37Ni: 0.96.

4.3.1. Iron

56Mn dominates for short cooling times, 54Mn takes over at longer cooling times; other
contributors include 31Cr and 58Co (nickel impurity). Some samples showed also presence of
nickel/aluminum/magnesium impurities. REAC and ACT4 (a component module of THIDA) havle,
generally, more reliable y-emission data. RACC cross-section data for 56Fe(n,p)°®Mn are closest
‘to published experimental ones. Gamma-yield data is generally the lowest for ACT4 even as the
activation cross-sections are quite close to others. DKRICF lacks y-yield data for gamma-rays
carrying more than 2.5 MeV. In spite of all these differences, the evaluated and measured reaction
rates for 56Mn, 54Mn and 51Cr agree within 15 %, even though, the softer spectrum, at distance of
82 cm from target, tends to raise C/E ratios.

4.3.2. Nickel

62m(g and 57Ni dominate at short cooling times. At longer cooling times, 33Co, 37Co, 57N,
39Fe, $0Co dominatc.r REAC strongly overestimates (by at least a factor of 2) contributions from
58Co and 9Fe. Also 57Co is overestimated by as much as 25 %. C/E for 37Co for DKRICF is in
the tange of 0.97 to 1.08 for all cases; C/E for 38Co ranges from 0.0.97 to 1.24; C/E for 59Fe is
0.82 for DKRICF as against 2.61 for REAC2; C/E for 80Co is 0.83 as against 1.63 for REAC2.

4.3.3. Molybdenum :

For short cooling times, 97Nb, 98mNb, 99Mo,99mTc, 96Nb, 101Mo, 101T¢, 93mMo and *TMo
contribute predominantly. 99™Tc and 101Tc respectively result from - decays of %Mo and 191Mo.
Longer cooling times see dominance of %Mo, 99™T¢c, %6Nb, 97Nb and 89Zr. 91Mo contribution is
strongly overestimated by REAC. C/E ratios for this isotope are 328 and 307 respectively in 1.5-2
and 2.5-3 MeV ranges respectively. Other products are strongly underestimated by REAC. Tt is
seen from experimental data that ratio of y-yields for 778 to 569 keV peaks from ?Nb is 3.1
instead of 1.74 (see Ref. 15); it is to be added here that quite possibly the balance of contribution
for 778 keV peak pertains to 66 h 99Mo. Respective C/E ratios for different products for REAC2
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and DKRICF are: (1)93mMo: 200/1.11, (2)%6Nb: 2.04/3.49, (3)99Mo: 1.08/1.11, (4)89m+eZr:
6/1.35, (5)%7Nb: 2.68/2.57, (6)95Nb: 2/2.5, (7)?SMNb: 0.77/0.20, (8)92mNb: 0.90/0.90, (9)73Zr:
0.87/0.86.

4.3.4. MnCu Alloy
56Mn, 62Cu, 52V, 62mCo and 65Ni are most important contributors for short cooling times.

54Mn dominates larger cooling times. 511 keV y-ray from 62Cu is overestimated by a factor of
more than 3 by REAC2 and DKRICF. C/E ratios are found considerably larger than 1 for 5Ma. In
fact, even for other materials, there is a general trend for the codes to predict larger C/E ratios for
(n,y) reactions in presence of softer neutron energy spectrum (at 82 cm from target). REAC gives
C/E ratios close to 1 for 3¥Mn. DKRICF and REAC generally agree between themselves from 0.1
to 2.5 MeV.

4.3.5. Chromium

Dominant contributors are 31Cr and 49Cr. 847 and 1811 keV peaks of *Mn are also detected-
Fe/Mn impurity is expected. Unidentified peaks at 147, 563, 573 and 601 KeV were observed.
48V contribution was absent. However, REAC predicts a large contribution from this isotope; -
vield data appears acceptable. As a result, C/E (=6.2) is strongly over-predicted in 0.4-1 MeV
range. DKRICF has C/E of 2.2 for the same range. REAC yields C/E of 2.63 for 49Cr, whereas
DKRICEF yields a value of 0.96.

4.3.6. Stainless Steel (S§S316 and AISI316)
56Mn contributes overwhelmingly at short cooling times. At larger cooling times, *Mo,
99mTe, 51Cr, 58Co, 57Ni, and 34Mn are leading contributors. C/E trends for individual

contributors are same as discussed before for Fe, Ni, Cr and Mo.

4.3.7. Vanadium .

Short cooling times bring leading contributions from $1Ti, 52V and “8Sc. Larger cooling times
bring out total dominance of 48S¢. C/E ratios, from REAC, are 1.01 and 0.86 respectively for
51Ti and 52V at 10 cm location. C/E ratio of 1.5 is found for the same location for 4¥Sc by the

same code. For DKRICE, C/E for 48Sc is ~3.

4.3.8. Zirconium
897y 87m§r 90my, 94y, 92Y and 9!Sr contribute at short cooling times. Larger cooling times

bring out predominance of 39Zr and 99mY. REAC largely over-predicts C/E (factor of 4 to 5) for
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both 89Zr and %0mY . For 91ImY, C/E is 1.7. However, C/E for 87mSr is close to 1 for REAC and is
just 0.4 for DKRICF. Nevertheless, DKRICF has good agreement with the experimental data

otherwise.

4.3.9. Tungsten

187y, 186T and 183Hf dominate short cooling time measurements. For larger cooling times,
predominant contributor 187W is backed up by 18Ta and 182Ta. One sample indicates the presence
of Na/Al/Mg impurity. Tabulated y-yield datal” does not match with measured relative ratios for
various Y peaks emitted by 186Ta and 183Hf. Further investigation is called for. DKRICF lacks
decay data for 136Ta, 187W and 181W. REAC analysis shows 177"W (t,=6.4 m, 0.03 % 289
keV, 0.19 % 282 keV, 0.22 % 239 keV, 0.32 % 120 keV and 0.61% 102 keV) as making
dominant contributions for both short and long cooling times; y-yield data is 2 to 3 orders higher in
decay data library of REAC2. Also, 182mHf, 184Ta, 183Hf, 130mHf are strongly overestimated by
REAC. y-yields are found to be grossly overestimated for many products in THIDA.

4.3.10. Tantalum
180mT,, 180mHf and 182Ta dominate identifiable contributions to measured data. There are

unidentified peaks at 110, 117, 148, 482, 500 and 1001 keV. REAC strongly overestimates in
(0.2-0.4 MeV (factor of 5} and 0.4-1.0 MeV (factor of 7) energy ranges.

4.3.11. YBa;Cus0; _
135mBa(ty2=28.7 h),139Ba, 135m+eXe and 99"Y make largest identifiable contributions at

short cooling times. There appears to be 87mSr peak at 388 keV. Other contributors include 85Ni,
62Cy, 62mCo, 64Cu and 38Y. At larger cooling times, 88Y dominates the scenc. REAC lacks decay
data for 139Ba, 133mBgy, 135mBy and 135m+2Xe. DKRICF lacks decay data for Ba, Xe and Y. C/E
ratios for 85N, 62Cu and 62Co deviate considerably from unity even though they are not crucial

contributors to overall decay y-emission rates.

4.3.12. Tin

Figure 18.4 refers to a Sn sample located at location C, i.e., at 40 cm axial distance from the
mid-point of the assembly in line source driven experiment.; tcool is 3h45.9m. Tin data does have
problems with both the codes. In DKRICF, 117m8n and '11In are largely underestimated. REAC
shows total absence of 116mlIn (t;,,=54.1 m, 417 keV). In addition, 117mSn and }!In are

strongly overestimated.
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4.3.13. Zinc

Figure 18.5 refers to a Zn sample kept at position C in 'line source driven assembly’
experiment and cooled for 5h45.3m. Zinc data has serious problems for both DKRICF and REAC.
67Cu, 69mZn and $4Cu contributions are practically absent in DKRICF. REAC severely
overestimates 95Ni (factor of 1.9), 7Cu (factor of 32) , and 99Zn (absent in experimental data). It
largely underestimates 69mZn (C/E=0.13), 5Zn (C/E=0.62), and %Cu (C/E=0.78).

4.3.14. Lead
Lead The C/E values for REAC are too high. The reason for this discrepancy lies in
overestimation of 203Pb production by a factor of 2.3. The 2mPb is also strongly overestimated

though it does not show up much contribution in our experiments.

4.3.15. Silver
Silver data appear to be acceptable for DKRICF. However, the absence of decay data of
106mA g severely handicaps REAC results, resulting in abysmally low values of C/E even at rather

low cooling times.

4.4. Demonstrative Examples for fungsten

4.4.1 Outline

We present analysis of experimental results for measurements done on tungsten samples
kept at 10 cm distance from the rotating neutron target (RNT) of FNS during experiments with
coolant channel assembly configuration of phase IIC in 1988. Figure 1 shows the schematic of
the arrangement. Two irradiations of 30m and Sh durations were conducted to cover radioactive
products of half lives ranging from 10 m to 1 y. The source neutron intensity averaged .73 x 11
n/s during full 9 h irradiation. Two other tungsten samples were irradiated at ‘82 cm’ location.

Cooling times ranged from 37.3 m to 2d19 h.

Multitude of neutron induced reactions and range of product half lives can be gauged from
Table 12 which lists measured y-rays from radioactive products of tungsten, of half life from
10.5 m to 115 d. All tungsten samples were high purity circular discs, each measuring 10 mm
diameter x 1 mm thickness; on average, silicon was a major impurity accounting for less than
0.008 %. Each of the irradiated samples had tungsten of natural isotopic composition, i.e., 0.13 %
of 180W, 26.3 % of 182W, 14.3 % of 183W, 30.7 % of 134W, and 28.6 % of 186W.
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4.4.2 Discussion:

187W, 186Tq and 183Hf dominate short cooling time measurements. For larger cooling times,
predominant contributor 187W is backed up by 1¥3Ta and 182Ta. One sample indicates the presence
of Na/Al/Mg impurity. Figure 19 presents integrated y-energy release rate per g, in units of
nW/g, 100 keV through 3 MeV, as a function of cooling time for the tungsten sample irradiated for
9 h at 10 cm location. The normalizing source intensity is 1012 n/s. The figure shows
experimental as well as RACC computed data. It is to be noted that RACC strongly underestimates
the energy release rate for all the cooling times. In addition, the functional dependence of the
computed and the measured quantities obviously differs. Figure 20 displays decay y emission
rate/g as a function of cooling time from four radioactivity codes as well as experiment. Though
THIDA and REAC results largely over-predict the emission rate at all cooling times, at least they
appear to follow the functional characteristic of the measurement. On the other hand, both RACC
and DKRICF largely under-predict and follow different functional dependence.

Re-looking carefully at Figures 19 and 20, one would suspect that either decay data or
activation cross-section data or both, in RACC as well as DKRICF, are suspect. In fact, bulk of
the data base for RACC was obtained from that of DKRICF; hence, their apparently similar
behaviour is understandable. Investigation of half life and decay gamma spectrum data provided
with RACC reveals three major errors: (1) 184Ta half life is 7.519 x 10% s instead of 3.1320 x 10#
s, (2) 186Ta half life is 6.301 x 103 s instead of 630 s, (3) decay 7y emission data for 137W is
mistakenly assigned to 186W, a stable nucleus, and no y data is assigned to 187W at all. A modified
RACC data library was created by rectifying these errors. It is denoted as RACC(m) on Fig. 21.
C/E for integrated decay Yy emission rate is shown as a function of cooling time in Figure 21.
First cooling time of 37.3 m relates to the tungsten sample irradiated for 30m; the remaining
cooling times pertain to full irradiation period of 9h. Large C/E value, e.g., 307, obtained for
REAC-2 for cooling time of 37.3 m is to be solely assigned to totally wrong decay v yields for
179mW (t12=6.4 m) in REAC-2 data library. In fact, one can notice the discrepancy between the
included and the actual values: (i) in 100-200 keV range, 1.45 x 10* % (included) versus 0.94%
(actual), (ii) 200-400 keV range, 4.068 x 10° % versus 9.07 %. At longer cooling times, this
isotope will make rapidly diminishing contributions in spite of its highly inflated 7y yields, and,
hence, the C/E's improve for REAC-2. RACC{m) and THIDA stay closest to each other for all the
cooling times, but always above 1.

Regarding status of decay data, it is missing altogether for 179mW, 183Hf, 184Tg 185Tq,
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186Ta and !87W in DKRICF. This explains systematically lowest values for DKRICF. Though the
decay data is individually presented for all significant decay y-rays in THIDA decay data library-
most transparent and desirable representation- large discrepancies have been observed for two
decay +y-rays for 137W, e.g., (1) for 113.8 keV v, 74.09 % (included) versus 0.074 % (actual),
and, (2) for 239 keV vy, 82.98 % versus 0.083 %. The y-yield spectral data is represented
differently in all the four code systems. REAC-2 bins yield data in 21-group structure from 10
KeV upwards. RACC and DKRICF represent equivalent yields for pre-defined set of discrete y-
ray energies; the total number for a nuclide does not exceed 43. For 182Ta, THIDA has Y—yield
totalling 0.0 as against 14.9 % in 200-400 keV range; DKRICF and RACC both show 84 % yield
as against 31 % in 100-200 keV range. For 183Ta, both DKRICF and RACC have y-yield of 22 %
as against 66.5 % in 200-400 keV range but have large y-yield of 61 % as against 31.6 % in 100-
200 keV range. For '84Ta, RACC shows 63 % as against 112.3 % in 200-400 keV range. For
186Ta, RACC has 0.0 % as against 80.5 % in 200-400 keV range. For 17°™W, data is absent in
RACC and DKRICF; THIDA shows good agreement with the reference; however, REAC has
large disagreement as mentioned above. For 137W, RACC does not show any y-yield as already
mentioned earlier; however, RACC(m) shows good agreement with the standard reference values
(marked as 'Table' on figure). For the same nuclide, THIDA shows large discrepancies as
already mentioned earlier. In fact, THIDA shows values of 83.2 % as against 0.35 % in 200-400
keV range, and, 82.6 % as against 8.7% in 100-200 keV range. Though not shown, the decay data
representation for 183HFf needs improvement both in RACC and DKRICF; 400-1000 keV group
shows entire y-yield of 158 % in these codes as against 93.9 %.

As the inaccurate decay data for one or more nuclides in all the four codes makes it hard to
look at the quality of their activation cross-section data, the next step in our analysis has consisted
in looking at induced radioactivity producing reaction rates themselves. Then, one does not have to
worry about the faulty decay data. Figure 22 shows C/E for the most prominent reaction
products; in fact, these are the products that could be measured experimentally through their
signature y-rays. On average, THIDA cross section data appears to be leading to the best agreement
with the measurements. There is a large scatter for all the isotopes. In fact, it is borne out also by
comparison of energy-wise cross-section data in different codes with ENDE/B-VI data for
182W(n,p)182Ta, 133W(n,p)133Ta, 134W(n,p)184Ta, 184W(n,0t.)181Hf, 186W(n,np)185Ta,
186W(n,p)186Ta, 186W(n,e)'83Hf and 186W(n,y)!87W reactions. Trend-wise, the ENDF/B-VI
data is likely to provide better agreement with the measurements but it seems that still substantial
improvements in the cross-section data would be required to obtain closer agreement, say, in the

range of 10-15 %, for most of the reactions.
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4.4.3. Conclusions:

Integrated and spectral decay y-emission rates from fusion neutron induced radioactive
materials have been measured and computed using four leading radioactivity codes. Large
differences between measured and calculated data have been revealed for practically all isotopes.
For example, RACC strongly underestimates the energy release rate for all the cooling times.
Decay data is discrepant in all the code systems. Also, the representation of decay y-yield spectral
data in RACC, DKRICF and REAC-2 merits improvement so as to enhance its transparence and
ability for peak-wise comparison with the experimentally measured data; THIDA is the only code
system that has this advantage. Half lives of both 184Ta and 1%6Ta arc entered wrongly in RACC
and DKRICF and need immediate correction. In addition, 187W decay y-yield spectra is
erroneously assigned to 186W, a stable nucleus, in RACC. In addition, RACC needs improvement
in decay data for 182Ta, 183Ta, 184Ta, 186Ta, and 18311, Decay data is absent for both 179W and
179myw, DKRICF has no decay data for 179mW, 187W, 186Ta, 184Ta and 185Tq. THIDA needs
improvement in decay data for 182Ta and 187W. 179mW decay data needs immediate improvement
in REAC-2.

Activation cross-section data for important nuclides needs substantial improvement. The inter-
comparison of cross-section data for 182W(n,p)182Ta, 183W(n,p)183 7T, 184W (n,p)184Ta,
184W (n, o) 181 HF, 186W(n,np)135Ta, 185W(n,p)185Ta, 186W(n,a)183Hf and 185W(n,7)137w
shows clearly that ENDF/B-VI data is a significant improvement in so far as it is likely to bring
closer agreement between computations and measurements. However, larger modifications in the
cross-section data would be required to bring the agreement between computations and -

measurements in the range of 10-15 %, an eminently desirable goal.
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5. SUMMARY AND CONCLUSION

An extensive, experimental effort has been devoted to the induced radioactivity
characterization for fusion reactor structural materials in the framework of JAERI/USDOE
collaborative program on fusion neutronics. This report summarized all experimental efforts on this
subject and is issued as the joint report of the collaboration. The selected data were given in digital
form for further testing of calculation code and associated nuclear data relevant to the induced
radioactivities. The preliminary experimental analyses with code systems of REAC*2, DKR-ICF,
RACC and THIDA-2, were briefly outlined. From the results, it was pointed out that there are
severe inadequacies not only in the activation cross sections but also the decay data incorporated.
In addition, it revealed that the uncertainty in the primary neutron spectrum calculation should be
factored into overall uncertainty in the calculation. The importance of experimental verification has
clearly been demonstrated in this work. The authors hope that the present study would provide
clear guidancem and encouragement for more serious effort on verification of basic nuclear data as
well as codes and associated data libraries through integral measurements of the induced
radioactivity. Licensing of fusion reactors will require clear verification and certification of codes

and the associated nuclear data.
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Table 1 Chemical Composition of Primary Impurities in
the Samples Used in Induced Activity Irradiations

Sample Material

Chemical Composition by Maximum Weight %

Iron (Fe)
Nicke! (Ni)
Chromium (Cr)

Molybdenum (Mo)
Stainless steel SS316

Stainless steel AISI316

Copper (Cu)

Mn-Cu alloy (MnCu)

Tungsten (W)
Zirconium (Zr)
Vanadium (V)

Aluminum (Al)
Cobalt (Co)
Titanium (Ti)-RE

Titanium (Ti)-GF

Niobium (Nb)
Tin (Sn)

Lead (Pb)

Tantalum (Ta)
Silver (Ag)
Zinc {(Zn)

Yttrium (Y)
Indium (In)
Magnesium (Mg)

99.92 Fe, 0.059 Mn, 0.02 C
99.97 Ni, 0.016 C

99.0 Cr, 0.43 Fe, 0.10 Al, 0.05 S1
99.93 Mo, 0.03 W, 0.01 Fe

66.22 Fe, 17.75 Cr, 11.60 Ni, 2.08 Mo, 1.33 Mn,
0.42 Si, 0.19 Co, 0.34 Cu, 0.06 V

68.6 Fe, 16.5 Cr, 11.30 Ni, 2.12 Mo, 1.46 Mn
99.999 Cu, 0.0002 Ag

79.78 Mn, 19.66 Cu, 0.46 Ni, 0.07 Fe

99.97 W, 0.008 Si

99.76 Zr, 0.10 Fe, 0.09 Si, 0.03 Ti

99.82 Vv, 0.044 §i, 0.03 Ta, 0.03 G, 0.013 Mo, 0.01 Zr,
0.01 Fe, 0.01 Al, 0.01 Hf

99.97 Al 0.006 Mg
99.95 Co, 0.04 Ni
99.79 Ti, 0.12 O, 0.06 Fe, 0.02 C

99.6 Ti, 0.13 O, 0.03 Al 0.03 Cr, 0.03 Mn, 0.03 Ni,
0.03 V,0.02 Fe

99.91 Nb, 0.018 Ta, 0.01 Zr

99.87 Sn, 0.02 Cu, 0.02 Sb, 0.02 Pb, 0.01 Fe, 0.01 Ni,
0.01 Co, 0.01 §, 0.01 As, 0.01 Bi

99.95 Pb, 0.023 Bi, 0.016 Sn, 0.005 Ag, 0.005 Cu,
0.001 Ti

99.98 Ta, 0.007 Fe
99.95 Ag, 0.043 Cu, 0.003 Fe, 0.003 Zn, 0.0006 Pb

99.95 Zn, 0.038 Pb, 0.006 Cu, 0.004 Cd, 0.002 Sn,
0.0004 Ag

99.9 Y, 0.06 Ta, 0.005 Gd, 0.002 Eu
99.99 In, 0.003 Cu
99.78 Mg, 0.10 Al, 0.07 Zr, 0.02 Mn, 0.01 Si

RE It was supplied by Reactor Experiments/ GF It was supplied by Goodfellow Metals
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Table 2 Isotopic Composition of Leading Elemental Components of
- Irradiated Samples

Element % Isotopic Cofnposition

Mg 78.99 2Mg, 10.00 25Mg, 11.01 26Mg

Al 100 27A1

Si 92.23 28Si, 4.67 2984, 3.10 30Si

Ti 8.2 46Ti, 7.4 47T1, 48 Ty, 5.4 ¥9T4, 5.2 30T

A% 0.25 50V, 99,75 51V

Cr 4.35 50Cr, 83.79 51Cr, 9.50 23Cr, 2.36 4Cr

Mn 100 5Mn |

Fe 5.8 54Fe. 91.8 56Fe, 2.15 SFe, 0.29 38Fe

Co 100 5%Co

Ni 68.3 S8Ni, 26.1 60Ni, 1.13 6INj, 3.59 62Ni, 0.91 ®4Ni

Cu 69.2 63Cuy, 30.8 63Cu

Zn 48.6 647Zn, 27.9 66Zn, 18.8 68Zn

Y 100 89Y

Vs 51.5 907, 11.2 917Zr, 17.1 92Zr, 17.4 94Zr, 2.8 9%Zr

Nb 100 $3Nb

Mo 14.8 92Mo, 9.3 94Mo, 15.9 93Mo, 16.7 96Mo, 9.6 *"Mo, 24.1
98Mo, 9.6 100Mo

Ag 51.83 107Ag, 48.17 109Ag

In 4,3 1131n, 95.7 1351In

Sn 1.01 1128n, 0.67 114Sn, 0.38 1158n, 14.8 1168p 7.75 1178n,
24.3 118Sn, 8.6 119Sn, 32.4 1208n, 4.56 1228n, 5.64 124Sn

Ba 0.106 13%Ba, 0.101 132Ba, 2.42 134Ba, 6.59 135Ra, 7.85 136Ba,
11.2 137Ba, 71.7 138Ba

Fr 0.14 162Er, 1.56 184Er, 33.4 168Er, 22.9 167TFr, 27.1 198Er,
14.9 Y70Er

Ta 0.0123 180Tz, 99.987 181Ta

W 0.13 180W, 26.3 182W, 14.3 183W, 30.7 184W, 28.6 186W

Au 100 197Au

Pb 24.]1 206pp, 22.1 207Pb, 52.3 208pp

Bi - 100 299Bi
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Table 3 Decay 7 yields for Prominent y-rays Emitted by Major
Radioactive Products

Material Product Half Life Decay y-yield as a function of
Energy (keV)

Fe 53Fe 8.5m 42% 378
56Mn 2.58h 98.87% 847, 0.040% 1038, 0.099% 1238,
27.19% 1811, 14.34% 2113, 0.99% 2523,
0.019% 2598, 0.65% 2658, 0.31% 2960,

0.17% 3370
51Cr 27.7d 10.2% 320
5%Fe 44.6d 1.02% 143, 3.08% 192, 0.27% 335,
0.018% 1382, 43.7% 1292, 0.06% 1482
54Mn 312.2d 100% 835
Ni 62mCo 13.9m 1.8% 778, 1.3% 875, 1.3% 1129,

68.1% 1164, 97.9% 1173, 6.8% 1719,
18.6% 2004, 6.5% 2105

65Ni 2.52h 4.7% 366, 15.1% 1116, 23.5% 1482,
0.49% 1623, 0.39% 1725

5TNi 36h 12.88% 127, 77.6% 1378, 7.06% 1757,
14.7% 1919

59Fe 44.6d 1.02% 143, 3.08% 192, 56.5% 1099,
43.2% 1292

38Co 70.8d 100% 811, 0.74% 864, 0.54% 1674

37Co 271d 85.6% 122, 11.13% 137, 0.16% 692

60Co 527y 100% 1173, 100% 1332

Cr 49Cr 41.9m 54.2% 91, 30.9% 153, 0.051% 1362,

0.012% 1424, 0.010% 1508, 0.029%
1515, 0.020% 1571

48y 15.97d 7.76% 944, 100% 984, 97.5% 1312,
2.41% 2240
51Cr 27.7d 10.2% 320
Mo 10IT¢ 14.2m 2.86% 127, 1.69% 184, 88% 307, 1.02% 531,
6.0% 545
10IMo 14.6m 18.8% 192, 2.86% 196, 1.60% 409,

1.47% 500, 11.8% 506, 22% 591, 7.2%
696, 3.4% 713, 3.4% 877, 4.15% 934,
15.06% 1013, 3.97% 1161, 4.61% 1251,
6.5% 1533, 1.69% 1674, 0.98% 1760,

6.9% 2032
1Mo 15.5m 0.22% 1582, 0.32% 1634, 0.11% 2632
98mNb 51.3m 1.35% 173, 9.51% 335, 9.13% 714,

73.6% 723, 93.2% 787, 7.81% 792, 2.4%
824, 10.8% 834, 2.05% 996, 18.0% 1169,
8.85% 1701
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Cu

9IND

99mTc

93mMo6.85h

77
96Nb
99Mo
8971

95SmNp
92mNh
95Nb
952r
88Zr

62Cny
62m(g

62Co
65Ni*(im)
64Cu
60Co

52y
56Mrn

54Mn

186T3

185Ta

1831
18474

187wy

183Ta

72m

6.01h
56.7%
16.9h

23.4h
66.0h
78.4h

87h
10.15d
34.97d
64.02d
83.4d

90.74m
13.9m
1.5m

2.52h
12.7h
527y

3.75m
2.58h

312.2d

10.5m

49.5m
H4m
8.7h

23.9h

5.1d

08.34% 658, 1.08% 1025, 0.16% 1269,
0.12% 1516

87.2% 141

263, 99.7% 685, 99.0% 1477

2.27% 355, 5.1% 508, 92.8% 743, 2.6%
1148

28.5% 460, 56.8% 569, 96.9% 778,
48.5% 1091, 19.8% 1200

90.7% 141, 6.07% 181, 1.16% 366,
12.14% 739, 4.35% 778

99.01% 909, 0.07% 1621, 0.10% 1657,
0.76% 1713, 0.13% 1745

2.34% 204, 24.9% 236

1.73% 913, 99.0% 935, 0.90% 1847
99.79% 766

44.1% 724, 54.5% 757

97.3% 393

94.8% 511, 0.36% 1173
68.1% 1164, 97.9% 1173
83.8% 1173, 14.7% 2302
14.8% 1116, 23.5% 1482
38.5% 511, 0.48% 1346
99.90% 1173, 99.98% 1333

100% 1434

98.87% 847, 0.040% 1038, 0.099% 1238,
27.19% 1811, 14.34% 2113, 0.99% 2523,
0.019% 2598, 0.65% 2658, 0.31% 2960,
0.17% 3370

100% 835

239% 122, 59% 198, 49.9% 215, 8.0%
274, 14.1% 308, 14.8% 418, 33.0% 615,
46% 738

47.6% 175

27% 459, 65% 784

24.3% 111, 5.0% 161, 13.2% 215, 6.4%
227, 3.6% 243, 49.0% 253, 23.5% 318,
12.8% 384, 73.9% 414, 10.9% 461,
13.2% 537, 15.0% 792, 11.0% 895,
15.3% 603, 32.6% 921, 2.32% 1110,
5.1% 1174

8.56% 134, 21.1% 480, 4.92% 552,
6.07% 618, 1.05% 625, 26.4% 686,
0.288% 745, 3.98% 773, 0.325% 865,
0.137% 879

6.5% 99, 11.3% 108, 16.5% 162, 37%
246, 3.8% 292, 7.3% 312, 11.36% 354
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Co

Ti

Nb

Sn

181Hf
18214

94y

9Imy

97Nb

90my
92y

1Sy

977
&9m+g7yr

9571

52y
S1Tq
485

27\
24Nag

56Mn

S9%e

38Co
60CO

51Ty
45T1
445
4880

478
468 ¢

90my
92mNp

42.4d
115d

18.7m

49.7m
T2Zm

2.80h
3.1%h
3.54h

9.52h

16.9h
78.4h

64d
3.75m

5.76m
437h

9.46m
14.66h

2.58h

44.6d

70.8d
327y

5.8m
3.08h
3.93h
43.7h

3.34d
83.8d

3.19h
10.15d

9.5m
40.1m

80.6% 482
34.7% 1121, 16.5% 1189, 27.5% 1221,

11.63% 1231

2.02% 382, 4.9% 551, 56% 919, 6.0%
1139, 2.46% 1671

94.9% 556

98.34% 658

82.3% 388

96.6% 203, 91% 480

2.34% 449, 2.40% 561, 13.9% 935, 4.8%
1403

61.5% 556, 11.3% 653, 23.6% 750, 33%
1024

92.8% 743

99.01% 909, 0.07% 1621, 0.099% 1657,
0.76% 1713, 0.13% 1745

44.1% 724, 54.5% 757

100% 1434

93.0% 320, 1.18% 609, 6.9% 929
7.47% 175, 100% 984, 97.5% 1038,
2.38% 1213, 100% 1312

73% 844, 29.1% 1014
100% 1369, 89.944% 2754, 0.051% 3866

98.87% 847, 0.040% 1038, 0.099% 1238,
27.19% 1811, 14.34% 2113, 0.99% 2523,
0.019% 2598, 0.65% 2658, 0.31% 2960,
0.17% 3370

1.02% 143, 3.08% 192, 0.27% 335,
0.018% 1382, 43.7% 1292, 0.06% 1482
100% €11, 0.74% 864, 0.54% 1674
100% 1173, 100% 1332

93% 320, 1.18% 609, 6.9% 929
0.15% 720

99.9% 1157

7.47% 175, 100% 984, 97.5% 103§,
2.38% 1213, 100% 1312

68% 159

99.98% 889, 99.99% 1121

96.6% 202, 91% 479
1.73% 913, 99.0% 935, 0.90% 1847

97% 332
85.6% 160
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1171
116mIp

116]1n
117mTp

111
117mg

Ph 204mpy,
204phL

Ta 180my f

18274

106mRH

l%mAg

7n 637n

65N

69m7n
67Cu
657n

Si 2941

43 8m
54.2m

2.18s
1.942h
2.81d
13.61d

67.2m
52.06h

5.52h

8.15h

115d

24m

2.17h

8.46d

38.1m

2.52h
12.7h
13.8h
2.58d
244.1d

6.56m

87% 159, 99.7% 553

29.2% 417, 56.2% 1097, 84.4% 1294,
10% 1508, 15.6% 2112

36.6% 162

15.9% 159, 19.1% 315

90.24% 171, 94.00% 245

88.5% 159

89% 375, 99% 899, 94% 912
80.1% 279, 3.44% 401, 0.70% 681

17% 93, 81.7% 215, 94.4% 332, 85%
443, 12.8% 501

5% 93, 0.74% 103

34.7% 1121, 16.5% 1189, 27.5% 1221,
11.63% 1231

16.7% 512, 0.135% 616, 0.309% 622,
0.195% 873, 0.163% 1050

6.50% 222, 2.07% 229, 1.18% 328,
3.52% 391, 11.97% 406, 13.53% 430,
24.9% 451, 87% 511, 3.05% 601, 20.6%
616, 2.78% 646, 2.43% 680, 4.68% 703,
20.4% 717, 19.8% 748, 5.77% 793,
13.2% 804, 7.57% 808, 13.86% 825,
3.7% 848, 2.00% 1020, 30.8% 1046,
0.63% 1122, 11.1% 1128, 10.8% 1199,
8.0% 1223, 2.85% 1349, 17.4% 1528,
0.61% 1566, 6.8% 1573, 2.50% 1723,
2.12% 1839

6.70% 222, 2.13% 229, 1.15% 328,
3.89% 391, 13.2% 406, 13.1% 430,
27.6% 451, 88% 512, 1.61% 601, 21.7%
616, 1.47% 646, 2.69% 680, 4.45% 703,
299% 717, 20.4% 748, 5.3% 793, 12.5%
804, 4% 808, 15.3% 825, 4.4% 848,
1.06% 1020, 29.9% 1046, 1.23% 1052,
0.57% 1122, 11.7% 1128, 11.9% 1199,
7.3% 1223, 1.51% 1349, 19.2% 1528,
0.48% 1566, 6.6% 1573, 1.32% 1723,
1.93% 1839

185.6% 511, 8.4% 670, 6.6% 962, 0.76%
1412 .

14.8% 1116, 23.5% 1482

35.8% 511, 0.48% 1346

94.8% 439

48.6% 185
2.92% 511, 50.75% 1116

91.3% 1273, 3.51% 2028, 5.2% 2426
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In

Au

Ba

Fr

2TMg
34mC1* (im)

S0my

86R b
88y

112myp
IIQIH
116m7p

1161n
113m7y

112A¢

I13mp
115¢d

1l4myp
1141

24N3

196m2 Ay

198 A0
196 A 4

1350

13984
129m+gR 4

135Xe
135mp,

133mpBa

166H

9.46m
32.23m

3.16h
18.66d
106.61d

20.9m
i4.4m
34.2m

2.18s
1.658h
3.14h

4.486h
2.228d

49.54
1.198m

14.66h

9.7h

2.6%4d
6.183d

53m
1.41h
2.2h

9.1h
1.196d
1.621d

1.117d

0.79% 171, 73% 844, 29.1% 1014
40.5% 146, 14.11% 1176, 42.9% 2128,
12.31% 3303

96.6% 202, 91% 479

8.78% 1077

92.7% 898, 99.35% 1836, 0.666%
2734

12.8% 156

0.669% 607, 2.8% 617

29.2% 417, 56.2% 1097, 84.4% 1294,
10% 1508, 15.6% 2112

36.6% 162

64.2% 392

43% 617, 5.4% 1388, 2.8% 1614, 1.08%
2507

45.8% 336

1.949% 261, 50.1% 336, 8.03% 492,
27.5% 528

15.4% 190, 4.4% 558, 4.3% 725
0.14% 1300

100% 1369, 99.944% 2754

1.2% 138, 47.2% 148, 7.0% 168, 0.42%
175, 34.4% 188, 1.29% 264, 4.0% 285,
2.66% 316

95.50% 412, 0.802% 676, 0.159% 1088
0.050% 326, 22.9% 333, 87% 356, 7.2%
426, 0.389% 521, 0.0061% 688, 0.0443%
758, 0.149% 1091

99.7% T80, 96% 846

22% 166

14.3% 129, 100% 182, 35.6% 202, 19.8%
214, 13.1% 221, 21.3% 392, 25.0% 420,
13.8% 460, 10.6% 546, 14.2% 597,
12.6% 679, 18.9% 893, 6.8% 1000, 8.5%
1035, 17% 1045, 6.8% 1209, 6.2% 1221,
48.5%1459, 10.4% 1624

90% 250, 2.90% 608

15.6% 268

17.5% 276

0.93% 1379
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Table 4 Reactions Leading to Radioactive Products from Various Samples
Sample-material Half-life “Product Prominent Reaction
Y-Tay energy
(keV)

Fe 8.5m S3Fe 378 (n,2n)
2.6h 56Mn 847 (n,n'p), (n,d), (n.p)
27.7d 31Cr 320 (n,00)
44.6d 59Fe 1099 (n,y)
312.2d 54Mn 835 (n,p)

Cr 3.76 m 52y 1434 (n,p)
5.8 m ST 320 (n,ot)
419 m 49V 91/153 (n,2n)
1597 d 48y 984 (n,t)
27.7 d S1Cr 320 (n,y), (n,2n)

Ni 10.5 m 60mCqg 58.6 (n,p)
139 m 62Co 1173 (n,p)
1.65 h 61Co 67 (n,n'p), (n,d)
2.52h 65Ni 1482 (n,Y)
9.2 h 58mCo 25 (n,p)
36h 3INi 1373 (n,2n)
44.6 d 59Fe 1099 (n,o)
70.8 d 58Co 811 (n,p)
271d 371Co 122 (n,n'p), (n,d)
527y 60Co 1332 (n,p)

$S316 3.76 m 52y 1434 Mn(n,e); Cr(n,p)
5.8 m SITj 320 Cr(n,o)
8.5 m 33Fe 378 Fe(n,2n)
10.5m 60mC g 58.6 Ni(n,p)
139 m 62Co 1173 Ni(n,p)
14.6 m 101Mo 192 Mo(n,y)
15.5 m 1Mo 1634 Mo(n,2n)
41.9m 49y 91/153 Cr(n,2n)
51.5m 98mNb 787 Mo(n,o),{n,p)
72 m 97Nb 658 Mo(n,p), (n,n'p),(n,d)
1.65 h 61Co 67 Ni(n,n'p), (n,a)
2.52h 65Ni 1482 Ni(n,y)
2.58 h S6Mn 847 Fe(n,p);Mn(n,y)
169 h 977r 743 Mo(n, o)
234 h 96Nb 569/778 Mo(n,p),(n,n'p)
36 h STNi 1373 Ni(n,2n)
784 h 897r 909 Mo(n, )
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10.14 d 9ZmNb 935 Mo(n,p}
1597d 48y 984 Cr(n,t)
277 4d SICr 320 Fe(n,o);Cr(n,2n)
44.6 d 59Fe 1099 Ni(n,a)
708 d 38Co 811 Ni(n,p)
271d S7Co 122 Ni(n,n'p),(n,d)
312.24d 54Mn 835 Fe(n,p); Mn(n,2n)
527y 60Co 1332 Ni(n,p)
Ti 5.8 m 51T} 320 (n,y)
3.1h 4571 720 (n,2n)
39h 445c 1157 (m,t)
437 h 485¢ 984 (n,p)
3.42d 47Sc 159 (n,p)
4.54 d 47Ca 1297 (n,o)
83.8 d 46Sc 889/1121 (n.p)
A 375 m 52y 1434 (n,Y)
5.8 m 513 320 (n,p)
437 h 485¢c 984 (n,00)
3.42d 47sc 159 (n,&)
Nb 6.3 m 94mNp 871 (n,y)
10.1d 92mNb 934 (n,2n)
W 10.5 m 186y 198 (n,p)
49.5 m 185T3 178 (n,n'p), (n,d)
64 m 183Hf 784 (n,a)
239 h 187w 480 (m,y)
5d 183Ta 246 (n,p)
115d 182, 1121 (n,p)
1214 181w 136 (n,g)
Mo 14.6 m 1010 192 (n,y)
155 m 91Mo 1634 (n,2n)
515m 98mNb 787 (n,t),{n,p)
72 m %TNb 658 (n,p),(n,n'p),(n,d)
6.95 h 93mMo 685 (n,y)
169 h 977y 743 (n,o)
23.4 h 96ND 569/778 (n,p),(n,n'p),(n,d)
66.0 h 99Mo 1417739 (n,v),(n,2n)
78.4 h 897r 909 (n,00)
87h 95mNb 204 (n.p)
10.14 d 92mNb 935 (n,p)
35d 95Nb 766 (n,p),(n,n'p),(n,d)
64 d 957r 724/757 (n,p)
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Co

MnCu

Si

Zr

In

§3.4d

104 m
2.58 h
92h

446 d
70.8d
528y

376 m
5.14 m
9.8 m

10.4m
13.9m
1.65h
2.52h
2.58 h
128 h
312d

528y

224 m
6.56 m
0.46 m

2.24m
946 m
15h

4,18 m
743 m
18.7 m
49.7 m
281 h
3.19h
3.54h
0.48 h
784 h
64 d

48.6 m
54.1m
99.5 m
3,14 h
4,49 h
534 h

887

60mCq
56Mn
58mCg
59Fe
5800
60Co

52y
66Cu
62Cu
60mCo
62Co
61Co
65N
S6Mn
64Cqy
54Mn
600

28A1
29A1
27Mg

28A1
27Mg
24N3

89mz
938r
G4y
S1my
87mgr
90my
92y
91Sr
89m+g7r

957

111mey

113myp

115myy

115Cd

394

58.6
847
25
1099
811
1332

1434
1039
511
58.6
1173
86
1482
847
1346
835
1332

1779
1273
844

1779
844
1369

588
590
919
556
388
480
935
1024
909
757

245
417
392
617
336
336

(n,n'ct)

(n,y)
(n,0)
(n,2n)
(n,p)
(n,2n)
(n,7)

Mn(n,o)
Cu(n,y)
Cu(n,2n)
Cu{n,c)
Cu{n,ct)
Cu{n,n'o)
Cu(n,p)
Mn(n,y)
Cu(n,y),(n,2n)
Mn{n,2n)
Cu(n,c)

(n,p)
(n,o)
(n,o0)

(n,y)
(n,p)
(n,o0)

(n,2n)
(n,o0)
(n,p)
{n,p)
(n,o)
(n,n'p)
(n,p)
(n,o0)
(n,2n)
(n,2n)

(n,t)
(n,y)
(n,n")
(n,a)
{(n,n")
(n,p)

_37 —_
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Table 4 continued
49.5 d 114m1p 725 (n,2n)
252.d 110mA g 658 (n,a)

Ta 55h 180mpf 332 (n,p)
6.7d 1770 208 (n,o)
25.1d 179m2pf 453 {n,2n)

424 d 1811f 482 (n,p)
115d 182719 1121 (n,y)
161d 177mLy 105 (n,00)

Y 2.8 h 87mgSr 388 (n,t)
32h 90my 480 {n,y)

18.8 d 86Rb 1077 (n,q)
106.6 d 88y 898/1836  (m,2n)

Zn 51 m 66Cy 1039 (n,p),(n,n'p),(n,d)
38.1m 637n 670 (n,2n),(n,Y)
38.1m 637n 670 (n,2n)
2.52h 65Ni 1482 (n,o0)
13.8h 69mzn 439 (n,2n)

61.9 h 67Cu 185 (n,p).(n,d),(n,n'p)
244 d 657n 1116 (n,2n),(n,y)

Sn 9.5m 125mgn 332 (n,Y)

18 m 119m]p 1065 (n,p),(n,d),(n,n'p)
35m 1115y 1152 (n,2n)

40.1 m 123mgn 160 (n,y),(n,2n)

48.6 m 11mcq 245 (n,o)

54.1m 116mlyp 417 (n,p)

2.4 h 117¢d 273 (n,)

3.4 h 17mCd 1066 (n,00)

45h 115my 336 (n,p),(n,d),(n,n'p)
534h 15¢d 336 (n,o)

9.63d 1258n 1066 (n,y)

14d 1233n 1089 (n,2n)

44.8 d 115mCq 934 (n,0)

453d 109Cd 88 (n,00)

Pb 3.05 m 208y 2615 (n,p)
3.6m 206m] 216 (n,p),(n,d),(n,t)
66.9 m 204mpy 899/912 (n,n")
3.62h 202mpp 961/422 (n,3n)

52.02 h 203pp 279 (n,2n)
12234 2027] 440 (n,t)
46.76 d 203Hg 279 (n,0)
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Table4 continued

Ag 2.4 m 108Ag 633 (n,7), (n,2n)
434 m 104mRh 51 (n,p)
24m 1064 512 (n,2n)
130 m 106mRh 512/717 (n,o0)
13.43 h 109pd 88 (n,p)
8.5d 106mA ¢ 512/717 (n,2n)
2524 110mA g 707/658 (n,y)
127y 108mA g 4347723 (n,2n)

Au 97h 196mA |y 188 (n,2n)
2.7d 198 Ay 412 (n,y)
6.2d 196 A1 356 (n,2n)

Mg 15h 24Na 1369 (n,p)

YBaCu307 5.14 m 66Cy 1039 Cu(n,y)
9.8 m 62Cu 511 Cu(n,2n)
10.4 m 60mCo 58.6 Cuf{n,)
13.9m 62Co 1173 Cu(n, o)
53m 133mCy 781 Ba(n,p)
82.9 m 13984 166 Ba(n,y)
9.1h 135m+gXe 250 Ba(n,ct)
3.19 h 90my 480 Y(n,Y)
18.8 d 86Rb 1077 Y (n,00)
106.6 d 88y 1836 Y(n,2n)
1.65 h 61Co 86 Cu(n,n'e)
2.52h 65Ni 1482 Cu(n,p)
129 h 64Cu 1346 Cu(n,2n),(n,7)
528y 60Co 1332 Cu(n, o)

ErBa2Cu30O7 5.14 m 66Cu 1039 Cu(n,y)
6.2 m 167Dy 570 Er(n,x)
4.18 m 89m7y 588 Zr(n,2n)
7.43 m 938r 590 Zr(n,o)
18.7 m 94y 919 Zr(n,p)
9.8 m 62Cy 511 Cu(n,2n)
10.4 m 60mCq 58.6 Cu(n, o)
13.9m 62Co 1173 Cu(n, )
53m 135m (s 781 Ba(n,p)
233 h 165Dy 95 Er{n,o)
3.1lh 16THo 347 Er(n,p)
7.52h 171g; 308 Er(n,y)
26.8 h 166110 81/1379 Er(n,p)

53m 135mCs 781  Ba(n,p)
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82.9m
9.1h

1.65 h
2.52h
129 h
528y

1398,
135m+gxe
61Co
65N
64Cy
60Co

166
250
86
1482
1346
1332

Ba(n,y)
Ba(n,o)
Cu(n,n'a)
Cu(n,p)
Cu(n,2n),(n,y)
Cu(n,o)

Table 5 Prominent Natural Background Radioactivities, Major y-ray

Energies and Emission Probabilities

Radioactivity y-ray Energy in KeV
Source (% Emission Probability)@
40K 1460.8 (10.7)
208T] 277.4 (6.8) 510.7 (21.6) 583.1 (85.8) 763.1 (1.6)
860.4 (12.0) 1093.9 (0.4) 2614.5 (99.8)
212pp 115.2 (0.6) 176.6 (0.1)  238.6 (43.1) 300.1 (3.3)
212Bj 727.2 (6.7) 1620.6 (1.6)
214pp 295.2 (17.9) 3519 (34.3)
214Bj 609.3 (42.6) 768.4 (4.6) 806.2 (1.2) 934.1 (3.0)
1120.3 (13.9) 1155.2 (1.6) 1238.1 (5.5) 1281.0(1.4)
1377.7 (3.8) 1385.3 (0.8) 1401.1 (1.3) 1408.0 (2.4)
1509.2 (2.0) 1661.3 (1.1) 1729.6 (2.7) 1764.5 (14.6)
1847.4 (1.9) 2118.6 (1.1) 2204.2 (4.6) 24778 (1.4)
226Ra 186.1 (3.5)
2B8AC 129.1 (2.9) 2094 (4.6) 270.3(3.8) 328.0(33.7)
338.4 (12.0) 463.0(4.6) 7948 (4.8) 911.1 (29.0)
964.6 (5.5) 968.9 (17.5) 15879 (3.7)

@Data are taken from the Table of Radioactive Isotopes [Ref. 24]
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Description of Spectral Conditions and Identifiers

Experimental Period

Spectral Conditions

Irradiation Time Mean '14 MeV' Intensity

December 2, '88
(Phase IIC: WCC)

November 9, '89
(Ph TITA: Bare Line Source)

November 21, '89
(Ph IITA:Point Source inside

Annular Blanket)

November 22, '89
(Ph IIIA: Line Source
Driven Annular Blanket)

November 1, 'G0

(Ph IIB: Line Source
Driven Annular Blanket with
1" thick graphite armor)

November 15, '91
(Ph I1IC: Line Source
Driven Annular Blanket with

Location  Identifier
{10,0) cm Al
(10, 0) cm A2
(82, 5) cm B1
(82, 5) cm B2

(0,21.9)cm Cl
(40,219 cm Dl

(100, 21.9) cm  El

(0,23.4) cm F1

(0,22.9) cm Gl

(0, 23.4) cm Hl1
(0, 28.3) cm 11

(40,23.4)cm  Jl

(0, 23.4) cm K1

40,234)cm L1

(0, 23.4) cm M1

0,219 cm N1

30m
Oh

30m
10h

Gh47m

Sh47m

Oh47m

30m

30m

Qh51m3s

9h51m3s

Oh51m3s

10h29m40s

10h29m40s

10h6m33s

10h6m33s

1.70 x 1012 n/s
8.75 x 1011 n/s

1.28 x 102 n/s
1.12 x 102 nfs

1.88 x 1011 n/s
(9.40 x 108 n/cm/s)*
1.88 x 10 nfcm/s
(9.40 x 108 nfcm/s)*
1.88 x 10! n/cm/s
(9.40 x 108 n/cm/s)*

2.42 x 101 nfs

2.42 x 1011 nfs

1.93 x 10! nfs
(9.66 x 108 nfem/s)*
1.93 x 10t n/s
(9.66 x 108 nfcm/s)*
1.93 x 101! n/s
(9.66 x 10% n/cm/s)*

1.31 x 10 n/s
(6.55 x 108 nfcm/s)*
1.31 x 10 n/s
(6.55 x 108 nfcm/s)*

2.16 x 101 n/s
(1.08 x 109 n/cm/s)*
2.16 x 1011 n/s

*; Source neutron density along the line over 200 cm.
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Table 7.1  Parameters Characterizing Iron Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

FEA1l Al 30m 22.4m 10m
FEA21 A2 Oh 3h22.3m 22.4m
FEA22 A2 9h 17h16.2m 39.8m
FEA23 A2 Oh 5d13.7h 5h16.9m
FEBI11 - Bl 30m 24m 10m
FEB21 B2 10h 5him 44.8m
FEB22 B2 10h 17h16.2m 39.8m
FEC11 Cl 9h47m 2h15.5m 10m
FEC12 Cl 9h47m 5di3.4h 3h36.7m
FEC13 C1 9h47m 6d14.2h 4h25.0m
FEC14 Cl 9h47m 7d22.6h 14h11.8m
FED11 D1 9h47m 2h3.2m 10.5m
FED12 D1 Sh47m 5d17.4h 5h14.3m
FEE11 El Ghd47m 1h50m 10m
FEE12 El Ohd47m 3d16.9h 2h
FEF11 F1 30m 33m13s 7.3m
FEF12 F1 30m 2h31.6m 1th13.2m
FEF13 F1 30m 3h50.7m 56.0m
FEF14 Fi 30m 21h21.8m 2h12m
FEGI11 Gl 30m 44m 8.6m
FEG12 G1 30m 1h8.7m 1h17.3m
FEH11 H1 Gh51.1m 4h19.6m 14.2m
FEH12 Hl1 9h51.1m 13h50.3m 30.5m
FEI11 11 9h51.1m 5h9.9m 25.0m
FEJ11 I Oh51.1m 4h45.1m 14.2m
FEL11 L1 10h29m40s 3h9.8m 25.4m

J— 42_
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Table 7.2  Parameters Characterizing Nickel Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

NIA1l Al 30m 56.3 30.9m
NIA21 A2 %h 2h26.7m 42.9m
NIA22 A2 Sh 16h23.7m  44.7m
NIA23 A2 Sh 4d13h 8h41.9m
NIB11 B1 30m 58.8m 26.6m
NIB21 B2 10h 3h52.7m 1h2.8m
NIB22 B2 10h 2d17.6m 4h13.2m
NIC11 Cl 9h47m 7h8.7m 16.9m
NIC12 C1 9h47m 18h28.5m  25m
NIC13 C1 9h47m 4d19.%h 2h9.5m
NID11 D1 Oh47m 6h45.8m 19.3m
NID12 D1 9h47m 17h14.2m - 28.5m
NID13 D1 Oh47m 4d22.5h 14h18.9m
NIE1l El %h47m 6h20.3m 18.7m
NIE12 El 9h47m 16h37.5m  32m
NIE13 El 9h47m 17h20.8m  1h32.3m
NIE14 El Oh47m 5d17.4h 5h12.8m
NIF11 F1 30m 44m 8.6m
NIF12 F1 30m 2h31.8m 1h13.5m
NIF13 Fl 30m 21h21.9m  5h12.7m
NIGI11 Gl 30m 55.7m 1h29.6m
NIH11 H1 9h51m>Ss 4h19.8m 18.4m
NIH12 H1 9h51m35s 13h50.6m  30.3m
NIIl11 11 9h51mS5s 5h10.8m 26.9m
NiJi1 J1 9451m35s 4h45.4m 17.6m
NIK11 K1 10h29m40s 1h12.1m 21.7m
NIK12 K1 10h29m3s 15h58.8m 28.2m
NIK13 K1 10h29m35s 7d14.7h 2h43.1m
NIK14 K1 10h29m5Ss 23h52.4m
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Table 7.3  Parameters Characterizing Molybdenum Measurement
Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier :

MOAIL Al 30m 46.3m 30.5m
MOA21 A2 Sh 1h38.2m 43.8m
MOA22 A2 Oh 15h 11.8m  1h5.5m
MOA23 A2 Sh 19h42.3m  2h46.7m
MOA24 A2 Sh 4d3.7h 15h28.6m
MOB11 Bi 30m 58.8m 26.6m
MOB21 B2 10h 2h28.5m 38.2m
MOB22 B2 10h 9h15.8m 4h2.2m
MOCI11 Cl1 9h47m 3h46.8m 11.7m
MOC12 Cl 9h47m 4h3.3m 10.8m
MOC13 C1 9h47m 20h47.2m  333m
MOCI14 C1 9h47m 3d21.7h 15h20.8m
MOD11 D1 Sh47m 3h32.5m 10.9m
MOD12 D1 9h47m 20h155m  27.3m
MOD13 D1 9h47m 4d13.3h 3h40.7m
MOEI11 El Oh47m 3h18.2m 10.8m
MOE12 El 9h47m 17h48.2m  35.2m
MOE13 El 9h47m 4d17.1h 2h37.7m
MOH11 H1 Sh51m3s 2h52.7m 33.3m
MOCHI12 H1 Oh51m5s 11h48.1m 30.2m
MOI11 Il 9h51m5s 3h37.3m 33.3m
MOI12 I1 9h51m5s 12h292m  33.9m
MOJ11 J1 Oh51m3s 6h30.3m 38.8m
MOJ12 J1 Oh51m35s 13h13.3m  27.6m
MOIJ13 J1 Oh51m3s 8d12.1h 3h0.3m
MOKI11 K1 10h29m40s 20.8m 13.9m
MOKI12 K1 10h29m40s 1h41.9m 24.5m
MOK13 K1 10h29m40s 14h38.5m  35m
MOK14 K1 10h29m40s 6d19.5h 53.4m
MOK15 K1 10h29m40s 7d20.5h 15h19.3m
MOK16 K1 10h29m40s 9h22.8m
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Table 7.4  Parameters Characterizing Chromium Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

CRA21 A2 9h 1h38.8m 43.0m
CRA22 A2 Sh 15h16.8m 1h0.5m
CRB22 B2 10h 2h27.5m 1519.6m
CRK11 K1 10h29m40s 1h12m 21.6m
CRK12 K1 10h29m40s 20h44.4m 17h(.4m
CRK13 K1 10h29m40s 7d14.7h 2h45.8m
Table 7.5  Parameters Characterizing S5316 Measurements

Measurement Spectral IrracdiationTime CoolingTim  CountingTime
Identifier Identifier

SSAll Al 30m 37.3m 14.6m
SSA21 A2 9h 1h38.8m 42.4m
SSA22 A2 9h 4h31m 2h46.7m
SSA23 A2 5h 15h16.8m 1h0.5m
SSA24 A2 Sh 3d21.8h 13h54.6m
SSBI1 BI 30m 39.2m 15.1m
SSB21 B2 10h 3h13.2m 33.9m
SSB22 B2 10h 1d15.%h 21h48.8m
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Table 7.6  Parameters Characterizing AISI316 Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

SSC11 C1 9h47m 4h47.8m 12.9m
SS§C12 C1 9h47m 21h24.8m 33.4m
SSC13 C1 9h47m 4d17.5h 2h10.8m
SS5C14 C1 9h47m 7d15h 7h23m
SSC15 C1 9h47m 20d14.6h 3h37.4m
SSC16 Cl 9h47m 20d22.4h 14h41.4m
SSD11 D1 9h47m 4h33.2m 11.6m
SSD12 D1 9h47m 19h41.2m  30.9m
SSD13 D1 9h47m 4d19.5h 2h8.7m
SSD14 D1 9h47m 20d18.4h 3h35.4h
SSE11 El Sh47m 4h18.5m 11.9m
SSE12 El Sh47m 18h59.5m  38.1m
SSE13 E1l Ohd47m 4d22.4h 14h46.2m
SSH11 H1 9h5imS5s 1h37.4m 23.1m
SSHI12 H1 9hS1m5s 12h29.6m  36.1m
SST11 11 9h51mSs 2h12.5m 28.6m
SSI12 11 Oh51m5s 13h13.5m  25.3m
SSK11 K1 10h29m40s 18h9.8m 34.5m
SSK12 K1 10h29m40s 6d21.7h 14h20.9m
SSK13 K1 10h29m40s 14h37.9m

Table 7.7 Parameters Characterizing MnCu Alloy Measurements
Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier '

MCAL1 Al 30m 12.3m 10m
MCA21 A2 %h 2h26.7m 44m
MCA22 A2 Sh 16h23.7m  45.7m
MCA23 A2 Sh 6d21h 4h50.3m
MCB11 B1 30m 24.3m 10m
MCB21 B2 10h 3h52.7m 1h2.2m
MCB22 B2 10h 3d13.4h 6h44.9m
MCK11 K1 10h29m40s 58.6m 8.3m
MCK12 K1 10h29m40s 15h15.3m  35m
MCK13 K1 10h29m40s 6d20.6h 50.9m
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Table 7.8 Parameters Characterizing Copper Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

CUK11 K1 10h29m40s 20.6m 5.1m
CUK12 K1 10h29m40s 18h49.4m  32.3m
CUK13 K1 10h29m40s 7d17.8h 2h29.6m

Table 7.9  Parameters Characterizing Tungsten Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

WALl Al 30m 37.3m 15.5m
WA21 A2 9h 2h26.5m 44.2m
WA22 A2 Sh 16h23.4m  45.7m
WA23 A2 Oh 2d19.1h 18h22.7m
WB11 Bl 30m 39.2m 15.1m
WB21 B2 10h 3h13.5m 33.5m
WR22 B2 10h 4d5.3m 13h32.2m
WCl11 Cl 9h47m 3h47.5m 10.9m
WCl12 Cl Oh47m 20h47.5m  33.3m
WCI13 C1 Sh47m 4d13.3h 3h38.3m
WF11 Fi 30m 44.5m 8.2m
WF12 Fl 30m 4h57.3m 58.7m
WF13 F1 30m 6h36.5m 14hZ20m
WwWG12 Gl 30m 55.3m 9.7m
WHI11 HI 9h51m3s 1h37.5m 22.4m
WHI2 Hl 9h51mSs 8d18.5h 2h38.3m
WI11 11 9h51m3s 2h13m 22.4m
WKI11 K1 10h29m40s 20.6m 10.4m
WK12 K1 10h29m40s 2h5.7m 26.5m
WK13 K1 10h29m40s 13h38.4m 32.4m
WK14 K1 10h29m40s 6d19.5h 47m
WK15 K1 10h29m40s 7d420.5h 15h16.3m
WKI16 K1 10h29m40s 18d15.8h 20h5.3m
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Table 7.10  Parameters Characterizing Zirconium Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

ZRA11 Al 30m 56.5m 18.9m
ZRA21 A2 Sh 2h26.5m 43.5m
ZRA22 A2 9h 17h15.7m 40m
ZRB11 B1 30m 58.3m 27.1m
ZRB21 B2 10h 3h13.5m 33.7m
ZRCI11 C1 Ghd47m 3h33.3m 10m
ZRC12 Cl 9h47m Gh21.7m 39.1m
ZRC13 Cl Oh47m 19h36m 25.7m
ZRC14 C1 9h47m 3d18.4h 40m
ZRD11 D1 9h47m 8h34.3m 20.5m
ZRD12 D1 Oh47m 19h50s 28.3m
ZRD13 D1 9h47m 5d13.4h 19.9m
ZRD14 D1 9h47m 5d14.1h 3h4.5m
ZRE11 El O0h47m 8h26.9m 24.1m
ZRE12 El Oh47m 18h28.7m 23.2m
ZRE13 El Oh47m 3d16.5h 1h20.3m
ZRHI11 H1 Oh51mS5s 3h25.3m 23.5m
ZRH12 HI 9h51mb5s 10h1.4m 42.7m
ZRI11 Il OhS51mS5s 3h54.3m 18.3m
ZRI12 11 9h51m3s 10h54.7m 43 6m
ZRK11 K1 10h29m40s 20.9m 26.6m
ZRL11 L1 10h29m40s 2h5.1m 26.1m
ZRL12 L1 10h29m40s 14h14.8m 20.6m
ZRI1.13 Ll 10h29m40s 16h5s 26.1m
ZR1.14 L1 10h29m40s 6d19.5h 55.8m
ZRL15 L1 10h29m40s 7d17.9h 18h50s
ZR1.16 L1 10h29m40s 14h31.3m
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Table 7.11  Parameters Characterizing Vanadium Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

VAIlL Al 30m 22.3m 10m
VA21 A2 9h 3h42.2m 36.1m
VA22 A2 %h 17h16.2m  39.8m
VBI11 Bl 30m 24m 10m
VB21 B2 10h 5hi.7m 44.9m
VB22 B2 10h 2d22.4h 14h51.3m
VCl11 Cl1 9h47m 11h47.3m  27m
VC12 Ct 9h47m 1d15.6h 4h45.5m
VLI11 L1 10h29m40s 1h38m 24m
VL12 12 10h29m40s 17h153m  27m
VL13 L3 10h29m40s 7d17.5h 2h30.1m

Table 7.12  Parameters Characterizing Aluminum Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

ALA1lL Al 30m 1h15.8m 11.4m
ALA2] A2 Sh 4h31m 2h46.7m
ALBI11 Bl 30m 58.3m 27.1m
ALB21 B2 10h 5h52.3m 1h28.5m
ALCI11 C1 9hd7m 6h46m 39.7m
ALC12 C1 9h47m 7h31m 51.7m
ALCI13 C1 9h47m 10h9.2m 1h32.2m
AlLDI11 D1 9h47m 5h58.2m 40.7m
ALE1l El 9hd47m S5hSm 49.2m
ALF11 F1 30m 23h53m 2h40m
ALF12 F1l 30m 1d3.1h 7h15.8m
ALGI1 Gl 30m 23h52.5m 10h26.3m
ALHI1 H1 9hS51m5s 9h20.2m 33.3m
ALIll I1 9hS1m3Ss 10h1.9m 44.3m
ALJ11 J1 9h51mS5s 10h55.2m  45.3m
ALKI11 K1 10h29m40s Th37.2m 14.9m
ALI11 L1 10h29m40s 10h47.4m  24.3m
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Table 7.13  Parameters Characterizing Cobalt Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

COAll Al 30m 37.3m 15m
COA21 A2 Sh 3h17.2m 29.2m
COA22 A2 Sh 17h157m  40.5m
COA23 A2 %h 5d19.2h 3h21.5m
COB11 Bl 30m 39.3m 15.1m
COB21 B2 10h 3h53m 1h2.7m
COC11 Cl1 9h47m 5h10m 44.2m
COC12 C1 9h47m 3d20.3h 1h13.3m
COK11 K1 10h29m40s 1h7.9m 10.3m
COK12 K1 10h29m40s 17h48m 29.9m
COK13 K1 10h29m40s 6d21.7h 14h30.5m
COK14 K1 10h29m40s 5k18.4m

Table 7.14  Parameters Characterizing Titanium Measurements
Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

TIA1l Al 30m 22.3m 10m
TIA21 A2 Sh 3h51.5m 29.2m
TIA22 A2 %h 18hlim 1h20.5m
TIB11 B1 30m 24.3m 10m
TIB21 B2 1Ch 7h27.5m 1h43.4m
TIC11 C1 Sh47m 6h46.2m 39.5m
TICI2 C1 Sh47m 22h3.4m 17h16.5m
TIH11 H1 Oh51mSs 7h34.4m 40.9m
TII11 I1 Oh51m5s 8h25.7m 40.9m
TIL11 L1 10h295m40s 1h8&m 27.6m
TIL12 L1 10h29m40s %h9.7m 42.8m
TIL13 11 10h29m40s 16h32.2m  37.1m
TIL14 L1 10h29m40s 7d12.4h 2h3.3m
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Table 7.15  Parameters Characterizing Niobium Measurements

Measurement Spectral IradiationTime CoolingTim  CountingTime
Identifier Identifier

NBA21 A2 Oh 4h31m 2h46.7m
NBA22 A2 Oh 18h49.5m  44.5m
NBB22 B2 10h 13h39%m 1h13.7
NBC11 Cl1 9h47m 0h20.7m 40.2m
NBC12 C1 9h47m 1th45.7m  28.5m
NBC13 C1 9h47m 12h18.5m  28m
NBC14 Cl 9hd7m 12h50.5m  29.7m
NBDI11 D1 9h47m 8h28.2m 46.9m
NBD12 D1 9h47m 10h57.8m  43.5m
NBE11 El 9h47m 7h31m 51.7m
NBE12 El 9h47m 10h7m 45.9m
NBF11 F1 30m 1d3.1h 1h25.5m
NBF12 F1 30m 1d4.6h 1h23.4m
NBGI11 Gl 30m 1d6.2h 2h12.3m
NBG12 Gl 30m 1d8.6h 1h44.3m
NBHI11 H1 9h51m3s 5d19.6h 1h18.2m
NBHI12 H1 _ 9h51m5s 5d21.1h 14h23m
NBII1 I1 Oh51m5s 6d11.8h 3h46.5m
NBI12 I1 Oh51mSs 6d15.7h 4hlm
NBJ11 J1 9h51m35s 6d19.8h 2h15.3m
NBJ12 J1 Sh51mS5s 6d22.4h 13h11im
NBK11 K1 10h29m40s 4d19.5h 46.5m

NBL11 L1 10h29m40s 6d12h 1h10.5m
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Table 7.16  Parameters Characterizing Tin Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

SNCI1 C1 9h47m 3h4.7m 9.7m
SNC12 C1 9h47m 1d17.6h 1h53.7m
SNC13 C1 9h47m 6d22.6h 15h52m
SND11 D1 Oh47m 2h49.7m 10.4m
SND12 D1 Shd47m 1d15.6h 2h45.5m
SND13 D1 Sh47m 6d19.%h 2h35m
SNEI11 El 9h47m 2h29m 16.9m
SNE12 El 5h47m 3h5m 24m
SNE13 El Shd7m 22h3.3m 17h16.8m
SNF11 F1 30m 21.8m 7.8
SNF12 F1 30m 1h8.7m 1h16.7m
SNF13 Fl 30m 21h23m 2h7.5m
SNG11 Gl 30m 22.3m 7.3m
SNGI12 Gl 30m 3h50.3m 56.9m
SNJ11 11 9h51mSs 5h45.9m 35m
SNJ12 J1 Sh51m5s 14h33.6m 30m
SNL11 L1 10h29m40s 27.7m 6.7m
SNL12 L1 10h29m40s 1h19.9m 1h12.5m
SNL13 L1 10h29m40s 17h14.6m 27.8m
SNL.14 L1 10h29m40s 7d12.5h 1h58.9m
SNL15 L1 10h29m40s 7h51.9m
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Table 7.17  Parameters Characterizing Lead Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

PBC11 C1 9h47m 12h19.2m 1h1.4m
PBC12 Ct S5h47m 3d19.2h 34.2m
PBC13 C1 9h47m 5d22.%h 14h18m
PBF11 Fl 30m 12.2m 5.5m
PBF12 F1 30m +4h57.2m 1h30.1m
PBG11 G1 30m 11.5m 6.1m
PBG12 Gl 30m 7hl7m 13h41m
PBJ11 J1 9h51mSs 9h19.7m 30.8m
PBJ12 J1 9h51m35s 14h33.3m 30m
PBL11 Li 10h29m40s 37.5m 27.6m
PBL12 L1 10h29m40s 2h%.3m 23m
PBL13 L1 10h29m40s 18h47.6m 19.7m
PBL14 L1 10h29m40s 6d420.6h 51.3m
Table 7.18  Parameters Characterizing Tantalum Measurements
Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Tdentifier

TAA21 A2 %h 3h17.2m 25.9m
TAA22 A2 %h 18h11.7m 35.4m
TAB21 B2 10h 3h53m 1h2.7m
TAC11 Cl1 9h47m 5h5%m 16m
TACI12 Cl 9h47m 3d14.8h 1h52.8m
TAC13 C1 9h47m 7d17h 19h48.6m
TAHI11 H1 9h51mb5s 7h25.4m 42m
TAI11 It 9h51mSs gh25.5m 44.7m
TAKI11 K1 10h29m40s 1h37.7m 24.3m
TAK12 K1 10h29m40s 19h25.3m  56.8m
TAKI3 K1 10h29m40s 6420.6h 54.2m
TAK14 K1 10h29m40s 7h28.3m
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Table 7.19  Parameters Characterizing Silver Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

AGC11 C1 9h47m 2h36.7m 9.2m
AGC12 C1 9h47m 19h37.3m  24.5m
AGC13 C1 9h47m 3d19.2h S55m
AGC14 Cl 9h47m 5d22.%h 14hi4.3m
AGCI1S5 Cl 9h47m 7d14.6h 2h13.4m
AGF11 F1 30m 33.3m 6.9
AGF12 Fl 30m 2h31.8m 1h13.5m
AGGI11 Gl 30m 33.8m 6.8m
AGG12 Gl 30m 6h49.5m 14h7.5m
AGJ11 J1 Oh51m5s . 6h48.8m 50.6m
AGI12 J1 9h51mSs 11h48.8m  31.7m
AGL11 L1 10h29m40s 46.5m 18.2m
AGL12 L1 10h29m40s 18h49.8m 19h5.5m
AGL13 L1 10h29m40s 7d12.4h 2h4.7m
AGL14 L1 10h29m40s 2d16.7h

Table 7.20 Parameters Characterizing Zinc Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifter Identifier

ZNC11 Cl 9h47m 2h50.5m 10.2m
ZNC12 C1 9h47m 21h26.3m  32.3m
ZNC13 C1 9h47m 3d19.9h 1h33.3m
ZNCl4 Cl 9h47m 6d17.2h 2h33.7m
ZNF11 Ft 30m 11.7m 5.8m
ZNF12 F1 30m 56.3m 8.7m
ZNF13 F1 30m 4h57.2m 1h42.2m
ZNGI1 Gl 30m 22.3m 7.2m
ZNG12 Gl 30m 3h50.5m  56.6m
ZNJ11 J1 9h51mS5s 5h45.3m 37.5m
ZNL11 L1 10h29m40s 32.7m 10.1m
ZNL12 L1 10h29m40s 44.1m 24 2m
ZNL13 L1 10h29m40s 16h31.7m 37.5m
ZNL14 L1 10h29m40s 6d21.7h 14h28.9m
ZNL15 L1 10h29m40s 17h37m
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Table 7.21  Parameters Characterizing Silicon Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier
S1IA11 Al 30m 37.3m 15m

Table 7.22  Parameters Characterizing Yttrium Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

YCl11 C1 9h47m 3d14.8h 1h52.2m
YCi2 Cl 9h47m 6d14.1h 2h50.5m
YC13 Cl 9h47m 6d18.9h 2h23.7m

Table 7.23 Parameters Characterizing Indium Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

INA21L A2 %h 1h38.2m 42.9m
INA22 A2 9h 16h23.7m  45.7m
INB21 B2 10h 2h28.5m 38m
INCI11 C1 %h47m 6h20.5m 18.5m
INCI2 C1 9h47m 19h1.7m 30m
INC13 CI Oh47m 3d22.3h 14h45.8m
INK11 K1 10h29m40s 2h40m Sm
INL11 11 10h29m40s 37.4m 7m
INL12 L1 10h29m40s 6h3.7m 21.3m
INL13 L1 100h29m40s 18h21.8m  22.7m
INL14 L1 10h29m40s 7d14.7h 2h53.5m
INL15 1.1 10h29m40s 16h6.2m
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Table 7.24  Parameters Characterizing Magnesium Measurements

Measurement Spectral IrradiadonTime CoolingTim  CountingTime
Identifier Identifier

MGA21 A2 %h 3h51.7m 26.3m
MGA22 A2 %h 18h11.7m 31.5m
MGB21 B2 1Ch ’ 5h2m 44.2m

Table 7.25  Parameters Characterizing Gold Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

AUA21 A2 Sh 3h51.7m 25.9m
AUA22 A2 Gh 4h31m 2h46.7m
AUA23 A2 %h 18h49.5m  43.7m
AUA24 A2 Sh 19h42m 2h46.7m
AUB21 B2 10h 5h2m 44.2m
AUKI11 K1 10h29m40s 1d14.2h 1h27.3m
AULI1 L1 10h29m40s 4d12.1h 1h11.8m

Table 7.26 Parameters Characterizing YBapCu3Oy7 Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

YCAIll Al 30m 1h32m 2h32.9m
YCAI2 Al 30m 4h12m 4h31.2m
YCA13 Al 30m 7d2.4h 2h50.4m

Table 7.27  Parameters Characterizing ErBa2Cu307 Measurements

Measurement Spectral IrradiationTime CoolingTim  CountingTime
Identifier Identifier

ECAIll Al 30m 1h33m 2h343m
ECAl2 Al 30m 4h12.5m 4h33.5m
ECAL3 Al 30m 11d4.8h 3h34.7m
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Table 8 Identification of Selected Cases

Measurement Spectral Irradiation Cooling Counting
Identifier Identifier Time Time Time
FEAIL Al 30m 22.4m 10m
FEA25 A2 Oh 2d22.1h 15h25.9m
NIA1l Al 30m 56.3m 30.9m
NIA23 A2 Sh 4d13h 8h41.9m
NIB22 B2 10h 2417.6m 4h13.2m
CRA2Z2 A2 %h 15h16.8m 1h0.5m
MOA11 Al 30m 46.3m 30.5m
MOQOA24 A2 Ch 443.7h 15h28.6m
SSA24 A2 Sh 3d21.8h 13h54.6m
S§8C14 C1 Oh47m 7d15h 7h23m
MCA1l Al 30m 12.3m 10m
MCAZ23 A2 Sh 16h23.7m 45 7m
MCB22 B2 10h 3d13.4h 6h44.9m
WA23 AZ Gh 2d19.1h 18h22.7m
ZRA21 A2 Oh 2h26.5m 43.5m
VB22 B2 10h 2422.4h 14h51.3m
AILLB21 B2 10h 5h52.3m 1h28.5m
COA23 A2 9h 5d19.2h 3h21.5m
TIB21 B2 10h Th27.5m 1h43.4m
NBB21 B2 10h 13h3%m 1h13.7m
SNC13 Cl 9h47m 6d22.6h 15h352m
PBCI1 C1 Oh47m 12h19.2m 1hl.4m
TAAZL A2 9h 3h17.2m 25.9m
AGC12 C1 9h47m 19h37.3m 24.5m
ZNCI2 C1 9h47m 21h26.3m 32.3m
SIATLL Al 30m 37.3m 15m
YC13 C1 %h47m 6d18.9h 2h23.7m
INAZ2 A2 Oh 16n23.7m 45.7m
MGAZ21 A2 Oh 3h51.7m 26.3m
AUA22 A2 9h 4h31m 2h46.7m
YCAIL3 Al 30m 7d2.4h 2h50.3m
ECA13 Al A0m 11d4.8h 3h34.7m
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Table 9.1: Data for Iron

Measurement [D: FEA11

No. Energy (keV) v-emission rate % Std.dev.

1 511 29174E+04 4.6
2 847 .10831E+06 3.0
4 1811 29775E+05 2.8
3 2113 15533E+05 3.1
6 2523 .11346E+04 6.6
7 2658 96178E+03 7.1
8 2959 34592E+03 12.1
9 3370 18215E+03 18.9

Table 9.2; Data for Iron

Measurement ID: FEA2S5

No. Energy (keV) v-emission rate % Std.dev.

1 319 41871E+02 3.8
2 511 22597E+02 5.5
3 811 .19592E+01 30.3
4 835 .13796E+03 3.0
5 g47 .43720E+01 16.0
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Table 9.3: Data for Nickel

Measurement ID: NIA11

No. Energy (KeV) y-emissionrate % Swd.dev.
1 122 .16671E+03 4.1
2 127 22944E+03 4.6
3 137 21573E+02 7.5
4 511 .15570E+04 2.2
5 637 24807E+02 14.2
6 811 23155E+03 3.5
7 897 J13029E402 46.4
8 908 35054E+02 18.1
9 1163 J4094E+02 9.5
10 1172 23026E+03 6.5
11 1332 75274E+01 47.9
12 1377 .14961E+04 3.1
13 1757 .13409E+03 59
14 1888 .65120E+02 7.9
15 1919 31754E+03 39
16 2003 .20626E+02 13.5
17 2103 .98934E+01 21.6
18 2335 .13988E+01 98.1
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Table 9.4: Data for Nickel

Measurement ID: NIA23

No. Energy (KeV) +y-emissionrate % Std.dev.

1 116 94223E+02 7.0
2 122 31433E+04 2.8
3 136 38782E+(03 3.5
4 172 45030E+02 7.6
5 197 89729E+02 5.2
6 203 21655E+02 19.5
7 510 A46908E+04 2.0
8 810 .69569E+04 2.2
9 863 S0641E+02 5.7
10 897 95165E+01 21.7
11 1098 A6594E+02 20.0
12 1172 J18514E+04 8.4
13 1176 31422E+01 98.3
14 1291 12146E+02 16.9
15 1321 30361E+02 7.8
16 1332 A4T89E+02 5.7
17 1374 S1379E+02 6.2
18 1377 26688E+04 29
19 1674 42259E+02 6.6
20 1757 19686E+03 33
21 1888 32388E+02 6.0
22 1919 44976E+03 2.7
23

2803 S52432E+01 14.5
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Table 9.5: Data for Nickel

Measurement ID: NIB22

No. Energy (KeV) vy-emissionrate % Std.dev.
1 122 36765E+02 4.3
2 127 L 16260E+02 7.3
3 137 .56825E401 13.0
4 511 .14014E+03 2.8
5 811 .16804E+03 2.7
6 1377 .86146E+02 4.2
7 1674 95851E+00 60.2
8 1757 45265E+01 19.8
9 1919 J12221E+02 9.7
Table 9.6: Data for Chromium
Measurement ID: CRA22
No. Energy (KeV) vy-emissionrate % Std.dev.
1 320 22851E+04 2.1
2 511 S67T6E+02 4.8
3 935 .67560E+01 25.2
4 1368 J12830E+02 17.0
5 1811 15430E+01 63.4
6 2754 14423E+02 17.3
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Measurement [ID: MOA11

No. Energy (KeV) fy-emissionrate % Std.dev.
1 141 90744E+03 3.1
2 172 .18896E+02 46.2
3 181 29692E+03 37
4 192 T2603E+02 24.2
5 263 56220E+02 11.2
6 307 .63352E+03 2.8
7 335 .10070E+03 13.1
g 352 12859E+02 85.1
9 366 S56214E+02 11.0

10 460 72073E+02 8.8

i1 481 22594E+02 243

12 511 19450E+34 2.1

13 545 A3857E+02 123

14 568 .14363E+03 5.1

15 591 A41079E+02 13.2

16 644 38841E+02 12.4

17 658 .13912E+04 2.2

18 684 .84179E+02 7.7

19 695 12627E+02 46.6

20 714 .67208E+02 12.0

21 722 53724E+03 3.0

22 739 A7318E+03 3.4

23 766 J11213E+02 31.7

24 778 A44912E+03 2.9

25 787 66831E+03 29

26 791 60062E+02 9.0

27 810 34312E+02 16.6

28 823 24676E+02 23.2

29 833 .65169E+02 7.1

30 849 51488E+02 9.0

31 879 33000E+02 12.6

32 909 .11330E+03 4.9

33 920 27948E+02 14.1

34 934 .94326E+02 5.7

35 970 .76703E+01 41.2

36 996 15141E+02 23.6

37 1012 24981E+02 15.4
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Table 9.7 continued

38 1024 23848E402 16.1
39 1091 .13135E+03 4.8
40 1121 .10965E+02 27.3
41 1168 .12742E+03 4.8
42 1200 51096E+02 8.8
43 1432 A4664E+02 9.9
44 1436 .19844E+02 20.0
45 1477 92207E+02 6.9
46 1497 83454E+01 332
47 1511 66997E+02 6.9
48 1532 .87360E+01 48.7
49 1546 30084E+02 15.5
50 1555 50113E+01 47.3
51 1580 13287E+02 22.0
52 1637 15284E+02 20.9
53 1701 69376E+02 7.0
54 1884 22258E+02 13.4
55 1945 10178E+02 22.8
56 1956 42951E+01 47.5
57 1979 24526E+02 12.6
58 2032 10365E+02 24.5
59 2615 .14933E+02 15.7
60 2632 72435E401 240

61 3028 S6603E+01 28.8
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Measurement ID: MOA24

No. Energy (KeV) vy-emissionrate % Std.dev.
1 110 45952E+03 2.5
2 119 A7457E+03 32
3 128 52724E+03 3.5
4 141 94601E+04 3.4
5 181 .12451E+04 1.7
6 193 430988E+04 5.6
7 203 453458402 7.1
8 216 17044E+02 19.2
9 234 S56706E+02 4.0

10 365 24632E+03 24

11 459 32705E+02 6.6

12 480 .68671E+01 27.0

13 511 23635E+03 2.4

14 528 A3037E+02 17.0

15 569 86126E+02 4.6

16 719 94510E+01 30.7

17 724 20034E+02 14.8

18 739 .25784E+04 2.7

19 756 .18542E+02 7.6

20 765 23356E+03 2.5

21 777 12411E404 2.4

22 810 AT7192E+02 7.2

23 823 26737E+02 4.9

24 850 28754E+02 52

25 880 J19020E+02 6.2

26 909 .54660E+03 2.3

27 920 35989E+02 53

28 934 10230E+04 27

29 961 .19883E+02 4.9

30 1091 S8736E+02 35

31 1200 .23958E+02 4.3

32 1205 15549E+02 5.5

33 1499 40355E+01 13.0

34 1661 .14937E+01 25.8

35 1714 29858E+01 15.7

36 1849 94408E+01 7.3
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Table 9.9: Data for Stainless Steel S§316

Measurement ID: SSA24

No. Energy (KeV) fy-emissionrate % Std.dev.
1 91 47085E+03 10.4
2 122 " .35015E+03 2.9
3 137 A46804E402 4.7
4 141 A49838E+03 2.9
5 171 35853E+01 48.1
6 181 32569E+02 5.9
7 320 44043E+03 2.0
8 366 85152E+401 15.5
9 511 65625E+03 2.1
10 595 .81945E+01 21.4
11 739 62849E+02 4.0
12 766 A47647E+01 23.6
13 778 32204E+02 5.9
14 811 .83918E+03 2.3
15 835 .19007E+03 2.9
16 864 71710E+01 15.1
17 909 14223E+02 9.9
18 912 .14946E+01 77.4
19 934 25136E+02 6.1
20 984 30997E+01 30.6
21 1099 52366E+01 24.2
22 1173 .65530E+01 19.3
23 1292 A2015E+01 21.5
24 1312 35367E+01 24.5
25 1321 28638E+01 26.2
26 1332 .64257E+01 15.6
27 1377 40969E+03 3.1
28 1674 37015E+01 26.2
29 1757 29554E+02 57
30 1919 62437E+02 39
31 2104 14717E+01 36.1
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Table 9.10: Data for Stainless Steel AISI316

Measurement ID: SSC14

No. Energy (KeV) v-emissionrate % Std.dev.

1 122 26851E+02 53
2 141 18321E+02 7.9
3 320 .26606E+02 5.7
4 511 43943E+02 4.6
5 g11 62750E+02 3.9
6 835 .15266E+02 9.7
7 847 29903E+01 22.3
8 1377 30165E+01 34.3

Table 9.11: Data for Mn-Cu Alloy

Measurement ID: MCA11
Detector ID: 4F

No. Energy (KeV) f-emissionrate % Std.dev.

1 511 13872E+06 2.1
2 835 26891E+03 19.2
3 847 .10479E+05 3.4
4 1164 A40282E+03 20.3
5 1173 .89119E+03 247
6 1434 26187E+04 8.1
7 1482 16528E+03 36.0
g 1811 .28996E+04 5.5
9 2113 16981E+04 7.5
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Table 9.12: Data for Mn-Cu Alloy

Measurement ID: MCA23

No. Energy (KeV) vy-emissionrate % Std.dev.

1 122 20636E+02 10.1
2 199 53829E+02 7.3
3 205 15679E+02 23.2
4 511 33936E+02 12.5
5 g11 © 36331E+02 8.6
6 835 A42818E+04 2.7
7 847 35889E+01 25.6
8 1173 J0074E+01 18.1
9 1332 .55330E+01 21.8
10 1377 A2413E+01 27.2

Table 9.13: Data for MnCu Alloy

Measurement ID: MCB22

No. Energy(KeV) vy-emissionrate % Std.dev.

1 511 25758E+02 4.9
2 835 .54306E+02 3.8
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Table 9.14: Data for Tungsten

Measurement ID: WA23

No. Energy (KeV) yemissionrate % Std.dev.

1 99 41253E+01 19.7
2 107 78275E+01 11.2
3 113 49987E+01 16.7
4 121 45424E+01 17.1
5 134 .28886E+03 3.2
6 144 .19548E+01 38.9
7 152 .34823E+01 3.5
8 161 .1045%9E+02 4.2
9 194 40284E+01 13.0
10 206 J0681E+02 5.6
11 239 273353E+01 16.5
12 246 25736E+02 3.1
13 291 22744E4+01 16.3
14 312 - 28365E+01 18.2
15 354 J9715E+01 5.6
16 413 16557E+01 212 -
17 479 74038E+03 3.0
18 488 45937E+01 15.7
19 494 45296E+01 16.0
20 499 25984E+01 28.0
21 511 J19714E4+02 3.2
22 539 J11180E+02 7.1
23 551 A8493E+03 23
24 589 33709E+01 8.5
25 613 A1934E+02 4.1
26 618 23088E+03 24
27 625 30151E+02 29
28 682 27640E+01 7.8
29 685 .10156E+04 2.7
30 745 76840E+01 3.7
31 772 .11305E+03 2.5
32 816 -~ .27235E+00 32.3
33 864 .S57505E+01 3.0
34 379 43127E+01 4.1
35 503 S1800E+00 292
36 - 920 .91200E+00 19.1

37 1121 27890E+01 5.2
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Table 9.14 continued

38 1189 A3118E+01 8.9
35 1221 18300E+01 7.2
40 1231 .10623E+01 13.2

Table 9.15: Data for Zirconium

Measurement ID: ZRA21

No. Energy (KeV) y-emissionrate % Std.dev.

1 173 .87664E+(03 6.7
2 203 13546E+05 0.9
3 206 A41739E+03 18.7
4 216 .84968E+02 94.9
5 388 40923E+04 2.5
6 448 .21444E+03 22.7
7 479 .14473E+05 1.6
8 505 .30813E+03 24.2
9 511 .59298E+05 1.4
10 556 29527E+04 6.1
11 658 37359E+03 21.3
12 682 A1734E+03 19.6
13 724 .35503E+03 18.5
14 743 S51639E+03 14.7
15 749 38144E+03 19.9
16 756 A41116E+03 14.0
17 847 20624E+03 26.2
18 909 13922E+06 1.6
19 935 .13326E+04 3.6
20 1024 .52018E+03 5.6
21 1368 17552E+04 3.1
22 1405 .30918E+03 8.0
23 1621 10719E+03 13.6
24 1657 15761E+03 10.4
25 1713 .10450E+04 3.8
26 1745 J19945E+03 10.9
27 2755 .15628E+04 3.8
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Table 9.16: Data for YVanadium

Measurement [D: VB22

No. Energy (KeV) y-emissionrate % Std.dev.

1 175 75518E+01 9.2
2 511 12274E+02 6.9
3 984 .85265E+02 33
4 1038 .84750E+02 3.1
5 1213 22501E+01 25.5
6 1312 .84970E+02 3.2

Table 9.17: Data for Aluminum

Measurement ID: ALB21

No. Energy (KeV) v-emissionrate % Std.dev.

1 511 16935E+03 13.6
2 1368 76262E+04 2.5
3 2754 77762E+04 3.1




JAERI-M 93—018

Table 9.18; Data for Cobalt

Measurement ID: COA23

No. Energy (KeV) y-emissionrate % Std.dev.
1 141 .13222E+02 33.1
2 194 33461E+03 3.8
3 205 T9275E+02 14.1
4 505 .86954E+02 13.7
5 511 52678E+04 2.9
6 811 17369E+05 2.2
7 864 A2123E+03 5.0
8 1099 .10581E+04 3.2
9 1173 33747E402 9.2

10 1292 81092E+03 3.3

11 1321 .81487E+02 52

12 1332 29608E+02 8.0

13 1674 98953E+02 4.9

Table 9.19: Data for Titanium

Measurement ID: TIB21

No. Energy (KeV) y—cmission rate % Std.dev.

159
175
511
984
1038
1213
1312

= e ARV, N -SR UL N O

14787E+03
.60527E+02
.13689E+03
73980E+03

J0518E+03
17451E+02
T7429E+(03

4.2
6.7
5.4
3.4
32
22.0
32
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Table 9.20: Data for Niobium

Measurement ID: NBB21

No. Energy (KeV) 7y-emissionrate % Std.dev.

1 203 24475E+02 13.0

2 480 .19261E+02 16.3

3 511 96357E+01 29.0

4 912 .13605E+02 19.1

5 934 77837E+03 3.1
Table 9.21: Data for Tin
Measurement ID: SNC13

No. Energy (KeV) <y-emissionrate % Std.dev.

1 102 .16999E+02 3.6

2 110 B3031E+01 5.4

3 144 .11970E+01 4.4

4 148 .14388E+01 4.6

5 159 .60554E+03 3.5

6 172 24582E+02 2.1

7 186 .31985E+00 29.3

8 245 28872E+02 2.5

9 315 20921E+02 4.8
10 336 36891E+00 30.1
11 391 J30181E+01 5.0
12 417 .14797E+03 34
13 511 24117E+01 6.5
14 364 .82165E+00 15.0
15 011 A1024E+00 32.7
16 968 J31757E+00 38.7
17 1024 46623E+00 36.3
18 1120 A0034E+00 29.7
19 1764 S6976E+00 14.0
20 2102 .53793E+00 23.2
21 2205 31634E+00 33.7
22 2250 13658E+00 53.8
23 2300 .22465E+00 53.9
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Table 9.22: Data for Lead

Measurement ID: PBC11

No. Energy (KeV) 7-emissionrate % Std.dev.
1 279 27490E+03 3.6
2 401 10327E+02 20.0
3 511 J0182E+02 19.1
Table 9.23; Data for Tantalum
Measurement ID: TAA21
No. Energy (KeV) y-emissionrate % Std.dev.
1 93 36059E+05 1.4
2 103 66708E+04 1.6
3 109 .26800E+03 17.4
4 117 .16732E+03 27.1
5 148 20961E+03 7.6
6 155 17214E+403 0.1
7 179 47829E+02 15.7
8 215 J0207E+03 10.2
9 222 .10869E+03 9.8
10 229 S52650E+02 20.0
11 264 60160E+02 12.1
12 332 12939E+03 6.3
13 443 .10076E+03 7.3
14 481 42485E+02 13.0
15 500 23672E+02 19.5
16 511 11047E+02 33.3
17 1001 29476E+02 26.0
18 1121 A47687E+03 3.8
19 1189 24064E+03 5.3
20 1221 41088E+03 4.3
21 1231 .14992E+03 7.6
22 1257 26357TE+02 18.6
23 1289 22798E+02 204
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Table 9.24: Nata for Silver

Measurement ID: AGC12

No. Energy (KeV) 7y-emissionrate % Std.dev.
1 222 .17858E+03 9.3
2 229 S59580E+02 253
3 391 .89998E+02 14.0
4 406 29992E+03 6.1
5 430 26990E-+(3 6.7
6 451 .61745E+03 3.9
7 511 .19366E+04 2.7
8 601 31625E+02 19.3
9 616 43237E+03 5.7

10 646 18782E+02 53.2

11 680 S52615E+02 21.9

12 703 74970E+02 16.5

13 717 S59753E+03 4.2

14 748 42567E+03 5.4

15 793 13036E+03 15.0

16 804 33737E+03 6.9

17 825 32913E+03 6.2

18 848 .87867E+02 16.1

19 1046 .56849E+03 4.9

20 1128 24313E+403 7.5

21 1199 23853E+03 7.6

22 1211 12892E+02 78.7

23 1223 .15918E+03 10.4

24 1394 19162E+02 43.4

25 1528 32277E+03 6.6

26 1573 .14947E+03 10.2

27 1839 42515E+02 214

i74,._
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Table 9.25: Data for Zinc

Measurement 1D: ZNC12

No. Energy (KeV) y-emissionrate % Std.dev.
1 185 36667E+02 21.3
2 439 J19651E403 6.6
3 511 14863E+04 2.8
4 1116 51979E+02 17.1

Table 9.26: Data for Silicon

Measurement ID: STA11
No. Energy (KeV) +y-emissionrate % Std.dev.
1 146 A46421E+03 49.7
2 171 16224E+02 51.9
3 511 .15367E+04 31.4
4 844 .14838E+04 19.9
5 1014 37120E+03 13.6
6 1176 94203E+02 6.5
7 1196 74230E+01 39.6
8 1273 20285E404 10.0
9 1614 22516E402 28.8

10 1641 .14296E+02 37.3

11 1685 25468E+02 29.0

12 2028 .86329E+02 289

13 2128 38335E+03 26.8

14 2164 .31860E+02 36.2

15 2425 13712E+03 31.2

16 2637 .85370E+02 32.3

17 3303 .11986E+03 35.8

18 3813 28354E+02 41.8

-_— 75i
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Tahle 9.27: Data for Yttrium

Measurement ID: YC13

No. Energy (KeV) vyemissionrate % Std.dev.
1 511 33202E+02 14.5
2 898 .81857E+03 3.6
3 933 ST7971E+01 54.5
4 1836 91945E+03 3.6
Table 9.28: Data for Indium
Measurement ID: INA22
No. Energy (KeV) y-emissionrate % Std.dev.
1 147 17306E+03 10.8
2 190 43661E+04 0.7
3 261 26696E+02 36.9
4 335 .11626E+05 1.3
5 492 12776E+03 8.5
6 511 37823E+02 22.9
7 528 A4916E+03 3.8
8 558 .10530E+04 24
S 607 .86067E+01 89.2
10 617 69674E+02 16.6
11 725 10112E+04 2.7
12 1284 22003E+02 25.5
13 1300 54523E+02 14.5
14 1369 32704E+03 5.3
15 2754 32881E+03 7.2
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Measurement ID: MGA21

No. Energy (KeV) v-emissionrate % Std.dev.
1 511 10297E+06 1.7
2 1368 .80716E+06 1.9
3 2754 .84604E+06 2.4

Table 9.30: Data for Gold

Measurement ID: AUA22
No. Energy (KeV) f-emissionrate % Std.dev.
1 138 21201E+04 335
2 148 48676E+05 2.9
3 159 12257E+04 51.3
4 168 .63944E+04 11.8
5 188 37901E+05 1.4
6 285 S51436E+04 6.6
7 316 32188E+04 9.8
8 333 42366E+05 1.7
9 356 .16088E+06 1.4

10 412 10751E406 1.5

11 426 JI511E+05 3.5

12 511 .10405E+04 13.8

13 675 92710E+03 13.8

14 688 .12001E+04 12.0

15 846 22388E+03 45.2

16 982 23836E+03 36.1

17 1089 A46626E+03 247

18 1368 A8916E+03 23.6
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Measurement ID: YCAI13

No. Energy (KeV) 7y-emissiontate % Std.dev.
1 125 51616E+00 19.1
2 269 34470E+01 5.8
3 276 18413E+01 0.8
4 373 38160E+00 21.2
5 497 11858E+01 20.6
6 511 20583E+01 18.8
7 g§14 15438E4+01 16.8
8 898 79508E+02 29
9 1048 A5512E+00 26.3

10 1173 J38558E+00 38.1

11 1325 .23439E+01 9.9

12 1836 S0421E+02 2.7

13 2734 12547E+01 13.0

Table 9.32: Data for ErBa,Cu3;05
Measurement ID: ECA13
Detector ID: 58

No. Energy (KeV) y-emissionrate % Std.dev.
1 122 27881E+02 7.4
2 188 88249E+01 41.0
3 197 55387E+02 7.2

4 201 A46350E+02 8.5
5 206 .17748E+02 21.9
6 268 13987E+02 120.6

7 276 .63877E+01 44.5
8 511 .88338E+02 5.3

9 811 61934E+02 5.5

10 835 .67066E+04 27
11 8§47 50841E+01 20.8
12 §98 20480E+03 3.3
13 1173 10395E+02 12.5
14 1332 93260E+01 15.7
15 1359 175371E+01 614
16 1377 J0120E+02 14.0
17 1836 23665E+03 32
18 2734 21099E+01 39.1
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Table 10.1 Computed Spectra for Three Locations
in REAC Group Structure
Upper Lethargy Location-wise Spectrum (Flux/Au)
Energy Change B C
(eV) (Au)

0.924E-01  9.1310 0.170E-08 0.649E-14 0.222E-12
0.152E+00  0.5000 0.202E-07 0.76%9E-13 0.264E-11
0.251E+00  0.5000 0.126E-07 0.714E-11 0.531E-11
0.414E+00 0.5000 0.209E-07  0.118E-10  0.875E-11
0.683E+00 0.5000 0.224E-07 0.292E-09 0.665E-11
0.113E+01  0.5000 0.369E-07  0.481E-09  0.110E-10
0.186E+01 0.5000 0.412E-07 0.379E-08 0.160E-10
0.306E+01  0.5000 0.679E-07 0.625E-08 0.264E-10
0.504E+01  0.5000 0.100E-06  0.230E-07  0.431E-10
0.832E+01  0.5000 0.150E-06 0.504E-07 0.710E-10
0.137E+02  0.5000 0.230E-06  0.982E-07  0.101E-09
0.226E+02  0.5000 0.342E-06 0.173E-06 0.167E-09
0.373E+02  0.5000 0.467E-06 0.277E-06 0.216E-09
0.614E+02 0.5000 0.620E-06 0.398E-06  0.356E-09
0.101E+03 0.5000 0.108E-05 0.695E-06 0.385E-09
0.167E+03  0.5000 0.148E-05 0.977E-06 0.635E-09
0.275E+03 0.5000 0.198E-05 0.135E-05 0.714E-09
0.4534E+03  0.5000 0.207E-05 0.151E-05 0.118E-08
0.749E+03  0.5000 0.246E-05  0.186E-05  0.175E-08
0.123E+04  0.5000 0.286E-05 0.215E-05 (.289E-08
0.203E+04  0.5000 0.345E-05 0.246E-03 0.349E-08
0.240E+04 0.1667 0.340E-05 0.261E-05 0.482E-08
0.284E+04 0.1666 0.320E-05 0.268E-05 0.570E-08
0.335E+04 0.1667 0.313E-05 0.285E-05 0.672E-08
0.553E+04  (0.5000 0.409E-05  0.303E-05  0.873E-08
0.912E+04  0.5000 0.474E-05 0.329E-05 0.144E-07
0.150E+05 - 0.5000 0.545E-05 0.369E-05 0.178E-07
0.199E+05 0.2801 0.719E-05 0.393E-05 0.261E-07
0.255E+05 0.2500 0.715E-05  0.430E-05  0.330E-07
0.409E+05  0.4700 0.771E-05  0.449E-05  0.375E-07
0.674E+05  0.5000 0.952E-05  0.534E-05  0.611E-07
0.111E+06  0.5000 0.122E-04  0.687E-05  (.145E-06
0.183E+06 0.5000 0.171E-04 0.917E-05 (0.239E-06
0.302E+06 0.5000 0.199E-04  0.441E-05  0.428E-06
0.388E+06  0.2500 0.306E-04 0.644E-05 0.668E-06
0.498E+06  0.2500 0.321E-04 0.591E-05 0.859E-06
0.639E+06  0.2500 0.411E-04 0.105E-04 0.996E-06
0.821E+06  0.2500 0.511E-04 0.116E-04 0.128E-05
0.111E+07 0.3000 0.501E-04 0.811E-05 0.126E-05
0.135E+07 0.2001 0.570E-04 0.855E-05 0.161E-05

_-— 79 i
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0.174E4+07
(0.223E+07
0.287E+07
0.368E+07
0.497E+07
0.607E+07
0.741E+07
0.861E+07
0.100E+08
0.116E+08
0.135E+08
0.149E+08
(0.169E+08

0.2499
0.2500
0.2500
0.2500
0.3000
0.2000
0.2000
0.1500
0.1500
0.1500
0.1501
0.1000
0.1250

0.620E-04
(0.661E-04
(0.664E-04
0.642E-04
0.502E-04
0.452E-04
(0.340E-04
0.266E-04
0.235E-04
{0.354E-04
(0.811E-04
0.464E-02
0.297E-(2

0.909E-05
0.870E-05
0.902E-05
0.635E-03
0.460E-05
0.498E-05
0.518E-05
0.512E-05
0.538E-05
0.553E-05
0.122E-04
(.506E-04
0.264E-04

0.154E-05
0.153E-05
0.150E-05
0.149E-05
0.104E-05
0.133E-05
0.840E-06
0.752E-06
0.740E-06
0.791E-06
0.401E-04
0.357E-03
0.347E-04
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Table 10.2(a) Neutron flux spectrum at positions in Phase-IIC

Group No.  Energy Boundary(eV) Flux at 10cm Flux at 82cm
A B

1 1,64870E+01 1.62310E+01 4.99438E-22 3.734688E-24
2 1.6231CE+Q1 1.5%800E+01 0.0000QE-01 4.66207E-25
3 1.59800E+01 1.57320E+01 5.26350E-25 Z.89839E~25
4 1.57320E+01 1.54880E+01 3.28%28E-25 2.009%1E-25
5 1.54880E+01 1.52480E+01 7.01764E-03 5.16859E-05
6 1.52480E+01 1.50120E+01 1.09597E-02 8.62624E-05
7 1,.50120E+01 1.47790E+01 2.00102E-02 1.60079E-04
8 1.47730E+01 1.45500E+01 1.15350E-02 1.128165-04
9 1.45500E+01 1.43240E+01 1.62108E-03 4,06286E-05
1¢ 1.43240E+01 1.41020E+01 3.20822E-04 Z2.36633%E-05
11 1,41020E+01 1.38830E+01 8.54233E-05 1.81667E-05
12 1.38830E+01 1.36680E+01 1.62713E-04 1.66834E-05
13 1.36680E+01 ~ 1.345608+01 1.16861E-04 1.50631E-05
14 1.34560E+01 1.32480E+01 9.01373E-05 1.35737E-05
15 1.32480E+01 1.30420E+01 5.80506E-05 1.18539E-05
16  1.30420E+01 - 1.28400E+01 6.76538E-05 1.03259E-05
17 1.284008+01 1.26410E+401 7.92517E~-05 9.30106E-0%
18 1.26410E+01 1.24450E+01L 7.63936E-05 8.42283E~-06
19 1.24450E+01 1.22520E+01 5.11978E-05 7.65603E-0¢
20 1.22520E+01 1.20620E401 4,30976E-05 7.08210E-0¢6
21 1.20620E+01 1.18750E+01 3.56238E-05 6.44678E-06
22 1.18750E+01 - 1.16910E+01 3.55438E-05 6.09311E-06
23 1.16910E+01 - 1.15100E+01 4.99383E-05 6.13017E-06
24 1.15100E+01 1.13310E+01 3.84928E-05 5.78273E-06
25 1.1331CE+01 - 1.11560E+01 2.37435E-05 5.35284E-06
26 1.11560E+01 1.0%830E+01 2.26040E-05 5.28925E-06
27 1.09830E+01 1.08120E+01 2.645376E-05 5.46391E-0¢
28 1.08120E+01 1.06450E+01 3.36319E-05 5.53807E-0¢
29 1.06450E+01 1.04800E+01 3.32706E-05 5.40959E-0%
30 1.04800E+01 1.03170E+01 2.63278E-05 5.24218E-0%
31 1.03170E+01 1.01570E+01 2.26371E-05 5.14050E-06
32 1.01570E+01 $.9%990E+00 1.98987E-05 5.15268E-06
33 9.999%990E+00 $.3%400E+00 1.87734E-05 4.92125%E-06
34 9.39400E+00 8.82490E+00 2.0889%4E-05 4.47418E-086
35 B.82490E+00 8.2%020E+C0 2.75306E-05 4.64219E-0¢6
36 8.29C20E+00 7.78790E+00 2.108658E-05 4.47965E-06
37 7.78790E+00 7.31610E+00 2.16800E-03 4.47876E-06
38 7.31610E+00 6.872B0E+00 2.66484E-05 4.81281E-0¢
39 6.87280E+00 €.45640E+00 2.66605E-05 4.88972E-06
40 6.45640E+00 6.06520E+00 2.75037E-05 4,80286E-06
41 6.06520E+00 5.6%780E+00 2.37733E-05 4.67707E-06
42 5.69780E+00 5.35250E+00 2.48738E-05 4.74177E-06
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43 5.35250E+00 5.02820E+400 2.45248E-05 4,30282E-06
44 5.02820E+00 - 4.72360E+00 2.71756E-03 4.40386E-06
45, 4,72360E+00 4.43740E400 2.76878E~05 4.46008=-06
16 4,43740E+00 4,16860E+00 3.025308-05 4.56072E-06
47 4.16860E+00 3.9%16C0E+00 3.12170E-05 " 4.71651E-06
43 3.91600E+00 3.67870E+00 3.27541E~05 4.53332E-0¢6
49 3.67870E+00 3.45590E+00 3.17727E-03 4,84833E-0¢6
50 3.45590E+00 3.24650E+0Q0 3.49459E-05 5.29284E-0¢86
51 3.24650E+00 3.04%80E+00 3.6383%3E-05 £.46576E-06
52 3.04980E+00 2.86500E+00 3.86149E-05 6.98157E-06
53 2.86500E+00 2.69140E+00 3.93946E-03 7.75611E-06
34 2.69140E+00 2.52840E+00 4.01866E-05 8.53904E-06
55 2.52840E+00 2.37520E+00 4.17873E-05 9.06444E-06
56 2,37520E+400 2.23130E+00 4,19650E-05 $5.798085-06
57 2.23130E+00 2.05610E+00 4.17186E-05 8.73375E-06
58 2.09610E+00 1.%6910E+00C 3.96626E-05 8.12866E-06
58 1.%6910E+00 1.84980E+00 4.02804E-C5 7.61981E-06
60 1.84980E+00 1.73770E+00 4.14676E~-05 8.90334E-06
61 1.73770E+00 1.53350E+00 3.92124E-05 8.75124E-06
62 1.53350E+00 1.35330E+00 4.19806E-05 §.23327E-06
63 1.35330E+00 1.19430E+00 3.93846E-05 8.47049E-06
64 1.19%430E+00 1.05400E+00 3.60514E-05 7.88486E-06
63 1.05400E+00 9.30130E-01 3.35991E~05 6.46246E-06
66 6.30130E-01 §.208408-01 3.642708-05 6.51493E-06
67 §.20840E-01 7.24380E-01 3.84772E-05 1.18365E-05
68 7.24380E-01 6.39270E-01 3.48357E-05 1.10705E-05
69 £.39270E-01 5.64150E-01 3.28874E-05 1.082298-~05
70 5.64150E-01 4.97860E~01 3.10034E-05 1.02241E-05
71 4.97860E-01 4.38360E-01 2.40712E-05 6.183%42E-06
T2 4.39360E-01 3.87740E-01 2.18790E-05 5.92353E-0¢
73 3.87740E-01 3.42170E-01 2.21696E-05 7.06065E-06
74 3.42170E-01 3.01970E-01 2.14734E-05 £.29468E-06
73 3.01970E~-01 2.6645%0E-01 1.70113E-05 3.02305E-06
76 2.,66490E-01 2.35170E-01 1.45599E-05 2.21320E-06
77 2.35170E-C1 2.07540E-01 1.51479E-05 4.9441%E-06
78 2.07540E-01 1.83150E-01 1.5103€E~-05 7.25564E-06
79 1.83150E-01 1.61630E-01 1.55696E-05 8.81422E-06
80 1.616320E-01 1.42640E-01 1.50582E-05 8.84556E-06
81 1.42640E-01 1.25880E-01 1.44735E-05 8.59348BE-06
82 1.25880E-01 1.11090E-0L 1.34256E~05 8.03B66E-0¢
83 1.11080E-01 9.80350E-02 1.24946E-05 7.46752E-06
84 6.80350E-02 8.65150E~02 1.08165E-053 7.11036E-06
85 8.65150E-02 7.63450E-02 1.05063E-05 €.75015E-06
86 7.63490E-02 6.73780E~-02 9.94884E-06 6.33034E-06
a7 6.73780E-02 5.94610E-02 9,43496E-06 5.99941E-06
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88
83
90
91
92
93
94
95
96
87
S8
83
100
101
1902
103
104
105
106
107
i08
109
1190
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
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.94610E-02
.24740E-02
.63080E-02
.08670E-02
.60650E~02
.18270E-02
.80870E-02
.478708-02
.18740E-02
.93040E-02
.50340E-02
.17090E-02
.11860E-03
.10160E-03
.53070E-03
.30730E-03
.35460E-03
.61250E-03
.03460E-03
.58460E-03
.23410E-03
.61100E-04
.82930E-04
.53570E-04
.14450E-04
.30070E~04
.88310E~05
.78500E-05
.90230E-05
.76030E~-05
.06770E-05
.47580E-06
.92780E-06
.38230E-06
.444%0E-06
.76400E-07
.31560E-07
.22410E-07
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.24740E-02
.63080E-02
.08670E-02
.60650E-02
.18270E-02
.80870E-02
.47870E~02
.18740E-02
.93040E~02
.503408~02
.17090E-02
.11860E-03
.10160E~03
.53070E-03
.30730E-03
.35460E-03
.61250E-03
.03460E-03
.58460E-03
.23410E-03
2 61100E-04
.BZ2930E-04
.53570E-04
.14450E-04
.30070E-04
.883810E-05
.78500E-05"
.90230E-05
.76030E-05
.06770E-05
.47580E-086
.92780E-06
.38230E-06
.44490E-06
.76400E-07
.31560E-07
L22410E~07
.00100E-11

W W s s U S R PR N WL - NN WW W N W e oy oy Oy s ] ] ] oo D

.81468E-06
.77210E-06
.23471E-C6
.70865%E-06
.31281E-06
.01357E-086
.56018E-06
.82159E-0%6
.50052E-06
.06533E-C6
.78700E-C¢
.38518BE-06
.91475E-0¢
.45785E-06"
.33375E-06
.89995E-06
.84735E-06
.75306E-0¢
.55264E-0¢6
.30591E-06
.99956E-0¢
.61710E-06
.15860E-06
.177166E-06
.40750E-06
.07011E~06
.85315E-07
.51697E-07
.73668E-07
.48218E-07
.62017E-07
.16963E-07
.43711E-08
.09575E-08
.13133E-08
.02055E-08
.09971E-08
.78763E-09

H = oo N~ P s e NWO S R NN NN RN W e W L e B s s U non

.66080E-06
.46777E-06
.22047E-06
.98840E~06
.74955E-06
.08275E-06
.86985E-06
.40827B-06
.27578E-0¢6
.94659E-0¢
.85675E-0¢
.65463E~0¢6
.40071E-08
.27923E-06
.16567E-06
.02625E-06
.84857E-0¢
.70633E-0¢6
.55450E-0¢
.40718E~0¢
J23241E-0¢6
.96629E-06
.65978E-06
.35357E-0¢%
.06028E-06
.34830E-07
.6B057E-07
.84068E-07
.44851E-07
.46564E-07
.18%96E-08
.19645E-08
.64611E-08
.96982E-09
.811953E-09
.29021E-10
.79687E-10
.37835E-13

Unit of Flux: per/unit lethargy
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Table 10.2(b) Neutron flux spectrum-at positions in Phase-III line source

JAERI—M 93—018

Group No.  Energy Boundary(eV) Flux at(0cm) Flux at(40cm) Flux at(100cm)
C D E

1 1.64B70E+01 1.62310E+01 G.000C0E-01 0.0000CE-0L 0.000C0E-01
2 1.62310E+01 1.53800E+01 0.0Q0C0E-01 0.000CCE-01 {0.00CCOE-C1
3 1.55800E+01 1.57320E+01 0.00000E-01 0.00000E-01 0.00000E-01
4 1.57320E+01 1.54880E+01 0.00000E-01 0.C0000E-01 0.0QC00E-01
5 1.54880E+01 1.52480E+01 2.21715E-05 3.00885E-05 3.68904E-05
6 1.52480E+01 1.50120E+01 1.22896E-04 1.40247E-04 1.52718E~04
7 1.50120E+01 1.47790E+01 2.54443E-04 2.81296E-04 3.01851E-04
8 1.47780E+01 1.45500E+01 4.13554E-04 4.30893E-04 4.43797E-04
9 1.455008+01 1.43240E+01 3.88820E-04 3.91154E-04 3.93844E-04
10 1.43240E+01 1.41020E+01 3.01467E-04 3.05498E-04 2.91003E-04
11 1.410208+01 1.38830E+01 3.06803E-04 3.33688%E-04 3.02586E-05
12 1.38830E4+01 1.36680E+01 3.58644E-04 3.43863E-04 3.77488E-06
i3 1.36680E+01 1.34560E+01 3.62262E-04 3.30062E-04 2.451645E-06
14 1.34560E4+01 1.32480E+01 2.41108E-04 1.85187E-04 1.98405E-06
15 1.32480E+01 1.30420E+01 8.88687E-05 5.02022E-05 1.90904E~06
16 1.30420E+01 1.28400E+01 7.58727E-06 5.49986E-Cé 1.94635E-06
17 1.28400E+01 1.26410E+01 4.12964E-0¢ 3.890CCE-06 1.83380E-06
18 1.26410E+01 1,24450E+01 3.41795E-08 3.16432E-0¢ 1.56700E-06
13 1.24450E+01 1.22520E+01 2.69666E-06 2.41763E-06 . 1.06708E-06
20 1.22520E+01 1.20620E+01 2.10403E-086 1.88333E-06 7.48583E-07
21 1.20620E+01 1.18750E+01 1.80604E~06 1.62497E-06 6.21650E-07
22 1.18750E+0L 1.16910E+01 1.48425E-06 1.34322E-06 5.7711%E-07
23 1.16%910E+01 1.15100E+01 1.30103E-06 1.18515E-06 5.00969E-07
24 1.151008+01 1.13310E+01 1.07814E~-06 8.94558E-07 4.23234E-07
25 1.13310E+01 1.11560E+01 1.013%0E~06 9.60242E-07 4.19823E-07
26 1.11560E+01 1.09830E+01 8.41378E-07 8.10345E-07 3.90388E-07
27 1.09830E+01 1.0812CE+0C1 7.86840E-07 7.62069E-07 3.87440E-07
28 1.08120E+01 1.06450E+01 7.96613E~07 7.73813E-07 4.17989E-07
29 1.06450E+01 1.04800E+01 7.90250E~07 7.66687E-07 4.35862E-07
30 1.048C00E+01 1.03170E+01 6.91947E-07 6.61747E-07 3.84365E-07
31 1.03170E+C1 1.01570E+01 5.77262E-07 5.5209%E~-07 3.18873E-07
32 1.01570E+0L 9.9%990E+00 5.57404E-07 5.35711E-07 3.16344E-07
33 9.999G0E+CO 9.3%9400E+00 5.08192E-07 4.838026E-07 2.82106E-07
34 $.3940CE+00 §.82480E+00 6.46648E-07 6.17308E-07 3.16811E-07
35 8.82480E+00 8.2%020E+00 7.59107E-07 7.29818E-07 3.97411E-07
36 8.29020E+00 7.78730E+00 7.16123E-07 - 6.97188E-07 4,30693E-07
37 7.787S0E+00 7.3161CE+00 8.00475E-07 7.83781E-07 4.54229E-07
38 7.31610E+00 6.87280E+00 9,29785E~07 8.95588E-07 4.88260E-07
39 6.87280E+00 6.45640E+00 1.03803E-06 $.82755E-07 4.96388E-07
40 6.45640E+00 6.06520E+00 1.11483E-06 1.05388E-06 5.12234E-07
41 6.0652CE+00 5.69780E+00 1.09338E-06 1.03572E-06 5.14449E-07
42 5.€6978CE+00 5.35250E+00 1.11757E-06 1.05382E-06 5.28671E-07




Table 10.2(b) continued #1
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43 5.35250E+00 5.02820E+00 1.14332E-06 1.08222E-06 5,59110E~07
44 5.02820E+00 4.72360E+00 1.27025E~06 1.20785E-06 - ©.12041E-07
45 4.72360E+00 4.43740E+00 1.31633E-06 1.24678E-0% 6.39629E-07
46 4.43740E+00 4,16860E+00 1.39835E-06 1.32780E-C6 6.63746E-07
47 4.16860E+00 3.91600E+00 1.41557E-06 1.33149E-06 6.69344E-07
48 3.91600E+00 - 3.67870E+00 1.50555E-06 1.41463E-06 6.97096E-07
49 - 3.67870E+00 3.45590E+00 1.542278-06 1.45252E~06 7.201558-07
50 3.45590E+00 3.24650E+00 1.63323E-06 1.5413BE-06 7.64028E-07
51 3.24650E+00 3.045980E+00 1.66133E-06 1.56711E-06 7.61343E-07
52 3.04%80E+00 2.86500E+00 1.78383E-06 1.67103E-0¢6 7.91872E-07
53 2.86500E+00 2.69140E+00 1.73367E-06 1.62557E-06 7.89883E-07
54 2.691408+00 2.52840E+00 1.64812E-06 1.55123E-06 7.66872E-07
55 2.52840E+00 2.37520E+00 1.67927E-06 1.57627E-06 7.68810E-07
56 2.37520E+0C0 2,23130E+Q0 1.60705E-06 1.51419E-06 7.413501E-07
57 2.23130E+00 2.09610E+00 1.54200E-06 1.45107E-06 7.04471E-07
58 2.09610E+00 1.96310E+00 1.52724E-0¢ 1.43510E-C¢6 6.99271E-07
59 1.96%10E+00 1.84980E+00 1.861727E-06 1.51683E-06 7.33860E-07
60 1.84%B0E+00 1.73770E+00 1.56930E-06 1.47486E-06 7.13367E-07
61 1.73770E+00 1.53350E+00 1.46758E-06 1.372668-06 6.62552E-07
62 1.53350E+00 1.35330E+C0 1.58588E-06 1.48968E-06 7.23603E-07
63 1.35330E+00 1.19430E+00 1.52624E-0¢ 1.43060E-06 . 6.93405E-07
64 1.1%430E+00Q 1.05400E+00 1.45340E-06 1.36517E-06 6.55968E~-07
65 1.05400E+00 9.30130E-01 1.41534E-06 1.33333E~06 6.43783E-07
66 9.30130E-01 8.20840E~01 1.415%93E-06 1.33571E~06 6.464C1E-07
67 §.20840E-01 7.24380E-01 1.41654E-06 1.33410E-06 6.45266E-07
68 7.24380E-01 €.39270E-01 1.32464E-06 1.24278E-06 5.99323E-07
69 6.39270E-01 5.64150E-01 1.21%18E-06 1.14732E-06 5.56258E-07
70 5.64150E-01 4.97860E-01 1.14751E-06 1.08C05E-06 5.24293E-07
71 4.97860E-01 4.39360E-01 1.02853E-06 9.59706E-07 4,62331E-07
72 4.39360E-01 3.87740E-01 $.28734E-07 8.7119%E-07 4.18774E-07
73 3.87740E-01 3.42170E-01 $.07154E~07 8.52382E-07 4.043%7E-07
74 3.,42170E-01 3.019708-01 8.063%3E-07 7.57912E-07 3.62125E-Q7
5 3.01970E-01 2.66490E-01 7.16653E-07 6.73187E-07 - 3.227865E-07
78 2,66490E-01 2.35170E-01 6.31299E-07 5.94122E-07 2.87102E~07
77 2.35170E-01 2.07540E-01 5.5663ZE-07 5.21878E-07 Z2.50828E-07
78 2.07540E-01 1.83150E-01 4.71792E-07 4.43543E-07 2,14708E-07
79 1.83150E-01 1.61630E-01 4.155%47E-07 3.91013E-07 1.88002E-07
80 1.61630E-01 1.42640E-01 3.45%47E-07 3.28410E-07 1.€34CcE-07
81 1.42640E-01 1.25880E~01 3.16717E-07 3.00006E-07 1,48002E-07
a2 1.25880E~-01 1.11090E-01 Z2.96908E~07 2.75786E-Q7 1.32147E-07
83 1.11080E-01 9.80350E-02 2.28326E-07 2.135%8E-07 1.06114E-07
84 9.80350E-02 8.651508-02 1.41641E-07 1.33004E-07 6.52287E-08
85 8.65150E~02 7.63480E-02 1.12987E-07 1.06194E-07 5.26917E-08
86 7.63480E-02 €.73780E-02 S.34875E-08 8.8432%5E-08 4.46442E-08
87 6.73780E-02 5.94610E-02 8,23734E-08 7.75366E-08 3.89872E-08
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Table 10.2(b) continued #2
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88 5.94610E-02 5.24740E-02 7.16961E-08 6.71173E-08 3.39171E-08
89 5.24740E-02 4.63080E-02 6.23686E-08 5.92773E-08 2.95163E-08
90 4,63080E-02 4.08670E-02 5.24855E-08 5.00680E-08 2,573980E-08
51 4.0867CE-02 3.60650E-02 4.18602E-08 4.04719E-08 2.20251E-08
82 3.60650E-02 3.18270E-02 3.86103E-08 3.70440E-08 1.94309E-08
83 3.1827CE-02 2.80870E-02 3.24034E-08 3.20481E-08 1.79920E-08
94 2.80870E-02 2.47870E-02 2.86857E-08 2.82735E-08 1.66269E-08
95 2.47870E-02 2.18740E-02 3.37027E-08 3.20812E-08 1.68733E-08
96 2.18740E-02 1.93040E-02 Z.44350E-08 2.35483E-08 1.27618E-08
97 1.93040E-02 1.50340E-02 1.88821E-08 1.825%7E-08 1.01772E-08
98 1.50340E-02 1.17090E-02 1.40432E-08 1.36956E-08 7.96762E~09
89 1.17090E-02 9.11860E~03 1.20777E-08 1.18509E-08 7.07858E-0¢%
100 9.11860E-03 7.10160E-C3 9.61246E-08 8.05083E-0% 5.06893E-08
101 7.101608-03 5.53070E-03 1.0467¢E-08 5.83621E-09 4_83765E-09
102 5.53070E-03 4.30730E~03 6.84512E-08 6.57240E-09 3.50245E-09
103 4.30730E-03 - 3.35460E-03 5.1585%E-08 5.03726E-09 2.68818E-0%
104 3.35460E-03 - 2.61250E-02 4,09783E-08 3.89641E-09 2.15674E-08
105 2.61250E-03 2.03460E-03 3.15531E-08 3.11564E-09 2.08121E-05
106 2.03460E-03 1,58460E-03 4,28208E-09 4.10202E-09 2.28189E-09
107 1.58460E-03 1.234208-03 2.98569E-09 2.84428E-09 1.46182E-09%
108 1.23410E-03 9.61100E-04 2.184895-09 2.10949E-09 1.12074E-08
108 9.61100E-04 5.82930E-04 2.17775E-09 2.06641E-08 1.18214E-09
110 5.82930E-04 3.53570E-04 8.89363E-10 8.75277E-10 5.57150E-10
111 3.53570E-04 2.14450E-04 5.20647E-10 5.207398-10 3.43559E-10
112 2.144508-04 1.30070E-04 7.74695E-10 7.60573E-10 4.496728-10
113 1.30070E-04 7.88910E-05 2.72289E-10 2.68035E-10 1.23897E-10
114 7.88910E-05 4.78500E-05 1.29384E-10 . 1.25308E-10 5.43291E-11
115 4.78500E-G> 2.90230E-05 6.66295E-11 6.50619E-11 3.22533e-11
116 2.90230E-03 1.76030E-05 3.54746E-11 3.45525%E-11 1.91558E-11
117 1.76030E-05 1.06770E-05 1.9684€E-11 1.87962E-11 1.23538E-11
118 1.06770E-053 6.47580E-06 1.13671E-11 1.,10%1CE-11 7.38058E-12
119 6.47580E-06 3.92780E-06 7.00863E-12 6.97623E-12 4,.59041E~12
120 3.9278CE~-06& 2.38230E-06 4.06024E~-12 4,08025E-12 2.78807E-12
121 2.38230E-06 1.44490E-06 2.40655E-12 2.4189%E-12 1.69684E-12
122 1.44490E-08 8.76400E-07 1.40415%E-12 1.412478-12 1.02067E-12
123 8.76400E-07 5.31560E~07 8.26399E-13 8.31619E-13 6.03980E-13
124 5.3156CGE~07 3.22410E-07 4.829358-13 4,85934E-13 3.54418E-13
125 3.22410B-07 1.00100E-11 3.76587E-14 3.80084E-14 2.78161E-14

Unit of Flux: per/unit lethargy
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Table 10.2(c) Neutron flux spectrum at positions in Phase-IIIA(point source)

Group No. Energy Boundary(eV) Flux at#1(FW0cm)  Flux at#2(Li20)
F G

1 1,64870E+01 1,.62310E+01 0.00000E-01 C.00000E-0C1
2  1.62310E+01 - 1.59800E+01 0.00000E-01 0.00000E-01
3 1.59800E+01 1.57320E4+01 0.00000E-C1 0.0CQ000E-01
4 1.57320E+01 - 1.54880E+01 0.00000E-01 0.00000E-01
5 1.54880E+01 - 1.52480E+01 0.00000E-01 0.C0000E-0L
6 1.524808+01 1.50120E+01 0.00000E-01 0.00000-01
7  1.50120E+01 - 1.47790E+01 1.09519E-06 1.14203E-06
8 1.477%0E+01 1.45500E+01 6.13510E-06 4.96585E-06
9  1.45500E+01 - 1.43240E+01 3.54624E-05 3.12982E-05
10  1.43240E+C1 - 1.41020E+01 3.24167E-03 2.90565E-03
11  1.41020E+01 - 1.3883CE+01 5.46171E-03 4.91755E-03
12 1.38830E+C1 1.36680E+01 1.96387E-04 2.21274E-04
13 1.36680E+01. - 1.34560E+01 1.47030E-04 1.31959%E-04
14  1.34580E+01 - 1.32480E+01 8.54540E-05 7.53285E-05
15  1.32480E+01 - 1.30420E+01 5,23358E-05 5.39638E-05
16  1.30420E+01 - 1.28400E+01 4,22832E-05 4.56054E-05
17 1.28400E+01 - 1.26410E+01 3.51712E-05 3.7198%E-05
18 1,26410E+01 1.24450E+01 2,.60671E-05 3.14812E-05
19  1.24450E+01 - 1.22520E+01 2.17788E-C5 2.92633E-05
20  1.22520E+01 - 1.20620E+01 2.04651E-05 2.76160E-05
21  1.20620E+01 - 1.18750E+01 1.95273E-05 2.48701E-05
22  1.18750E+01 - 1.168510E+01 1.82402E-05 2.18284E-05
23 1.16910E+01 1.15100E+01 1.80687E~05 2.01340E-05
24  1.15100BE+01 - 1.13310E+01 1.95348E-05 2.09007E-05
25  1,13310E+01 - 1.1156Q0E+01 2.39879E-05 2.532828-05
26 1.11560E+C1 1.09830E+01 2.75166E-05 2.96369E-05
27 1.09830E+C1 1.08120E+01 2.40426E-05 2.70474E~05
28 1.08120E+01 1.06450E+01 1.92268E-05 2.25686E-05
29 1.06450E+01 1.04800E+01 1.73494E-05 2.13154E~05
30 1.04800E+01 1.03170E+01 1.62228E-05 2.08756E-05
31 1.03170E+01 - 1.01570E+01 1.59604E-05 2.14550E-05
32 1.01570E+01 - 9.999%0E+00 1.77758E-05 2.39059E-05
33  9.99990E+00 - 9.39400E+00 2.37672E-05 3.04079E-05
34 9.3%400E+00 - 8.824%0E+00 3.06918E-05 3.36266E-05
35 8.82480B+00 - 8.29020E+00 2.85052E-05 2.95181E-05
36  8.29020E+00 - 7.787390E+00 2.64878E-05 2.61940E-05
37  7.78790E+00 - 7.31610E+00 2.00317E-05 1.96656E-05
38  7.31610E+00 — 6.87280E+00 1.80706E-05 1.81623E~05
39 6.87280E+00 6.45640E+00 1.93654E-05 2.08891E-05
40 6.45640E+00 6.06520E+00 2.33027E-05 2.514372-~05
41  6.06520E+00 - 5.69780E+00 2.76529E-05 2.89220E-05
42  5.69780E+00 - 5.35250E+00 3.00245E-05 3.08396E-05




Table 10.2(c) continued #1
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43 5.35250E+00 5,0282CE+00 3.11810E-05 3.05667E-05
44 5,02820E+00 4.72360E+00 3.23833E-05 3.123308-05
45 4,72360E+00 4.4374CE+0Q0 3.28029E-05 3.15102E-05
46 4,43740E+00 4.16860E+00 3.31430E-05 3.21213E-05
47 4.16860E+00 3.91600E+00 3.48431E-05 3.42172E-05
48 3.91600E+00 3.67870E+00 3.71672E-05 3.60346E-05
49 3.67870E+Q0 3.45590E+00 4,02457E-05 3.86607E-05
50 3.45590E+C0 3.24650E+00 4,35215E-05 4.17937E-05
51 3.24650E+00 3.048%80E+00 4.78140E-05 4.66014E-05
52 3.04980E+00 2.86500E+00 5.166C4E-05 5.02046E-05
53 2.86300E+00 2.69140E+0Q0 5.63260E-05 5,48364E-05
54 2.69140E+00 2.52840E+00 5.96984E-05 5.83400E-05
55 Z2.52840E+00 2.37520E+00 6.21557E-05 6.04420E-05
56 2.37520E+00 2.23130E+00 6.66797E-05 6.45486E-05
57 2.23130E+00 2.09610E+Q0 6.30491E-C5 6.05439E-05
58 2.09610E+00 1.86910E+00 6.16979E-05 5.89424E-05
5% 1.96910E+00 1.84980E+00 6.14771E-05 5.84261E-05
60 1.84980E+00 1.73770E+00 5.51839E-05 6.63572E-03
61 1.73770E+00 1.53350E+Q0 6.94811E-05 &.65805E-05
62 1.53350E+00 1.38330E+00 7.54766E-05 7.20884E-05
63 1.35330E+00 1.19430E+00 7.65491E-05 7.18923E-05
54 1.19430E+00 1.05400E+00 7.43377E-05 6.95589E-05
65 1.05400E+00 §.30130E-01 7.07911E-C5 €.51178E-05
66 $.30130E-01 8.20840E-01 8.17201E~05 7.89633E-05
67 8.20840E-01 7.24380E-01 §.55436E-05 9.37493E-05
68 7.2438C0E-0L 6.39270E-01 9.83101E-05 9.38857E-05
69 6.39270E-01 5.64150E-01 8.73577E-05 8.50210E-05
70 5.64150E~-C1 4.97860E-01 7.85528E-05 7.74338E-05
71 4,37860E-01 4,393260E-01 6.08023E-05 5.68453E-05
72 4.39360E-01 3.87740E-01 5.38656E-05 5.13623E-05
73 3.87740E-01 3.42170E-01 6.90746E-05 6.53894E-05
74 3.42170E-0L 3.01870E-C1 6.09422E-05 5.80290E-05
75 3.01870E-01 2.66480E-01 3.72340E-05 3.38600E-05
76 Z2.664%0E-01 2,35170E-01 2,80705E-05 2.61898E-05
77 Z.35170E-01 2.07540E-01 4,04227E-05 4.05436E-05
78 2.07540E-01 1.83150E-01 4, 635%40E-05 5.00757E-05
79 1.83150E-01 1.61630E-01 6.47764E-05 6.64048E-05
&0 1.61620E-01 1.42640E-01 5.04130E-05 5.53409E-05
gl 1.42640E-01 1.25880E-01 7.25%33E-05 7.034598-05
82 1.25880E-01 1.11090E-01 5.69187E-05 5.759239E-05
83 1.11080E-01 9.80350E-02 4.38622E-05 4.73955E~-05
84 9,80350E-02 8.65150E-02 4,86529E-05 4.97429E-05
B3 8.65150E-02 7.83490E-02 5.24968E-05 5.13546E-05
8o 7.63490E-02 6.73780E-02 4.22766E-05 4.35346E-05
87 6.7378CE-02 5.94610E-02 3.84988E~-05 4.00451E-05
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88
89
S0
81
92
93
84
95
96
97
98
99
100
101
102
103
104
105
106

107

108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

W o PP N WOOE P NE F RNWO W RN WO WO R NN RN WW:MH B WL

.94610E-02
.24740E-02
.63080E-02
.08670E-02
.60650E-02
.18270E-02
.B0870E-02
.47870E~-02
.18740E-02
.93040E-02
.50340E-02
.17090E-02
.11860E-03
.10160E-03
.53070E-03
.30730E-03
.35460E-03
.61250E-03
.03460E-03
.58460E-03
.23410E-03
.61100E-04
.82530E-04
.53570E-04
.14450E-04
.30C70E-04
.883810E-05
. 78500E-05
.90230E-05
.76030E-03
.06770E-05
.47580E-06
.92780E-06
.38230E-06
.44490E-06
.76400E-07
. 31560E-07
.22410E-07

o WO RN WS U O N NN W W N

H oW O MNW N

.24740E-02
.63080E-02
.08670E-02
. 60650E-02
.18270E-02
.80870E-02
.47870E-02
.18740E-02
.93040E-02
.50340E-02
.17090E-02
.11860E-03
.10160E-03
.53070E-03
.30730E-03
.35460E-03
.61250E-03
.03460E-03
.58460E-03
.23410E-03
.61100E-04
.82930E-04
.53570E-04
.14450E-04
.30070E-04
.88%10E-C5
, 78500E-05
.90230E-05
.76030E-05
.06770E-0C5
,47580E-06
.92780E~-06
.38230E-C6
.44450E-06
.T6400E-07
.31560E-07
L22410E-07
.00100E~-11

R W HE bR s RN NN -] o0 R NE NN B O N W W W

. 29856E-05
.56193E-05
.16963E-05
.76749E-05
. 38604E-05
.87510E-06
.77896E-05
.84624E-05
.22579E-05
.44763E-05
.04486E-05
.73262E-05
.20504E-05
.32567E-05
.35768E-05
.30567E-05
.07142E-05
.98934E-06
.75690E-06
.22536E-06
.13398E-06
.05851E-06
.21262E-06
.98758E-06
L08641E-06
.61834E-07
.69998E~07
.16038E-07
.50585E-08
.57546E-08
.05224E-09
.51334E-09
.27105E~10
.18789E-10
.44983E-11
.12844E-11
.38553E-12
. 54487E-12

WMN NI WERE WH N B NS G- F NS NN NR W W W

.50C42E-05
.64503E-05
.28032E-05
. 94152E-05
.62611E-05
.60726E~05
.05247E-05
.B1530E-05
.35780E-05
.74808E-05
.06170E-05
.78451E-05
.35248E-05
.38941E-05
.35491E-05
.28350E-05
.08802E-C5
.31268E-06
.66661E-06
.26021E-06
.47507E-0%6
.15251E-06
.38155E-06
.83224E-06
.03770E-06
L27927E-07
.42412E-07
.03868E-07
.87423E-08
.29317E-08
.91037E--09
.10546E-08
.54040E-10
.68633E-11
.09586E~11
L4T44ZE-12
.33586E-12
.79483E-12

Unit of Flux: per/unit lethargy



JAERI-M §3—018

Table 10.2(d) Neutron flux spectrum in Phase-ITIA(line source)

Group No. Energy Boundary(eV) Flux at(FW0cm) Flux ai(Li20) Flux at(Fw4(0cm)
: H | J

1 1.64870E+01 1.62310E+01 0.0000CE-01 0.00000E-01 0.00000E-01
2 1.62310E+01 1.598G0E+01 0.00000E-01 0.00000E-01 0.000CCE-01
3 1.59800E+01 1.57320E+01 0.00000E-01 0.00000E-01 0.00000E-01
4 1.57320E+01 1.54880E+01 0.00000E-01 0.00000E~-01 0.00000E-01
5 1.54880E+01 1.52480E+01 1.03799E-05 1.4286%E-06 1.69772E-05
6 1.52480E+01 1.50120E+01 6.92793E-05 1.51125E-05 §.23765E~05
7 1.50120E+01 1.47750E+01 1.57865E-04 4.50244E-05 1.98629E-04
8 1.47790E+01 1.45500E+01 2.77718E-04 §,.77876E-05 3.28254E-04
9 1.45500E+01 1.43240E+01 2.975728-04 1.37091E-04 3.29366E-04
10 1.43240E+01 1.41020E+01 2.57564E~04 1.39759E-04 2.79464E-04
11 1.410208+01 1.38830E+01 2.8995cE-04 1.53146E-04 3.08014E-04
12 1.38830E+0L 1.36680E+01 2.73438E-04 1.47930E-04 2.94652E-04
13 1.36680E+01 1.345608+01 2.65229E~04 1.26497E-04 2.83862E-04
14 1.34560E+01 1.32480E+01 1.67238E-04 8.30023E~05 1.65149E-04
15 1.32480E+01 1.304208+01 7.02008E-05 5,34389E~05 5,89542E-05
16 1.30420E+01 1.28400E+01 2.40077E-05 3.90578E~05 2.01542E-05
17 1.28400E+01 1.26410E+01 1.86170E-05 3,26255E-05 1.57141E-05
18 1.26410E+01 1.24450E+01 1.67750E~05 2.76725E-05 1.35674E-05
19 1.24450E+01 1.22520E+01 1.534548-05 2.37107E-05% 1.19531E-05
20 1.22520E+01 1.20620E+01 1.41363E~-05 2.04112E-05 1.08623E-05
21 1.20620E+01 - 1.18750E+01L 1.28243E-05 1.73332E-05 1.02477E-05
22 1.18750E+01 1.16910E+01 1.17137£-0% 1.49514E-05 9,49356E-06
23 1.16910E+01 1.15100E+01 1.08756E~05 1.32349E-05 9.11671E-06
24 1.15100E+01 1.13310E+01 1.05232E-05 1.21¢13-05 8.94091E-06
25 1.13310E+01 1.1156C0E+01 1.00914E-05 1.13095E-05 8.75339E-06
26 1.11560E+01 1.09830E+01 9,83673E-06 1.08300E-05 8.56600E-04%
27 1.09830E+01 1.08120E+01 5.87064E-06 1.06825E-05 8.57080E-06
28 1.08120E+01 1.064508+01 9,76566E-06 1.03078E-05 8.49278E-06
29 1.06450E+01 1.04800E+C1 $,42974E-06 9.74207E~06 8.18634E-06
30 1.04800E+01 1.03170E+01 9,01702E-06 9,25228E-06 7.78414E-06
31 1.03170E+01 1.01570E+01 8.82053E-06 8.94145E~-06 7.62231E-06
32 1.01570E+01 9.,99980E+00 9.15687E-06 8.97070E-06 8.03049E~056
33 §.99980E+00 9,39400E+00 9,77074E-06 9,23386E-06 8.,67587E-06
34 $.39400E+0Q 8.82490E+00 1.0169%4E~05 9.30085E~-06 9.35630E-06
35 8.824%0E+00 8.29020E+00 9,68960E-06 9.11653E-06 9.09173%E-06
36 8.29020E+00 7.78790E+00 8,74439E-06 " 8,8351CE-06 8,23619E-06
37 7.7879CE+00 7.31610E+00 7.65549E-06 8.35407E-06 7.21802E-0¢6
38 7.31610E+00 6.87280E+00 7.58617E-06 8.49830E~06 7.07721E-06
39 6.87280E+00 6.45640E+00 8.30318E-06 8.56012E-06 7.68489E-06
40 6.45640E+00 65.06520E+00 9.16030E-06 8.67158E-06 8.58896E-06
41 6.06520E+00 5.69780E+00 9,79976E-06 8.61862E-06 9,34518E-06
42z 5,69780E+00 5, 35250E+00 1.0490%E-05 8.84717E-06 1.01126E-05
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43 5.35250E+00 5.02820E+00 1.02982E-05 8.1189¢E-06 1.01874E-05
44 5.02820E+00 4.72360E+00 1.05856E-05 8.19327E-06 .1.05536E-05
45 4.7236CE+Q0 4.43740E+00 1.09312E-05 8.349%0E-086 1.09827E-05
46 4.4374C0E+00 4.16860E+00 1.13484E-05 8.55204E-06 1.14103E-05
47 4.16860E+00 3.91600E+00 1.19173E-05 8.80819E-06 1.19851E-05
48 3.91600E+00 3.67870E+Q0 1.23349E-05 8.61372E-06 1.25209E-05
49 3.67870E+00 3.45590E+00 1.32606E-05 9.28617E-06 1.344778-05
50 3.45580E+00 3.24650E+00 1.450458-05 1.01065E-05 1.46876E-05
51 3.24650E+00 3.04980E+00 1.65%88E-05 1.21974E-05 1.66060E-05
32 3.04%80E+C0 2.86500E+00 1.80559E-05 1.3251CE~05 1.80922E-05%
53 2.86500E+00 2.69140E+00 1.96710E-05 1.45933E-05 1.96692E-05
54 2.69140E+00 2.52840E+00 2.10449E-05 1,58724E-05 2.09883E-05
55 2.52840E+00 2.37520E+00 2.221128-05 1.67702E-05 2.22451E-05
56 2.37520E+00 2.23130E+00 2.41414E-05 1.81437E-05 2.42356F-05
57 2.231308+00 2.09610E+00 2.26246E-05 1.63532E-05 2.23250E-035
58 2.09610E+00 1.96810E+00 2.198%4E-05 1.55225E-05 2.24388BE-03
59 1.96910E+00 1.84980E+00 2.17824E-05 1.48041E-05 2,23672E-05
60 1.84%80E+00 1.73770E+00 2.48871E-05 1.74176E-05 2.52721E-03
61 1.73770E+00 1.53350E+00 2.48936E-05 1.74036E-05 2.52668E-05
62 1.53350E+00 1.35330E+00 2.73088E-05 1.87418E-05 2.77705E-05
63 1.35330E+C0 1.19430E+00 2.75212E-05 1.76755E-05 2.83520E-05
64 1.19430E+C0 1.05400E+00 2.68920E-05 1.68637E-05 2.7723%E-05
65 1.05400E+00 9.30130E-01 2.54552E-05 1.41321E-05 2.66363E-05
66 $.30130E-01 8.20840E-01 3.14462E-05 2.13930E-05 3.13738E-05
67 8.20840E-01 7.24380E-01 3.78328E-05 2.73462E-05 3.72626E-05
68 7.24380E-01 6.39270E-01 3.89858E-05 2.68309E-05 3.93058E-05
69 6.39270E-01 5.64150E-01 3.57792E-05 2.66471E-035 3.52914E-05
70 5.64120E-01 4,97860E-01 3.28415E-0% 2.53874E-05 3.21488E-05
71 4.97860E-01 4.39360E-01 2.4146CE-05 1.53926E-05 2.47436E-05
72 4.39360E-01 3.87740E-01 2.17472E-05 1.48365E-05 2.18032E-05
73 3.87740E-01 3.42170E~01 2.82834E-05 1.83149E-05 2.85750E-0G5
74 3.42170E-01 3.01970E-01 2.52265E-05 1.63144E-05 2.53143E-05
75 3.01.970E-01 2.66490E-01 1.45403E-05 7.70055E-06 1.51802E-03
76 2.66450E-01 2.35170E-01 1.11598%E-05 5.60856E-06 1.17290E-05
77 2.3517CeE~01 2.07540-01 1.7536%E-05 1.25464E-05 1.67058E-05
78 2.07540E-01 1.8315CE-01 2.17724E-05 1.87766E-05 1.24035E-05
79 1.83150E-01 1.6163C0E-01 2.56502E-05 2.38629E-05 2.78018E-05
80 1.61630E-01 1.42640E-01 2.48345E-05 2.39853E-05 2.15733E-05
81 1.42640E-01 1.25880E-01 3.24087E-05 2.49840E-05 3.20986E-05
82 1.25880E-01 1.11080E-01 2.71126E-05 2.38061E-05 2.56116E-05
83 1.11090E-01 9.80350E-02 2.22645E-05 2.21583E-05 1.97483E-05
84 9.80350E-02 8.65150E-02 2.37941E-05 2.16943E-05 2.22635E~-05
B5 8.€65150E-02 7.63490E-02 2.53615E-05 2.13488E-05 2.46701E-05
86 7.63490E-02 6.73780E-02 2.16871E-05 2.00890E-05 2.00912E-05
87 6.73780E-02 5.94610E-02 1.89971E-05 1.91210E-0% 1.83113E-05
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88 5.94610E-02 5.24740E-02 1.76050E-05 1.79413E-05 1.57498E-05
89 5.24740E-02 4,63080E-02 1.84625E-05 1.74827E-05 1.71578E-05
80 4.63080E-02 4.086705-02 1.6824CE-03 1.65786E-05 1.53942E-05
91 4.086708-02 3.60650E-02 1.51387E-05 1.56388E-05 1.34925E-05
92 3,60650E-02 3.18270E-02 1.35145%E-03 1.46528E-05 1.16401E-05
93 3.18270E-02 2.80870E-02 8.12163E-06 1.22705E-05 4.26029E-06
94 2.80870E-02 2.47870E-02 2.12005E-05 ©1.53527E~05 2.37888E-05
95 2.47870E-02 2.18740E-02 1.5188%E-05 1.37756E-05 1.43744E-05
96 2.18740E-02 1.393040E-02 1.26554E-05 1.29504E-05 1.12303E~05
97 1.93040E-02 1.50340E-02 9.27463E-06 1.12162E-05 7.23877E-06
a8 1.50340E-02 1.17090E-02 1.11900E-05 1.07315E-05 1.04338E-05
99 1.170%0E-02 9.11860E-03 9.80932E-06 9.74770E~06 8.94903E-0%
io0 9.11860E-03 7.10160E-03 7.36653E-06 8.66725E~06 6.18517E-06
101 7.10160E-03 5.53070E-03 7.65282E-0¢ 7.88637E-06 6.87172E-0¢
102 5.53070E-03 4,30730E-03 7.57698E-06 7.28511E-06 7.12447E-06
103 4.30730E-03 3.35460E-03 7.28517E-06 6.69176E-06 6.93242E-06
104 3.35460E-03 2,61250E-03 6.23602E-06 5.96468E-06 5.73431E-06
105 2.61250E-03 2.03450E-03 5.34586E-06 5.23487E-06 4.83040E-06
106 2.03460E-03 1.58460E-03 5.05454E~08 4.65361E-06 4.75122E-06
107 1,58460E-03 1.23410E-03 4,27213E-06 4,01736E-06 3.94898E-08
108 1.23410E~03 9.61100E-04 3.21213E-06 3.32384E-06 2.80568E-0%
109 $.61100E-04 5.82930E-04 2.43%036E-06 2.38207E-06 . 2.26183E-06
110 5.82930E-04 3.53570E-04 1.42178E-06 1.51005E-06 1.22940E~06
111 3.53570E-04 2.14450E-04 1.12858E-06 9.6303%E~07 1.13923E-06
112 2.14450E~04 1.30070E-04 6.45444E-07 5.44731E-07 6.28728E-07
113 1.30070E-04 7.88910E-05 3.34663E-07 2.74317E-07 3.29073E-07
114 7.88910E-05 4,78500E~05 1.57437E-07 1.21735E-07 1.58484E-07
115 4.78500E-05 2.90230E-05 6.60819E-08 4.68032E-08 6.86250E-08
116 2.802308-05 1.76030E-05 2.48438E-08 1.53807E-C8 2.68152E-08
117 1.76030E-05 1.06770E-05 8.41115E-08 4.27238E-09 9.49724E-09
118 1.06770E-05 6.47580E-06 2.58448E~09 9.33449E-10 3.06762E-09
119 6.47580E-06 3.92780E-06 7.31487E~-10C 1,92136E-10 9.18962E-10
120 3.9278CE-06 2.38230E-06 1.%5008E-10 3.06254E-11 2.58861E~-10
121 2,38230E-06b 1.444380E-06 4.97412E-11 4.0396%E~12 7.00045E-11
122 1.44490E-06 8.76400E~07 1.25308E-11 4.46026E-13 1.88243E-11
123 8.76400E-07 5.31560E-07 3.32458E-12 4.31876E-14 5.36591E-12
124 5.31560E-Q7 3.22410E-07 9.70483E-13 4.60715E-15 1.74001E-12
125 3.22410E-07 1.00100B-11 1.45776E-12 3.83303E-15 3.15547E-12

Unit of Flux: per unit lethargy
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Table 10.2(e) Neutron flux spectrum in Phase-1IIB{line source)

Group No. Energy Boundary(eV) Flux at#1(Li20cm) Flux at#2(40cm)
K L .

1 1.64870E+0L1 1.6231CE+01 0.00000E-0L 0.000C0E-01
2 1,62310E+01 1.59800E+01 0.0C000E-01 0.000C0E-C1
3 1.59800E+01 1.57320E+01 0.00000E-01 0.000C0E-C1
4 1.57320E+(1 1.54880E+01 0.00000E-01 0.00000E-01
5 1.54880E+01 1.52480E+01 1.70686E-06 1.86626E-06
6 1,52480E+01 1.50120E+01 1.76851E-05 1.81567E-05
7 1.501208+01 1.47790E+01 5.26439E-05 5.37870E-05
8 1.47790E+01 1.45500E+01 1.14346E-04 1.15303E-04
9 1.45500E+01 1.43240E+401 1.58826E-04 1.59636E-04
10 1,43240E+01 1.41020E+01 1.60155E-04 1.58%81E-04
11 1.41020E+01 1.38830E+01 1.77252E-04 1.76864E-04
12 1.38830E+01 1.36680E+01 1.66430E~-04 1.6704%E-04
13 1.36680E+01 1.34560E+01 1.41861E-04 1.38448E-04
14 1.34560E+01 1.32480E+01 9.20133E-05 8.68312E-05
15 1.32480E+01 1,30420E+01 5.53268E-05 5.08525E-05
16 1.30420E+01 1.28400E+01 3.79614E-05 3.57445E-05
17 1.28400E+01 1.26410E+01 3.07073E-05 2.92009E-05
18 1.26410E+01 1.24450E+01 2.58792E-0% 2.47630E-05
19 1.24450E+01 1.22520E+01 2.24001E-05 2.14871E-05
20 1.22520E+01 1.20620E+01 1.%6220E-05 1.88599E-05
21 1.20620E+01 1.18750E+01 1.72171E-05 1.65444E-05
22 1.18750E+01 1.16910E+01 1.54727E-05 1.48402E-05
23 1.16%10E+01 1.15100E+01 1.42623E-05 1.36514E-05
24 1.15100E+01 1.1331CE+01 1.35598E-05 1.29607E-05
25 1.13310E+01 1.11560E+01 1,30151E-05 1.24393E-05
26 1.11560E+01 1.09830E+0L 1,27701E-05 1.22121E-05
27 1.09830E+01 1.08120E+01 1.28267E-05 1.22774E-05
28 1.08120E+01 1.06450E+01 1.26678BE-05" 1.21242E-05
29 1.06450E+01 1.04800E+01 1.22521E-05 1.1732%E-05
30 1.04800E+01 1.03170E+401 1.17350E-05 1.12983E-05
31 1.03170E+01 1.01570E+01 1.12306E-05 1.08919E-05
32 1.01570E+01 8,99930E+00 1.11945E-05 1.09151E-05
33 9.9%990E+00 §.32400E+00 1.14572E-05 1.12455E-05
34 8.39400E+0C 8.82490E+00 1.17835E-05 1.15739E-05
35 8.82450E+0C 2.29020E+00 1.10169E-05 1.07116E-05
36 8.290208+00 7.78790E+00 9,43002E-06 9,15624E-06
37 7.787%0E+00 7.31610E+00 8.57158E-06 8.33471E-06
38 7.31610E+00 £.87280E+00 9.45204E~06 9.15838E-06
39 6.87280E+00 6.45640E+00 9.82353E-06 9.529%37E~06
40 6.45640E+00 6.06520E+00 9.57088E-06 9.30307E-06
41 6.06520E+00 5.69780E+00 9.57694E-06 9.3057%E-06
42 5,69780E+00 5.35250E+00 0,.61043E-06 9.34348E~-06
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43 5.35250E+00 5.02820E+Q0 8.91373E-06 8.66945E-0¢6
44 5.028Z0E+00 4.72360E+00 9.07407E-06 8.833982-06
45 4,72360E+00 4,43740E+00 9,31403F~06 9.08104E-06
46 4.43740E+00 4.16860E+00 9,50%12E-06 9.28111E-06
47 4.16860E+00 3.91600E+00 §.97741E-C56 9.73954E-06
48 3.91600E+00 3.67870E+00 9,76006E-C6 9,.53210E~06
49 3.67870E+00 3.45590E+00 1.03172E-05 1.00773E-05
50 3.45590E+00 3.24650E+00 1.11556E-05 1.08911E-05
51 3.24650E+Q0 3.04980E+00 1.34006E-03 1.30€655E-05
52 3.04980E+00 2.86500E+00 1.42149E-05 1.38505E-05
53 2,86500E+00 2.69140E+00 1.58572E-05 1.54352E-05
54 2.,69140E+C0 2.52840E+00 1.74625E-05 1.68868E-05
55 2.52840E+00 2.37520E+00 - 1.84729E-05 1,79610E-05
56 2.37520E+00 2.23130E+00 1,98081E-05 1.92541E-05
57 2.23130E+00 2.08610E+00 1.83133E-05 1.77993E-05
58 2.09610E+00 1.96910E+00 1.74521E~05 1.68%627E-05
59 1.96910E+00 1.84980E+00 1.£9540E-C5 1.64710E-05
60 1.84980E+0C 1.73770E+Q0 1.%5380E-05 1.89729E-05
61 1.73770E+00 1.53350E+00 1.95158E~-05 1.893%4E-05
62 1.53350E+00 1.35330E+00 2.09160E-05 Z2.02774E-05
€3 1.35330E+00 1.19430E+00 1.98386E-05 1.93160E-05
64 1,19430E+00 1.05400E+00 1.91700E-05 1.85625E-03
65 1.054C0E+090 9.30130E-01 1.66270E-05 1.60800E-05
66 9.301302-01 §8.20840E-01 2.35401E-05 2,27604E-05
&7 8,20840E-01 7.24380E-01 2.89004E-03 2.79065E-05
68 7.24380E-01 6.39270E-01 2.78534E-05 2.68596E-05
69 6.39270E-01 5.64150E~01 2.72129E-05 2.62227E-05
70 5.64150E-01 4.97860E-01 2.58795E-05 2.49118E-03
71 4,97860E-01 4,39360E-01 1.67319E-03 1.61479E-05
72 4,39360E-01 3.87740E-01 1.63814E-05 1.57440E-05
73 3.87740E-01 3.42170E~01 2.00675E-05 1.92581E-05
74 3.42170E-01 3.01%70E-01 1.80664E-C5 1.73198E-05
75 3.01970E-01 2.66490E-01 9.15450E-06 8.77288E-06
76 2.66490E-01 2.35170E-C1 6.91396E-C6 6.62340E-06
77 2.35170E-01 2,07540E-01 1.47660E-05 1.41276E-05
78 2.07540E-01 1.83150E-01 2.06318E-05 1.97272E-05
79 1.83150E-C1 1.61630E-01 2.52689E-05 2.41501E-05
30 1.61630E~01 1.42640E-01 2.44908E-05 2.34073E-05
8l 1.42640E-01 1.25880E-01 2.54907E-05 2.43009E-05
82 1.25880E-01 1.11080E-01 2.35684E-05 2.,24562E-05
83 1.110%0E-0L 9.80350E-02 2.17211E~05 2.06783E-05
84 9.80350E-02 8.65150E-02 2.14663E-05 2.038998-05
85 8.65150E-02 7.63480E-02 2.10848E-05 2.00183E-05
86 7.63490E-02 6.73780E-02 1.98742E-05 1.88125E-05
87 6.73780E-02 5.94610E-072 1.90331E-05 1.79857E-05
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88
83
a0
61
82
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

WUl R WO R ] NWO W N WO NN R WL B

.94610E-02
.24740E~02
.630808-02
.086702-02
.60650E-02
.18270E-02
.80870E-02
.47870E-02
.18740E-02
. 93040E-02
.50340E-02
.17080E-02
.11860E-03
.10160E-03
.53070E-03
.30730E~03
.35460E-03
.61250E-03
.03460E-03
.58460E-03
.23410E-03
.61100E-0C4
.B2930E-04
.53570E-04
.14450E~-04
.30070E-~-04
.88910E-05
.78500E-05
.90230E-05
.76030E-05
.06770E-05
.47580E-06
.62780E-06
.38230E-06
.44490E-06
.76400E-07
.315608-07
.22410E-07

L L = N W o RN s N WO W R N W D U0 RN R W W e e O

.24740E-02
.63080E-02
.08670E~02
.60650E-02
.18270E~-02
.B0B70E-02
.47870E-02
.18740E-02
.93040E-02
.50340E-02
.17030E-02
.11860E-03
.10160E-03
.53070E-03
.30730E-C3
.35460E-03
.61250E-03
.03460E~03
.58460E-03
.23410E-03
.61100E-04
.82930E-04
.53570E-04
.14450E-04
.30070E-04
.88G810E-05
.78500E-05
.90230E-05
.76030E-05
.0677CE-05
.47580E-06
.92780E-06
.38230E-06
.44490E-06
.76400E-07
.31560E-07
.22410E-0Q7
.00100E-11

H o P WP W HNWOME B RN WS U -1~ oo B R PR e

.78634E-05
.75932E-05
.68026E-05
.59205E-05
.49465E-05
.17303E-05
.66180E-05
.44402E-05
.37378E-05
.17014E-05
L16973E-05
.Q7587E-05
.33474E-06
.824Z28E-06
.40646E-06
.90014E-06
.17017E~-06
.36055E-06
.B8344E-06
.23661E-06
.38871E-06
.39030E-06
.25932E-06
.61523E-0%
.08622E~-06
.76686E-07
.89489E-07
.25646E-07
.23037E-07
.52238E-08
.35641E-08
.66114E-08
.795139E-09
.40618E-09
.36486E-08
.86290E-10
.47478E-10
.16669E-13

ok s W N NWOHWRHENDWDB OO ] J0®HE P e P2

. 68738E-05
.66046E-05
.58316E-05
.49812E~05
.40501E-05
.10454E-05
.56198E~05
.35372E-05
.28586E-05
.09449E-05
.091%0E-05
.00215E-05
.68587E-C6
.19645E-06
.79167E-06
.31161E-06
.62094E-06
.B6501E-CE
.41254E-06
.80771E-06
.02398E-06
.10629E-06
.06378E-06
.47443E-06
.85973E~-07
.11188E-07
.58887E-07
.01619E-07
.03447E-07
.78294E-08
. 96836E~-08
.46642E-08
.87346E-09
.00080E-08
.20077E~09
.2T706E-10
.25633E-10
.03394E-13

Unit of Flux: per unit lethargy
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Table 11.1

Comparison of Measured and Computed Decay v Emissions/s/g of

Material per 1012 source neutron/s
(Phase IIC)

Material | Measure- | Distance | Irradiation | Cooling | Counting | C/E C/E C/E
ment from Time Time Time REAC-2 | DKRICF | THIDA
Idenufier | Source

Fe FEALll 10cm 30m 224 m 10 m (.85 0.98 0.91
FEA21 10¢cm 9h 2h223m 11224 m 1.00 1.17 1.06
FEA26 10em 9h 5d 13.7h } 5h 16.9m | 0.95 1.00 1.02
FEB11 82 cm 30m 240 m I0m 1.10 1.22 1.06
FEB21 82 cm 10h 5h Im 44 8m 1.01 1.13 -
FEB22 82 cm 10 h 17h16.2m} 39.8m 0.98 1.14 0.97

Ni NIA1L 10 cm 30 m 563 m 309 m 1.10 1.18 - 0.88
NIAZ21 10cm Oh 2h 26.7m 1429 m 1.13 1.24 1.01
NIAD2 10cm 9h 16h 23.7m 44.7 m 1.17 1.24 1.01
NIA23 10 ¢cm Oh 4d 13hk | 8h 41.9m | 1.30 1.04 ---
NIB11 82 cm 30m S88m 26.6 m 1.89 2.02 1.17
NiB21 82 cm 10k 3h 52 7m{ 1h 2.8m | 1.i2 1.20 0.88
NIB22 82 cm-- 10h 2d 1660 §4h 13.2m | 1.39 1.23 1.09

Mo MOAll | 10cm 30m 46.3 m 30.5m 6.99 2.55 1.22
MOA21 | 10cm 9h 1h 382m [ 43.8 m 2.09 1.55 1.51
MOAZ22 | 10cm O h 15h 11.8m 1h 5.5m {1.21 1.22 1.21
MOAZ3 | 10cm 9h 19h 42.3m 2h 46.7m } 1.37 1.42 1.14
MOAZ24 | 10cm 9h 4d 3.7h 15h 28.,6my 1,18 122 m—_—
MOBI11 |32cm I0m 588 m 26.6 m 3,30 1.85 1.11
MOB24 | 82cm 10h 2h 28.85m 38.2 m 5.40 1.26 -
MOB22 | 82cm 10h Oh 15.8m | 4h 2.2m | 3.57 1.41 ---

58316 SSAlL I0cm 30 m 36.3 m 14.6m 0.86 0.95 0.98
554A21 10cm 9h lh388m [ 424 m 0.92 1.06 0.92
55Aa22 10cm 9h 4h31m | 2h 46.7m | 1.04 1.20 0.97
55A23 10cm 9h 15h 16.8m{ 1h 0.5m | 1.14 1.23 0.98
SSA24 10cm 9h 3d 21.8h | 13h 54.6m 1.35 1.14 -
SSB11 2 cm 30m 392 m 151 m I.11 1.16 1.15
SSB21 82 cm 10h 3h 13.2m 1339 m 0.84 0.88 0.94
S5B22 82cm 10h 1d15h53m; 21h 48.8m 1.24 1.16 (.79

Table 11.2

Comparison of Measured and Computed Decay v Emissions/s/g of

Material pe

r 1012 source neutron/s
(Phase IIC)

Material | Measure- | Distance | lIrradiation t Cooling | Counting | C/E C/E C/E
ment from Time Time Time  [REAC-2 |DKRICF | THIDA
Identifier | Source

Nb NBA21 10 cm Sh 4h 31m 2h 46.7m | 1.27 0.87 0.75
NBAZ2 10cm 9h 18h 49.5m| 44.5 m 1.09 1.05 0.88
NBB21 82 ¢cm 10h 13h 39m |1h 13.7m | 1.25 1.13 0.82

Co COAIll 10em 30 m 373 m 15m 0.84 1.03 0.85
COA21 I0cm Sh 3h17.2m 1292 m 1.40 1.27 1.11
COA2 I0em 9h i7h 15.7mj40.5 m 2.13 1.24 1.11
COAZ3 10 ¢m 9h 5d 19h 9mi3h 21.5m {2.10 1.23 .-
CORI11 82 cm 30m 393 m 15.1 m 1.51 1.58 1.23
COB21 32 cm 10 h 3h 53m 1h2.7m [1.40 1.16 ---
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Table 11.3

Comparison of Measured and Computed Decay Y Emissions/s/g of
Material per 1012 source neutron/s

Material | Measure- | Distance ! Irmadiation | Cocling Counting | C/E C/E C/E
ment from Time Time Time REAC-2 { DKRICF | THIDA
Identifier | Source :

\ VALl 10cm 30m 223 m 10m 1.06 1.35 0.90
VAZL 10cm 9h 3h42.2m 361 m 1.57 3.38 1.59
VA22 10cm 9h 17h16.2m | 39.8m 1.55 3.35 1.59
VBI1 82cm 30m 24 m 10 m 1.31 1.81 1.09
VB21 82cm 10h 3h 1.7m 449 m 1.44 3.18 1.40
VB22 82 cm 10h 2d22h26m | 14h 51.3m| 1.41 3.11 1.20

Ti TIAlLL 10cm 30m 223 m 10m 1.69 1.24 0.72
TIAZ21 10cm 9 hh 3h 51.5m {292 m 1.28 1.15 0.75
TIA22 10 cm 9h 18h 1Im | d1h20.5m | L.16 1.12 —
TIB11 82 cm 30 m 243 m 10 m 1.73 1.62 0.58
TIB21 82 cm 10 h 7h 27.5m | 1h 434m | 1.24 1.43 0.56

W WALl I0cm 30m 373 m 155 m 3.07x102 { 0.20 0.99%(2.19)
WAZL 10 cm 9h 2h 26.5m [442m 2.55 2.86x10-2 | 0.82*(2.38)
WAZ2 [0cm Sh 16h 23.4m | 45.7m 2.28 1.27x10-2 | 0.76%(2.38)
WAZ23 10cm 9h 2d19h3.5m ( 18h 22.7m| 2.05 4.05x10-2 | 0.70%(2.26)
WEBI1 82cm 30m 392 m 15.1m 1.38x10! { 7.00x10-3 | 0-65*(2.11)
WB21 32 cm 10k 3h 13.5m {335 m 226 4 88x 104 0.96*(3.17)
WB22 82 cm I0h 4d 5.3m 13h 32.2m| 2 59 2:35110_3 0.91%(2.99)

Zr ZRA11 10 cm I0m 56.5 m 18.9 m 4.13 0.82 1.21
ZRAZ] 10 ¢cm 9h 2h 26.5m |43.5m 5.58 1.08 .-
ZA22 10cm Gh 17h 15.7m | 40.0 m 5.81 1‘16 ---
ZRB11 82cm 0m 583 m 27.1m 430 0'88 1.13
ZRB21 82cm 10h 3h 13.5m [ 33.7m 4.10 0‘83 1.31

MnCu MCAI1l [ 10cm 30m 123 m I0m 1.15 3.42 1.04
MCA21 |[10cm 9h 2h 26.7m [44.0m 1.75 1'19 0.83
MCA22 | 10cm 9h 16h 23.7m | 457 m 1.21 0'29 0.26
MCA23 | 10cm 9h 6d20h59m | 4h 530.3m | 109 1'11 -
MCB11 | 82cm 30m 243 m 10 m 2.52 2'42 1.49
MCB21 |8cm 10 h 3h 52.7m (1h22m |2.19 503 1.40
MCB22 [82cm 10h 3d13h28m | 6h 44.9m | 124 1'00 0.80

Cr CRA21 [0cm 9h Ih38.8m {43.0m 2.05 135 0.55
CRA22 | 1i0cm 9h 15h 16.8m § 1h 0.5m 1.54 1'05 0.88
CRB21 82 c¢m 10h 2h 27.5m 1§ lh 19.6m |72.95 167 0.64

* Bracketed numbers were obtained with original y-yields which were inaccurate for some

v's. Starred numbers are with corrected y-yields.
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Table 11.4

Material per 1012 source nertron/s
(Phase IIC)

Material Material | Distance | Iradiation t Cooling Counting | C/E C/E C/E
Idendfier | from Time Time Time REAC-2 | DKRICF THIDA
Source
Al ALAIL1 10 cm 30m 1h 15.8m 11.4 m 0.98 1.02 .17
ALAZ1 10cm 9h 4h 31m 2h 46.7m { 0.88 0.92 1.0
ALBI11 82 cm 30m 583 m 271l m 1.34 1.39 1.05
ALB21 82 cm 10h 5h 52.3m 1h 28.5m | 1.03 1.07 1.12
Si SIALL 10cm 30 m 373 m 15m 2.80 1.08 1.14
Mg MGA21 [ 10cm 9h 3h 51.7m 263 m 1.16 1.07 0.99
MGA22 | 10cm 9h 18h 11 7m [ 315 m 1.08 1.00 ---
MGBE21 |82cm 10h 2h 28.5m 44,2 m 1.37 1.28 1.23
In INA2I 10cm 9h 1h 38.2m 429 m 1.06 1.08 ---
INA22 10cm 9h 16h23.7m | 45.7 m 2.62 0.18 --
INB21 82 cm 10h 2h 28.5m 38 m 1.11 1.52 ---
Ta TAAZL 10cm 9h 3h 17.2m 282 m 3.56 0.35 ---
TAA22 | 10cm Sh 18h 11.7m [ 354 m 2.03 0.83 ---
TAB21 82 cm 10h 3h 53m 1h27m ({1.74 1.53 0.19
Au-thick AUAZ1 i0cm 9h 3k 51.7m 259 m 171 0 ---
AUA23 | 10cm Sh 18h 49.5m [43.7m 2.16 ] .-
AUB21 22 cm 10h S5h 2m 442 m 6.43 0 .-
Au-thin AUA22 | 10cm 9h 4h 31m 2h 46.7m | 1.33 0 .-
AUAZ24 | 10cm 9h 19h 42m 2h 46.7m | 1.57 0 ---
YBayCu30O7 | YCALL | 10cm 30m 1h 32m 2h 32.5m | 0.97 0.31 -
YCAIZ |[10cm |30m 4h 12m 4h312m |0.73 438x102 | ---
YCA13 | 10cm 30m 7d2h26.1m | 2h 50.4m | 0.72 1.30x10°3 -
ErBasCuzQ7 | BCALL 1dcm 30m 1h 33m 2h 243m | 6.20 1.06 ---
BCAlZ |10cm  [30m 4h 12.5m | 4h 33.5m { 7.69 1.30 .e-
BCAI3 10 cm 30 m 11d4hd7m | 3h 34.7m | 0.58 0.12 ---
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Table 11.5

Variation of C/E for Integrated Decay v Emission rates
for Different Source Conditons
(Iron Samples)

Material Material Source Mean Imradiaion  Cooling C/E C/E
Identfier Conditon Distance Time Time REAC2Z DKRICF
from
targetd(cm)
Fe FECI1 Bare Line 0 O0h47m 2hlis8.5m 1.10 1.19
Fe FED11 Bare Line 40 Shd7m 1hs50m 1.17 1.03
Fe FEEIl Bare Line 100 Oh47m 1h50m 1.17 1.03
Fe FEF11 Point Source 0 30m 33ml3s 0.97 1.04
Fe FEGI1 Point Source 40 30m 44m 1.26 1.40
Fe FEHI1I Line+Blkt. 0 Sh51im 4h19.6m 1.14 1.21
(1.5cmFW)
Fe FEI11 Line+Blkt. 0 Gh5im 5h9.9m 1.12 1.19
{5cmLipO)
Fe FEJ11 Line+Blkt, 40 9h5im 4h45.1m 1.02 1.09
{1.0cmEFW)
Fe FEAZL Point Scurce 10cm from  Sh 3h22.3m 1.00 1.17
(PhasellC) target
a [istands for axial distance. Bracketed numbers indicate radial distance from axis
. Table 11.6
Variation of C/E for Integrated Samples inside
Annular Blanket Assembly Driven by Line Source
(Irradiation Time = 9h51m)
Material Material Location Cooling Time  C/E REACZ C/E DKRICF
Identfier
Fe FEHI1 #H 4h19.6m 1.i4 1.21
Ni NIHI1 #H 1h37.4m 1.20 1.26
AISI316 SSHI11 #H 1h37.4m 1.20 1.26
Mo MOHI1L #H 2h52.7m 4.29 1.58
W WHI11 #H 1h37.5m 1.34 4.56e-03
Pb PBJ11 #] Oh1%.7m 2.51 1.09
Zn ZNT11 #J Sh43.3m 1.83 2.6%9e-072
7r ZRII1 #] 3h54.3m 4.08 1.04
Ag AGTLL #J 6h30.8m 0.0102 0.974
Sn SNT11 #] 5h45.9m 2.63 0.438
Ta TAH11 #H 7h35.4m 2.25 1.97
Al ALTIL #] 10h55.2m 0.97 0.97
Nb NBHI!1 #H 5d19.6h 0.999 0.597
Ti TIHIL #H Th34.4m 1.68 1.86
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Table 12 Major Radioactive Products and Source Reactions in Tungsten
Half-life Product y-ray Energies Major Reactions
(keV)
10.5m 186Ta 122,198,215,308,418,738 186w (n,p)!*°Ta
49.5m 1857, 174 186w (n,n'p/d) F Ta
64m 183yf 459,784 188w (n,00) ! HE
8.7h 1841, 111,161,215,227,243,253,318,  **W(n,p)'*Ta
384.414.461,537,792,895,903,
921,1110,1174
23.9h 7w 134,480,552,618,625,686,745, *wn,y'*’w
773,863,879
5.1d 1837, 99.108,162,246,292,312 win,p)*Ta
184W(n,n’p/d)183Ta
42.44 af 482 184w (0,00 HE
115d 82Ty 1121,1189,1221,1231 2% (n,p) ' **Ta

183W(n,n‘p/d)182Ta

* One of the tungsten samples detected appreciable counting rate for

24Na y-rays (1369 & 2754 KeV)

-~ 100 —
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Correction Factor for Decay During Irradiation
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FUSION TECHNOQLOCQCY 15%¢
B.E. Keen, M. Huguet, R. Hemsworth (editors)
Elsevier Science Publishers B.V,, 1991

RADIOACTIVITY AND NUCLEAR HEATING MEASUREMENTS FOR FUSION APPLICATIONS

Anil KUMAR, Mohamed A. ABCOCU

University of California,
Los Angeles, CA 90024-1557, USA

" Yujiro IKEDA, Chikara KONNO

Japan Atomic Energy Research Insttute
Tokai-mura, Ibaraki-ken 319-11, Japan

induced radicactvity has been measured in samples of Fe, Ni, Cr, Mo, 55316, MnCu alloy, Co, Y, Ti, Nb, W, Pb, Sn, Zn,
Ag. Ta, Al, Si, Mg, In, Zr, YBa.Cu30y and ErBa;Cu30q in fusion neutron environment for different irradiation and cooling
tmes. Analysis shows up inadequacics of activation and decay dat of leading radicacdvity calculation codes. Large
discrepancies arc observed for W, Mo, Zr, V and MnCu alloy though integrated decay Y-¢rmission rates agree within 30% for
Fe and $5316. Long half life measurements are sall in progress. Nuclear heat depesiton rate measurements have been made
in smalil probes of Fe, Cu, graphite, Al and W. The analysis shows discrepancies of as much as 40% between measured and

computed rates.

1. INTRODUCTION

Induced acdvity and nuclear heat deposidon rates arz
among the most important parameters qualifying design of
a fusion machine including its vacuum vessel and other
componentsi, A range of smuctural and other materials are
under consideration for next-step devices like ITER, CIT
and NET. Prompt and decay headng rates are subject to
large uncertzindes as there is very linde supportng
experimental data base existing at the moment.

A program was planned and exccuted over the last two
years for experimental verificaton of the dara base and
computer codes presenty used for caleniaton of
radivactvity and nuclear heatng in fusion device design?-
5. The measurements were carried out in 1988 and 1989 at
fusion neuronics source facility of JAERI within the
framewark of USDOE/JAERI collaborative program on
fusion nevmonics®. The experiments on induced
radicacdviry were conducted inside protorypical blanket
assemblies. The materials invesdgated in these
experiments include: Fe, Ni, Cr, Mo, SS316, Mn, Cu,
Co, ¥V, Ti, Nb, Ta, Al, 8§, In, Zr, YBa2Cu307,
ErBayCu3(7. In addition , an experiment was conducted
in June 1989 under average fluence of 7x10 n/em? for
accumulading actvadon data on long half ife radioacdve
isotopes, with half-lives ranging from 13.3 y (3EW) to
0.72 My (P8Al).

2. RADIQACTIVITY EXPERIMENTS
Experimental measurcments have been conducted at
fusion neumonics source facility (FINS) of JAERI over last
few years inside protatypical fusion blanket assemblies
within the framework of USDOE/JAERI collaborative

program on fusion breeder neumonics®. The measured
quangdes have consisted of oidum breeding rato, neuton
energy spectrum, foil actvation rates and gamma heating
rates. First measurements related to induced decay ¥
actviry were conducted within this program during phase
ICin fall 1988. '

Though entre phase IIC experimental program
consisted of carrying out measurements in cach. of two
prototypical blanket assemblies?- beryllium edge-on and
coolant channel assemblics- the radicactivity rmeasurcments
were conducted only inside 'coolant channel” assembly.
This assembly had three polyethylene (PE) channels
implanted in test section made of LizQ bricks, Two spatal
locadons were chosen s¢ as to have significanity different
neuton cnergy spectra- the rwo locatons being at 10 cm
(in air ) and 82 cm (5 cm inside Li;0 secdon) distance
from the target center of 'rotating neutron arget’ (RNT)
source. The materials iradiated included: Fe, Cr, Ni, Mo,
SS5316, MnCu alloy, V, Ti, Co, Al S, Zr, Nb, W, Ay,
In, Mg, Ta, YBa;Cu307 and ErBa.Cus; 0. Of these,
YBa;Cu30Oy and ErBa;CusOq{on subsmrate of yiaia
stabilized zirconia) are kmown high temperature
supcrconductors. and Au, In, Mg, Fe, Al, Nb, and Tz
were alsa intended 10 serve as dosimery foils for
monitoring neumon energy spectum Two separate
irradiadons were carried out to cover ¢ach of these
locations. Two foil packets were irradiated ar each loczdon
to separately cover: (i) shorter half life products (fess than
1 hour half life), (ii) longer half life preducts {1 hour 1o 5
year half life). Each irradiadon period consisied of inidal
half an hour irmadiation followed by pulling out of one of
the two packets. The y=specmoscopy of the foils in this
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packet were to cover primarily shorter half life products.
The full irradiation perds were 9 and 10 hours respectvely
for the locatons at 10 and 82 cm, logging average scurce
neatron intensitics of .75 10! and [.12 102 n/s. The v
spectroscopy of cach sample was done using three inminsic
germanium detectors and for multiple cooling periods
ranging from 20 mto 10 d.

The availability of ¢lean D-T neutron source
environment coupled with high intensity at rotating neuron
iarget (RNT) at FNS was considered to be an asset fora
high-fluence activation in June 1989 for obtaining cross-
section data on long half life isotopes. Foil packages, cach
consisdng of samples of Al, Re, Ho, W, Mo, Dy, Ir, Tb,
Ag, V51Eu, 153Eu and Hf, were kept one each at 0, 45 and
750 with respect 1o beam-axis; the front end of a package
was at a distance of around 22 mm from the target-center
whereas the back-end was 49 mm away. The fourth
package was kept at a distance of 12 cm and at an angle of
around 1150 with respect to the beam axis. Muldple Nb
and Zr foils were placed inside each package o moniter
neutron fluence {through Nb) and ncuron spectum
(through Z1/Nb rado). The foil packages were irradiated
over 4 days for a total duradon of 32 hours and total
neutron yield of 1.3 1017 n.. This yicld amounts to 2
fluence of 1.66 1013 nfem? (first foil} to 3 1044 nfem? for
the packages in the forward direction; the average fluence
being -7 101 nfem?, The isotopes of intercst and their half
lives arc; }53Eu (13.3 y), 178m2HF (31 y), 159mEu (35.8
y), 108mAg (127 y), 158Tb (150 y), 19%=Ir (241 y),
186mHp (1200 y), #4Nb (20.3 Ky), 1#mRe (0.2 My) and
264) (0.72 My). The y-specooscopy of these foils is still
condnuing.

Phase II1A experiments of the collaborative program
were conducted in fall 1989. This phase is especially
noteworthy for the landmark implementaton of line source
concept employing a point D-T neuwon source™1¢. The
line source simulation was achicved by moving
detectors/blanker assembly back and forth along the beam
axis with respect to the fixed point neutron source. The
induced radioactivity experiments were conducted both
with bare line source and with a blanket assembly. The
materials covered in the experiments included: Fe, Ni, Mo,
$5316, W, Al, Sn, Ta, Zr, Nb, Ag, Pb, Zn, Ti, V, Co
and In. The length of the simulated line source was serat
200 cm. The average source intensities obtained were 1.11
10? and 9.66 108 /s /em with and withour assembly for
irradiation periods of 9h47m and 9h51m respectively.
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3. NUCLEAR HEATING EXPERIMENTS
Nuclear heating rates were measured using
microcalorimetric technique in june and decernber 1989.
Bead (point-size) thermistors and plagnum RTD's were
employed as thermal sensors inside probes made of Fe, .
Cu, W, Al and C (graphite). High sensitvity digital
nanovalimeter (model 181 from Keithley) formed integral
part of the measurement cirzuit for picking up temperarure
change rates as low as 5 POK/s. The iradiation stability of
thermistors was found excellent for fluence as high as 2.9
x 101 n/em? during the qualifying tests in june 1989. We
did not check the stability at a higher fluence as there were
plans to work much below this value in the experiments ©
follow. Four types of thermistors were employed, having
25 9C resistances of 2.252 K, 10 XQ, 22 KQ, and 30
XQ . A pladnum RTD had resistance of 100 2 at 0 0C.
Temperanure coefficient of resistance for a thermistor and a
platinum RTD were -4.4 x 10-2 per 0C (at 25 °C) and 3.6
1073 per ©C (at 0 0C) respectvely, Measurements were
made on probes of iron, aluminum, copper and graphite.
Each probe consisted of a cylindrical core of 20 mrm height
and 20 mm diameter sitdng symmemrically inside a 1 mm
thick jacket that had external diameter and height of 32 mnm
each. Polystyrene stubs provide thermal insulation
between the core and the jacket, Three locatons were
chosen for placing the thermistors inside a core: front,
middle and back; two locatdons were used for the RTD's:
in the central planes of first and second halves of each
core. During measuremnents each probe was keptinside a
vacuum chamber. Distance of the core of 2 probe from the
neutron source ranged from 6.3 to 7.7 cm. The source
neutron intensity varied from 1.9 to 1.1 1012 n/s through
experiments with all these probes. Generally, neutron
source intensity was modulated such thart there were 3 to
10 minute duration spaced pulses.

Addidonal nuclear heat deposition rate measurements
were carried out during phase IIIA of the collaborarive
program in fall 1989. Two generic kinds of experiments
were scheduled: (1) single probe experiments using
composite or single block structare probe (Fe, Cu, C, W,
Al); the objective consisted in examining the
reproducibility of eartier (June 1989) experiments, (2)
muldple probe experiments employing many smaller size
single probes in a much larger host medium; two host
media, €.g., iron, graphite, housed single probes made of
graphite, tungsten, iron/copper; the underlying objective
was o obtain spartial distribudon of heat deposition rates
and possibly exmaet its neuron and gamma heatng
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componeats. Both kinds of measurements were conducted

with probe kept inside an evacuated vacuum chamber.

4. RESULTS AND DISCUSSION

Analysis of the experiments on induced radioacdvity
and nuclear heat deposition rate measurements has been
carried out afier obtiining neutron and gamma spectra from
two rransport codes DOT4.3 (two-dimensional and
deterministie)!! and MCNP-3B (three-dimensional and
Monte Carlo)'2 with cross-section datal? based on
ENDF/B-V. The induced radicactivity computations were
then carried out using REAC-23, DKRICE3, RACC?, and
THIDA-2%. The THIDA-2 analysis is pattemned after
reference 14,

4.1 Induced Radioactivity

The experimental data was treated to obtain decay
gamma croission rate per g of irradiated material per
normalizing source strength of 1032 n/s. Correcton for
self-absorption of ¥ specta in each sample was also
applied.

The reuwon energy specta at 10 and 82 cm locadons is
significantly different, ¢.g, there are only 66% neutrons
above 100 KeV at later locadon as against 97% for the
former. The maximum fluenices at the two locations were
1.5 1013 n/em? and 2.4 1012 n/em? respectively. Figures
late ic show comparison of calculated (C) to measured
(E) integrated decay gamma emission rates for different
materials for the three radicacdvity codes DKRICE,
REAC-2 and THIDA-2 respectvely. The y-energy range
covered goes from 100 KeV to 3.5 MeV. Only upper and
lower bounds are shown- embracing ail the cooling
periods for cach material. The largest discrepancies are
sean for DKRICE and REAC-2 codes. Regarding THIDA-
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2 results, the discrepancies are usually lower. For S8316,
in particular, the results reported carlier (ref, 14} are
reinforced. The largest discrepancies have been observed
for mngsten in both REAC-2 and DKRICF, even as the
origins are widely different. C/E for DKRICF ranges from
4.88 10+ 1o 0.20; it ranges from 2,05 to 307 for REAC-2.
The large diserepancies for DKRICF originate from the
absence of decay darta for 186Ta, 187W and 181W. As for
REAC-2, the discrepancies are due to inadequate
decay/cross-section data for production of v's from
179my 18Ty 1847y 183HF 182mHf, and 180mHf. For
55316 and Fe all the three codes agree within 25% as for
the integrated decay gamma emission rtes. Mo, Zr, MnCu
(80% Mn+20% Cu alloy), Ta, YBa1,CuyO7 and V also
show up large discrepancies.

The discrepancies on y—spectra are, in general, much

higher. Figures 2to 6 diSplay. typical comparison of
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measured and computed decay y—emission rates for Fe,
$5316, Ni, and W. 'r ' stands for irradiation period and
tcool ' denotes sample cooling time after irradiation. It s
obvious that significant revision of REAC-2 and DKRICF

code sysizms would be called for to get reasonable
agreement benween the measured and computed ¥—specua.
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4.2 Nuclear Heat Depositicn

Various sensors kept inside a prebe in vacuum chamber
gave very close values for hear deposidon rate. This is
understandatle as reladvely small size of a probe allowed
rapid cquilibration of inidal thermal gradients inside the
probe. The heat deposition rate was averaged over (e,
probe dimensions sc as to compare it to measured value.
Figures 7 and 8 show typical resistance change per cycle
(ength = 30 s) for a thermistor and a RTD sensor kept
inside an iron probe,

The analysis of the measurements of june 1989 showed
that the computed and measured daw agreed within 40%. It
is interesting to point cut that measured razes of
temperature change, normalized to 10 12 source neugons
per s, were respectively 18, 20, 39 and 16 u9%/s for Fe,
Al C (graphite) and Cu probes. These are rather small
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rates, showing up the sensidvicy of the experimental

equipment and procedure.
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5. CONCLUSIONS

Experimentai measurements of induced mdioacdvit'y and
nuclear heat deposition rates in fusion neuwoa environment
have been carried out and compared to analysis made with
rwo and three dimensional ransport cedes and different
decay radioactvity codes. Integrated decay gamma
emission specta is found 10 agree within 30% for $5316
and Fe samples. However, larger deviadons are found for
W and some other muterials. The discrepancies for deray
“+speca are found to be much farger. The activation cross
sections and decay data libraries asscociated with REAC-2
and DKRICF code systems need to be given a closer look
with a view to improve the agreemen: between measured
and computed daa. The nuclear heat deposition rates have
been measured in probes of Fe, graphite, Cu, Al and W,
The measured and computed rates differ considerably.
Addidonal measurements will help in accumuladng the data
bases for both induced mdioactvity and nuclear heat

deposition so as to permit an early and extensive revision
of the basic nuclear dauw.
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EXPERIMENT ON INDUCED ACTIVITIES AND DECAY-HEAT IN SIMULATED D-T
NEUTRON FIELDS: JAERWVUSDOE COLLABORATIVE PROGRAM ON FUSION .
NEUTRONICS

Y. lkeda, C. Konno and T. Nakamura
Department of Reactor Engineering,
Japan Atemic Energy Research Instilute
Tokai-mura, Ibaraki-ken 318-11 Japan
0292-82-6016

ABSTRACT

An experiment of Induced radioactivity and decayheat has
been conducted in the framework of JAERIUSDOE
coltaboralive program on the fusion blanket neuironics.
Sixteen different materials have been irradialed in two
typical DT reutron fields simulating spectra at the first
wall and blanket regions of a fusion reaclor. Induced
radioactivity production profiles for both short and long
irradiation times were analyzed by detecting associated y-
ray energy spectra. Energy release rate in material was
characterized on the basis of the y-ray emission data
measured as well as B-ray contribution estimated. In this
experimental study, focuses were placed not only on
providing benchmark data for verification of the
calculation code and nuclear data, but alse on a comparative
study for providing a guide line for the material selection
concerning the dose rate as well as the decayheat after
shutdown in the near term DT fusion devices.

INTRODUCTION

Accurate estimation of radicactivity induced by DT

neutron reaclions is of importance because of its impact. on
nuclear design of DT burning fusion devices, e. g., ITER and
FER. To mest the data requirement from the reactor design,
an integral experiment has an important role to examine
uncertainties in the calcufation code and assccialed
activation data. Benchmark experiments have been
reperied previously on the induced aclivities for $8-316
and concrele components 1-4) verilying the THIDA code
system.3)
. Up to now, there have been much progress in the
design and broad choice of the materials in the next
generation fusion lesting devices have been proposed. Thus,
it is urgent requirement to establish mere systematic data
base pertinent to the induced radicactivity and decayheat
assessment,

An integral experiment was conducted at the FNS
facility®) in the framewcrk of JAERI/USDOE coilaborative
program on fusion neutrenics during Phase-11C7): the
system for the coolant channel effect consisted of LiO
breeder blanket with a first wall enclosed by LipCOg with
Pclyethylene layer. The objectives of the experiment are
to provide data for verifying radioactivity calculation
codes, and !¢ investigating the suitability of different
materials in meeting the selection crileria based on low
aclivation and decayheat considerations. The major
independent variables considered in this study are

FUSION TECHNOLOGY YOL. 19 MAY 1991

A. Kumar and M. A. Abdou

University of California, Los Angeles
Los Angeles, CA 90024

USA.

213-825-8266

materials, neutron spectrum, the operation time and the
time after shutdown. Using experimental data, comparative
investigation as material wise are performed in terms of
y-ray emission rate and fotal energy release rate as a
function of neutron spectrum and irradiation and cooling
time. The accompany paper?) is treating successive
expedmental analysis using codes of THIDAZ?), REAC21Y
and DKRICF.1D

EXPERIMENTS

Materials

Materials considered in the present study includes not
only substantial structural materials of lron, Nickel,
Chromiur, but the other polential materials of Aluminum,
Silicon, Titanium, Mclybdenum, etc.. Aiming at making a
systemalic experimental data base, sixleen different
materials were chosen. In Table 1, they are shown together
with their densities. To simplify the successive analysis,
materials were to be single element rather than alloy.
Only $S5-316 and MnCu alloy(Mn 80%, Cu 20%) were
selected because that $S-316 is one of most promising
structural materials and Mn can not stand by itseif as a
metallic foil. The size of the sample was 5 mm in dia. by 1
mm in thickness except for Cr, Al, Si and W, which have
dimensions of 12.7 mm in dia. by 0.1 mm in thickness for
Al and W, and 10 mm?2 by 1 mm in thickness for Cr and Si.

Table 1. Materials tested and their densities
__ _Materiainame  Depsity(g/em®

Fe 7.86
W 19.35
Mo 10.2
v

5.87
$5-316 7.82
Ni 8.80
MnCu 8.60
(@} 8.71
Zr 6.49
Ti 4.50
Si 2.42
Al 2.70
Nb 8.57
Ta 16.6
Mg 1.74
Cr 7.14

1961
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Neutron Fields

Since neutron spectrum dependence on the radioactivity
production is the fundamental parameter for the present
investigation, the spectrum at the irradiation position is
needed to be close to the realistic fusion neutren
environment. The configuralicn of the Phase-IIC
experimental assembly was chasen for this experiment.
The system consisted of LixO breeder blanket with a first
wall enclosed by 200 mm LipCOg5 with 50 mm
polyethylene. The DT neutron source was located in the
cavily of lhe enclosure, at 780 mm distance from the first
wall of the LiO region. The cross sectional view of the
system is shown in Fig. 1 along with two irradiation
positions. The first sample location was set at 100 mm
distance from the neutron source at 30! with respect to the
incident d* beam direction. The other one was located at
50 mm depth in the Li;O region. As the first position{A)
was close to the DT neutron source, il is expected that the
neutron spectrum simulates a typical ore at first wall
region. The second position(B) provided simulation of
typical spectrum inside lritium breeder blanket,LisO.
Figure 2 illustrates neutron specira calculated by DOT3.5
with GICX40 nuclear library,!?} which are to be used In
the successive experimental analysis.®} The spectrum
inside the cavily includes neutron componenis reflected by
the surrounding materials so that the field is expected
reasonably to simulate the fusion radiation environment.

Phase-1IC Experlmental System

thylen

Posltion A #t10cem from source
Flrat Wall

____________ +heam

Rolatlng
DT Nasuban

Position B at Sem In LI20

Fig. 1 The cross sectional view of Phase-lC
experimental system. configuration and irradiation
sample positions,

lrradiations

Cne of parameters 1o be investigated here is a
dependence of radipaclivity on the time(ihe operation and
cooling after shutdown). It is of importance because of
inherent time dependent nature of the radioactivity. The
variation in the plasma burning time and timing for the
access after shuidown are very crucial to setup the
experimental scenario for the testing of the devices.

Two irradiation times for 3¢ m and about 10 h were
taken to respeclively emphasize shorter and fonger haif-
live products. The irradiation times for each irradiation
runs are shown in Table 2 together with neutron source
slrengths. it is reasonably accepted to assume that the
irradiation length for 30 min to 10 hours corresponds io
the operation duration expected in the first stage of the
testing devices.

1962

PR 1 ' T T 1 T 1 T
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'Fig.2  Neautron energy spectra at the positions A and B

calculated by DOT3.5 with GICX40 library.

Table 2. Irradiation times and neutron source strengths

30m 1.740x10'2/sec

1 A

2 A 10h - 9.046x10!/5e¢
3 B 30m 1.298%x101%/sec
4 B 11h 1.022x101%/sec

After frradiation, samples were extracted from the
syslem and y-ray spectra were measured with four Ge
detectors at cocling times ranging fromi0 m to § h for the
short irradiation and 1 h to 7 days for the long
irradiation. The data of cooling time and counting time for
each run are described in detaif in the accompany paper.?)
The y-ray spectrum of Tungsten for the long irradiation at
position A is shown in Fig. 3 as an example ¢! the
spectrum. The specira measured were analyzed by a code
BOB) 10 obtain wray counts. Corrections for sum-peak,
y-ray salf- absorption in the samples, material density,
detectar efficiency and neutron flux f{luctuation were
applied to obtain y-ray spectra per unit voiume. When the
irradiation time is longer than the half-lives of the
activities induced, correction for the neutron flux
fluctuation during irradiation can net be negligible to keep
assumption for the uniform strength irradiations.

Experimental errors estimated in the data processing
are summarized in Table 3.

Table 3. Experimental error

0.1 to 50 % for single y-ray
0.1 to 3 % for integrated
2.5% for standard deleclor
3 - 4 % for relative detector
Self-absorption 1-2%

Neutron flux fluctuation 05 -2 %

Sum peak corrections 1-2%

Counting statistics

Detector efficiency

FUSION TECHNOLOGY VOL. I9 MAY 1991
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RESULTS

Identification of the decaying nuclide was performed

using the decay y-ray energy and rejationship of their
branching ratio.!4) In this section, the main contribution

of actlivities for all specira

are described for each

material.

Fe:

Ni:

cr:

Co:

Ti:

FUSION TECHNCLOGY

For specira at a cooling time less than 10 h by beth
short and iong irradiations, "$Mn{T1/2=2.579h),
the product by ihe reacticn of 36Fg(n,p), has the
largest contribution to the total y-ray emissicn. The
fraction of 34Mn({T1/2=312d), the product of
54re(n,p), increases as the cocling time increases
longer than 1 day. No other activity was observed in
this measurement. There was no  significant
spectrum dependence in ihose activity production
rate except in the difference in the neutron flux
level with respect to the distance tc the scurce. This
was due 1o thal both production reactions are
threshold type so that only the high energy neutron
compenent contributed to the activity producticn.
Main contribution comes from 57Ni(T1/2=36h), the
product of 38Ni(n,2n}, in alf spectra. In spactra for
the short irradiation runs, 82MCo(T1/2=13.9m),
the product of $ZNi{n,p}, gave several % fraction lo
the total. For the long irradiation runs, $9Co(Ti/2=
5.271y), product of 6ONi(n,p), was observed
though its contribution was small less than 1 %.
The other nuclides observed were 37Co(T1/2=271d)
and 58Cao(T1/2=70.8d), the ?roducts from the decay
of 57Ni + 38Ni{n,np), and 33Ni(n,p), respectively.
Spectra were measured only for the long
irradiations. The 320 keV vline from 51Cr (T1r2
=27.7d), the product of 32C¢(n,y) and 32Cr{n,2n),
was observed in both spectra. However, there was
high intensity ¥line due to 34MCI{T1/2=32m),
which was produced by 35CI(n,2n}. This fact
indicated that there was a certain amount of Cl as an
unexpected impurity, which might be used as a
ceating material for Cr foil.

The 56Mn, the preducts of 5%Co(n,a), contributed
95 to 100 % and 10 to 80 % in spectra for the
short  and long Iirradiations, respectively.
Contribution rate varied with the cooling time. The
other nuclide observed were 5?Fe(T1/2=44.6d) and
58Co, products of 39Co(n.p) and 9Co(n.2n),
respectively. The 80Co of 99Co(n,y) was obsesved in
the spectrum for the long irradiation at the position
B. .

In the spectrum for the short irradiation at position
A, annihilation 511 keV g-ray associaled with B+
decay of 45Ti(T1/2=3.1h), products of *6Ti(n,2n),
occupied 40 % confribution te the total. The
contribution of 511 kev y-ray decreased to 8 % in
the spectrum at position B. This is due 1o the fact
that the direct 14 MeV neutren flux a1 position B is
lower by two orders than that at position A. The
4855(T1/2=43.7h), the product of 4¥Ti(n,p) and
49Ti(n,np) gave the largest contribution through all
measurements. The other nuclide observed in_the
spectra for the fong irradiation were 478¢
£T112=3.42d) and 468¢(T1/2=83.8d), products of

7Ti{n.p)+48Ti(n,np) and 48Ti(n,p}+47Ti{n,np),
respectively,
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In spectra for the short irradiations at both
positions, $1Ti{T1/2=5.76m) gave the largest
contribution of 60 to 80 % to the total and the next
one was *3S¢, the product of 51V(n,a), showing
about 20 % coniributions. In the spectrum for the
short irradiation at position B, 32V, the preduct of
51y(n,y} was observed, the contribution of which
was 18%, while only 1% in the spectrum at posilien
A. This fact indicated the softness of ithe neutron
specirum at position B. In the spectra for the long
jrradiations, only 48S¢ was observed.

Only spectra for the long irradiation runs were
measured. Almest all contribution arose by 24Na
(T1/2-15.02h), the products of 24Mg(n,p}+2Mg
(n.np}.

As {he same situation as in the Mg, 2*Na, the product
of 27Al(n,a) dominated all spectra.

Silicon is known as the low activation material
because the reaction cross sections for the 14 MeV
neutron are rather small and only short lived
activities are produced. in this study, we could
measure the spectrum only for the short irradiation
at position A. Major activilies were 27Mg{T1/2=
9.46m) and 2%Al(T1/2=6.6m), products of
308i(n,a) and 29Si(n,p)+>0Si{n,np), respectively.
They had contributions of 25 and 20 % lo the total,
respectively, However, as observed in the spectra
tor Cr, there were Intense y-lines from 4mg)
which contributed 55 % of the total.

MnCu: The spectrum for the short irradiation at position

- 134 —

A gave strong annihilation y-ray with 30 %
contribution of the ‘otal y-ray intensity. This was
due 1o $2Cu(T1/2=9.73m), the product of
63Cu(n,2n). In the spectra at leng cooling time,
64Cu(T1/2=12.7h), the product of 65Cu(n.2n) +
63Cyu(n,y). became the main source for the
aniihillation y-ray. At pesition B, S6Mn, the
product of 35Mn(n,y) had a contribution of 85 % for
the shon irradiation. For the long irradiation and
leng cooling time, S*Mn, the product of 55Mn(n,2n),
dominated the spectrum with 70 % contribution.
Through all spectra, y-ray from 39Zr(T1/2=78.4h},
the product of ?0Zr(n,2n), showed large

1963
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contribulions of about 70 % to the iotal intensily.
For the short irradiation, about 20 % contribution
by 99mMY(T1/2=3.18h), the product of ?9Zr(n,p) was
observed. As the other activities, 37Sr(T1/2=2.8h},
915¢(T1/2=9.5h), 1MY(T1/2=49.7m) and 92Y(T12=
3.54h) were identified. At position B for the long
irradiation, a contributen of 9 % by %7Zr(T1/2=
1.6h), the production of %6Zr(n,y), was observed.

Nb: Gamma-lines from 92MNb({T1/2=10.5d}, the preduct
of ¥3Nb(n,2n) dominated the spectrum in all cases.
The other activity of 90mY(T1/2=3.18h), the product
of 93Nb(n,a), gave contributions of 1 to 15 %.

Mo: The main aclivity was 99Mo(T1/2=66.02h), the
product of 98Mo(n,y)+19Mo(n,2n) and ¥MTc
(T1/2=6.02h}, the product of associated decay
of 9%Mo. THe same type of decay chain cccurred in
101Mo(T1/2=14.6m),the product of 19%Ma(n,y), and
10tmTe(T1/2=14.2m), which were observed in the
spectrum for the short irradiation at position B. In
the spectrum for the short irradiation at position A,
annihilation +y-ray occupied 50 % of the tlotal
intensity. The source of the annihilation was
estimated to be mainly 33MMo{T1/2=15.5m), the
product of #2Mo(n,2n). The contribution decreased
fo be 17 % in the spectrum at position B. Other
activities observed were ®8MNbL{T1/2=51m),
9TND(T1/2=72m}, 96Nb(T1/2=23.4h), S TMo(T1/2~
6.9h) and 92MNb, the products of 98Mo(n,p),
97Moa(n.p), *6Mo(n,p}, 92Mo{n,y)+?*Mo(n,2n) and
92Mo(n,p),respectively.

Ta: Cnly spectrum for the long irradiation at position B
was measured. Dominant activities were 132Ta
(T1/2=115d), the product of 181Ta(n,y), and
1BOMTa{T1/2=8.1h), the product of '¥#1Ta(n,2n},
which gave contribution of 74 and 26 %.
respeclively.

W: Through all spectra, 187W(T1/2=23.9h), the product
of 136W(n,y), gave the largest contribution of more
than 70 % lo the total y-ray intensities. Especially,
it had more than 80 % contribution in the spectrum
at position B, The other y-fines were due to 134Ta
(T1/2=8.7h), the product of 14W(n,p}, 186Ta(T112=
10.5m), the product of 188W(n,p), and 133Ta (T12
=5.1d), the product of 183W(n,p}. :

$5-316: This is an alloy of Fe, Ni, Cr, Mn and Mo. The
major activity was 35Mn; the product of 36Fe(n,p),
showing contribution more than 90 % in the speclra
at cooling time less than 1 day. For the short
irradiation, 49Cr{T1/2=42.1m) was observed.
Though the Mo censtituent in $S-316 is small less
than 3 %, y-lines from 99Mo and #%Tc were clearly
detected. Other v-lines from 37Ni, 5¥Co, 37Co were
cbhserved.

DISCUSSION

it is primarily of importance to select materials which
reduce the dose rate and decayheat after shutdown to the
tolerable. levels to meet the criteria from the safety point of
view. In this study, an attempt was made to exiract a guide
line from the experiment for that purpose. In order to
make a direct comparative study, the y-ray emission rates
at various cooling times were modified by using half-lives
to be those at certain cocling times (at 1800 sec and
54000 sec for the short and long Irradiations,
respectively). These data were analyzed from view poinis

1964

of difference in neutron spectra at the irradiation positiens
and difference in irradiaticn time (shert and long). Figure
4 shows ratios of y-ray emission rale malterials al posilien
B to those at position A. In addition, the lolal energy release
rate data are obtained directly frem y-ray emission rate
data and indirectly frcm the B-rax branching ratio data
taken from the Table of Isotopes.!®) The ratios Both y-ray
emission rates and energy release corresponding tc
respective irradiation runs arg given in Figs. 5.1 1o 5.4.

10 1 1
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Fig. 4  Ratios of y-ray emission rate materials at position
B to those at pasition A,

The ratios shown in Fig. 4 indicates the dependence of
the y-ray emission rates on the spectrum change for the
materials. The ratios for almost all materials except W, Mo
and MnCu in the both irradiations fall in the range from
0.008 to 0.02. Although the ratios at pesition B give
slightly higher valug systematically than those at position
A, they are very close 1o the ratio of 0.014 for the neutron
fluxes above 10 MeV at position A and B. This fact suggested
tha! the radioactivity productions are governed by the
reactions with primary DT neutrons in many materials.

As noled in the seclion for y-ray spectrum observation,
the presence of {n,y) reaction obviously becomes dominant
for several materials al positlion B where the 14 MeV
neutron fraction is less than 10 % of the total and flux
below 1 MeV occupy more than 50 %. It is significant for
the materials of W, Mo and MnCu, the y-ray spectrum of
which are governed by 187w, 9%Mo and *¢Mn, the products
of (n,y} reaction, respectively,

As a result, it is concluded that not only 14 MeV
neutrons, but also neutren reflected by the materials are
highly important in the radioactivily assessment.

Comparisons of Fig 5.1 with 5.2 and Fig. 5.3 with 5.4,
give the irradiation and cocling time dependencies on the ¥
ray emission rate as a function of material. For the shert
irradiation at position A, Fe gives the highest y-ray
emission rate. MnCu, 55-316, Al and Co follow the Fe. On
the other hand, for the long irradiation, Al and Mg show the
larges! value and Fe, S5-316 and MnCu. give quite low
value. This trend is reasonably accepted by considering 1he
halt-lives of the dominant activities and production cross
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rates for the short irradiation, after 1800 sec
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section for the 14 MeV neutrons: the preduction of
24Na(T1/2=15.02h) in Al and Mg was nol saturated even
after 10 h irradiation, beside the produciion of
56Mn(T1/2=2.579h) in Fe, SS-316 and Mn and the
production of $2Cu(T1/2=9.73m)in Cu were already
salurated. The same trend are found in the case a! position
B excep! W. The increase in the y-ray emission rate for the
long irradiation is due to the same reason as in Al case; the
half-life of 137W, dominant activity in W, is 23.5h so that
thal the production is not saturated after 11h irradiation.
The increase rate in the y-ray is almost in properiion to
the total neutron fluence.

As shown in Fig 5.1 1o 5.4, the values of energy release
rales are, in general, in proportion to the intensity of -
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ray emissicns. However, Al, Mg, Fe, §8-316 and Co give
much larger enérgy release rates with respect to their v-
ray emission rates in cemparison with the other materials.
This is simply due to that the 24Na and 36Mn, the dominant
activities, emit high energy y-rays.

Up to now, we devoted discussien on the basis of the v
ray emission, However, it is worthwhile to consider the 3-
ray contribution to the energy deposition. Bate energy
release raie was deduced from the y-ray intensity in
corporation with the B-decay branching ration per
disintegration. Table 4 gives the ratio of the fractions of
p-ray in the total energy release rates for respeclive
irradiation runs. [t is evident that B-ray have considerable
amounts of conlribution to the tolal energy release in a
number of materials. They range from a few % to 50 % of
the total. They fall, in general, around 20 to 30 % 1© the
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total. The lowest f-contribution was observed in Cr, and
next is Ni. The fraction varied with irradiation time as well
as cooling times, Especially, the MnCu in the short
irradiation at position A presented the highest p-ray
fraction, because of high Q-8 value(3.9 MeV) of $2Cu. In
general, the short lived activity tends to have high Q-p
value. This fact indicates the significant importance in the
decayheat consideration in the short time range. Thus,
productions of shon life activilies sheuld be taken account
into the maierial selection criteria though the activity
disappear in quite shor! lime range. In particular, it is
very crucial in operation of fusion device in testing phase
because the frequent personnel access for the maintenance
is expected and also there should be a large possibility for
the accidental failure of the reactor in the early stage of the
aperation.

Table 4. Contribution of B-ray 1o the total decay heat

Materials B-ray contribution{%)

Run#t Run#? Run#3 Bun#4
Fe 28.4 28.7 29.4 26.8
W 29.1 333 3341 33.6
Mo 26.8 24.7 16.0 25.0
\4 51.0 9.8 46.4 10.0
55-316 28,8 241 29.3 221
Ni 11.6 5.0 5.1 5.2
MnCu 45,4 32.7 30.7 31.0
Co 28.9 22.0 29.9 9.8
Zr 36.9 - 34.6 111
Ti 15.2 10.9 17.0 11.0
St 324 aean -—-- ----

Ta - ———- ——

As observed in the spectra of materials of Si and Cr, it
happened to yield intensive y-rays from the unexpected
products in the impurities. [n some case it is possible 1o
have activities more than 50 % cof the total when cross
sections of the impurity are orders of magnitude larger
than the materials of interest: in soft neutron spectrum, the
{n,y) reaction is significant, while in the 14 MeV dominant
field, the (n,2n) reaction takes place with large
probability. The results for the Si and Cr are good evidence
for this problems we experienced in this study.

CONCLUSION

The present integral experiment provided data for the
verification of the radioactivity calculation code and data.
Since all profiles of the radioactivity production and decay
are governed by the neutron spectrum and their half-lives,
the present analysis provides basic indices for the material
selection concerning y-ray emission characteristics
relevant to the dose rate and decayheat estimation in the
near term DT fusion device.
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ANALYSIS OF INDUCED ACTIVITIES MEASUREMENTS RELATED TO
DECAY HEAT IN PHASE IIC EXPERIMENTAL ASSEMBLY: USDOE /JAERI
COLLABORATIVE PROGRAM ON FUSION NEUTRONICS EXPERIMENTS

AKumar, M.A.Abdou
School of Engineering and Apptied Science

University of California at Los Angeles (UCLA)

Los Angeles,California 90024, USA
ABSTRACT

The selection of materials and design options for fusion
device components depends crucially on the level of
radioactivity and decayheat induced in the components
subject to D-T neutron irradiation. An experimental program

was carried out to obtain decay ¥ emission spectra from
samples of Fe, Ni, Cr, MnCu alioy, Ti, Mo, Zr, Ta, W, 51,
Mg, Al, V, Nb, §8316, YBa;Cu30O7 and ErBazCui0y,
which were subjected to simulated fusion neutron
environment. Cooling times obtained ranged from 10 min to
7 days. The experimental results have been anatyzed using
four leading radicactivity codes: DKRICF, REAC, RACC

and THIDA. The integrated decay Y emission rates (over 100

KeV to 3 MeV) have been compared in addition to decay ¥
emission spectra. It is observed that : (i) generally, much
better agreement is found between computed (C) and

experimentally measured (E) values for integrated 'y emission
rates as against the detailed 7 spectra, {ii) C/E ratios for inte-

grated yemission rates are found to range from 0.001 1w
300, though most of the ratios cluster between 1 to 2.
Significant discrepancies are obtained on C/E ratios for a
number of cases for the four codes used above. Most of the
observed discrepancies are due to (a) missing or wrong

fundamental decay y—ray data, e.g., (1) missing decay data
in DKRICF for 186Ta, 187w, 1814y, 90mYy 86Rp 8BY, erc,,

(2) wrong decay y-intensities for W products in THIDA, {b)
inaccurate activation cross sections, e.g., for V, Zr, Mo in
DKRICF, RACC, REAC, (c) errors on computed neutron
energy spectra, (d) various experiment related factors,
essentally poor counting statistics for weak neutron induced
reactions.

I. INTRODUCTION

Induced radicactivity level is an important parameter for
characterizing design of a fusion machine. All materials used
therein are subject to production of induced activity as soon
as they are exposed to fusion neutrons. Currently, there is a
large uncertainty associated with the activation and decay
data bases of radiocactivity calculation codes, e.g.,
DKRICF!, RACC2, REAC? and THIDASY, due to rather
narrow experimental data base for materials under
consideration for fusion devices, e.g., ITERS, NET% and
FER?. An experiment to validate these codes was conducted
to obtain y-ray spectra emerging from a number of materials,
e.g., Fe, Ni, Cr, Mn, Ti, Mo, Zr, Ta, W, Si, Mg, ALV,
Cu, Nb, $5316, Au, In, Mg, Al, Nb, Ta, YBa,Cu107 and
ErBa,Cu;07, which were subjected to simulated fusion
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neutron environment®-?. Of these, YBa;CuiO7 and
ErBa;CusO7 (on substrate of yttria stabilized zirconia) are
known high temperature superconductors, and Au, In, Mg,
Fe, Al, Nb, and Ta wer¢ also intended to serve as dosimetry
foils for monitoring neutron energy spectrum. The
experiment was performed during phase HC of
USDOE/TAERI collaborative program on fusion neutronics.
Samples of different materjals were irradiated at two
Jocations, at 10 and 82 cm from target, inside coolant
channel assembly of phase IICI%11, Figure 1 shows the
schemartic of the arrangement. ’

Palysthylene s,

LglOs
Olrar LigQ
First Wal}"'| 2
Air Staifless Stee!
RNT Channel 4 Drawer
-
g2cm i LT ] .
. Samplss \j- 'F[TI ./
106m N LhCo /‘
Samples \I/, -3
Coolant — lener[LizOQ  Pplyethylen
ooland [
Channals a—

Figure 1: Schematic arrangement of samples in Phase IIC
coolant channel assembly.

Two separate irradiation programs were executed (o
cover each of the two locations. Two foil packets were
irradiated at each location to individually focus on: (i)shorter
half life products (less than 1 hour half life), (ii)longer half
life products (1 hour to 5 year half life). Each imradiation
program consisted of initial half an hour irradiation followed
by pulling out of one of the two packets. The y-spectroscopy
of the foils in this packet was to cover primarily shorter half
life products. The total irradiation periods were 9 and 10
hours respectively for the locatons at 10 and 82 cm, logging
average source .neutron intensities of 8.75.101! and

1.12.10'2 n/s. The y-spectroscopy of each sample was done
using four intrinsic germanium detectors and for muitiple
cooling periods ranging from 20 m to 10 d. Three detectors
were relatively calibrated with respect to an absolutely
calibrated standard detector.

The experimental data was treated to obtain spectra of

decay v emission rate per g of the irradiated specimen (see
Section II). These quantities were also computed using
leading radioactivity calculation packages: DKRICF, REAC,

1803
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RACC, THIDA (Section ITI). The measured and computed

decay y-emission rates were then intercompared (Section
V).

1I. TREATMENT OF EXPERIMENTAL DATA

Figure 2 is a flow diagram depicting what is broadly
involved in intercomparison of measured and computed
decay ¥ spectra. ¥ pulse-height spectrum for a sample for a
each cooling time is processed by a spectrum analysis code
BOB75!2 to obtain gamma ray intensity specaum. Then
background is subtracted. The resulting spectrum is then
corrected for detector efficiency and attenuation of decay v's
emitted in a sample. Variation of source neutron intensity
during irradiation is accounted for to finally obtain decay v
emission rate per g for a normalizing source neutron
intensity of 1012 n/s. It is to be added that standard deviation
on each v-peak is a function of many parameters, ¢.g.,
neutron flux, counting time, waiting time, counting
efficiency, activation cross-section, half-life of y-peak
emitter, y-yield etc. It is insufficient to characterize this

standard deviation by a single factor, even as, y-emitters
with longer half lives can be expected to carry larger errors.
It is interesting to look at Fig. 3 that shows % standard
deviation as a function of product half life for a nickel
sample irradiated at 10 ¢m distance from target for 9 hours.
It is hard to extract any systematic trends as-a function of a
single parameter as already outlined earlier.

EXPERIMENT ANALYSIS
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Figure 2: Flow chart of experiment and calculaton.
III. ANALYSIS

As shown in Figure 2, analysis to obtain decay ¥
emission rate involves a multi-step procedure. A two or three
dimeasional transport code is employed to get ncutron
energy distribution, i.e.,neutron flux, at spatial locations of
samples. Geometry and material compositicn of irradiation
environment are important inputs for this calculation. Next

stage involves computation of decay ¥ emission spectrum

1910
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Experimental Data Errors for Ni
s
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3 20 o S

13.9m Co62m 71
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HFgure 3: Percent Standard deviation on measured decay ¥
emission rate as a function of product half life for a nicke}
sample

Table 1
Radioactive Products from Stainless Steel
and Tungsten Samples
(3m < half life < 5 y)

Sample-malarial Hall-lite Product Y-energy Aeaclion
(daminant)
55316 3.76 m 2y 1434 KeV 53Mn(n,a); 52Cr{n,p}
58m 51y 220 KeV 54Cr(n,e)
B5m S3Fge 378 Ka¥ S4Fg(n,2n)
10.5 m B0MCo 58.6 KeV 60Ni{n,n)
139 m 52Cq 1173 Ke¥ BZNi{n,p)
146 m 10%Ma 192 KaV 180Ma(n,y}
155 m Mo 1834 KoV 92mo(n,2n)
41,9 m 43y 51 Ke¥ S0Cr(n.2n)
545 m 98BmMNb 72787 KeV 100Mo(n,1},%8Mo(n,p)
72 m 97Np 858 KeV Mo(n.p), (n,n'p).(n.d}
165 h §1Co 57 KaV Nifa,np), (n.x)
252 h BSNi 1482 KeV $4Ni(n,y) .
2,58 h S6Mn 847 KeV 58Fg(n,p);55Mn{n.7} -
18.9 h 9zr 743 KeV 06Mp(n,a)
234 h 96ND 569/778 KaV Mo{n,p).(n.n'p)
36 h 5TNi 1373 KeV $8Ni{n,2n)
70.4 b 83z, 969 Kev - 92Ma(n.a}
1014 d 92mpy 935 KaV 92M0(n,p)
1597 d 4By 984 Ke¥ S0Cr(n,1}
27.7d Sice 320 KV 54Fe(n,a):52Cr(n,2n)
445d 58Fg 1099 KeV B2Ni(n.a)
708 d S3Co 811 Kav 53Ni(n,p)
27 d S'to 122 KeV. S8Ni{n,n'p},(n,d)
32z d 54mn 835 KeV 54Fe{n,p); $¥Mn(n,2n)
527 y Lo 1332 Kev¥ 80Ni{n.p}
w 10.5 m 18673 198 KeV 186w(n,p)
49.5 m 1851, 178 KaV 186wia,n'p), {ad)
64 m 183K 784 KeV 185w (n,q)
239 h 187w 480 Kav T86W(n,y)
5¢ 1831, 246 KeV 133%(n,p)
115 d 14275 5121 KeY 182w (n,p)
121 ¢ ALAL 136 Ka¥ 180wWin. v

using a radioactivity calculation code. Neutron flux, sémple
composition, irradiation and cooling (or shutdown ) times
are required input data for this stage. Decay and activation
cross-section libraries form part of the code used. Leading
codes used for this purpose include DKRICF, REAC,
RACC and THIDA. In fact, THIDA is a code system that
includes neutron flux calculating modules too. However, its
central module is ACT4 that calculates induced radioactivity
and associated quantides.
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Table 2
Chemical Composition of Primary Impurities in
the Samples Used in Induced Activity Irradiations
of December, 1988

Sample Material Chemical Composition by Maximum weight %
Iron (Fe} 99.92 Fe, 0.059 Mn, 0,02 C
Nickel (N1) 99.97 Ni, 0.016 C

Molybdenum (Mo) 99.93, 0.03 W, 0.01 Fe

Stainless Steel@ 66.22 Fe, 17.75 Cr, 11.60 Ni, 2.08 Mo, 1.33 Mn,
{55316) 0.42 8i, 0.19 Co, 0.34 Cu, 0.06 V

Manganese Copper 79.78 Mn, 15.66 Cu, 0.46 Ni, 0.07 Fe
Alloyt (MnCu

99.82 Y, 0.044 5i, 0.03 Ta, 0.03 O, 0.013 Mo, 0.01 Zr,
0.0% Fe, 0.01 A}, .05 Hf

Titanium {Ti) 99.79 Ti, 0.12 0, 0.06 Fe, 0.02 C

Yanadium (Y}

Aluminum (Al 99.97 Al, 0.006 Mg

Cobalt (Co) 99.95 Co, 0.04 Ni

Tungsien (W) 99.97 W, 0.008 51

Niobium {Nb) 99.91 Nb, 0.018 Ta, 0.01 Zr

Zirconium (Zr) 99.76 Zr, 0.10 Fe, 0.09 51, 0.03 T1

Inaium {in) 99.99 In, 0.003 Cu

Tantalum {Ta) 99.98 Ta, 0.007 Fe

Magnesium (Mg) 99.78 Mg, 0.1 Al, 0.07 Zr, 0.62 Mn, 0.01 Si

Two calculational schemes were followed for analysis.
First scheme related to use of externally evaluated neutron
flux with four radioactivity codes: DKRICF, REAC, RACC
and ACT4. The flux was obtained in a two step process:
(1)source neutron energy and angular distribution was
obtained by 3D MCNP!? modeling of rotating neutron target
(RNT) of fusion neutronics source (FNS) facility , (2)source
neutron distribution from MCNP was input to RUFF!4 and
DOT4.315 code system to compute spatial distribution of
neugon flux. 30 group MATXSS cross-section library of
LANL was used for neutron transport. The neutron flux was
also obtained by full-fledged MCNP cacuiation and was
found to match the flux via the foregoing approach. As
neutron energy group boundaries are different for the
radioactivity codes used, flux transformation from one group
structurs to another was carried out subject to total neutron
flux conservation. It is evident that this will add to total
numerical error entailed in decay rate computation.
However, it should not amount to more than a percent for
most of the cases. The second calculational scheme is similar
1o the one in reference 16, wherein THIDA code is employed
for whole analysis.

Mulritude of neutron induced reactions and range of
product half lives can be gauged from Table 1 which lists y-
emitting radioactive products, of half life from 3m to Sy, for
stainless steel and tungsten samples. Primarily, dominant v-
cnergies are shown. In all, more than 150 y-emitting
products are of interest, covering all samples. Table 2 lists
compositions of various foil materials. These compositions
have been provided by commercial suppliers of these
samples.
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1V. RESULTS AND DISCUSSION

Tables 3a'to 3d summarize results of comparison of

integrated, from 100 KeV through 3 MeV, decay y-emission
rates per g normalized to source intensity of 1012 n/s. The
computed results from REAC-2, DKRICF and THIDA-2 are
inciuded. RACC results generally follow same trends as
those from DKRICF, though spectral distributions of decay

y-emission rates differ at times. Large deviations in C/E
(Computed/Experimental) ratio are observed for Mo, W,
MnCu alloy, Cr, Zr, Ta and YBa;Cu30,. Tables 3ato 3c
show upper and lower bounds of C/E ratios for integrated
decay emission rates for the three codes as a function of
irradiated material. Though C/E ratios for Fe, Ni, Mo,
58316 and many other materials behave reasonably well,
large discrepancies are seen for spectral distributions,
Figures 5a to S5f typically bring home this aspect. The
materials covered include Iron, Nickel, Molybdenum,
Stainless Steel (55316) and Tungsten. The experimental data
displayed is of two kinds: energy-group integrated for direct
comparison, and gamma-ray peak-wise data for detailed
break-down, tr and tcool respectively stand for irradiation
and cooling times.Table 4 lists important radioactive
products and gamma rays observed during measurements for
some of the materials, Specific observations follow for few
materials,

IV.A. Iron

58Mn dominates for short cooling times, 34Mn takes
over at longer cooling times; other contributors include 1Cr
and 38Co (nickel impurity). Some samples showed also
presence of nickel/alurninum/magnesivm impurities. REAC
and ACT4 (a compeonent module of THIDA) have,
generally, more reliable y-emission data. RACC cross-

section data for 56Fe(n,p)38Mn are closest to published
experimental ones. y-yield data is generally the lowest for
ACT4 even as the activation cross-sections are quite close (o
others. DKRICF lacks ¥-yield data for gamma-rays carrying
more than 2.5 MeV. In spite of all these differences, the
evaluated and measured reaction rates for 36Mn, 34Mn and
51cr agree within 15%, even though, the softer spectrurn, at
distance of 82 ¢m from target, tends to raise C/E ratios.

IV.B. Nickel

§2mCq and S7Ni dominate at short cooling times. At
longer cooling times, 38Co, 57Co, 37Ni, 39Fe, $0Co
dominate, REAC strongly overestimates (by at least a factor
of 2) conaibutions from 38Co and 39Fe. Also-57Co is
overestimated by as much as 25%. C/E for 37Co for
DKRICF is in the range of 0.97 to 1,08 for all cases; C/E for
58Co ranges from 0.0.97 o 1.24; C/E for 59Fe is 0.82 for

DKRICF as against 2.61 for REAC2; C/E for $0Co is 0.83
as against 1.63 for REAC2.

IV.C. Molybdenum

For short cooling times, 7Nb, 98mNb, 99Mo,99mTc,
98NDb, 101Mo, 10lTc, 93mMo and *!Mo contribute
predominantly. 99mTc and 101Tc respectively result from -

decays of 99Mo and 191Mo. Longer cooling times see
dominance of 99Mo, 99mTc, 96Nb, 97Nb and 89Zr. 91Mo

1911

— 140 —



JAERI-M 93018

Kumar et al. INDUCED ACTIVITIES MEASUREMENT
Table 3a
Comparison of Measured and Computed Decay ¥ Emissions/s/g of
Material per 1012 source neutron/s

Material | Distance from| lrradiation] Cooling Counting C/E C/E C/E
Source Time Time Time REAC-2 BKRICF THIDA

Fe 10 cm 30m 224 m 10 m 0.85 0.98 0.91
10 ¢m 9h 3h 22.3m 224 m 1.00 1.17 1.06
10 cm 9h 5d 13.7h 5h 16.9m ]0.95 1.00 1.02
82 cm 30 m 240 m 10 m 1.10 1.22 1.06
82 ¢m 10 h &h 1m 44.8 m 1.0% 1.13 ---
82 cm 10 h 17h16.2m | 39.8 m 0.98 1.14 0.97

Ni 10 cm 30m 563 m 309 m 1.10 1.18 0.88
10 cm Sh 2h 26.7m 429 m 1.13 1.24 1.01
10 ¢m gh 16h 23.7m | 44.7 m 1.17 1.24 1.01
10 ecm g h 4d 13h 8h 41.9m [1.30 1.04 ---
B2 em 30m 588 m 26.6 m 1.89 2.02 1.17
82 cm 10 h 3h 52.7m 1h.2.8m 1.12 1.20 .88
82 ¢m 10 h 2d 17.6h 4h 13.2m [1.39 1.23 1.09

Mo 10 cm 30 m 46.3 m 305 m 6.99 2.55 1.22
10 em 9 h 1h 38.2m 43.8 m 2.08 1.55 1.51
10 cm 9h 15h 11.8m [ 1h 5.5m 1.21 1.22 1.21
10 cm 9h 18h 42.3m | 2h 46.7m |1.37 1.42 1.14
10 cm 9h 4d 3.7h 15h 28.6m |1.18 1.22 ---
B2 cm 30 m 588 m 26.6 m 3.39 1.85 1.11
82 cm 10 h 2h 285m | 382 m 5.40 1.26 ---
82 cm 10 h ‘sh 15.8m | 4h 2.2m  [3.57 1.41 ---

85318 10 em 30 m 373 m 146 m 0.86 0.95 0.08
10 cm 9h 1h 38.8m {424 m 0.92 1.06 0.92
10 cm 89 h 4h 31m 2h 46.7m |1.04 1.20 0.97
10 cm 9h 15h i6.8m | 1h 0.5m 1.14 .1.23 0.98
10 ¢m 9h 3d 21.8h 13h 54.6m [1.35 1.1% ---
82 cm 30 m 39.2 m 151 m 1.11 1.16 1.15
82 cm 10 h 3h 13.2m 339 m .84 0.88 0.94
82 cm 10 h 1d15h53m | 21h 48.8m [1.24 1.16 3.79

Table 3b
Comparison of Measured and Computed Decay y Emissions/s/g of
Material per 107% source neutron/s

Material | Distance fram| lrradiation] Cooling Counting C/IE CIE CiE
Source Time Time Time REAC-2 DKRICF THIDA

Nb 10 cm 9h 4h 31m 2h 46.7m {1.27 6.87 .75
10 cm S h 18h 49.5m | 445 m 1.09 1.05 .88
B2 cm 10 h 13h 38m ith 13.7m |1.25 13 0.82

Co 10 cm 30 m 373 m 15 m 0.84 1.03 . 0.85
10 cm 9h 3h 17.2m 29.2 m 1.40 1.27 .11
10 cm 9h 17h 15.7m | 40.5 m 2,13 1.24 i1
10 cm 9h 5d18hSm 3h 21.5m (2.10 1.23 ---
82 cm 30 m 393 m 151 m 1,51 1.58 1.23
82 cm 10 h 3h 53m 1h 2.7m 1.40 1.186 ---
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Table 3c
Comparison of Measured and Computed Decay y Emissions/s/g of
Material per 10'2 source neutron/s

INDUCED ACTIVITIES MEASUREMENT

Material | Distance from| Irradiation) Cooling Counting C/E CiE CiE
Source Time Time Time REAC-2 DKRICF THIDA
vV 10 cm 30m 223 m i0m 1.06 1.35 0.90
: 10 cm 9h 3h 422m {361 m 1.57 3.38 1.59
10 cm 9h 17h 16.2m | 39.8 m 1.55 3.35 1.59
82 cm 3¢ m 24 m 10 m 1.31 1.81 1.09
82 cm 10 h 5h 1.7m 449 m 1.44 3.18 1,40
82 cm . 10 h 2d22h26m { 14h 51.3m [1.41 3.11 1.20
Ti 10 cm ] 30 m 223 m wom 1.69 . 0.72
10 ¢m 9h 3h 51.5m | 292 m 1.28 1.15 0.74
10 cm 9h 18h 1im th 20.5m [1.16 12
B2 ¢cm 3o m 24.3 m i0om 1.73 1.62 0.58
82 cm 10 h 7h 27.5m 1h 43.4m [1.24 1.43 0.67
w 10 cm 30m 373 m 155 m 3.07x102 0.20 0.997(2.19)
10 cm 9h 2h 26.5m | 442 m 2.55 2.86x10-2 0.827(2.38)
10 cm 9h 16h 23.4m | 45.7 m 2.28 1.27x10-2 0.76°(2.38)
10 cm 9h 2d15h3.5m{ 18h 22.7m [2.05 4.05x10-2 0.70°(2.28)
82 cm 30 m 39.2 m 151 m 1.38x101 7.00x10-3 0.657{2.11)
82 cm 10 h 3h 13.5m 335 m 2.26 4.88x10-4 0.96°(3.17}
82 cm 10 h 4d 5.3m 13h 32.2m |2.59 2.35x10-3 0.917(2.99)
Zr 10 c¢m 30 m 56.5 m 189 m 4.13 0.82 1.21
10 em 9h 2h 26.5m 435 m 5.58 1.08 ---
10 cm gh 17h 15.7m | 40.0 m 581 1.16 ---
82 cm 30 m 58.3 m 271 m 4.30 0.88 1.13
82 cm i¢h 3h 13.5m 337 m 410 0.83 1.31
MnCu 10 ¢m 30 m 123 m i0m 3.35 3.42 1.04
10 cm 9 h 2h 26.7m 440 m 1.75 1.18 0.83
10 ¢cm 9 h 16h 23.7m | 45.7 m 1.21 0.29 0.26
10 cm 9 h &d20h59m | 4h 50.3m |1.09 1.11 .-
82 cm 30 m 243 m 10 m 2.52 2.42 1.49
82 ¢m 10 h 3h 52.7m 1h .2.2m 2.18 2.03 1.40
82 cm 10 h 3413h28m | 6h 44.9m |1.24 1.00 0.80
cr 10 em 9h 1h 38.8m 430 m 2.95 1.35 0.55
10 cm 9h 15h 16.8m | 1h 0.5m 1.54 1.05 0.88
82 cm 10 h 2h 27.5m 1h 19.6m [2.85 1.67 0.64

*several y-rays 'unreasonably’ overestimated in the library are suppressed

contribution is strongly overestimated by REAC. C/E ratios
for this isotope are 328 and 307 respectively in 1.5-2 and
2.5-3 MeV ranges respectively, Other products are srongly
underestimated by REAC. It is seen from experimental data
that ratio of y-yields for 778 to 569 KeV peaks from %6Nb is
3.1 instead of 1.74 (see ref. 17); it is to be added here that
guite possibly the balance of contribution for 778 KeV peak
pertains to 66h 99Mo. Respective C/E ratios for different
products for REAC2 and DKRICF are: (1)93mMo:
200/1.11, (2)%6Nb: 2.04/3.49, (3)*°Mo: 1.08/1.11,
(4)89m+8Zr: 6/1.35, (5)97Nb: 2.68/2.57, (6)35Nb: 2/2.5,
(7)95mNb: 0.77/0.20, (8)92mNb: 0.90/0.90, (9)%5Zr:
0.87/0.86.

FUSION TECHNOLOGY VOL. 19 MAY 1991

IV.D. MnCu Alloy

56Mn, 52Cn, 52V, 62mCo and 43Ni are most important
contributors for shert cooling times. 3¥Mn dominates larger
cooling times. 511 KeV v from §2Cu is overestimated by a
factor of more than 3 by REAC2 and DKRICF. C/E ratics
are found considerably larger than 1 for Mn. In fact, even
for other materials, there is & general wend for the codes to
predict larger C/E ratios for (n,y) reactions in presence of
softer neutron energy spectrum (at 82 cm from target).
REAC gives C/E ratios close to 1 for ¥Mn. DKRICF and
IE\{AE$C generally agree between themselves from 0.1 to 2.5

eV.
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Table 3d
Comparison of Measured and Computed Decay ¥ Emissions/s/g of
Material per 1012 source neutron/s
Material | Distance from| lrradiation| Coaling Counting C/E C/E CI/E
Source Time Time Time REAC-2. DKRICF THIDA
Al 10 cm 30 m th 15.8m 114 m 0.98 1.02 1.17
10 cm 9h 4h 31m 2h 46.7m |0.88 0.92 1,06
82 ¢m 30m 58.3 m 274 m 1.34 1.39 1.05
82 cm 10 h 5h 52.3m 1h 28.5m [1.03 1.07 1.12
Si 10 cm 0 m 373 m 15 m 2.80 1.08 1.14
Mg 10 ¢cm 9h 3h 51.7m 263 m 1.16 1.07 0.99
10 cm gh 18h 11.7m [ 31.5 m 1.08 1.00 .-
82 cm i0h 5h 2m 442 m 1.37 1.28 1.25
In 10 ¢cm 9h th 38.2m 429 m 1.06 1.08 ---
10 cm 9h 16h 23.7m | 457 m 2,62 0.18 .-
82 ¢m 10 h 2h 28.5m 38 m 1.11 1.52 ---
Ta 10 cm gh 3h 17.2m 282 m 3.67 0.35 ---
10 cm 9 h 18h 11.7m { 354 m 2.03 0.83 .-
82 cm 10 h 3h 53m 1h 2.7m 1.74 1.53 0.19
Au-thick | 10 e¢m : 9h 3h 51.7m 259 m 1.71 0 ---
10 cm 9h 18h 49.5m | 43.7 m 2.16 0 “--
82 cm 10 h 5h 2m 442 m 6.43 0 ---
Au-thin 10 cm 9h 4h 31m 2h 46.7m |1.33 0 ---
10 cm 9 h 19h 42m 2h 46.7m [1.57 0 ---
¥BayCuyOy | 10 em 30 m th 32m 2h 32.9m |0.97 0.31 ---
10 cm 0m 4h 12m 4h 31.2m |[0.73 -4.38x10-2 b
10 cm 30m 7d2h26.1m| 2h 50.4m 1{0.72 1.30x10-3
ErBazCusQ7| 10 cm 30 m 1h 33m 2h 34.3m [6.20 1.06 .-~
10 cm 30m 4h 12.5m 4h 33.5m |7.69 1.30 ---
10 cm 30m 11d4h47m | 3h 34.7m ]0.58 0.12 - .-

IV.E. Chromium

Dominant contributors are 31Cr and 49Cr. 847 and 1811
KeV peaks of ¥Mn are also detected- Fe/Mn impurity is
expected. Unidentified peaks at 147, 563, 573 and 601
KeV were observed. 48V contribution was absent.
However, REAC predicts a large contribution from this
isotope; Y-yield data appears acceptable. As a result, C/E
(=6.2) is strongly overpredicted in 0.4-1 MeV range.
DXRICF has C/E of 2.2 for the same range. REAC yields
0C/6€60f 2.63 for 49Cr, whercas DKRICF yields a value of

IV.F. Stainless Steel (55316)

56Mn contributes overwhelmingly at short cooling
times. At larger cooling times, 9Mo, 99mTc, 51Cr, 58Co,
57Ni, and 34Mn are leading contributors. C/E trends for
individual contributors are same as discussed before for Fe,
Ni, Cr and Mo.

1914

IV. G. YVanadium

Short cooling times bring leading contibutions from
51Ti, 52V and 48Sc. Larger cooling times bring out total
dominance of 43S¢. C/E ratios, from REAC, are 1.01 and
0.86 respectively for 51Ti and 52V at 10 ¢m location. C/E
ratio of 1.5 is found for the same location for 485¢ by the
same code. For DKRICF, CJ/E for 485c is ~3.

IV. H. Zirconium

897r, 8Tmgyr, 90myY, 94, 92Y and ¥!5r contribute at
short cooling times. Larger cooling times bring out
predominance of 8Zr and 99mY, REAC largely overpredicts
C/E (factor of 4 to 5) for both 89Zr and 90mY, For 917Y,
C/E is 1.7. However, C/E for 87mSr is close to 1 for REAC
and is just 0.4 for DKRICF. Nevertheless, DKRICF has
good agreement with the experimental data otherwise.
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Table 4:

Important Radiocactive Products and
Prominent Gamma-ray Peaks

Kumar et al.

INDUCED ACTIVITIES MEASUREMENT

Table 4 (Continued)

Inadiagcd
Matezial Products/y-ray peaks
Ee 8.5m 3Fe: 378 KeV '

2.6h 56Mn: 847/1811/2113/2523/2658
/296073370 KeV

27.7d 31Cr: 320 KeV

44,64 59Fe: 143/192/334.8/1095/1252 KeV
312.2d 34Mn: 835 KeV

10.5m 186Ta;
122/198/215/274/308/418/615/738 KeV
&4m 183HF: 459/398/784/1470 KeV

123.9h 187W: 134/480/552/618/

689/773 KeV

5d 183Ta: 246/354 KeV

1154 182Ta:
155/222/230/264/266/1121/1189/1221/
1231/1257 KeV¥

Ta

5.5h 180mL(f: 93/215/332/443/501 KeV
8h 180mTa: 93/103 KeV
115d 182,

Cr

41.9m ¥9Cr: 91/153/1362/1423/1508/1515
/1570 KeV

15.97d 48V: 984/1312/2240 KeV

27.7d 51Cr

13.9m 62mCo: 778/875/1129/1164/1173/
1719/2004/2105 KeV

2.5h 65Ni: 366/1116/1482/1623/1725 KeV
36h STNi; 127/1377/1757/1919 KeV

44.6d 59Fe: 143/192/1099/1292 KeV
70.8¢ 38Co: 811/864/1674 KeV

271d 57Co: 122/137/692 KeV

5.27y $0Co: 1173/1332 KeV

18.7m 94Y: 551/919/1139 KeV
49.7m 91mY; 556 KeV

72m 97Nb: 658 KeV

2.81h 87mSr: 188 KeV

3.10h 98mY: 203/480 KeV

3.54h 92Y: 449/935/1405 KeV
9.48h 91Sr: 556/653/750/1024 KeV
16.9h 97Zr: 743 KeV

78.4h 89m+E7r: 909/1713 KeV

64d 95Zr;: 7247757 KeV

MnCu alloy

8.76m 32V: 1332/1434/1531 KeV
9.8m 62Cu: 511/876/1173 KeV

13.9m 62mCo, 2.6h 56Mn, 2.52h 65Ni
12.9h $4Cu: 1346 KeV

312.2d $4Mn, 5.27y 0Co

Ti

5.8m 31Ti: 320/609/929 KeV

3.1h 43Ti: 720 KeV

3.9h #4Sc: 1157 KeV

43.7h 48Sc: 175/984/1038/1213/1312 KeV
3.42347Sc: 159 KeV

83.84 46Sc: §89/1121 KeV

14.2m 101Tc: 127/184/307/545 KeV
14.6m 101Mo: 192/409/506/591/696/934/
1013/1161/1251/2032 KeV

15.5m 91Mo: 1582/1634/2632 KeV

51.5m 38mNb: 173/355/645/7147723/187/
792/824/834/996/1169/1432/1511 KeV
72m 97Nb: 658/1025/1269/1516 KeV
6.95h 93mMa: 263/685/1477 KeV

16.9h 97Zr: 355/508/743/1148 KeV

23.4h 96Nb: 460/569/778/1091/1200 KeV
66k 99Mo: 141/181/366/739/778 KeV
6.02h $9mTe: 141 KeV

78.4h 897r: 909/1621/1657/

1713/1745 KeV

87h 95mNb: 2047786 KeV

10.14d 92mNb: 913/935/1848 KeV

35d 95Nb: 766 KeV

64d 95Zr: 7247757 KeV
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Figure 5d: Decay ¥ emission rate spectra per g from
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IV.I. Tungsten

187y 186Tg and 183Hf dominate short cooling time
measurements. For larger cooling times, predominant
contributor '87W is backed up by 183Ta and '32Ta. One
sample indicates the presence of Na/Al/Mg impurity.
Tabulated y-yield datal? does not match with measured

relative ratios for various y peaks emitted by #6Ta and
183Hf, Further investigation is called for. DKRICF lacks
decay data for 136Ta, 187W and 18!W. REAC analysis
shows !79mW (113=6.4m, 0.03% 289 KeV, 0.19% 282
KeV, 0.22% 239 KeV, 0.32% 120 KeV and 0.61% 102
KeV) as making dominant contributions for both short and
long cooling times; Y-yield data is 2 to 3 orders higher in
decay data library of REAC2. Also, !32mHf, 184Ta, 183,

L8OmHF are strongly overestimated by REAC. y-yields are
found to be grossly overestimated for many products in
THIDA,
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IV.J. Tantalum

180mTy, 180mHf and '32Ta dominate identifiable
contributions to measured data. There are unidentified peaks
ar 110, 117, 148, 482, 500 and 1001 KeV. REAC strongly
overestimates in 0.2-0.4 MeV (factor of 5) and 0.4-1.0 MeV
(factor of 7) energy ranges.

1V.K. YBa;Cu304

135mBa(t) p=28.7h),139Ba, 135m+¢Xe and *0™Y make
largest identifiable contributions at short cooling times.
There appears to be 87mSr peak at 388 KeV. Other
contributors include $3Ni, 62Cu, 62mCo, 64Cu and 88Y. At
larger cooling times, 38Y dominates the scene. REAC facks
decay data for 139Ba, 133mBa, 135mBa and 133mveXe.
DKRICF lacks decay data for Ba, Xe and Y. C/E ratios for
85Ni, §2Cu and 52mCo deviate considerably from unity even

though they are not crucial contributors to overall decay -
emission rates.

V. CONCLUSIONS

Integrated and spectral decay y-emission rates from
fusion neuton induced radioactive materials have been
measured and computed using four leading radioactivity
codes. Large discrepancies have been revealed for many
materials even for integrated rates. These materials include
Ni, Mo, V, Ti, W, MnCu alloy, Cr, §i, In, Ta, Co,
YBa,Cu307 and Zr. Larger discrepancies are observed for
spectral rates for practically all the materials. Inadequate
experimental statistics is partly to blame in so far as
contribuzions from weaker neutron-induced reactions are
concemed. Largely, it is activation cross-sections and decay
data that are inadequate and need large scalg improvement.
C/E results from THIDA are found to be most promising 45
a whole. RACC breadly follows DKRICF results though
there are significant differences when it comes 1o the details
of the spectral rates. Regarding both REAC and DKRICEF, it
is to be said that y—yield data needs further improvement,
though former scores over the latter in many respects.
DKRICF lacks yield data for gamma peaks lying above 2.5
MeV except for some well-known exceptions. A thorough
updating is required. Also, in general, the activation cross-
sections for (n,y) reactions need improvement as there is a
systematic trend for larger C/E in softer spectra obtaining at
'‘82cm’ location.

DKRICF related observations meriting immediate

attention follow: y-yield data is missing for a large number
of isotopes. For example, decay data is absent for Y, 188Ta,
187w, 81w, Ba and Xe. For MnCu alloy, $2Cu was
overestimated by a factor of 3. For V, 48V contribution is
strongly overestimated. For Zr, #1mY contribution is
severely underestimated.

REAC related observations can be summarized as
follows: For V, 48Sc and 49Cr are strongly overestimated.
For Ni, 57Co, 58Co, 3Fe are too much overestimated. For
Mo, $1Mo is strongly overestimated and 191Mo, %Mo,
98mNb, 97Nb, 93mNb are underestimated. For MnCu alloy,
62y is gverestimated by as much as by a factor of 3. For
Zr, 89mY decay/cross-section data needs early look. The
discrepant data leads to large and unconvincing
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overestimation. Also, 39Zr and 9!mY are strongly
overestimated. For W, 179mW yields abnormally large
contribution for both short and long cooling times; major
factor appears to be y-yield data which is 2 to 3 orders
higher. In addition, both decay and activation cross-section
data for 182mHf, 184Ta, 183Hf and 180mHf need attention for
doing away with strong overestimation,

Decay heat released in the form of y's is directly
calculable from the experimental data analyzed in this work.
We have evaluated this quantity too. The broad C/E rends
are similar to those for total decay y-rates preduced in Tables

3a 1o 3d, even though, the products with harder ¥ spectra
gain upper hand. However, the analysis reported herein is
more helpful in deciphering the problem radioactive
products, and, of course, the decay/cross-section data of the
radioactivity codes used for the analysis.
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EXPERIMENTS AND ANALYSIS FOR MEASUREMENTS OF
DECAY HEAT RELATED INDUCED ACTIVITIES IN SIMULATED
LINE SOURCE DRIVEN D-T NEUTRON FIELDS OF PHASE IIIA: .

USDOE/JAERI COLLABORATIVE PROGRAM ON FUSION NEUTRONICS

A.Kumar, M.Z.Youssef
University of California at Los Angeles,

Los Angeles,California 90024-1597, USA

'ABSTRACT

The recently concluded phase ITIA experiments of the
USDOE/JAERI collaborative program mark a watershed in
that a D-T line source was simulatéd by moving
detectors/annular LizO blanket-assembly with respect to a
stationary point source. Three experiments were conducted
in three stages during this phase: (i) source characterization
(step-mode, 10 cm step, 9h47m duration, 3 sample lo-
cations), (ii) in-situ short irradiation (stationary assembly,
30m duration, 2 sample locations), (iii) ini-situ long irradia-
tion (continuous-mode, 9h51lm duration, -3 sample
locations). The sample-materials included: Fe, Ni, Mo,
S5316, W, Ta, Zr, Al, Sn, Ag, Pb, Zn, Nb, Ti, V, Co and
In. The sample locations inside the phase TIIA assembly
were so chosen as to monttor (a) the impact of lack of line
source simulation on decay Y-radioactivity, (b) the influence
of $5304 first wall, {c) the role of neutron spectral degrada-
tion in the annular LizQ fusion blanket assembly. The
experimental results demonstrate that : (1) continnous-mode
operation provides better simulation-of line source even for
radioactive products of half lives as low as ~10 min, (2) the

decay y-emission rates generally drop as one moves away
from the center of simulated line source (length=2 meters),
{3) the presence of surrounding annular blanket leads to
larger enhancements in the y-emission raies ascribable to
reactions induced by energy-degraded neutrons.

The analysis of these measurements shows. up
discrepancies for most of the materials. DKRICF lacks
decay data for many isotopes. For example, decay data is
absent for Y, !86Ta, 187W, and !81W. For Zr, *1mY
contribution is severely underestimated.Severe
\ll;'tdcrcstimation hits Zn and Sn (especially 1!7mSn and

1),

. REAC?2 related mere important observations can be
summarized as follows: For Mo, 1Mo is strongly
overestimated and 1%1Mo, 99Ma, 98mNb, 97Nb, 3mNb are
underestimated. For Zr, 89m+¢Zr , 90mY and 91mY are
strongly overestimated, For W, 179mW yields abnormally
large contribution for both short and long cooling times. The
data base for Zn needs complete overhaul as for some
isotopes there is strong overestimation (83Ni, 67Cu and
97n), while yet for others, there is severe underestimation
(89mZn, 65Zn and $4Cu).

FUSION TECHNOLOGY VOL. 19 MAY 1991

Y.Ikeda, C.Konno, Y. Oyama
Japan Atomic Energy Research Institute
Tokai, Ybaraki 319-11, Japan

I. INTRODUCTION

A simulated line source concept was implemented
during phase I1IA experiments, conducted during fall 1989,
of USDOE/JAERI collaborative program on fusion breeder
neutronics!-2, This was for the first time that a line source
was experimentally realized beginning with a point source,
The extended source thus obtained creats a whole lot of
possibiliries in that it allows ¢loser simulation of a fusion
machine conditions. More realistic source neutron spatial
distribution gives rise 10 more realistic neuon energy
spectrum in or cut of annular blanket assembly that is to be
driven by this simuilated line source. Hence, there is an ideal
environment for carrying out induced -radioactivity
experiments related to decay-heat . Multiplé measurements
were planned and carried out using this novel neutron source
facility. Three kinds of experimental measurements were
carried out and the irmadiated materials included: Fe, Ni, Mo,
Stainless Steel (AISI316), W, Ta, Zr, Al, Sn, Ag, Pb, Zn,
Nb, Ti, V, Co and In. This work follows its precursor-4
carrted out during December 1588 phase LIC.

1. EXPERIMENTS

The line source simulation was realized by step or
continuous model-2, Detector/assembly are moved by a
predetermined spatial step at a time and held at each new
position for predetermired time-interval in the step mode. In
continuous mode, detector/assembly are constantly moved
back and forth at a predetermined speed except very close to
the ends. Figure 1 shows schematic of the simulation. Three
different environments were chosen for radioactivity
measurements: (i)bare line source, (ii)point source inside
stationary assembly, (iii)line source driving an annular
assembly. The objectives behind this selection are discussed
in what follows. It is to outlined here that all these
experiments were conducted in large target room with 800
beamiine. The nominal source intensity for stationary source
is 2 x 101! n/s (for 2 mA beam current), it is an order of
magnitude lower than what was available with rotaring target
neutron scurce (RNT) in target room#2 during earlier
phases. The counting statistics suffers considerably and
hence adversely affects accumulation of data on weaker
radioacdve isotopes.

The degree of achievement of 'ideal’ line source

simulation attainable through the step and continuous modes
is brought out through Fig. 2. By 'Ideal’ line source, we
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Figure 1: Schematic of simulated line source driven annular blanket assembly of Phase IIA experiment
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Figure 2: Effect of product half life on ratio of activation rate
for simulated kine source to that for an “Ideai” line source:
continuous versus Step Mode

imply a simulated source that is free from effects of limited
speed on any foil activation rate. It is possible only if the
moving system attains infinite speed. Fig. 2 shows the ratio
of simulated to 'ideal’ activation rates as a function of mean
axial distance, from the fixed point source, of an irradiated
foil. = The foil is considered placed at 21.9 cm radial
distance from the csnterline passing through the target. For
continuous mode, the actual temporal profiles of source
intensity and deck (or foil) position during 'line source
driven assembly’ experiment (sce Sec. I1,C.) have been

1860

factored in; product half life is taken 1o be 10 m. In the actu:
experiment, an average cycle length of ~ 11 minutes wa
realized over 54 cycles for a total irradiation period ¢
Oh5lm5s. This corresponds to an average speed ©
movement of 6.1 mmys. It is to be seen that simulation i
close 1o ideal for a foil locared with mean istance of 30 to 4!
cm on either side of the stationary target. Figure 2 alsc
shows the degree of simulation obtainable with stepwis:
mode for a product of half life ranging from 10m to 1d
actual source intensity and position data realized during 'linc
source without assembly’ experiment (see Sec. IL.A.) have
been factored in, The deviation is much larger for shorter
half lives. During this experiment, a spatial step of 10 cm.
was selected , for a total of 41 irradiations of 13 minutes
each and total experiment time of 9h47m; only one spatia.
cycle was executed. It is to be noted that even for 1 h hals
life product, the deviation from line source is considerable.

I1.A. Line Source without Assembly

Three sets of foil packets were irradiated at three inital
axial distances of @, 60 and 100 cm from the target towards
its back-side; the corresponding mean distances from the
target during irradiation period are 0, 40 and 100 cm; radial
distance from the system axis was 21.9 ¢cm .The foil
materials common to the three sets included: Zr, AISI3 16,
Mo, Sn, Ni and Fe. In addition, thinner Nb and Al foils
were used for source neuron dosimetry. The set at 100 cm
contained additional foils of Co, Ti, V, In, Ta, W, Y, A
Pb and Zn. Some product isotopes of interest are shown 11
Table 1 {refer to 3 & 4 for additional information). The foils
were attached to a stand resting on a movable deck. TS
deck was moved 10 c¢m in a step and there was 13 minste
irradiation at each step. Only one cycle could be compiet
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during irradiation period of 9h47m. The decay Y
spectroscopy was done using three available intrinsic
germanium detectors at FNS. Two of these were relative
detectors whereas the third one was used as absolute

detector with its ¥ detection efficiency known better than 2%
in the energy range of 100 KeV to 3 MeV ata standard
sample-detector distance. Generally, more than one cooling
time was covered for cach foil. The cooling times varied
from foil to foil and ranged from 1h30m to 7d22h37m20s.
The average source intensity obtained amounts to 1.11 108

n/s/cm.
IL.B. Point Source Driven Assembly

The movable deck was held stationary during the first
irradiation with the annular assembly on November 21, that
was intended for shorter half life product isotopes; the
iradiation lasted half an hour only. The source was all the
rime located at the center of the stationary assembly. Two
sets of foils were irradiated for half an hour at initial axial
distances of 0 and 40 cm from the target. The set at 40 cm
was kept behind 10 mm thick layers of $5304. The other set
was kept just behind 15 mm thick S5304 in the cenal radial
drawer. Each set contained foils of Sn, Zn, Pb, Ag, Ni, Fe
and W. In additon, two foils of Nb and one foil of Al were
included for source neutron dosimetry. Because of
lowering of neutron flux due to line source simulation, on
the one hand, and relatively low source neutron strength, on
the other hand, it was decided to have irradiation inside
stationary assembly. It is clear that this configuration
represents only a point source inside annular assembly of
phase ITTA. However, this type of neutron encrgy spectrum
was realized for the first time in this collaborative program.
only two cooling times per sample were covered. The lowest
cooling time was 11m30s for a lead sample, the highest one
was 21h21m35s for a nickel sample.

II.C. Line Source Driven Assembly

The line source simulation was carried out in continucus
mode for 54 cycles during total irradiation time of h51mb5s.
The assembly was initially located such that its farthest end
was cooincident with the target; thereafter assembly was
moved such that this end of the assembly was always within
0 to 2m of the stationary target. Three sets of foils were
irradiated: 2 sets were in the central radial drawer at an initial
axial distance of 100 cm from the target and the remaining
set was at an initial axial distance of 60 cm from the target.
One of the sets in the central drawer was just behind the 15
mm thick SS304 layers; the second set was inserted just
behind first 2" thick LizQ block. These two locations were
chosen so as to provide different neutron energy spectra.
The last set was placed behind 10 mm thick S$304 layers.
The first two sets had identical sample composition:
AISI316, Ti, Ta, Mo, Zr, Fe, Ni and W. The third set
contained: Sn, Zn, Pb, Ag, Ni, Fe and Mo. In additon, all
the three sets contained source neutron dosimetry foils of Nb
(2 each) and Al (1 each). Generally, one cooling time per
sample was covered. cooling time varied from sample to
sample and ranged from the lowest of 1h37m23s for a
AISI316 sample to the highest of 14h33m20s for a lead
sample. The source intensity averaged to 9.66 108 /s/em.

II. D. Treatment of Experimental Data

¥ pulse-height spectrum for a sample for a each cooling
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time is processed by'a spectrum analysis code BOB755 1o
cbtain gamma ray intensity spectrum?. Then background is
subtracted. The resulting spectrum is then corrected for

detector efficiency and attenuation of decay v's emitted in a
sample. Variation of source neutron intensity during

irradiation is accounted for to finally obtain decay ¥ emission
rate per g for a normalizing scurce neutron intensity of 1012
nfs. For simulated line source (step/continuous mode)
correction is applied to account for decay during intervening
period for step mode and also to account for decay during
movemeant for continuous mede as the speed of movement is
not totally uniform over a cycle itself and the speed is quite
low, as already described above.

Regarding error estimation on experimental
measurements, it is to be recognized that a number of
parameters affect counting statistics. The primary parameters
include: neutron flux, half life of y-emitter, detector
efficiency, cooling time, counting time, activation cross-
section and atom density. It is impossible to give a single
figure for even one sample material as is amply brought out
in Fig. 3 that shows percent standard deviation on decay
rates for different products as a function of half life for a
molybdenum sample irradiated in 'point source driven
assembly’ experiment. Irradiation (), cooling(tcool) and
counting (tcount) times are 30m, 3h18.2m and 10.75m
respectively. It is to be noted that only most prominent y-
peaks for a given emitter are included; in addition, 66h %Mo
peak at 141 KeV carries contribution from 6.02h 99mTe too.
Error varies from 3.0% for 99Mo{+9%mTc) to 14.4% for

6.95h 93mMo.

Experimental Error (Mo sample)

14 1
g - J
2 Mo93m /m Nb92m
g 3
97
L 10 @
= 4
g 7k
g 1 Nu36
) G - Zr8m+g
e ] < M09+ Tc99m
] Nb97 ~A,
2 A
10 104 10° 108
Product half life (s)

Figure 3: Experimental error as a function of product half
life for a molybdenum sample

IL.E. Trends of Experimental Resulis

Radioactive isotopic products of half lives ranging from
2m to 5y were targeted. Threé intrinsic germanium detectors
were employed for ¥ spectroscopy. One of these detectors
was used as a standard for remaining ones which were
employed as relative detectors. Experimentally, identification
of a ¥ emitting radioactive nuclide was done looking at ¥
energy and its decay as a function of cooling time.
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Table 1: Longer Hall-life Products from some samples

{30 ra < half Els < 5.3 y}

Sample-material Hali-lile Product T-enargy Raaction
Zn 3B m E37n 670 KeV {n,2n)
252 h 63N 1432 Ke¥ tna)
i3.8 h §9mZn 438 KeV {n.2n}
618 h E7Cu 185 Xev {n,p).{n.d},
(n,n'n)
244 d §5Zn 1116 Ka¥ {n.2n).{n.y}
S0 35 m 1gn 1152 KeV {n.2n}
4am 123mgy 160 KeV tn,2n).0n.y)
486 m 1imcy 245 KoV {n,e}
541 m LALLAT 417 KeY {n,p)
24 h 17ed 273 KeV {n,a)
34h 117med 1066 KeV {n,a}
45h t15m)n 336 Kev tn,p).In.d),
{n,n'p)
534 h seg 336 KV {n,z)
9.63d 12558 1656 Kev i
i4d 1258 1089 KeV {n.2n)
448d 115meg 534 KeV [n,a]
451 d 108y 88 KeV (n,a)
Po 66.9 m 204mp, 899/912KeV . [n,n"}
82.02 h 203py 279 KeY {n.2n)
1223 4 20273 440 KeV (a.1)
46.76 d 20319 279 KeV¥ tn.a)
iy 2m W0EAg 512/295KeV (n.2n)
13¢ m 1eEmR 5124797 KeV (n,a)
1343 h 109pg 88 Ka¥ {a,p)
85d i08mag 512/747 KeV {n,2Zn)
252 d 1Homag 707/658 KaV {n,y)
127 ¥ 10Imag 434/723 Ke¥ {n.2n)

IL.LE.1. Material-wise Highlights

For some of the irradiated materials, dominant contributors
to decay ¥ emission rates are summarized as follows:

Iron: For cooling times less than 10k, 38Mn (1) =2.6h)
dominates. For larger cooling times, 34Mn (t,=312d)
assumes growing ascendancy. No significant neutron energy
spectrum dependence was seen as both these products result
from high threshold (n,p) reaction.

Nickel: $2mCo (13.9m) and 57Ni (36h) dominate for short
cooling times. 58Co(70.8d),57Co(271d), 37Ni, ¥Fe(44.6d)
and $9Co(5.3y) take over at larger cooling times.

Chromium: 320KeV ¥ line from 31Cr (27.7d) dominates
for long irradiation and cooling times. NaCl and Fe/Mn
impurities seem to be present as 24Na(15h), 33mC1(32m) and
56Mn(2.6h) contribute as much as 3% to the total decay ¥
emission rate for cocling period of 1.5h. For cooling period
of 15h only 24Na contributes- less than 1% only.

Molybdenum: Major contributors for short cooling times
are 101Mo(14.6m), 101Tc(14.2m) , ¥7Nb(1.2h),
98mNb(51m), 9¥Mo{66h), 9mTc(6h), §6Nb(23.4h), and
93mMo(6.9h). 191 Te results from (- decay of '01Mo, and

99mTc is produced by B- decay of #*Mo. Longer cocling
times see dominance of Mo, 99mTc, 96Nb, 97Nb and 85Zr.

Stainless Steel {AISI316): It is an alloy of Fe, Ni, Cr,
Mn and Mo. 56Mn contributes overwhelmingly at cooling
times less than a day. At larger cooling times, 99Mo, #mTc,
51Cr, 38Co, $TNi and $Mn are !leading contributors.
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Cobalt: For cooling periods of less than 5h, 3Mn- pro
of 39Co(n,y)¥Mn reaction- made dominating contribu:
as much as 95% for irradiation period of 30m and coc
period of 37m. The other contributing isotopes inc:
59Fe(44.6d), S8Co(70.8d} and 80Co(5.3y), the last iso:
was noticeable at locations having larger component of sc
neutrons.

Tungsten: !87W(23.5h), 186Ta (10.5m) and 83Hf(6<
dominate short cooling times. For larger cooling timr
predominant contributer 87W is backed up by 133Ta(.
and 182Ta(115d).

Zirconinm: 89Zr(78.4h), 87mSr(2.8h), 30my (3.2
94Y(18.7m), 92Y(3.5h) and 9!5r(9.5h} contribute for sh
cooling times. Larger cooling times bring into foc
predominance of 39Zr and %0mY(3.2k).

Tantalum: 180mTa(8h), 180mHf(5.5h) annd 132Ta(11s
dominate ¥ emission rate.

Lead: 203Pp(52h) and 204mPb(67m) dominate at shor
cooling dmes. 203Pb dominates at larger cooling times.

Tin: At shorter cooling times, 123mSn(40m) dominate
other contributors include 117In(42.3m), 116mITa(54.1m
117In(1.93h), !11In(2.8d) and 117mSn{14d). At larg
cooling times, 117mSn dominates.

Zinec:Annihilation peak at 511KeV dominates at she
cooling times. Other sigaificant contributors incluc
6371 (38m), 66Cu(S. 1m}, mZn(13.8h) and 63Ni(2.52h). £
larger cooling times, apart from annihilation peak, leadin
contributors are 69mZn 67Cu(61.5h), $3Zn(244d;
64Cu(12.7h) and 55Ni.

Titanium: At short cooling times, 511KeV annihilation

from 45Ti(3.1h) and 485¢(43.7h) ¥'s dominate the measuc:
emission rates. At longer cooling times, other conmributor
include 47Sc{3.42d) and 465c{83.8d).

Vanadium: At shorter cooling times, 31Ti(5.8m) dominatec
the emission rate followed by 48Sc(43.7h). Also, 32V
(3.8m) was observed, For longer cooling times, #85¢
dominated the scene single handedly.

Aluminum: 24Na(15h) dominated the decay ¥ spectra at
larger cooling times.

Silver: At short cooling times, a peak at 511-512 KeV
dominates. This peak gets large contributiens from
106 A g(2dm), 196mRE(130m) and 196mAg(8.5d). At larger
cooling times, a large number of ¥ lines from 106mAg
dormninate the emission rate.

II.E.2. Parametric Dependence

Spectrum dependence of y emission rates is mostly
seen only in those materials that have dominating isotopes
resulting from (n,y) reactions. High threshold reactions, ¢-&
(0,2, (n,p), (0,n'p), (n,d), (n,2n), are essentially governed
by harder part of the specrum, Comparing the integrated ¥
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emission rates (between 100 KeV to 3MeV), it is found that
for short irradiation time (30m), Fe, AISI316, Al and Co
give leading rates in that order. However, the trend changes
for ~10h irradiation to: Al, Fe, and AISI316. This is
understandable as 24Na (15h) production rate was
unsaturated during 30m irradiation but almost saturated
during ~10h irradiation.

¥ component of total energy release rate was
obtained from 7y emission rate spectrum for each material.

Comparison of y energy release rates at same irradiation and
cooling times shows that for short (30m} irradiation lime,
Fe, AISI316, Al dominate in that order. For larger
irradiation and cooling times, the trend is different; for hard
spectrum (without blanket), ~10h irradiation and 15h
cooling time Al dominaticn is meekly followed by Mo and
Ti; for softer spectrum (with surrounding blanket) ~1Ch
irradiation and i5h cooling time, W, Al, Ta, and Zr
contribute in that order.

Total energy release rates, directly related to
decayheat, were derived from measured y émission rates and

deduced P emission rates (using known branching ratios and
average beta energy release per disintegration}. It murns out

that B contribution varies widely from material to material
and it ranges from O to 50%. The lowest beta contribution is
cbserved for Cr followed by Ni. The beta fraction varies
both with irradiation and cooling times. V dominance at
short irradiation and cooling times under hard spectrum is
followed by Zr, AISI316, Co and Fe. At larger irradiation
and cooling time , W lead is followed by Fe, Mo, AISI316
and Co. Generally, it is observed that short lived isotopes

make dominating contributions towards B energy release at
shorter cooling times. This fact underlines the important role
of accurate determination of short lived activities in the
selection of materials for fusion devices that would be
required to be accessed by personnel after relatively short
operation time.

IIT. ANALYSIS

Analysis to obtain decay ¥ emission rate involves a
multi-step procedure®. A two or three dimensional transport
code is employed to get neutron energy diswribution,
i.e.,neutron flux, at spatial locations of samples. Geomewy
and material composition of irradiation environment are
important inputs for this calculation. Next stage involves

computation of decay ¥ emission spectrum using a
radioactivity calculation code. Neutron flux, sample
composition, irradiation and cooling {or shutdown ) times
are required input data for this stage. Decay and activation
cross-section libraries form part of the code used. Leading
codes used for this purpose include DKRICFS, REACT,
RACCS? and THIDA®. The flux was obtained in a two step
process: {1)source neutron energy and angular distribution
was obtained by 3D MCNP!0 modeling of line source/point
source of fusion neutronics source (FNS) facility , (2)source
neutron dismibution from MCNP was input to RUFF! and
DQT4.312 code system, with 30 group MATXSS cross-
section library of LANL, to compute spatial dismribution of
neutron flux.
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Table2: Chemical Compositions of the Iiradiated Samples

Sample Material Chemical Compasition by Maximum weight %
Tron (Fe) 99.92 Fe, 0.059 Mn, 002 C

Nickel (Ni) $9.97 Ni, 0.016 C

Molybdenum (Mo} 99.93, 0.03 W, 0.01 Fe

Stzinless Steel 68.6 Fe, 16.5 Cr, 11.30 Ni, 2.12 Mo, 1.46 Mn
(AIST 316-goodfcllow) |

Manganese Copper 79.78 Mn, 19.66 Cu, 0.46 Ni, 0.07 Fe
Alloy + (MnCu?

Vanadium (V) 95.82 v, 0.044 Si, 0.03 Ta, 0.032 O, 0.813 Mo,
0.01 Zz, 001 F2, Q.01 AL 0.01 Hf

Tianium (Ti) 99,19 Ti, 0.i2 ©, 0.06 Fe, 0.02 C
(Reactor-cxpt)

Alumninum (Al) 99.97 Al D.006 Mg

Cobalt {Ca) $0.95 Co, 0.04 Ni

Tungsten {W) 99.97 W, 0.008 Si

Niabium (Nb_} 99.89 Nb, 0.027 Ta, 0.01 Zr

Zirconium (2r) 99.83 Zr, 0.07 Fe, 0.07 Cr, 0.01 N, 0.0t C, 0.0t Hf

Indium (In) 99.97 In, 0.009 Pb

Tin (Sn) 99.87 Sn, 0.02 Cu, 0.02 $b, 0.02 Fb, 0.61 Fe. 0.01 Ni,
0.01 Co, 0.01 5, 0.0F As, 0.01 Bi

Tanwalum (Ta) 99.89 Ta, 0.03 Cd, 0.01 Zr, 0.01 T5, 0.01 W, 8.01 5i

Lead (Pb) 99.95 Pb, 0.023 Bi, 0.016 5n,0.005 Ag. 0.005 Cu.
0.001 Tt

- Silver (Ag) 99.95 Ag, 0.043 Cu, 0.003 Fe, 0.003 Zn,

0.0006 P&

Zinc (Zn) 99.95 Zn, 0.033 Fb, 0.006 Cu, 0.004 Cd.
0.002 5n, 0.0004 Ag

Thtanivm (T1) 99.6Ti, 0.013 0. 0.003 Al, 9.003 Cr, 0.003 Mn.

{ Goodfcllaw) 0.003 N3, 0,003 ¥, 0.002 Fe

Iron (Fe thin)} 96.93 Fe, 0.01 H,001 O

IV. RESULTS AND DISCUSSION

Fables 3 provide a typical intercomparison of computed
(C) to measured (E) ratio for different source conditions for
iron samples. Quantity being compared here is integrated
decay ¥ emission rate per s per g for a normalizing source
strength of 1012 n/s. Though there are some changes in C/E
vatues for REAC and DKRICF codes, it is clear that, given
rather untested nature of wide body of decay and cross
section data of these codes, the change from one spectral
environment to another does not bring out any drastic
change, Hence, in what follows, we shall generally be
presenting results for samples kept inside annular assembly
of phase IIIA driven by simulated line source. But, broad
conclusions deduced therefrom quite possibly are applicable
to other spectral environments too.

Table 4 depicts C/E ratios for Fe, Ni, AISI (stainless
steel), Mo, W, Pb, Zn, Zr, Ag, Sn, Ta, Al, and Nb. The
reasons for discrepancies for iron, nickel, molybdenum,
stainless steel, zirconium, tungsten and tantalum have
already been enumerated in a companion paper? and are
recalled in the following section. Aluminum and niobizm
show excellent agreement between computaticns and
measurements for both the cedes. This gives confidence in
the evaluated neutron spectra used in the decay radioactivity
codes. : :
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Table 3; Variation of C/E for Integrated Decay v Emission rates

for Different Source Conditions

Material Source Mean Distance  Lrradiadon Cooling C/E OE
Condition from target? Time Time - REACZ DKRICF

{cm)

Fe Bare Line ¢] Sh47m 2hi5.5m . 110 1.19

Fe Bare Line 40 9h4Tm 2h3.2m 1,13 1.23

Fe Bare Line 100 Sh4Tm 1h50m 1.17 1.03

Fe Point Source 0 30m 33mlss 0.97 1.04

Fe Point Source 40 30m 44m 1.27 1.40

Fe Line+Blkt. 0 Sh3im 4h19.6m 1.14 1.21
(Y.5cm FW)

Fe Line+Bkt 0O Sh5Im 5n9.9m 1.12 1.19
(5cm Li20)

Fe Line+Blkt. 40 9h51m 4h45.1m  1.02 1.0%
(1.0cm FW)

Fe Point Source  10cm from 9h 3h223m  1.00Q 1.17

" (Phase IIC) target

a It stands for axial distance. Bracketed numbers indicate radial distance from axis

Table 4: Variation of C/E for Integrated Samples inside
Annular Blanket Assembly Driven by Line Source

(r=%h51m)

Material Lecation Cooling CE - CGE .

Time REACZ DKRICF
Fe #A 4h19.6m 1.14 1.21
Ni #A 4h19.8m 1.22 1.53
AISI #A 1h37.4m 1.20 1.26
Mo #A 2h52.7m 4.29 1.58
W #A 1h37.5m 1.34 4.56¢-03
Pob #C 9n19.7m 2.51 1.09
Zn #C 5h45.3m 1.83 2.69¢-02
Zr #C 3h54.3m 4.08 1.04
Ag #2 6h30.8m 0.0102 0.974
Sn #C 5h45.9m 2.63 0.438
Ta #A Th35.4m 2.25 1.97
Al #C 10h55.2m 0.97 0.97
Nb #A 5d19.6h 0.999 0.997
Ti #A 7h34.4m 1.68 1.86

a For #A, mean axial posidon with respect to fixed source is 0 cm, radial positon is
behind 1.5cm FW in central drawer

For #B, mean axial positon with respect 1o fixed source is 0 cm, radial position is
located behind first 5 cm of Li20

For #C, mean axial position with respect to fixed source is +40 cm, radial position is

behind 1 cn FW
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Figures 4 to § display C/E for Mo, Zr, AISI, Sn and Za
for REAC2 code system. Figure 4 for Mo corresponds to
bare line source driven experiment for a sample at mean
axial location of +100 cm; tr and 1cool are $h47m and
1h18.2m. C/E's for Mo for different products are: (1)9?Mo:
1.25, (2)96Nb: 3.18, (3)97Nb: 2.56, (4)97Zr: 6.64,
(5)89m+E7r: 4.07, (6)?2™Nb: 1.02. Figure 5 for Zr
corresponds to 'line source driven assembly’ experiment
wherein a Zr sample was located at position B, i.e., 5 cm
inside Li»O zone in the central drawer; tr, tcool are Sh5lm
and 3h54.3m respectively. C/E values for different products
are: (1)90MY: 4.6, (2)87m3r: 1,22, (3)71mY: 1.82, (4)97Nb:
0.10, (5)97Zr: 9.7x10-% (6)89m+8Zr,

8
- Molybdenum
\ —
g .- Z97: 16.9h % 2:89
v
;5 4 Mo%3m: 6.95h §
e \k%
B 1 % Mo%9+Tc99m
2 2 - ; A v
§ NbB9T: 72m Nb96: 234D @ g
Nb92Zm: 10.1d
0 T T,
109 104 . 193 108

Product half life (s)

Figure 4: Computed to Experimental (C/E) of decay ¥
emission rates as a function of product half life fora
melybdenum sammple

8
Zirconium
= 5
E ) E“
. 4
5 ] Y90m: 3.19h
o Y91m: 49.7m
% 37 Zr89: 78.4h
3 ) ] Sr87m: 2.31h
S i
E 1 ﬁ
3 11 Zr97: 1650
] K NB97: 72m ¥
0 -—--,-—.—P»v—rrrq—r—-—v-rnrrr;—r-"r—l-""m

102 104 105 108
Product half life (s)

Figure 5: C/E ratio of decay Y emission rates as a funcdon of
product half life for a zirconium sample

Figure 6 for stainless steel {AISI) represents C/E's
for an AISE sample located at position B in 'line source
driven assembly’ experiment; teool is 13h13.5m. C/E values
are; (1) 57Co: 0.94, (2)3ICr: 1.18, (3)57Co: 2.23, (4)>*Mn:
0.58, (5)56Mn: 1.02, (6)57Ni: 0.96. Figure 7 refers to a Sn
sample located at location C, i.e., at 40 cm axial distance
from the mid-point of the assembly in line source driven
experiment.; tcool is 3h45.9m. Tin data does have problems
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with both the codes. In DKRICF, 117m3n and 11lln are
largely underestimated. REAC shows total absence of
116m1y (1;p=54.1 m, 417 KeV). In addition, 117™8n and
111n are strongly overestimated.

3
Stainless Steel (AISI316)
o
‘-CE’ 1 Co58: 70.8d __:’%
i 2
2 ] MosTem Cr51:27.7d
£ ) ‘ K
3 :
‘g 11 o] % %
£ Ly A
8 Mn56: 2.6h Ni57: 36h MnS4: 312.2d
0

103. .....1..,04. “'35 . ...1..;)5. , 1,07 . ....1.08
Produgct half life (s)

Figure 6: C/E ratio of decay v ernission rates as a function of
product half life for a stainless steel (ALSI) sample

30 — - -
3 Tin: Line Source Driven Assembly
= 25
= ]
[¥]
E 20 -
& ] | 1n117: 423m
> 15 4
% ] Inl15m: 4.2h
=] 10 4
& ] %L’ Snll7m: 14d
3 5
] Inl11: 2.8 ——Jppy a
8 I — T Ty
10%8 104 103 108 107
Product half life (s)

Figure 7: C/E as a function of half life for a tin sample

100 - :
{ Zinc: Line Source Driven Assembly
: 0
]
[¥]
g 107 Cu67: 619
g E
% Cu64: 12.7h Zn635: 244d
1 o]
= 19 ‘ﬁ EK %
g 1 Ni65: 2.52h
8 ] Zn6%m: 13.8h
1 - E‘
103 104 105 508 107 108
Product half life (s)
Figure 8: C/E versus product half life for a zinc sample
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Figure 8 refers 10 a Zn sample kept at position C in 'line
wource driven assembly' experiment and cooled for
3h45.3m. Zinc data has serious problems for both DKRICF
z:nd REAC. §7Cu, 6%mZn and $4Cu contributions are
sractically absent in DKRICF. REAC severely overestimates
5N (factor of 1.9), 87Cu (factor of 32) , and #9Zn (absent
‘n experimental data). It largely underestimates 69mZn

/E=0.13), §5Zn(C/E=0.62), and % Cu (C/E=0.78).

Lead C/E values for REAC are too high. The reason
:or this discrepancy lies in overestimation of 203PDb
sroduction by a factor of 2.3. 204mPb i5 also strongly
-sverestimated though it does not show up much contribution
‘N Our experiments.

Silver data appear to be acceptable for DKRICF.
:{owever, the absence of decay data of 106mAg severely
aandicaps REAC results, resulting in abysmally low values
-f C/E even at rather low cooling times.

V. CONCLUSIONS

Integrated and spectral decay y-emission rates from
fusion neutron induced radioactive materials have been
measured and computed using leading radioactivity codes.
Large discrepancies have been revealed for many materials
=ven for integrated rates. These materials include Ni, Mo,
Ti, W, In, Ta, Co, Zr, Pb, Zn, Ag, and Sn. Larger
discrepancies are observed for spectral rates for practically
ull the materials. Inadequate experimental statistics is partly
10 blame in so far as contributions from weaker neutron-
induced reactions are concerned. Largely, it is activation
cross-sections and decay data that are inadequate and need
large scale improvement. RACC broadly follows DKRICE
results though there are significant differences when it comes
to the details of the spectral rates. Regarding both REAC and
DKRICF, it is to be said that y—yield data needs further
improvement, though former scores over the latter in many
respects. DKRICF lacks yield data for gamma peaks lying
above 2.5 MeV except for some well-known exceptions. A
thorough updating is required. Also, in general, the
activation cross-sections for (n,y) reactions need
improvement as there is a systematic trend for larger C/E in
softer spectra. '

DKRICF related observations meriting immediate
attention follow: y—yield data is missing for a large number
of isotopes. For example, decay data is absent for Y, 186Ta,
187w and 181W. For Zr, %1mY contribution is severely
underestimated. Severe underestimation hits Zn and Sn
(especially 117m8n and 1111In),

REAC related observations can be summarized as
follows: For Ni, 57Co, 38Co, 3%Fe are too much
overestimated. For Mo, 9!Mo is strongly overestimated and
101Mp, 99Mo, #8mNb, 97Nb, 93mNb are underestimated,
For Zr, 897z, 90mY and 91mY are strongly overestimated.
For W, 179mW yields abnormally large contribution for both
short and long cooling times. This is largely due 10 2 t0 3
orders higher y-yield data in the library. In addition, both

" decay and activation cross-section data for 182mHf, 184Ta,
183Hf and 189mHf need attention for doing away with strong
overestimation. The data base for Zn needs complete

18686

overhaul as for some isotopes there is strong overestimation
(65Ni, §7Cu and $9Zn), while yet for others, there is severe
underestimation (69mZn, 63Zn and $4Cu). Tin data needs
also to be freshly investigated as 117m8n and '1In are
srongly overestimated. Silver too receives poor treatment
from REAC as the dominant contributor 196mAg is net

credited with any decay v contribution.
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Experimental verification of the current data and methods
for induced radioactivity and decay heat calculation
in D-T fusion reactors
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Induced radioactivities and decay heat are of significant importance in the nuclear design of a near-term D-T fusion
device from the view point of the safety consideration. In the framework of the JAERI/USDOE collaborative program on
fusion neutronics, extensive experimental efforts have been devoted to verify the validity of the calculation code systems
THIDA-2, REACT-2 and DKR-ICF. In the previous study, it was clearly pointed out that there were large discrepancies for
several important materials betweén the experiment and the calculation in terms of y-ray emission rates. This paper
investigated the major sources of these large discrepancies. In addition to the previous ones, the analysis was carried out by
THIDA-2 using an updated cross-section library. As a result, the following was pointed out: {1} The calculation of THIDA
with the new activation cross-section library gave better agreement with experiment, especially for MnCu, W, Mo and V. As
far as the higher neutron energy range above 1.0 MeV is concerned, all calculation code systems offer reasonable prediction
accuracy. (2) For MnCu. W and Ta, uncertainty in the nsutron spectrum was the main source for the large discrepancies

because low-energy neutrons were very sensitive to the capture reaction products of ' Cu, *W and " Ta.

1. Introduction

Induced radioactivity in fusion structural materials
is of importance in terms of decay-heat, dose rate, and
radioactive waste estimation. Extensive efforts have
been addressed concerning the compilation of cross-
section data and calculation code development. In or-
der to arrive at the target accuracy for the parameters
relevant to the activation. several experiments using
many structural materials have been conducted in the
framework of fusion neutronics studies [1-6]. They
have investigated the adequacy of the cross-section
data as well as the calculation codes to predict induced
activities in the simulated D-T neutron environment at
rather short time ranges from 10 min to several days
after irradiation. In particular, the systematic experi-
ments in the framework of the JAERI/USDOE col-
laborative program [4-6], have addressed serious prob-
lems: there were sever discrepancies among results
obtained by different code systems, THIDA-2 [7],
REAC-2 [8] and DKR-ICF [9], which are currently
available and large deviations in the comparison of

experiment and calculations were observed for materi-
als like Mo, W, MnCu, Ta, V, etc. [5,6].

In this paper, we have investigated the sources of
the discrepancies between calculation and experiment
focusing on the adequacy of the activation cross-sec-
tion data libraries. It was concluded that the main
source of the uncertainty in the calculation arcse mainly
from inadequacy of the activation cross-section data.
Also the uncertainty in the low-energy neutron flux
calculation impacted on the accurzcy of inducad activ-
ity prediction.

2. Qutline of experiments

An integral experiment of radioactivity and decay-
heat was conducted at the FNS facility [10] in the
framework of the JAERI/USDOE collaborative pro-
gram on fusion neutronics during Phasc-lIC [11] and
Phase-Il!A [12]. The objectives of the experiment were
to provide data for verifving radioactivity calculation
codes, and to investigate the suitability of differcnt

0920-3796 /91 /$03.50 © 1991 — Elsevier Science Publishers B.V. All rights reserved
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materials in meeting the setection criteria based on low
activation and decay-heat considerations.

The Phase-lIC system consisted of an Li,O breeder
blanket with a first wall enclosed by 200 mm Li,CO,
with 50 mm polysthylene. A D-T point neutron source
was located in the cavity of the enclosure, at 780 mm
instance from the first wall of the Li,O region. The
Phase-IllA system was featured by a new concept of a 2
m long pseudo line scurce with annular blanket assem-
bly consisting of a 15 mm thick §5-304 first wall, and
400 mm thick Li,O, 200 mm thick Li,CO; and 50 mm
polyethylene reflector zones. Detailed descriptions for
both system were given in refs. [11] and [12),

As the first position (A) was close to the D-T
neutron source in Phase-liC, it is expected that the
neutron spectrum simulates a typical one in the first
wall region. The second position (B) provided simula-
tion of a typical spectrum inside the tritium breeder
blanket, Li,O. With the line D-T neutron source
configuration, the third position (C} was located at the
center of the Phase-lllA system at 5 mm depth in the
Li,0 region. Neutron spectra at the three positions are
shown in fig. 1. :

The twenty materials used in the present study were
Mg, Al, Si, T4, V, Cr, MnCu alloy, Fe, Co, Ni, §5-316,
Zn, Zr, Nb, Mo, Ag, Sn, Ta, W, and Pb. These samples
were irradiated in the D-T neutron fields. After irradi-
ation, decay vy-ray spectra were measured with Ge
detectors. The gamma-ray emission rate in each sam-
ple material was deduced to be compared with the

Y. fkeda et al. / Induced radioactivity and decay heat in D-T fusion reactors

Table 1
Abbreviated notation -of the cases to the experiments

Notation System Irradiation  Cooling time
time

AS Phase-lIC HNm 30 m-1 hr

AL-1 Phase-IC 10 hr 1hr-3 hr

AL-2 - - 10 hr-3d

BS Phase-IIC 30m 30 m-1 hr

BL-1 Phase-lIC 10 hr 1 hr-3 hr

BL-2 - - . 10 hr-3d

C Phase-1llA 10 hr 1 hr-10 hr

calculations. In table 1, the notations of the systems
are tabulated along with the irradiation times and
typical cooling times, which corresponded to the exper-
imental conditions.

3. Experimental analysis

The experimental analysis has been carried out by
the currently available code systems THIDA-2, REAC-
2 and DKR-ICF. Since the cross-section library of
THIDA-2 has been recently updated, the experimental
analysis has been carried out using the new version of
library. The THIDA code system involves neutron flux
calculation by DOT3.5 with the GICX40 [13] data
library based on ENDF/B-VI and induced activity
calculation by ACT4 with an activation cross-section
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Fig. 1. Neutron spectra at position A, B and C calculated by DOT3.5 with GICX40.
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library, CROSSLIB. In order to avoid uncertainties
associated with the decay of activities during collecting
time, THIDA computed the integrated y-ray intensi-
ties per unit volume and an individual y-ray energy
spectrum during counting in order to avoid uncertainty
in tracing all the decaying activities. The annihilation
v-ray is the case to be considered. The code systems
REAC and DKR-ICF employed the MCNP for neu-
tron transport calculation, using nuclear data’ libraries
based on ENDF /B-V. Induced activities were gener-
ated using their own activation cross-section libraries.
For REAC-2 and DKR-ICF, the ratio of computed to
experimental value (C/E) was given for the integrated
v-ray emission rate per gram at the moment when
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v-ray counting started.

From now, notations of THIDA-Oid, THIDA-New,
REAC and DKR-ICF indicate the induced activity
calculations by using corresponding codes and -
braries, respectively.

4. Discussion
4.1. Comparison of THIDA-New with THIDA-Old

In fig. 2, C/E values in the case of BL are plotted
against the materials as a function of the cases. One of

Fig. 2. The C/E values corresponding to both THIDA-Old
and THIDA-New for the case of BL..

major topics is the improvement of the calculation
accuracy in THIDA-New with respect to THIDA-Old.
Figure 3 gives the direct change of the final y-ray
spectrum for W in the case AS. It was recognized that
almost all y-ray emission rates-in THIDA-New were
different from those in THIDA-OId.

Table 2
Experimental errors in + % for the integrated y-ray intensities
Materials Cases

AS Al-1 AL-2 BS BL-1 BL-2 C
Mg - 32 3.2 - 33 38 -
Al 3.0 3.7 - 10 3.3 - 6.5
Si 35 - -~ - - - -
v 29 4.4 4.4 8.2 52 6.1 -
Ti 3.2 37 18 16 4.9 - 6.4
Cr - 33 34 - 6.1 - -
MnCu 3.2 36 33 4.1 3.5 48 -
Fe 3.0 3.5 49 4.0 3.8 6.6 32
Co 31 30 3.7 42 37 4.0 -
Ni 3.4 33 3.6 12 38 5.0 6.7
Zn - - - - - - 53
Zr 33 - - 10 37 - 59
Nb - 3.7 37 - 33 38 4.1
Mo 19 4.0 3.6 6.6 3.3 39 52
AR - - - - - - 47
Sn - - - - - - 39
Ta _ - - - - - 31 7.8
w 38 3.8 4.3 4.8 34 4.1 5.0

Major sources for the error are due to y-ray counting statistics, detector efficiency (2.5%%) and neutron source determination
{(2.0%:). Contributions from other uncertainties were relatively small, less than 1%.
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Fig. 3. The ratio of the y-ray energy spectrum for W calcu-
lated by THIDA-OId to that by THIDA-New.

4.2 Discussion on each activity C/E

Here, we focused only on the major radioactivities
in typical irradiation and vy-ray counting conditions
because numbers of experimental cases were so lager
to be covered. Much care was taken in the material
cases which exhibited significant discrepancies among
the calculations as well as experiments. Ranges of
experimental errors are summarized in table 2 in order
to make the discussion quantitative. Since almost all
experimental errors were less than +105t as show in
table 2, it was anticipated that C/E values without
errors gave a reasonably adequate basis for the discus-
sion. In the following, material wise the studies are
given.

421 Al

The activity of 2*Na, the product of the Al
{n, ¢)~*Na reaction, was dominant in all cases. The
C/E values of all calculations were very close to 1.0
for all cases. This demonstrated the reasonable treat-
ment in the analysis procedure of the neutron spec-
trum to the final y-ray spectrum as long as the high
energy part was concerned. This is a good indication
for the monitoring of the system code performance
because of less uncertainty in the activation cross-sec-
tion and well known decay properties.

4.2.2. Mg .
The € /E for magnesium looked good though there
was a systematic overestimation of 18 10 37% for the
case BL for all codes. This averestimation could be
explained by the D-T neutron energy spectrum at the

sample position and the overestimation of the cross-
section of ¥*Mg(n, p)**Na in all libraries. The actual
neutron peak energy at the sample position A and B
were estimated 14.6 MeV from the D~T reaction kine-
matics. However, the cross-section was given as an
averaged value for the 14 MeV region, resulting in the
some overestimation. Recent experiments gave the
cross-sections for this reaction to be 167 mb and 183
mb at 14.9 and 14.5 MeV, respectively, corresponding
to the position of B and A. Substitution of this new
cross-section value gives better agreement.

423§

Only one data set for the case of AS was available
for silicon. The dominant activities were *"Mg(30%)
and 2Si(50%). A very large discrepancy between calcu-
lations by THIDA-OId and -New was observed, where
calculation with the New version gave much smaller
values than that with Qld. DKR-ICF and THIDA-Old
showed reasonable agreement with experiment as
shown in table 3. However, THIDA-New and REAC2
gave large underestimation and overestimation. From
the investigation of the these particular reaction cross-
sections given also in table 3, apparently, the ¢ross-sec-
tions of THIDA-New are too small for both reactions.
This leads to unreasonable underestimation. For the
5i(n, p}®Al reaction cross-section at 14 MeV, haw-
ever, values in both REAC2 and DKR-ICF seemed too
high by more than a factor of two. Thus it should be
noted that the agreement obtained using DKR-ICF
coutd not be simply the evidence for the activation
cross-section verification. The overestimation in
REAC2 could be attributable to the existence of the
other reactions which unreasonably contributed to the
activity in silicon. The cross-sections in the THIDAZ-
New library should be corrected.

424V
The new version of the cross-section in THIPA
eave much improvement in the C/E ratios as shown in

Table 3
C/E values for silicon and cross-sections at 14.3 MeV for

each library

THIDA- THIDA- REAC-2 DKR- FN3

Old New ICF
C/E 0.81 .39 28 108 -
Reaction Cross-section (mb)
Meiln, ) Mg 86 40 84 90 30
¥8i(n, piPAl 230 80 240 280 135

— 159 —



JAERI—M 93—018

Y. Ikeda et al. / Indiced radioactivity and decay heat in D-T fusion reactors - 391

Table 4

C/ E values for vanadium cases

Case THIDA- THIDA- REAC-2 DKR-ICF
o New

AS 0.88 0.78 1.06 1.35

AL-1 1359 122 1.57 34

BS 1.09 1.03 1.3 1.8

BL-2 1.40 1.10 1.4 3.1

table 4. This is mainly due to the improvement of the
cross-section for **V(n, @}**Ti being 16.2 mb which is
close to the experimental data at FNS [i4]: the old
value at 14 MeV was 20% larger than the new one
which is very consistent with the currently available
experimental data at FNS. The overestimations in the
REAC?2 and DKR-ICF calculations by 40% and a
factor of three, respectively, are also explained by too
large cross-section values, 24.3 mb and 45.2 mb, re-
spectively. It should be noted that there was no corre-
sponding y-ray peak to the activity of “'Sc in the
measurement though calculation presented prominent
lines for all calculations. The cross-sections for this
reaction were evaluated from reaction systematic or
theoretical prediction because of lack of experimental
data at 14 MeV., As far as the experimental evidence
showed, the cross-section must be subjected to mea-
surement.

425 Ti

Both THIDA calculations with the Old and New
libraries gave identical results showing goed agreement
with experimental values. This is reflected by the iden-
tical cross-section values at 14 MeV for the main
contributing reactions of *¥Ti(n, p)**Sc and
*TTi(n, p)¥’Sc. However, REAC2 and DKR-ICF over-
estimated the experimental values in general by 15—
86% although the cross-sections seem consistent with
data in THIDA as well as the experimental value at
FNS [14]. This unexplainable problem remaines to be
solved in the mear future. Only the case BS short
cooling time less than 30 min submitted the problem of
underestimation in THIDA, whereas REAC2 and
DKR-ICF overestimated it by 73 and 62%, respec-
tively. This trend can be attributed to the improper
cross-section for "¢ Tiln, 2nY*Ti. In this case, ¥Ti gave
around 40% contribution to the total.

4.2.6. Cr
The results of THIDA-New and DKR-ICF were in
good agreement with experiments. However, REAC2

showed a large overestimation by more than 50%. The
improvemeént in C/E of the New library to that of the
Old one was simply due to change in the cross-sections
of 52Cr(n, 2n) and *°Cr(n, 2n) which produce major
contributing activities of **Cr and “’Cr, respectively.

427 Fe

The induced activities in iron were chviously domi-
nated by *Mn at the short cooling time less than
several hours. At one day after irradiation, **Mn be-
comes the enly prominent contributoer to the radioac-
tivity. By the same reason for the aluminum case, C/E
tends to be around 1.0.; the cross-sections for the
major production reactions **Fe(n, p) and **Fe(n, p)
have been well evaluated because of their importance
in dosimetry application, The results for all cases are
aiso positively supporting the validity of all code sys-
terns with the neutron transport calculations as far as
the high neutron energy range above 1 MeV was
concerned.

4.2.8. Co

Acceptable results in C/F values were found for
cobalt. The improvement in C/E by using THIDA-New
calculation indicated the properness of the cross-sec-
tions for **Coln, a).

4.2.9 55-316

There was generally good agreement between the
experiments and all three calculations for all cases of
§5-316, within 20%. As verified previously in the Li,O
assembly [1], the same level of confidence in the calcu-
lation had been provided by THIDA, resuiting in excel-
lent consistency to each other.

42.10. Ni .

For nickel, there was general agreement between
calculations and experiments for all cases. Only calcu-
tations by REAC2 and DKR-ICF for the cases of BS
gave an unreasonable overestimation by a factor of
twao.

4211 MnCu

The case MnCu suffered by very complicated trends
for the C/E’s as shown in fig. 4. The C/E’s differ case
by case (neutron spectrum, irradiation time and cool-
ing time). Apparently, there was inconsistency among
the three codes. In the case AS, THIDA with both Old
and New libraries overestimated by 60% and REAC2
and DKR-ICF overestimated by more than a factor of
three. This overestimation was dominantly (more than
90%) contributed by the 511 keV annihilation y-ray
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s ‘ T T T 4212 Zn
15—y C/C values for MaCu ‘.3 e H The 511 keV y-line from %Cu, the product of
. s e | %Zn(n, p)* Cu, was the major contributor in the case
O oxasr C. THIDA-QOid and -NEW tended to underestimate
2.5 e . 7 and overestimate the experiment by 10% and 30%,
w2 : ﬁ respectively. The cross-section values at 14 MeV for
S ., o ’{* ! p ! this reaction in the libraries of Old and NEW are 110
o A i O A mb and 172 mb, respectively. The recent measurement
L o) o E at FNS gave 135 mb for this reaction cross-section {14].

0.5 T é ? These differences seemed to reflect the C/E trend.
. !

¢ AS  AL-1 AL-2  BS  BL.1 BL.2 4.2.13. Nb

Cases One of the standard dosimetry reactions,

Fig. 4, The C/E values of MnCu alley for all cases.

from %2Cu, the product of %*Cu(n, 2n)**Cu. The cross-
section values at 14 MeV for this reaction are 500, 539,
658 and 633 mb for THIDA-Old, THIDA-NEW,
REAC? and DKR-ICF, respectively. Though these val-
ues are slightly higher than the experimental value at
FNS, it can not explain the overestimation. As one
possible reason, the insufficient detector efficiency for
this particular annihilation y-ray which is distributed
broadly due to the high energy 8* emission around the
MnCu samples. Still it is required to investigate the
extremely large C/E’s the for REAC and DKR.

A sudden drop in C/E was observed for the cases
AL-1 and AL-2, where *Mn and #Cu dominated the
v-ray emissions. Although measurements gave 52 and
81% contributions by % Cu in AL-1 and AL-2, respec-
tively, calculations of THIDA underestimated them by
a magnitude of more than one order. Since the cross-
section for %°Culn, 2m)®* Cu has been well studied and
data at 14 MeV in all libraries are identical, small C/E
values were attributable to the underestimation in the
8Cu(n, y}**Cu reaction, which is sensitive to the low-
energy neutrons. In the case BS where **Mn gave 82%
contribution, THIDA-NEW gave a reasonable C/E of
1.08. This result demonstrated the feasibility of the
cross-section for *°Mn(n, y) for the neutron spectrum
in Li,O where the low-energy neutron flux was de-
pressed due to the large resonance absorption at 250
keV by ®Li(n, a). It may reduce the uncertainty in the
low-energy neutron capture reaction of *Mn(n, ¥).
The C/E of 0.97 assigned by THIDA-NEW calcula-
tion in BL-1 where **Mn gave 90%, supported the
adequacy in the prediction of *Mn. In the case of
BL-2 at 3 days after irradiation, where the ®Cu had
33% weight, C/E values tend to decrease. This is also
explained by the underestimation in the ™Cu in the
calculation.

93Nb(n, 2n)*2"Nb leaded the induced decay y-rays.
Current cross-sections around 14 MeV evaluated tend
to be around 460 mb. All codes predicted reasonably
the experiments in a!l cases. However, the C/E’s for
THIDA-OIld systematically gave underestimation of the
experiment by 10-15%. The reason was simply due to
lack of the reaction of **Nb(n, a)*™Y(T,,, =3.6 h)
which contributed 15% of the total y-ray intensity.

4214 Mo

The C/E values are given in table 5. By careful
checking of the y-ray branching for the THIDA decay
data, a serious mistake was found in the *Mo decay
gamma branching: it gave 90% branching for the 141
keV from **Mo though that value sheuld be negligibly
small. This was the main source for the overestimations
for the cases of AL, BL and C, where **Mo and *™Tc
dominated the y-ray intensities, For the cases at short
cooling time, agreement seemed good between
THIDA-New and experiments. However, the 54% 511
y-ray from **Mo, product of ®*Me(xn, 2n), in the mea-
surement in these cases was underestimated by a factor
of two. Thus, it can be said that the agreements were
the results of compensation due to the underestimation
and overestimation. It is apparent that REAC2 has
some trouble in the library which includes unnecessar-
ily large cross-sections giving the main contribution.

Table §

C / E values for molybdenum cases

Case  THIDA- THIDA- REAC-2 DKR-ICF
Old New

AS 1.23 1.03 7.0 2.6

AL-2 15 1.35 2.1 1.6

B3 1.13 1.08 33 1.9

BL-2 1.5 1.37 3.0 S L4

C 1.7 1.5 4.3 1.6
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4215 Zr Table 6

The THIDA calculation tended to overestimate the C/E values for Tungsten cases
measurements by 20-30%. This overestimation arose Cmse  THIDA- THIDA- REAC2 DKR-ICF
in the 909 kev y-lines prediction. This may cause the Old New
inadequate chiecay c'hair} treatment for ¥™Y, daughter o T 597 07 02
nuclide of %Sr which is produced by the reaction of AL-2 L6 0.91 26 0.03
9271(n, @). THIDA calculation gave a comparable in- BS L5 L05 14 0.01
tensity of the 909 keV y-line from 85my However, such BL-Z 2.1 1.45 26 0.002
a large contribution from ¥™Y is not realistic, because C 1.12 0.97 13 0.005

the half-life of %Sr is 53 d and the cross-section of
%27r(n, o) should be small, around 10 mb, in compari-
son with the cross-section of *°Zr(n, 2n)¥Zr. Subtrac-
tion of the contribution from %Y in the calculation
gives excellent improvement in C/E.

42.16. Sn

Gamma-ray energy spectrum analysis gave no clear
correspondence between calculation and measure-
ment. This is due to miss assignment of the reaction of
HUsgn(n, p)!¥™[n in the THIDA-New library: THIDA
dropped the correspondence to the product of '*In
of 54.2 m, which was the major contributor in the
measured y-ray spectrum. On the other hand, calcula-
tion gave a very high intensity for the 158 keV line
emitted by U!™In, the product of **Sn(n, np). The
THIDA calculation gave a large cross-section of 36,8
mb for this reaction, a value which seems too high from
the reaction cross-section systematic.

4.2.17 Ag

For the Ag in case C, there was reasonable agree-
ment between calculation and experiments as shown in
fig. 5. REAC2 did not include the corresponding
cross-section or decay y-ray source.
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Fig. 5. Comparison of gamma-ray energy spectrum for Ag
calculated by THIDA-New with the experiment,

4218 W

In table 6, the C/E values are shown, There were
no corresponding decay data of prominent activities of
Wiy 18Ty and '83Hf in DKR-ICF resulting in very
small C/E values for all cases. On the contrary,
REAC2 showed extremely high C/E’s for cases with
short cooling time. This was mainly due to an improp-
erly large cross-section for ®®W(n, 2n}'™W in the li-
brary. THIDA-New presented significant improvement
in the C/E ratios for all cases with respect to THIDA-
Old. This decrease in C/E is attributed to the lowered
cross-section value of the ***W(n, ) resonance capture
at 20 eV in THIDA-New. However, the branchings for
239 and 114 keV y-rays from ¥7W, which are domi-
nant contributors in the calculation, were unreasonably
larger by more than a factor of 100 in the THIDA
decay library. After the correction for the incorrect
y-ray branching ratio, C/E became around (.75 for all
cases. Thus it could concluded that the products by the
(n, v) reaction tended to be underestimated as shown
for %Cu in MnCu cases.

4.2.19. Pb

Leading activity of > Phwwas produced by the reac-
tion of 2*Pb(n, Zn), though the abundance of *>Pb is
small, 1.4%. THIDA-NEW and DKR-ICF gave rea-
sonable C/E's. An overestimation in REAC2 may
caused by the duplication of the cross-sections . for
204pt(n, 2n)°**#Pb and ***Pb(n, 2n)***™Pb.

4.220. Ta

Contrary to the W cases, very small C/E’s in
THIDA were found. This was partly due to missing
pranchings for 41.3, 100.1, 132.4 and 222.1 keV y-rays
from 32Ta which should have 74% contribution to the
total. Althcugh correction for these data improves the
C/E’s, still the calculation underestimated the experi-
ment by about 50%. This is also attributable to the
uncertainty in the capture reaction calculation process
as seen in cases of $*Culn, y) and ¥*W(n, y).
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Finally, referring to ""Au(n, v)'*®Au the reaction
rate was systematically underestimated by 40-50% in
the Phase-lIC cavity through the analysis by DOT3.5
and MORSE-DD. It was concluded that the low-en-
ergy neutron spectra in the Phase-liA and I[B should be
softer than those from the calculations [15]. Thus, the
underestimation in the codes for some products by
(n, ¥) reactions is attributable for the neutron trans-
port insufficiencies.

S, Summary and conclusion

The adequacy of the code systems used was assured
by the integral test on the reaction products for *Na,
%6 Mn, 92 Nb, the cross-section of which were assumed
well evaluated with sufficient accuracy. Also, the rea-
sonable C/E values indicated that the neutron energy
spectrum above 1 MeV could be reasonable for each
code.

We have encountered serious improper data bases
associated with the decay y-ray branching ratios. This
may be simply because of unexpected human error in
making such a large data library. But it would be very
important because many design calculations have been
carried out giving the criticality of specific items of
concern without noticing the incorrectness of the data.
In this context, emphasis should be placed on the
importance of integral experiments for verifying codes
and data.

The experimental analyses for induced radioactivi-
ties in various spectra indicated inadequacy for consid-
erable large numbers of the activation cross-section
data in the currently available libraries. The present
study has clearly pointed out the specific reactions
which gave rather poor C/E’s. Thus, we could reach a
reasonable solution or acceptable levels of the ade-
guacy in the data base as long as the threshold type
reactions were taking into account. One serious prob-
lem associated with inadequate prediction in the prod-
ucts of (n, y) reactions, however, is still left to be
verified.
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