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Deuterium-tritium (D-T) neutron-induced radio-
activity constitutes one of the foremost issues in fusion
reactor design. Designers have been using radioactiv-
ity codes and associated nuclear data libraries for nu-
cleonic designs of fusion reactors. However, in the past,
there was hardly any experimental validation of these
codes/libraries.

An elaborate, experimental program was initiated
in 1988 under a U.S. Department of Energy/Japan
Atomic Energy Research Institute collaborative pro-
gram to validate the radioactivity codes/libraries. Mea-
suremenis of decay gamma spectra from irradiated,
high-purity samples of Al, Si, Ti, V, Cr, Mn-Cu alloy,
Fe, Co, Ni, Cu, SS316/AI81316, Zn, Zr, Nb, Mo, In,
Sn, Ta, W, and Pb, among others, have been carried
out under D-T neutron fluences ranging from 1.6 x
107° to 6.1 x 10 n/cm? and cooling times ranging
Jrom ~10 min to ~3 weeks. As many as 14 neutron en-
ergy spectra were covered for a number of materials.

The analyses of the isotopic activities of the irradi-
ated materials using the activation cross-section librar-
ies of four leading radioactivity codes, i.e., ACT4/

THIDA-2, REAC-3, DKR-ICF, and RACC, have shown
large discrepancies among the calculations on one hand
and between the calculations and the measurements, on
the other. Vanadium, Co, Ni, Zn, Zr, Mo, In, Sn, and
W each count the largest number of discrepant isotopic
activities. It is strongly recommended to continue ad-
ditional radioactivity experiments under additional neu-
tron energy spectra and large neutron fluence on one
hand and to improve activation cross sections related
to the problematic isotopic activities on the other. A
unique activation cross-section library and associated
radioactivity code are aiso recommended for the best
results.

In addition to providing detailed results of the sta- -
tus of predictability of individual isotopic activities

using the ACT4, REAC-3, DKR-ICF, and RACC ac-
tivation cross-section libraries, safety factors cum qual-
ity factors characterizing each library are presented and
discussed, The related issues of confidence level and as-
sociated uncertainty are also highlighted. These consid-
erations are of direct practical importance to reactor
designers.
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using RACC library.
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libraries as a function of safety factor.

products, it is by no means established that the trends
for the other materials will continue to be as favorable
under different neutron energy spectra and fluences.
These tables are only indicative of the problems that
have already been observed. New problem isotopes are
likely to be added to this list as the experimentation and
the analysis is further strengthened in future. The fu-
ture experimental work should proceed along the fol-
lowing directions:

1. experiments focusing on the problem isotopes
listed in Tables XXIII and XXIV, if it would be
difficult to improve significantly on the neutron
fluences with respect to those obtained in the re-
ported experiments
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I. INTRODUCTION

One of the foremost issues in fusion reactor design
is neutron-induced radioactivity. Reactor safety, bio-
logical hazard, reactor maintenance, after-shutdown
cooling, and waste disposal are among the critical is-
sues impacting the selection of materials for various
components from the first wall to the pressure vessel .!~7

Decay heat in a deuterium-tritium (D-T) fusion re-
actor will result from neutron-induced radioactive iso-
topes. The bulk of the recommended fusion reactor
materials have low to medium Z. As a result, most of
the produced radipactive isotopes de-excite via beta de-
cay (electron/positron emission), electron capture (EQ),
or isomeric transition (IT). Most often, beta decay and
electron capture are also followed by gamma decay.
Ideally, one would welcome efforts to do both beta and
gamma spectroscopy of emitted radiations from the ra-
dioactive isotopes. But, gamma spectroscopy alone is
capable of providing a wealth of extremely valuable
data at this early stage of research and development
(R&D) effort in this area.

Type 316 stainless steel, V-Cr-Ti alloy, copper-
alloys, ferritic steel, molybdenum, niobium, tantalum,
and tungsten have been proposed, in one form or the
other, as plasma-facing materials for fusion reactors
like International Thermonuclear Experimental Reac-
tor (ITER), Next European Torus (NET), Compact Ig-
nition Tokamak (CIT), Fusion Experimental Reactor
(FER), etc. A series of experimental measurements
of neutron-induced radioactivity, in samples of the
plasma-facing and other materials, were carried out in
the years 1988 through 1991 at the Fusion Neutronics
Source (FNS) facility of the Japan Atomic Energy Re-
search Institute (JAERI) under the U.S. Department
of Energy (U.S. DOE)/JAERI collaborative program
on fusion neutronics.*'7 The measurements consisted
of gamma spectroscopy of material samples irradiated
under a prototypical fusion environment. Multiple irradi-
ation and cooling times along with different spectral
conditions were implemented. The irradiated materi-
als during Phases-IIC through -IIIC included Fe, Ni,
Cr, MnCu alloy, Ti, Mo, Zr, Ta, W, Si, Mg, Al, V,
Nb, Type 316 stainless steel, YBa,Cu;0, ErBa,Cu;0,,
Sn, Ag, Pb, Zn, and In. Most of these measurements
had already been analyzed using four leading radio-
activity codes, i.e., ACT4/THIDA-2 (Ref. 18), REAC-2
(Ref. 19), DKR-ICF (Ref. 20), and RACC (Ref. 21), and
the results presented in a number of publications.®"”
The present work, however, gives results of a new analy-
sis that looks directly at individual isotopic activities of
irradiated samples of Al, Si, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Type 316 stainless steel, Zn, Zr, Nb, Mo, In, Sn,
Ta, and W. In the new analysis, rather than using the
code and library system as a whole, a simplified, com-
mon code that uses all the four activation cross-section
libraries has been used. This home-grown code ensures
that a unique set of data on half-lives, branching ra-
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tios, and decay-gamma yields is used for calculation of
isotopic activities with different libraries. The data doc-
umented in Ref. 22 have been chosen as a primary
source for isotopic half-lives, branching ratios, and
decay-gamma yields. This kind of analysis helps to
focus on the role of the activation cross sections in con-
tributing to discrepancies between the calculation ang
the experiment in a more direct manner.

In addition to providing detailed results on the sta-
tus of the predictability of individual isotopic activities
using the ACT4, REAC-3, DKR-ICF, and RACC ac-
tivation cross-section libraries, an attempt has been
made to qualify these libraries from the practical view-
point of a reactor designer. In this regard, safety fac-
tors cum quality factors, characterizing each library,
have been defined and discussed. Also, the related is-
sues of confidence level and associated uncertainty have
been highlighted. These considerations are of direct
practical importance to the reactor designers as the lat-
ter would like to know beforehand how much confi-

. dence they can place in a given activation Cross-section

library for the nucleonic design of a fusion reactor.

Il. EXPERIMENTS

In a fusion reactor environment, the neutron energy
spectrum will vary from place to place. The hardest
spectrum will be found in close proximity to the burn-
ing plasma. As one moves away from the plasma, the
spectrum will become softer because of slowing down
of 14-MeV D-T neutrons in the first wall/blanket/shield
and any other surrounding medium, Thus, materials at
different locations inside the fusion reactor will expe-
rience different neutron energy spectra. Production
cross sections for radioactive isotopes are functions
of neutron energy. The (n,n’'), (n, p), (n,a), {n,2n),
(n,n'p), (n,’He), (n,d), and (n,t) reactions are gen-
erally endothermic and are thus provoked by higher
energy neutrons. Contrarily, the (n,v) reaction is an
exothermic reaction and is thus driven by lower energy
neutrons. The production cross sections, gamma yields,
and gamma 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 |
shows schematically the role of the integral experiments
of induced radioactivity for the fusion applications.

ILA. Stratagy

Ideally, one needs to have a neutron source that will
allow the realization of an intense monoenergetic neu-
tron flux such that one can vary the neutron energy
from 14 MeV right down to 0.025 eV or lower. Differ-
ent material samples could then be irradiated under any
desired neutron energy spectrum. But, this approach
is impossible to realize because of lack of availability
of monoenergetic neutron sources over the energy range
of interest on one hand and huge requirements of
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Fig. 1. Role of integral experiments of induced radioactivity for the fusion applications.

expense and effort, even for the few monoenergetic
sources that one can utilize, on the other. A cruder but
more practical approach consists of irradiating material
samples in select locations in a simulated fusion reactor
environment. One will obtain an integral effect of the
neutron energy spectrum at each location. A number

Water Coolant Channel

Polyethylene Position A

of small material samples can be kept at each location
as long as they have a minimal impact on the neutron
energy spectrum in the immediate neighborhood. Fig-
ure 2 gives a schematic view of a typical experimental
arrangement of sample materials. In fact, this was re-
alized in the first experiments done under the U.S.
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Fig. 2. Schematic view of typical experimental arrangement of sample materials.
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DOE/JAERI collaborative program in the coolant
channel assembly of Phase-1IC (Refs. 8, 9, and 10).

The U.S. DOE/JAERI collaborative and experi-
mental program on fusion neutronics was designed to
simulate reactor-relevant neutron €nergy spectra in tri-
tium breeding blankets over the years. Two sources
of 14-MeV neutrons were used at the FNS facility of
JAERI. A rotating neutron target (RNT) source {nom-
inal intensity = 3 x 10'? n/s) was employed in Phases-I
through -1IC. A fixed neutron target with lower nom-
inal intensity (~3 x 10'! n/s) was used in later phases,
Phases-111A, -IIIB, and -1IIC, where the line source was
simulated.'’-**?* Induced radioactivity measurements
were conducted during all phases, beginning with Phase-
IIC, as shown in Fig, 2.

H.B. Measured Items

The ideal objective of the present series of experi-
ments would have been to measure the gamma spectrum
of each induced radioactivity for obtaining complete
information on radioactivity characteristics of each ir-
radiation environment. However, the gamma-emitting

RADIOACTIVITY INDUCED IN PLASMA-FACING COMPONENT

radioactive isotopes span a large range of half-lives, go-
ing from a fraction of a second to one million years.
Practical considerations oblige us to first focus on half-
lives comprised of a few minutes to a few years. Even
in this case, the number and the lengths of the irradia-
tion periods have to be so optimized as to obtain ade-
quate and yet statistically meaningful data on a broad
range of half-lives within a limited availability of the
neutron source, gamma detectors, and manpower. It
was thought practical to include at the most two irradi-
ations per experimental period: Shorter irradiation of
~30 min was deemed adequate for shorter half-lives
ranging from a few minutes to a few hours; an irradi-
ation of 9 to 10 h was generally chosen for half-lives
ranging from a few hours to a few years. Radioactive
samples were cooled for different times and a readoff
on two to four detectors that were available.

Table I summarizes data on the chemical compo-
sitions of the irradiated samples. The chemical com-
positions were supplied by two commercial suppliers
of foils, i.e., Reactor Experiments (San Carlos, Cali-
fornia) and Goodfellow Corporation (Malvern, Penn-
sylvania). Isotopic compositions were adapted from

TABLE I

Chemical Composition of Primary Impurities in the Samples Used in Induced Activity Irradiations

Sample Material

Chemical Composition by Maximum Weight Percent

Magnesium (Mg)
Aluminum (Al

Titanium (Ti)-RE
Titanium (Ti)-°F

Vanadium (V)
Chromium (Cr)
Mn-Cu alloy (MnCu)
Iron (Fe)

Stainless steel $8316
Stainless steel AISI316
Cobalt (Co)

Nickel (Ni)

Copper (Cu)
Zinc (Zn)
Zirconium (Zr)
Yttrivm (Y)

Niobium (Nb)
Molybdenum (Mo)
Silver (Ag)

Indium (In)

Tin (Sn)
Tantalum (T'a)
Tungsten (W)
Lead (Pb)

99.78 Mg, 0.10 Al, 0.07 Zr, 0.02 Mn, 0.01 Si

99.97 Al, 0.006 Mg

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 Mn, 0.03 Ni, 0.03 V, 0.02 Fe

99.82 V, 0.044 Si, 0.03 Ta, 0.03 O, 0.013 Mo, 0.01 Zr, 0.01 Fe, 0.01 Al, 0.01 Hf
99.0 Cr, 0.43 Fe, 0.10 Al, 0.05 Si :

79.78 Mn, 19.66 Cu, 0.46 Ni, 0.07 Fe

99.92 Fe, 0.059 Mn, 0.02 C

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 ‘

99.95 Co, 0.04 Ni

99.97 Ni, 0.016 C

$9.999 Cu, 0.0002 Ag

99.95 Zn, 0.038 Pb, 0.006 Cu, 0.004 Cd, 0.002 Sn, 0.0004 Ag
99.76 Zr, 0.10 Fe, 0.09 Si, 0.03 Ti

99.9Y, 0.06 Ta, 0.005 Gd, 0.002 Eu

99.91 Nb, 0.018 Ta, 0.01 Zr

99.93 Mo, 0.03 W, 0.01 Fe

99.95 Ag, 0.043 Cu, 0.003 Fe, 0.003 Zn, 0.0006 Pb
99.99 In, 0.003 Cu

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

99.98 Ta, 0.007 Fe
99.97 W, 0.008 Si .
99.95 Pb, 0.023 Bi, 0.016 Sn, 0.005 Ag, 0.005 Cu, 0.00]1 Ti

RE = Sample supplied by Reactor Experiments,.lnc.
GF = Sample supplied by Goodfeliow Corporation.
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Ref. 26. The decay gamma yields were taken from
Ref. 22 and are listed materialwise in Tabie 3 of Ref. 17.

11.C. Irradiation Environment

Irradiation of foil packets was carried out in
fusion blanket assemblies of the U.S. DOE/JAERI col-
laborative program during Phases-1IC, through -111C.
The Phase-11C experimental assembly was driven by a
point neutron source. The experimental assemblies in
Phases-111A, -I11B, and -111C were driven by a simu-
lated line source. The mean source neutron intensities
during the latter experiments were an order lower. Fig-
ures 2 and 3 show irradiation geometries during the
Phases-11C, -I11A, and -111B experiments. Table II gives
a description of the spectral conditions and the iden-
tifiers. Table 11 also yields a mean 14-MeV neutron
intensity during each experiment. In all, 14 spectral lo-
cations were used. They are identified as A through N
(see Table [1). The neutron fluence realized during these
experiments is estimated to range from 1.6 x 10'° to
6.1 x 10" n/cm?, Tables II through VI give a mate-
rialwise summary of the spectral conditions, the irradi-
ation times, the cooling times range, and the counting
times range. The gamma spectroscopy of each sample
was done using four intrinsic germanium detectors and
for multiple cooling periods ranging from 20 min to
10 days. Three detectors were relatively calibrated with
respect to an absolutely calibrated standard detector,
detector 58. The counting times ranged from 10 min to
20 h. The neutron energy spectrum, irradiation time,

8-17

Polyetherene
\L
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source neutron intensity, cooling time, and counting
time were among the major controlling parameters char-
acterizing the measured decay gamma radioactivity.

11.D. Data Reduction

The gamma pulse-height spectrum for a sample
for each cooling time was processed by a BOB75 spec-
trum analysis code?’ to obtain the gamma-ray intensity
spectrum. Then, gamma peaks corresponding to the
background were identified and removed. The result-
ing spectrum was then corrected for detector efficiency
and attenuation of decay gammas emitted in a sample.
The plot of absolute gamma detection efficiency as a
function of gamma energy for standard detector 58S is
available in Ref. 17. Some of the gamma peaks in the
experimental data collected over the relative detectors
had to be corrected against the sum peak effect. Vari-
ation of the source neutron intensity during irradiation
was accounted for to finally obtain the decay gamma
emission rate per gram for a normalizing source neu-
tron intensity of 10'? n/s. For the simulated line source
(step/continuous mode), the correction is applied to ac-
count for decay during the intervening period for the
step mode and also to account for decay during move-
ment for the continuous mode as the speed of move-
ment is not totally uniform over a cycle itself and the
speed is quite low.'"?*2? The decay gamma emission
rate E,., for an identified peak is given as

Epp=NC/lewp-Sp- Y, [1 —exp(—A-t)1

. 40
Position I }osilion A Position C

e

L
/ Li2CO3
iy

88304
Firstwall

Graphite
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Phase-1I1 Experimental Assembly
Phase-IIIA: without graphite
Phase-IIIB: with graphite

Fig. 3. Experimental geometry of Phases-111A, -IIB,.and -1IIC.
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TABLE I1
Description of Spectral Conditions and Identifiers

Spectral Conditions

side opening, 43 X 43 cm)

Mean 14-MeV
Experimental Period L.ocation Identifier | Irradiation Time Intensity
December 2, 1988 (10, 0) cm Al 30 min 1.70 X 10'% n/s
(Phase-11C; water-coolant channel) {10, 0) cm A2 9h 8.75 x 10" n/s
(82, 5) cm Bl 30 min 1.28 % 10" n/s
{82, Hcm B2 i0h 1.12 x 10'? n/s
November 9, 1989 {0, 21.9) cm Cl 9 h, 47 min 1.88 x 10" n/s
(Phase-IIIA: bare line source) (9.40 x 10® n/cm/s)
(40, 21.9) cm ]| 9 h, 47 min 1.88 x 10" n/cm/s
{9.40 % 10% n/cm/s)
(100, 21.9) cm E1l 9 h, 47 min 1.88 % 10" n/cm/s
(9.40 x 10® n/cm/s)
November 21, 1989 (0, 23.4) cm Fi 30 min 2.42 % 10" n/s
(Phase-111A: point source inside annular
blanket) {0, 22.9) cm Gl 30 min 2.42 x 10" n/s
November 22, 1989 (0, 23.4) cm H1 9h, 51 min, 55 1.93 x 10" n/s
(Phase-I11A: line-source-driven annular (9.66 % 10® n/cm/s)
blanket) (0, 28.5) cm 11 9 h, 51 min, 5s 1.93 x 10" n/s
(9.66 % 10% n/cm/s)
(40, 23.4) cm 1 9h, 51 min, 55 1.93 x 10" n/s
_ (9.66 x 10* n/cm/s)
November 1, 1990 0, 23.4) cm K1 10 h, 29 min, 405 | 1.31 x 10'! n/s
(Phase-111B: line-source-driven annular (6.55 % 10® n/cm/s)
blanket with 1-in. thick graphite armor) (40, 23.4) cm L1 10 h, 29 min, 40s | 1.31 x 10" n/s
(6.55 % 10® n/cm/s)
November 15, 1991 ‘ {0, 23.4) ¢m MI 10 h, 6 min, 33 s 2.16 x 10" n/s
(Phase-I1IC: line-source-driven annular (1.08 x 10° n/cm/s)
blanket with graphite armor and a large (0, 21.9y cm N1 10 h, 6 min, 33s | 2.16 x 10" n/s

(1.08 x 10® n/cm/s)

where
A = decay constant of radioactivity
C = gamma-ray peak counts

Sy = correction factor to account for source neu-
tron intensity variation and/or decay during
line source simulation

¢ = absolute detector efficiency

p = correction factor for gamma-ray attenuation
inside the irradiated sample

w = sample weight
t, = collection time

Y, = normalized source neutron intensity = mean
source neutron intensity x 10~'Z,

H
Generally, a different treatment is given to 511 KeV,
for example, resulting from positron annihilation, and
those gamma peaks that are either hard to character-

104

ize without ambiguity or result only from daughters of
primary reaction products. In this situation, we replace
N1 — exp(—=A-1,)] by 1/t,, in the foregoing relation.

ILE. Experimental Error

Regarding error estimation on experimental measure-
ments, it is to be recognized that a number of parameters
affect counting statistics. The primary parameters include
neutron flux, half-life of gamma emitter, detector ef-
ficiency, cooling time, counting time, activation cross
section, and atom density. It is impossible to give a sin-
gle figure for even one sample material as is amply
brought out in Fig. 4, which shows the percent standard
deviation on decay rates for different products as a
function of half-life for a molybdenum sample. The
molybdenum sample was irradiated in a point-source-
driven-assembly experiment during Phase-I11A. Irradia-
tion (fr), cooling (fcool), and counting (fcount) times
are 30 min, 3 h 18.2 min, and 10.75 min, respectively.

FUSION TECHNOLOGY
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TABLE 1li

Summary of Spectral Conditions, Irradiation Times, Cooling Times,
and Counting Times for Titanium, Vanadium, and Chromium

RADIOACTIVITY INDUCED IN PLASMA-FACING COMPONENT

Irradiated {rradiation Cooling Counting
Material Spectral Conditions Times Range Times Range Times Range
Titanium Al,A2,B1,B2,CI1,C2,H1,H,L1 30 min to 10.49 h | 22.3 min to 7.52 days 10 min to 17.28 h
Vanadium Al,A2,B1,B2,CI,L1,L2 30minto 10.49 h | 22.3 min to 7.75 days 10 min to 17.29 h
Chromium | A2,B2,KI 9hto 10.49 h 1.2hto 7.6t days | 21.6 minto 17.0 h
TABLE 1V

Summary of Spectral Conditions, Irradiation Times, Cooling Times, and Counting Times for Silicon,
Manganese, Iron, Cobalt, Nickel, and Molybdenum

{as Mn-Cu alloy)

Al,A2,B1,B2,K1

30 min to 10.49 h

30 min to 10.49 h
30 min to 10.49 h

30 min to 10.49 h

30 min to 10,49 h

Irradiated Irradiation Cooling Counting

Material Spectral Conditions Times Range Times Range Times Range
Silicon Al 30 min 37.3 min 15 min
Manganese

12.3 min to 6.88 days

22.4 min to 7.94 days
37.3 min to 6.90 days

44 min to 7.61 days

20.8 min to 8.50 days

10 min to 6.75 h

10 min to 14,20 h
15minto 14.52 h

8.6 minto 14.32 h

10.8 minto 15.5 h

TABLE V

Summary of Spectral Conditions, Irradiation Times, Cooling Times, and Counting Times
for Zirconium, Niobium, Tantalum, Tungsten, and Lead

[rradiation
Times Range

Cooling
Times Range

Counting
Times Range

Iron Al,A2 B1,B2,C1,D1,El1,F!1,GI,
Hi,11,J1,1.1

Cobalt A1LLA2,B1,B2,C1,K1

Nickel Al,A2,B1,B2,C1,D},EL,F1,Gl1,
HI1,11,J1,K1

Molybdenum Al1,A2,B1,B2,C1,DLELHI,II,
JLK1

Irradiated

Material Spectral Conditions

Zirconium | A1,A2,B1,B2,C1,D1,E1,HL,I1,K1,L1

Niobium | A2,B2,C1,D1,EL,F1,G1,H1,I1,J1,

K1,Lt

Tantalum | A1,B2,C1,H1,I1,KI1,L1

Tungsten | Al,A2,B1,B2,C1,Fi,G1,H1,11,K1

Lead Cl1,F1,G1,J1,L1

30 min to 10.49 h

30 min to 10.49 h

9hto 10.49 h
30 min to 10.49 h
30 min to 10.49 h

20.9 min to 7.74 days

4.52 h to 6.93 days
1.63 h to 7,71 days
20.6 min to 18.7 days
11.5 min to 6.86 days

10 min to 18.01 h

28 minto 14.38 h
16 min to 19.81 h
8.2minto 18.38 h
5.5min to 14.30 h

Note that only the most prominent gamma peaks for

a given emitter are included [see Fig. 4; in addition, 66

half-life (h) **Mo peak at 141 KeV carries a contribu-
tion from 6.02 h **”Tc¢ too]. The error varies from
3.0% for **Mo(+ %" Tc) to 14.4% for 6.95 h #¥"Mo.
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H.F. Highlights of Measured Data

Spectrum dependence of gamma emission rates is
mostly seen in only those materials that have domi-
nating isotopes resulting from (#,v) reactions. High
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TABLE VI

Summary of Spectral Conditions, Irradiation Times, Cooling Times, and Counting Times
for Aluminum, Copper, Zinc, Silver, Indium, Tin

RADIOACTIVITY INDUCED IN PLASMA-FACING COMPONENT

Irradiation
Times Range

Cooling
Times Range

Counting
Times Range

Irradiated
Material Spectral Conditions
Aluminum Al,A2,B1,B2,C1,D1,E1,F1,Gl,
HI1,11,J1,K1,L1
Copper
(also as Mn-Cu alloy) Al1,A2,B1,B2,KI
Silver CI,F1,G1,J1,L1
Indium Al,B2,C1KI1,L1
Tin C1,D1,El,F1,G1,11,L1

30 min t0 10,49 h

30 min to 10.49 h
30 min to 10.49 h

9ht010.49h
30 min to 10.49 h

58.3 min to 1.13 days

12.3 min to 7.74 days
33.3 min to 7.61 days
37.4 min to 7.61 days
21.8 min to 7.52 days

11.4 min to 10.4 h

5.1 min to 6.75 h

6.8 min to 19.09 h
7 min to 14.76 h

6.7 min to 17.28 h

threshold reactions, e.g, (#,n"), (1, p), (n,n'p), (n,d),
(n,2n), are essentially governed by the harder part of
the spectrum. Comparing the integrated gamma emis-
sion rates (between 100 KeV to 3 MeV), it is found that
for a short irradiation time (30 min), Fe, AISI3 16, Al,
and Co give the leading rates in that order. However,
the trend changes for ~10 h irradiation to Al, Fe, and
AISI316. This is understandable as the >*Na (5 h) pro-
duction rate was much below saturation during 30 min
irradiation but came close to saturation during ~10 h
irradiation.

Figure 5 is a plot of the equivalent, integrated (100
KeV to 3 MeV) decay gamma emission rate per second
per gram versus Z of the sample for ~1-day cooling
time in the Phases-1IC (location A alone) and -111 ex-
periments. A similar figure for ~1 week cooling time
is available in Ref. 17. Equivalent Phase-11I data are
obtained by forcing the Nb decay gamma emission rate

Experimental Error (Mo sample)

16
. ] Mo93m / Nb92Zm
g 12
k= 1 : Zr9 \
-; | r
4 .
ﬂ L
o 8
.§ 1 NbS6 Zr89mg
.§ ; Mo93+Tc9%m
® 4 Nb97

] g
1.0E+3 1.0E+4 1.0E+5 1.0E+6
Product half life (s)

Fig. 4. Percent standard deviation on decay rates as a func-
tion of half-life for a molybdenum sample.
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in this phase to be the same as that in Phase-1IC, The
multiplier for the Phase-1II data is 20. The Phase-II1
data take into account all experimental data available
from Phases-IIIA and -IIiB. The irradiation time for
all these cases is between 9 to 10 h. The emission rate
is normalized to a source neutron intensity of 10'2 n/s.
One must emphasize that this kind of plot is a good
indicator of the decay radioactivity property of a ma-
terial for a given cooling time. Wherever possible, least-
squares minimization was applied to interpolate/extrap-
olate data for a preselected cooling time, e.g., 1 day or
1 week, from the available experimental data sets. Oth-
erwise, the experimental data are extrapolated peak by
peak using known half-lives. For Phase-]1I, the extrap-
olation/interpolation is first done for each subphase,
e.g., five locations of Phase-1I]A. Then, the mean and
standard deviation on the mean are computed for the
entire Phase-III data. Because of the differences in
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Fig. 5. Integrated decay gamma emission rate/g versus Z of
sample for ~1-day cooling time,
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the spectra, even for different locations in the same
assembly, the standard deviation of the Phase-11I ex-
trapolated data is higher in general. The following ob-
servations are to be noted:

1. Broadly, the equivalent gamma emission rates
from Phases-1IC and -lII trace the same trend as a
function of material for both cooling times (—1 day and
~1 week).

2. For a cooling time of 1 day, Mg has the larg-
est emission rate. It is followed by Al, Au, Zr, Ti, Ag,
Mo, Nb, Ni, V, and others. The Si activity is negligi-
bly small.

3. For a cooling time of 1 week, Au has the larg-
est emission rate. It is followed by Ag, Nb, Zr, Y, Co,
Ti, Mo, Sn, Ni, In, Mn-Cu alloy, and others, The Si
activity is infinitesimally srhall. Copper has the lowest
decay gamma emission rate, apart from Si.

4. Although most of the gamma emission rates drop
significantly as the cooling time increases from 1 day to
1 week, cobalt and yitrium have almost no change. Also,
the decay rates in Nb, In, Cr, and Au drop much less
readily compared with the others. 4

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

aluminum and magnesiun: The **Na (1,,, = 15 h)
dominated the decay gamma spectra at larger cooling
times.

titanium: At short cooling times, 511-KeV annihi-
lation gammas from **Ti (3.1 h) and “8Sc (43.7 h)
gammas dominate the measured emission rates. At lon-
ger cooling times, other contributors include 418¢ (3.42
days) and *®Sc (83.8 days).

vanadium: At shorter cooling times, *' Ti (5.8 min)
dominated the emission rate followed by **Sc (43.7 h).
Also, 32V (3.8 min) was observed. For longer cooling
times, **Sc dominated the scene single handedly.

chromium: The 320-KeV gamma line from 3'Cr
(27.7 days) dominates for long irradiation and cooling
times. The NaCl and Fe/Mn impurities seem 1o be pres-
ent as 2*Na (15 h), 3*”Cl (32 min), and **Mn (2.6 h)
contribute as much as 3% to the total decay gamma
emission rate for a cooling period of 1.5 h. For a cool-
ing period of 15 h, only **Na contributes (<1%).

MnCu alloy: For shorter cooling times, %Cu (9.73
min, 511-KeV annihilation gammas) and **Mn (2.6 h)
dominated the emission rate. However, their relative
contributions varied depending on the hardness of the
neutron energy spectrum, with 62Cu dominating for
the harder neutron spectrum. At larger cooling times,
54Mn (312 days) dominates.

iron: For cooling times <10 h, *Mn (¢;,, = 2.6 h)
dominates. For larger cooling times, **Mn (¢, = 312
FUSION TECHNOLOGY
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days) assumes growing ascendancy. No significant neu-
tron energy spectrum dependence was seen as both

these products result from the high-threshold (n, p)
reaction.

cobalt: For cooling periods of <5 h, **Mn, the
product of the **Co{n,a)**Mn reaction, made the
dominating contribution, as much as 95% for an irradi-
ation period of 30 min and a cooling period of 37 min.
The other contributing isotopes include *°Fe (44.6
d..ys), 8Co (70.8 days), and °Co (5.3 yr); the last iso-
tope was noticeable at locations having a larger com-
ponent of softer neutrons.

nickel: The 2" Co (13.9 min) and *’Ni (36 h) dom-
inate for short cooling times. The **Co (70.8 days),
57Co (271 days), 3'Ni, *°Fe (44.6 days), and ¥Co (5.3
yr) take over at larger cooling times.

molybdenum: The major contributors for short
cooling times are '®'Mo (14.6 min), %' Tc (14.2 min),
9TNb (1.2 h), %" Nb (51 min), ®’Mo (66 h), ©"Tc (6 h),
%Nb (23.4 h), and Mo (6.9 h). The %' Tc results
from the beta decay of '*'Mo, and **”Tc is produced
by the beta decay of **Mo. Longer cooling times see
the dominance of **Mo, #”Tc, %Nb, *'Nb, and ¥Zr.

stainless steel (Type 316 and AISI316): 1t is an al-
foy of Fe, Ni, Cr, Mn, and Mo. The **Mn contributes
overwhelmingly at cooling times <1 day. At larger cool-
ing times, **Mo, *"Tg, 3'Cr, **Co, ¥'Ni, and **Mn
are the leading contributors.

zinc: An annihilation peak at 511 KeV dominates
at short cooling times. Other significant contributors
include 3Zn (38 min), *Cu (5.1 min), *"Zn (13.8 h),
and ®Ni (2.52 h). At larger cooling times, apart from
the annihilation peak, the leading contributors are
89070 $7Cu (61.9 h), Zn (244 days), 4Cu (12.7 h),
and ®Ni.

zirconium: The 8°Zr (78.4 h), ¥7Sr (2.8 h), **"Y
(3.2 h), Y (18.7 min), *2Y (3.5 h), and *'Sr (9.5 h)
contribute for short cooling times. Larger cooling times
bring into focus the predominance of **Zr and **"Y
(3.2 h).

silver: At short cooling times, a peak at 511 to 512
KeV dominates. This peak gets large contributions
from '®Ag (24 min), '%”Rh (130 min), and '%7Ag
(8.5 days). At larger cooling times, a large number of
gamma lines from '%”Ag dominate the emission rate.

tin: At shorter cooling times, '2*™Sn (40 min)
dominates. Other contributors include ''7In (42.3
min), '5'In (54.1 min), '""In (1.93 h), ''!In (2.8 days),
and ''7™Sn (14 days). At larger cooling times, '!'"™Sn
dominates.

tantalum: The 1397 Ta (8 h), 39" Hf (5.5 h), and
18213 (115 days) dominate the gamma emission rate.
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tungsten: The '87W (23.9 h), '*Ta (10.5 min), and
I83Hf (64 min) dominate short cooling times. For larger
cooling times, the predominant contributor ¥’W is
backed up by '33Ta (5 days) and '*Ta (115 days).

lead: The ***Pb (52 h) and 2*”Pb (67 min) domi-
nate at shorter cooling times; 2*Pb dominates at larger
cooling times.

HI. FEATURES OF EARLIER ANALYSIS

LA, Approach

As shown in Ref. 10 (see Fig. 2 there), the usual analy-
sis to calculate the decay gamma emission rate involves
a multistep procedure. A two- or three-dimensional
transport code is employed to get the neutron energy
distribution, i.e., the neutron flux, at spatial locations
of the samples. The geometry and material composi-
tion of the irradiation environment are important in-
puts for this calculation. The next stage involves the
computation of the decay gamma emission spectrum
using a radioactivity calculation code. Neutron flux,
sample composition, irradiation, and cooling (or shut-
down) times are required input data for this stage. De-
cay and activation cross-section libraries form part of
the code used. The codes used for this purpose have in-
cluded DKR-ICF, REAC, RACC, and THIDA-2. In
fact, THIDA-2 is a code system that includes neutron
flux—calculating modules too, However, its central
module is ACT4, which calculates induced radioactiv-
ity and associated quantities.

‘ Two calculational schemes were followed for the
analysis. The first scheme was related to the use of the
externally evaluated neutron flux with four radioactiv-
ity codes: DKRICF, REAC, RACC, and ACT4. The
flux was obtained in a two-step process. First, the
source neutron energy and the angular distribution were
obtained?® by three-dimensional MCNP modeling of
RNT of the FNS facility. Second, the source neutron dis-
tribution from MCNP was input to the RUFF (Ref. 29)
and DOT4.3 (Ref. 30) code systems to compute the
spatial distribution of the neutron flux. The 30-group
MATXSS cross-section library (based on ENDF/B-V)
of Los Alamos National Laboratory®' (LANL) was
used for neutron transport. The second calculational
scheme was similar to the one in Ref. 32 wherein the
THIDA code was employed for 2 whole analysis.

11l.B. Spectral Conditions

Figure 6 shows the computed neutron energy spec-
tra per unit lethargy as a function of neutron energy in
Phases-11C through--11IB for 5 typical locations, e.g.,
A, B, C, H, and K out of a total of 14 (A through N).
The remaining spectra are not shown for fear of over-
crowding the figure. The calculations show that >95%
of the neutrons lie above 0.1 MeV for positions A, C,
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Fig. 6. Computed neutron energy spectra per unit lethargy
as a function of neutron energy in Phases-11C
through -I11B for five locations A, B, C, H, and K.

and D; and E, B, and 1 have the lowest fraction of neu-
trons above 0.1 MeV; 1.e., only 66% of the neutrons
lie above 0.1 MeV. For locations F, G, H, J,and L, 70
to 80% of the neutrons lie above 0.1 MeV. It is evident
that the neutron energy spectrum is quite hard for most
of these locations.

HI.C. Trends of Results

The results of the comparison of the integrated,
from 100 KeV through 3 MeV of the gamma energy,
decay gamma emission rates were presented and dis-
cussed in earlier publications.®!3!” The computed re-’
sults from REAC-2, DKR-ICF, RACC, and THIDA-2
were included. Large deviations in the calculated-to-
experiment (C/E) ratio were observed for Si, Ti, V, Cr,
MnCu alloy, Co, Zn, Zr, Mo, Ag, In, Sn, Ta, W, and
YBa,Cu;05. For example, C/E for W ranged from
0.0005 to 300, depending on the radioactivity code,
neutron flux, irradiation, and cooling times. The results
of the comparison of the isotopic activities of the irradi-
ation products were also discussed earlier.®!*17 Al-
though the C/E ratios for the integrated decay-gamma
emission rates for Fe, Ni, and Type 316 stainless steel,
among others, generally behaved quite well, large dis-
crepancies were seen for the isotopic activities for even
these materials.¥'*'7 For example, for irradiated Ni
samples, C/E ranged from 0.2 to 1.4 for 5’Co, 0.6 to
1.9 for *8Co, and 0.6 to 2.8 for #Co.

1.0 .Prnblems with Multiplicity of Impacting Parameters

The observed discrepancies between the measured
and the computed values of the decay gamma emission
rates could be traced to the following components: ex-
perimental error, calculational error, and presence of
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contributions from unspecified impurities in the irradi-
ated samples. The factors contributing to the experi-
mental error were already discussed earlier. In addition,
the experimental data may be marked by the absence
of those gamma peaks that suffer from poor counting
statistics, Also, at times, there may be interference from
background gammas. Thus, for a radioactive product
emitting multiple gammas, the experimental data may
not contain contributions from alil of them. The fac-
tors contributing to the calculational error could be
(a) the neutron energy spectrum, (b) the half-lives of
the products, (¢) the decay gamma yields of the isotopic
products, (d) the activation cross sections, and (e) the
solution algorithm of the radioactivity code being used.
The calculated neutron energy spectrum is subject to
error due to deficiencies in transport cross sections on
one hand and numerical/statistical/modeling errors on
the other. Generally, the energy group structures used
in the transport and the radioactivity calculations are
different. The conversion of the neutron spectrum from
one structure to another might lead to additional error.

Erroneous or outdated decay data libraries of the
radioactivity codes would be responsible for factors (b)
and (c). One must highlight that error in half-life of a
radioactive product will make an important contribu-
tion to the calculation. As a result, C/E will be errone-
ous too., Trends of the impact of error in the half-life on
C/E for isotopic activity are traced in Figs. 7 and 8. The
reference half-life is the correct half-life that is actually
controlling the build-up/decay of isotopic activity asa
function of irradiation/cooling time. Both irradiation
time, ¢, and cooling time, fw, have been expressed in
units of the reference half-life. An erroneous half-life
is assumed to be used in a radioactivity calculation. The
trends shown in the figures apply only to the products
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Fig. 7. Impact of error in half-life with respect to reference
half-life on ratio of computed to experimentally
measured activity of an isotopic product, irradiation
time = 0.2 X reference half-life, and cooling time (ex-
pressed in unit of reference half-tife) is a variable.

FUSION TECHNOLOGY VOIL., 28 AUG. 1995

1o° 10'

RADIOACTIVITY INDUCED IN PLASMA-FACING COMPONENT

10°g —— —
F Impact of Error in Half Life on
= C/E for Activity
g 10" irradiation time, tr=5 (unit of ret. hall IHe}]
E E Cooling tHme, tw varlable 3
" L ]
[T - e e,
g o tr=5
o 10°k i :
L = - . - . -
= : - i — —
2 [ PR A
= + Ve : 1
E. 10 . f * tw=0
2 3 4 E
o E L0 twet tw=5 .
= /
10-2‘1 4 ._..,10 . e
10 10 10

Half life/Ref. Half life

Fig. 8. Impact of error in half-life with respect to reference
half-life on ratio of computed to experimentally
measured activity of an isotopic product, irradiation
time = 5.0 X reference half-life, and cooling time (ex-
pressed in unit of reference half-life) is a variable.

generated in a single-step process. In the figures, whereas
“computed” represents the calculation of activity with
an erroneous half-life, “experimental” stands for the
calculation with the reference half-life. As is quite ev-
ident, one can underestimate as well as overestimate the
activity depending on the combination of governing pa-
rameters of half-life, irradiation time, and cooling time.
Thus, while comparing different cross-section librar-
ies, it is important to use the same half-life for each iso-
tope to ensure that there is no relative bias introduced
in a C/E by one or the other library due to this factor.
Of course, it does not rule out the possibility that the
reference half-life itself is off. If this be the case, C/Es
by all libraries will have a systematic bias for underpre-
diction or overprediction.

Deficient activation cross-section libraries of the
radioactivity codes would be responsible for factor (d).
Finally, the method of solution implemented in the ra-
dioactivity code might lead to an error in certain situ-
ations [factor (e)]. It is obvious from the plurality of
the contributing factors to the calculational error that
it is required to do a deeper analysis by restricting the
number of the impacting parameters as much as pos-
sible, if one wants to form a substantive judgment as
to the quality/status of the decay data library, the ac-
tivation cross-section library, or the solution algorithm
of a radioactivity code under study.

IV. CURRENT ANALYTICAL PROCEDURE

IV.A. Rationale and Strategy

Figure 9 shows the steps followed in computing de-
cay gamma emission rates using the current procedure.
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Fig. 9. Flowchart of isotopic activity comparison procedure,

This differs from the earlier analysis at the critical
step of calculation of radioactivity. The isotopic decay
gamima emission rates are calculated by the RADCAL
common module using activation cross-section data
from the ACT4, REAC-3, DKR-ICF, and RACC data
libraries. The decay data are taken from Ref. 22, The
solution algorithm implemented in RADCAL is close
to the one followed in DKR-ICF, but it is less general
and designed with an eye to deal with experimental ex-
igencies. The decay gamma emission rates computed
using RADCAL for the entire range of experimental
conditions of interest were found to be the same as
those calculated by other codes, provided identical de-
cay and cross-section data were used. It is not intended
as a replacement for a radicactivity code. Basically, the
intention has been to provide a tool that can help in
comparing directly the relative performance of the ac-
tivation cross-section libraries used by the radioactiv-
ity codes under consideration.

IV.B. Reactions Covered

Tables VII through XIII list reactions/decays lead-
ing to the production of the observed isotopic products
for different materials, Impurities are not considered.
There are more than 250 reactions leading to the pro-
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duction of more than 80 radioactive isotopes. These ta-
bles also show if these cross sections are included in
ACT4, REAC-3, DKR-ICF, and RACC. The REAC-3
library covers ali the reactions; RACC covers the least
number of reactions. When comparing different cross-
section libraries for a given nuclear reaction, one needs
to look at not only their detailed energy-wise depen-
dence but also their integrated behavior over the entire
energy range of interest. For quantifying integrated be-
havior, we define a quantity, called cross-sectional in-
tegral (CSI), as follows:

CSI = f " auydu .
u

in

where ¢{u) is the microscopic activation cross section
at lethargy u and is expressed in barns. The u,,;, and
Umax, TESpEctively, define the lowest and the highest
lethargies of interest. The highest neutron energy is
taken as 14,92 MeV. The lowest energy of interest is the
lower energy boundary of the lowest neutron energy
group where the cross section is nonzero. The CSI is
given in barns. The physical significance of CSI for
a reaction lies in the fact that for a flat neutron en-
ergy spectrum, it is directly proportional to the energy-
integrated reaction rate for that reaction. However,
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TABLE VII

Status of Cross Sections of Reactions Leading to Production of Radioactive
Isotopes in Titanium, Vanadium, and Chromium

Status of Reaction Cross Sections in
Libraries of the Four Codes®
Radioactive Isotope
Material (Product) Contributing Reactions ACT4 REAC-3 DKR-ICF RACC
Titanium SITid OTi(n,v)>' Ti ) P P a
ASTib STi(n,2m*Ti p p p p
44geh 4Ti(n, )*Sc z p p a
85 BTi(n, p)*®Sc P p p P
BTi(n, np)*Sc p p p a
BLi(n, d)*®Sc a D a p
OTi(n, £)*®Sc a P a a
4Sc TTi{n, p¥*"Sc p p p P
BTi(n, np)*"Sc p p P a
BTi(n,d)"Sc z P a p
®Ti(n, 1Y Sc a P p a
7Ca Ti(n, ) Ca p p p p
43¢ *Ti(n, py*Sc p p p P
"Ti{n, np)*5Sc p p p a
TTi(n, d)*Sc a p a p
“Ti(n, 1)%Sc a p a a
Vanadium 2y YV (n, vV p p p p
*ITi S'V(n,p)*'Ti P p p P
B 1V (n, 0 )*8Sc p p p p
4'ISCb SOV(H,CI)“SC p P p p
IV(n,n'a)¥Sc p p p p
Chromium ®Cr 0Cr{n,2ny*Cr p p p p
SCr 2Cr(n,2n)5'Cr p p p p
*Cr(n,vy'Cr P p p P

aThe p stands for present, a for absent, and z for zero values for cross sections.
PNot observed in main experiments.

when for a given nuclear reaction, one compares CSIs  cross section as a function of neutron energy in the en-

from different cross-section libraries, it is imperative
to compare the cross-section shapes as a function of
neutron energy before inferring the relative quality of
the cross sections. Tables XIV through XVII compare
CSlIs for a few select reactions, as computed for the
four libraries. Practically, all the materials of inter-
est to fusion reactor designers have discrepant cross-
sectional representations in the libraries of the four codes.
For some reactions, CSIs computed using ENDF/B-V1/
JENDL-3/JEF-2 are also listed for making compar-
isons. Doubtless, REAC-3 has the most complete li-
brary; RACC has the least complete library. Almost all
kinds of reactions, i.e., {(n,2n), (n,p), (n,7v), ectc.,
show discrepancies among the libraries.

IV.C. Impact of Energy Group Structure
on Reaction Rate Calculations

Ideally, one would like to have a very large num-
ber of energy groups to characterize each activation
FUSION TECHNOLOGY
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tire range of interest. This is desirable for representing
all fine features of the cross sections. Also, it would be
very helpful in minimizing errors in computing reaction
rates due to flux weighting used for generating grouped
cross-section sets; the flux weighting may not represent
the actual neutron energy spectrum shape for an exper-
imental situation at hand. However, practical consid-
erations related to excessive memory requirements and
exorbitant calculational time for the neutron energy
spectrum restrict the number of energy groups.

The energy group structures used in the activation
cross-section libraries of different codes are generally
different. In addition, the energy group structures used
in the transport calculations of the neutron energy spec-
trum and those of the activation cross sections (in ra-
dioactivity codes) may not be identical. In this event,
one needs to convert the neutron energy spectrum. To
summarize, we find it of interest to understand the two
contributions to errors in the calculation of the reac-

tion rate: that due to a limited number of energy groups
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TABLE VIII

Status of .Cross Sections of Reactions Leading to Production of Radioactive Isotopes
in Silicon, Manganese, Iron, Cobalt, and Nickel

Status of Reaction Cross Sections in
Libraries of the Four Codes®
Radioactive Isotope
Material {Product) Contributing Reactions ACT4 REAC-3 DKR-ICF RACC
T ——
Silicon BAl ¥Si(n, p)PAl p p p p
WSicn, np)PAl p p a a
Mg ¥Si(n, ) Mg p p P p
Manganese STy Mn{n, @)V p p p p
*Mn Mn(n,v)*Mn p p P P
Mn Mn{n,2n)"Mn p p p p
Iron #Fe MFe(n,2n)Fe p p P p
Mn *Fe(n, p)*Mn P P p p
"Fe(n, np)**Mn p p P a
TFe(n, d)*Mn z p a p
*Fe(n, 1)**Mn a p p P
SICr HFe(n, a)'Cr p p p p
**Fe “*Fe(n,v)*Fe p p p p
, *Mn **Fe(n, p)**Mn p p p p
Cobalt S6Mn ¥Co(n,a)**Mn p p p p
Fe ¥Coin, p)*°Fe p p p P
“Co ¥Co(n,2n)**Co p p p p
¥Co(n,2m)*Co — BCo P p p a
“Co *Co(n,y)*Co p P p p
59Co(n, ¥ )60"'(:0 - 0Co p p P a
Nickel 62mCyp 82Ni(n, p)®?"Co p p p a
®Nj 84Ni(n, v )5 Ni P P p P
5INj 3BNi(n,2n)"Ni p p P p
MFe S2Ni{n, o) °Fe p p p p
ONi{n,2p)*°Fe a p a a
*Co **Ni(n, p)**Co p p p D
SSNi(n,p)ﬁmCO s SSCO P p p a
*Ni(n,np)*"Co p p p a
Co *¥Ni{n,d)"Co a P a p
(also *"Ni - *'Co)
®Co %Ni(n, p)*Co p p p p
‘ SINi(n, np)®Co p p P a
$INi(n,d)*Co p p a p
$2Ni{n, £)*Co a p p P
ONi(n, p)*¥"Co — *Co p P P p
8Ni(n, np)%°mCo - %Co a p a a
SINi(n, dY*"Co = *Co a p a a

2The p stands for present, a for absent, and z for zero values for cross sections.

for representation of activation cross sections®** and  from 0.1 to 14 MeV are shown in Fig. 10. These shapes

that due to the conversion of the neutron energy spec-  were characterized by simple expressions. We confine
trum from one group structure to another. We assume  ourselves to neutron energy above 0.1 MeV. Four”en-
here that there is no uncertainty in computing the neu-  ergy group structures are considered: 125 groups,'’ 63
tron energy spectrum for the original group structure.  groups (REAC-3), 46 groups (DKR-ICF/RACC), and
Also, we confine ourselves to threshold activation cross 42 groups (ACT4). Multigroup cross sections were ob-
sections, even though the errors for the capture reac-  tained by flux weighting over a reference spectrum shape
tions may show quite different trends. A set of tenac-  shownin Fig. 11. This figux:e also shows four ad_dmonal
tivation cross-section shapes with varying thresholds  spectral shapes. The reaction rates were obtained for
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TABLE IX
Status of Cross Sections of Reactions Leading to Production of Radioactive Isotopes in Molybdenum
Status of Reaction Cross Sections in
Libraries of the Four Codes®
Radioactive Isotope
Material {(Product) Contributing Reactions ACT4 | REAC-3 DKR-ICF | RACC
Molybdenum A 1OMo(n,v)'%" Mo — 1 Tc p p p p
lO]Mo moMO(H,'Y)“”MO p P p p
Mo “Mo(n,2n)°' Mo P p p p
2Mo(n,2n)?""Mo - P"Mo P P a a
QSmNb 98M0(h‘, p)‘)BmNb p p 2 a
WMo, £)™Nb a p a a
%Mo (n, nd)*®"Nb a p a a
*"Nb *"Mo(n, p)”’Nb P p p P
%Mo (n, np) ' Nb p p p a
BMo(n, d)*"Nb p p a p
(& ¥ Zr -» *""Nb — ¥'Nb)
93mM0 94M0(H,2H)93"’M0 p p p a
%Mo (n,v)**"Mo p p a a
%Nb *Mo(n, p)*°Nb P p P P
"Mo(n, np)*°Nb p P P a
"Mo(n,d)**Nb a P a P
BMo(n, 1) Nb a p p p
Mo 1Mo(n,2n)"Mo p p p p
BMo(n,v)*Mo p p p P
8 Zr 2Mo(n, ) Zr p p P p
QZMO(H,O:')S‘}"’ZT—’ 89Zr p p a a
95mNb 95Mo(n,p)95"’Nb p p p p
SMo(n, np)*"Nb p p a a
%Mo (s, d)¥""Nb a p a a
Mo(n, t)*"Nb a p a a
“Mo(n, nt)* " Nb a p a a
(also #*Zr — *"Nb)
92mNb 92M0(H, p)‘)szb p p p p
Nb PMo(n, p)°Nb P p P p
%Mo (1, np)**Nb p p P a
%Mo (#,d)"Nb a p a P
Mo, t)»Nb a p p p
%Mo(n, nt)**Nb a p a a
(also #"Nb - **Nb)
91Nb (91 M- " Nb)
%Zr “Mo(n, o) Zr P
87 2Mo{n, na)® Zr p

aThe p stands for present, a for absent, and z for zero values for cross sections.

each of the five spectral shapes for the four group struc-
tures for all the reaction cross-section shapes. In addi-
. tion, the reaction rate was also obtained by irtegration
of the product of flux (continuous spectrum shape) and
the cross section over the entire energy range for each
FUSION TECHNOLOGY
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of the ten cross sections. This reaction rate is exact and
is termed ideal (or reference). The reaction rates for
all the multigroup cases are normalized with respect to
the ideal values for each cross-section shape. Figure 12
shows the normalized reaction rates as a function of
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TABLE X

Status of Cross Sections of Reactions Leading to Production of Radioactive Isotopes
in Zirconium, Niobium, and Tantalum

Status of Reaction Cross Sections in
Libraries of the Four Codes?
Radioactive Isotope
Material {(Product) Contributing Reactions ACT4 REAC-3 DKR-ICF RACC
Zirconium My BZrin, p)Y p p p P
WZr(n, )Y a p p p
‘?le ‘HZ!‘(H,p)"”'"Y P P p p
922r(n’np)9lmy p ) a a
RZr(n, d)¥'"Y a P a a
BTer 902[’(”, o )87er p p a a
NZr(n,na)¥Sr a p a a
9()mY ‘mzr(n, p)‘)DnlY p P p p
QIZr(n’np)g(}mY p p a a
NZr(n,d)*0my a p a a
2Zr(n, nd)y’0"y a p a a
7Y %2Zr(n, p)?Y P P P P
MZr(n, )Y a P p p
15y #7Zr(n, o) Sr p p p P
zr %Fr(n,v) 7 Zr p p a a
¥Nb HZr(n, v Zr - U'Nb p P a a
#zr 0Zr(m,2m)*2r p p P p
902,.(’.',2")8%"21._’ 8921. p p p p
97y ®Zr(n,2m) > Zr p p p p
: MZr(n,y)¥Zr P P p P
Niobium oy ENb(n, o )Y p P a a
92mNb 93 Nb( H,2H )92mNb p P p p
Tantalum 180mp 190Ta(n, p)'*Hf a p p a
lBlTa(n’ np)iS(}me a p a a
[BlTa(n,d)lBOran a ) a a
180m Ty iB]Ta(n,zn)IS()mTa p p D a
ISIHf IﬂlTa(n,p)IRle D p p a
lSZTa ]ﬂl'l-a(”,,y)lﬁl-[a P p p p
‘R'Ta(n,y)’“”’Ta—-» IE.!Ta p ) p a

*The p stands for present, a for absent, and z for zero values for cross sections.
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TABLE XI
Status of Cross Sections of Reactions Leading to Production of Radioactive Isotopes in Copper, Tungsten, and Lead
Status of Reaction Cross Sections in
Libraries of the Four Codes?®
Radioactive Isotope

Material {Product) Contributing Reactions ACT4 REAC-3 DKR-ICF RACC
Copper $Cu %Cu(n,2n)*Cu P P P p
B Cu(n,v)*Cu p p p p
62mc0 65Cu(n,a)62’"Co p p p p
“Ni 5Cu(n, p)*Ni p P p a
“Co BCu(n, w)°Co p P p P
S Cuin, a)*Co - %Co p p a a
Tungsten 186y 186W (n, p)'%Ta p p a a
|82mTa I82w(n,p)l82mTa a p a a
’33W(n,np)'82'"Ta z p a a
1B3W (n, d)'82"Ta a p a a
84w (1, )82 Ta a p a a
183Hf lSGW(n’a)ISEon p p p p
184Ta |B4W(n,p)!84"ra p P p p
187W Jﬂﬁw(n’,y)m?w p p P P
ISJTa 183W(n,p)183Ta p p p P
'S¢W (n,np)'®Ta P P P a
184W (n,d)'*Ta z P a P

(also 'S*Hf — 83Ta)
IBZTa IBZW(n'p)ISZTa p p p p
"W (n, np)'¥Ta P p p a
BW(n,d)'*Ta a P a p
‘8“W(n,t)“‘2Ta a p a a
(also '82"Ta — '*2Ta)

Lead 204m py W04ph(n, n' )04 Pb p a a
206ph(p,3n)2M"Ph a p a a
203pp 204ph(n,2n)2%Pb p p a a

*The p stands for present, a for absent, and z for zero values for cross sections.

2T - threshold for shape 5. The behavior for the other shapes
t Impact of Library Group Structure

] parallels that for shape 5. The largest discrepancy is
- en Heac?m" Rate Calculation ] < 10%. As for the effect of spectral shapes and the cross-
- (Continuous spectium shape) ] section threshold, the largest deviation is seen for the
] 14-MeV threshold and for the softer spectra. Shape 4
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Fig. 12. Normalized reaction rates as a function of thresh-
old energy for test shape 5.
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represents a dominant 14.2-MeV peak, and the largest
discrepancy (for the 14-MeV threshold) is <4%.
The impact of flux conversion from one group
structure to another is studied next. The original group
structure has 125 groups. Three spectral shapes, i.e.,
A, B, and L, are shown in Fig. 13. Spectrum A is the
hardest one; L is the softest one. All the reaction rates
are normalized with respect to the reference group
structure of 125 groups. For shapes A and B, the nor-
malized reaction rates deviate significantly from 1 for
the 14-MeV threshold only. The rates drop as low as
0.5. The trends are quite different for shape L, how-
ever. Figure 14 shows the normalized reaction rates for
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TABLE XII
Status of Cross Sections of Reactions Leading to Production of Radioactive Isotopes in Aluminum, Zinc, and Indium
Status of Reaction Cross Sections in
Libraries of the Four Codes?
Radioactive Isotope

Material (Product) Contributing Reactions ACT4 REAC-3 DKR-ICF RACC
Aluminum Mg TAl(n, p) Mg p p p p
24Na TAl(n, &) Na p p p p

Zinc 837n SZn(n,2n%Zn
85Ni 8 Zn(n, )" Ni E ,‘3 E E
“4Cu SZn(n, p)®Cu p p p P
69rnzn 'mzn (n,zn)mmzn p p p a
®Zn(n, v)"Zn p p P p
Cu “"Zn(n, p)¥'Cu p P P p
®Zn{n,np)Cu a p p a
B7n(n,d)"Cu a P a a
*57Zn “Zn(n,2n)"Zn p p p p
Zn(n,y)¥Zn P p p P
Indium N2orry "3 n(n,2m)'" " In p p a a
N2y Wn(n,2m) " In p p p a
(also llZm]n — Il!ln)
Il6mln 115in(n,,y)116m]n P p p a
Il.lmll.l IIJIH(”,”f)HE\mIn p p a a
”ZAg IISIH(H,Q’)HZAE p P p a
llSmln ”5In(n,n')”5"’ln a p a a
IISIn(n’p)HSCd — l]5mln p p p a
lISIn(n,p)HSmCd — ]iSmIn a p a a
1nscd USIn(n, p)'SCd p p p a
|14mlrl “'SIH(N,ZH)IM'"![] a p P a
lISIn(n,,y)IMmln p a
M1y "SIn(n,2n)"¢In a ﬁ g a
“JIn(n,'y)”“In p p p a
(also 1I4mln - 1I4In)

*The p stands for present, a for absent, and z for zero values for cross sections.
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Fig. 13. Three test spectral shapes, A, B, and L, considered
for flux conversion study,
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shape L. For this shape, the reaction rates start show-
ing large discrepancies for the 12-MeV threshold itself.
There is no definite trend for one or the other group
structure as a function of threshold.

V.D. Impact of Trensport Cross Sections
on Reaction Rate Calculations

The shape and magnitude of the neutron energy
spectrum used in the reaction rate calculation depends
among other things on the transport cross sections cho-
sen. The latest available transport cross sections from
ENDF/B-V and JENDL-3 were used by the United
States and Japan, respectively. Figure 15 compares the
two sets of neutron energy spectra for positions A and
B. Note that for position A, the Japan spectrum, de-
noted as A (125g-J), is lower than the U.S. spectrum,
denoted as A (63g-U), between 1 to 8 MeV. For loca-
tion B, however, the two sets of computed spectra are

FUSION TECHNOLOGY VOL. 28 AUG. 1995
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TABLE XIII
Status of Cross Sections of Reactions Leading to Production of Radioactive Isotopes in Tin
Status of Reaction Cross Sections in
libraries of the Four Codes®
Radioactive Isotope
Material (Product) Contributing Reactions ACT4 | REAC-3 | DKR-ICF | RACC
Tin "7In Wsn(m, p)'In p P p p
M8gn(n,np)'in P p a a
MeSn{n,d)'in a p p p
”’Sn(n,p)””"[n — ll'.'ln P P p a
IISSn(n’np)H?mIn - ll'.'ln p p a a
IISSn(n,d)ll'hnln - lITIn a D a a
lZOSn(n’a)IIT:r:Cd —r ”7”'111—’ ll'n'ln p p a a
I205n{n’a)ll?Cd —_ l!‘.’mln_’ II'.'Irl D p p p
llﬁmln llﬁsn(n’p)llﬁmln p p p a
WiSn(n, np)' 1" n a P a a
"Sn(n,d) ' 1n a p a a
Ilimln “SSn(n,p)“s"’ln p p a a
llﬁsn(n,np)llSmIn P p a a
"6Sn(n,d)! "' In a P a a
H78Sn(n, )" In a p a a
IIBSn(n,a)IISmCd — llimln P p a a
IIsSn(n’a)IISCd_, HSmIn p p p p
p 28n{n, np)!'In p p a a
llZSn(n’d)HlIn a p a p
IIZSn(n,np)lllmIn - I]I|‘[n p P a a
280 (n,d)'""In— 'In a p a a
llZSn(n’zn)ll]Sn_)IllmIn_,lliIn p p P p
Wimgn H88n(n,2n)'"""Sn p p p a
1980 (n,4)"""Sn p P p a
ll'n'sn(n,p)ll'."mln — ll7msn P p p a
llﬂsn(n’np)ll‘.fm[n — IITmSn p p a a
”E'Sn(n,d)'”’"ln — lI'?mSn a P a a
“7Sn(n,p)‘”ln — lleSn p P p P
IIBsn(n,np)ll'fIn — ll?msn p p p a
”ﬂSn(n,d)“"In — 1I'.'msn a p a p
'2°Sn(n,a)“7”‘Cd — '”’"In—> Il'?msn p p a a
1208[](-'1,&)”7(:(1 — ll?mIn_,) ll'fmsn P p P p
113gn lMSﬂ(fI,ZH)HJSH p P p p
28n(n,4)1¥Sn p P a a
1145!’1(?’!,2”)”3'"5“—’ I”Sl’l p p p a
IIZSn(n,,Y)HBmSnﬁ_, 113Sn p p a a

2The p stands for present, a for absent, and z for zero values for cross sections.

guite close between 1 to 11 MeV. Figure 16 shows ra-
tios of computed (C) and experimental (E) reaction
rates for six reactions: 2’Al(n, «)**Na, *'V(n,a)**Sc,
4Fe(n, p)**Mn, PIn(n,n’)' " In, **Nb(n,2n)%*"Nb,
and '8W (n,v)'¥7W. Note that this figure shows val-
ues using the REAC-3 library only. The trends will be
somewhat different for the other libraries. The C/E ra-
tios are marked as U and J to denote the use o.” the U.S.
and the Japan fluxes, respectively. Also shown in the
figure are the ratios of the computed reaction rate with
FUSION TECHNOLOGY
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the U.S. flux to that with the Japan flux, for example,
C(U)/C(J). One can observe that the ratio of the com-
puted reaction rates varies from 0.94 to 1.46. It has
been observed that, generally, this ratio is within 10%
of unity, Thus, the computed flux shapes will affect the
rates for different reactions differently. The largest de-
parture from unity is seen for "*In(n,n’)!"*"In. We
add here that, although not shown, the ratio of the com-
puted reaction rates for **In(n, n’)!*"n is quite close
to the one for "*In(n, n’)""*”In. Figure 17 is a plot
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TABLE X1V
Cross-Sectional Integrals for Titanium, Vanadium, and Chromium
CSI (barn}
. _ Reference CSI
Material Reaction ACT4 REAC-3 DKR-ICF RACC (b}
Titanium “Ti(n, p¥y*'Sc 0.164 0.177 0.223 0.188 0.1762
“8Ti(n, py¥sc 268 %1072 | 275 %1072 | 5.97x 1072 | 4.87 x 102 2.74 x 107**
BTi(n, np)*7Sc 1.09 »x 107° 1.07 x 107} 1.02 x 107* 4.72 % 1073
Vanadium 3V(n, p)*'Ti 1.89 x 102 1.87 x 102 4.51 x 1072 3.93 x 102 1.89 x 1072°
SV (n,a)*Sc 5.06 x 1073 4.98 x 1073 1.13 x 1072 4,75 x 1073 5.06 x 10-3°
SIV(n,y) 2V 30.0 53.4 9.59 11.6 1.24 x 1072°
Chromium Cr(n,2m*¥Cr 1.50 x 1073 2.25 x 1073 2.18 x 103 4.31 x 1079 4.54 x 1073¢
2Cr(n,2n)'Cr 3.53x 1072 | 390x 1072 | 498 x10°2 | 4.08 x 10-2 4.64 x 1072°
5"Cr(n,'y)S'Cr 96.6 166.8 29.1 51.3

*From ENDF/B-VI cross sections.
®From JENDL-3 cross sections.
‘From JEF-2 cross sections.

of the cross section for 'In(n,n’)'*™In from the
REAC-3 library. Also shown in Fig. 16 are the neutron
energy spectra for location A from the United States
(63-group REAC-3 structure) and Japan (125-group
structure), It is evident that the Japan flux is generally
Iower than the U.S. flux in the energy range of inter-
est from ~0.2 to ~10 MeV.

V. INTERCOMPARISON OF MEASURED AND COMPUTED
ISOTOPIC ACTIVITY

The ratios of the computed and experimental iso-
topic activities, available from all four libraries, have

been obtained for a number of neutron energy spectra.
It is intended to display the range of C/Es for each iso-
topic product for different materials subjected to the
irradiation. The materials to be covered include Al, Si,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Type
316 stainless steel, In, Sn, Ta, W, and Pb. First, over-
all C/E dispersion trends for each material are pre-
sented. The overall dispersion for an isotopic product
is obtained by getting the lowest and the highest C/Es
observed for its activity by the four libraries for all the
spectral locations covered in the analysis. One standard
deviation of experimental error is considered in getting
the overall dispersion. Subsequently, the individual
overall C/E dispersion trends for each of the four li-
braries are also discussed for each material. Table X VIII

@
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spect to the spectral shape L in 125-energy group
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Fig. 15. Intercomparison of U.S. and J apanese neutron en-
ergy spectra for positions A and B.
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TABLE XV
Cross-Sectional Integrals for Silicon, Manganese, Iron, Cobalt, and Nickel
CSI (barn)
Reference CSI
Material Reaction ACT4 REAC-3 DKR-ICF RACC (b)
Silicon 28i(n, pyPal 6.92 x 1072 0.229 0.240 1.02 x 1072 § 8.71 x 1072°
08i(n, ) Mg 1.41 x 1072 | 3.15x 1072 | 3.42x 1072 | 4.60 x 107 | 2.56 x 1072°
Manganese | **Mn(n,2n)**Mn 0.150 0.149 0.199 0.169 0.150*b
0.168¢
$Mn(n, a)?V 1.17 x 1072 | 1.44 x 102 1.20x 1072 | 1.32 x 10~% | 1.17 x 10~**®
1.31 x 107%°
SSMH(M,T)SﬁMn 86.4 82.2 31.1 29.6
Iron S4Fe{n, p)**Mn 0.700 0.683 0.736 0.411 0.661°
0.700?
0.760° .
MFe(n,a)*!'Cr 454 %1072 | 450 x 1072 | 5.64 x 1072 | 5.91x 1072 | 4.68 x 1072
4.53 x 102°
4.64 x 1072¢
S8Fe(n, p)**Mn 6.26 X 1072 | 674 x 1072 | 6,94 x 1072 | 6.89 x 1072
Cobalt #Co(n,v)*"Co 174.9 196.6 72.2 No data
#Co{n, v)*Co 109.3 267.6 54.4 0.150
$Co(n,v)*®*"Co 7.06 x 1072 | 9.17 x 1072 0.111 No data
®Co(n,2n)%%Co 8.26 x 1072 0.144 4,74 x 1072 0.130 0.135°
‘ 0.1372
HBCo(n,ay5Mn 1.19 x 1072 1.33 x 1072 1.19 % 1072 1.33 x 1072
*Co(n, p)*°Fe 355%x1072 | 3.75%107% | 375 x 1072 | 6.36 x 1072 | 3.48 x 1072°
3.51 x 1072°
Nickel SBNi(n,2n) " Ni 3.00x 1077 | 3.09x 1077 | 5.74 x 10~* | 4.07 x 10~ | 3.08 x 107"
. 2.97 x 10732
“Ni(n,v)%Ni 9.12 15.9 2.97 5.05
BNi(n, p)y*¥Co 0.201 0.417 0.441 No data
BNi(n, p)*iCo 0.791 0.790 0.441 0.450
BNi(n, np+d)’’Co 0.127 0.162 0.157 3.75 x 1072
®Ni(n, p)*®"Co 0.105 6.04 x 1072 | 6.50 x 1072 | 2.74 x 1072
Ni(n, p)*Co 6.72 x 1072 0.103 6.50 x 1072 9.17 x 1072
S2Ni(n, ) Fe 1.81 %1077 | 1.03x 1072 | 7,72 x 107% | 1.27 x 10°¢

aFrom ENDF/B-VI cross sections.

"From JENDL-3 cross sections.
‘From JEF-2 cross sections.

provides a quick reference for locating tables and fig-
ures directly relevant to varicus isotopic activities.
Tables XIX through XXII list the lowest and high-
est C/Es observed for each of the four cross-section li-
braries for various isotopic activities. The tables also
give the overall dispersion derived from the four librar-
ies. Whenever a library does not have the cross-section
data for all the important, contributing reactions for
the production of an isotopic activity, an entry “miss-
ing” is noted. It is evident that the RACC library ac-
counts for most of these notations. One can rote from
the tables that generally, there is considerable disagree-
ment among the four libraries. Tables XXIII and XXIV
show the isotopic products with the largest C/E disper-
FUSION TECHNOLOGY
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sions. Also shown are the important reactions that lead
to the production of those isotopic products. Practi-
cally, all irradiated materials have one or more isoto-
pic products that suffer from serious disagreement
among different cross-section libraries in predicting in-
duced radioactivity.

The strategy for C/E plots for each material as a
function of product half-life is as follows. Each such
plot shows an upper envelope and a lower envelope. An
envelope is plotted by joining the highest (or lowest)
C/E values for each product as a function of half-life.
The ratios of the computed and experimental isotopic
activities, available from all the four libraries, have
been obtained for a number of neutron energy spectra.
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TABLE XVI

Cross-Sectional Integrals for Molybdenum, Zirconium, Niobium,
Tantalum, Tungsten, and Copper

RADIOACTIVITY INDUCED IN PLASMA-FACING COMPONENT

CSI (barn)
Reference CS1
Material Reaction ACT4 REAC-3 DKR-ICF RACC (b)

Molybdenum | "*Mo(n,2n)*'Mo 206 x107% | 1.79x 1072 | 2.11 x 1072 | 4.55 x 102
RMo(n,2n)° " Mo | 1.02x 1077 | 1.79 x 1072 No data No data
SMo(n, p)>>"Nb 3.00 x 1073 [ 1751072 | 7.01 x 1072 | 6.94 x 1073
%Mo(n, p)*Nb 588 x 1073 | 7.48 % 107% | 2.83 x 1072 | 5.28 x 10~
“Mo(n,2n)""Mo | 8.37 x 107* | 5.51 x 107* | 9.57 x 10~* No data

Zirconium WZr(n,20)"Zr 1.06 X 1072 | 9.08 x 1072 | 7.73 x 10~ 7.23 x 107
NZrin,2n)Y027r 6.90 x 1072 | 9,08 x 1072 0.110 9.61 x 1072 8.86 x 10~2%
QZZr(H,p)”Y 5.25 x 1073 | 6.56 x 107} 6.55 x 1673 4.15 x 1073 8.86 x 10-2*
MZr(n, py*Y 989 x 1074 | 2.76 x 107 | 2.39 x 107 1.34 x 1073 2.72 x 1037
BZr(n,v) Zr 5.99 0.771 No data No data
WZr{n,2mY"Zr 0.739 0.647 0.576 0.733 0.6432
94Zr(n,'y)952r 0.565 0.771 0.334 No data

Niobium PNb(n,a )"y 2.66 x 1073 No data No data 4,01 x 1073
BNb(n,27)"Nb 0.155 0.174 0.145 0.162

Tantalum "81Ta(n, p)'® Hf 708 % 107% | 1.22x 1073 | 1.30x 107% | 553 x 107* | 1.41 x 1073*
18ETa(#,2n) 89Ty 0.285 0.881 0.913 No data
BITa(n,v)'%*"Ta 1.06 x 1073 0.273 0.204 No data
'BlTa(n,'y)lszTa 775.9 862.8 644.7 668.6

Tungsten 186% (5, p)'%Ta 3.74x 107% | 1.97x 1074 | 2.52x 107 | 2.14 x 107* | 1.36 x 107**
186w n, o) BHSE 6.92 x 10~° 1.63 x 10~% | 2.02 x 107¢ 1.77 x 1074
184w (n, p)'*Ta 433x107% | 401 x10™* | 5.19x 10™* | 429 x 10™* | 3.62 x 107**
BOW (1, ) W 559.8 919.8 1506.8 517.3
182W(n,p)'szTa 219 x 10°* | 5.61 x 107* | 6.97 x 10~* 5.53 % 107

Copper SBCu(n, o)™ Co 1.30 x 1072 | 3.13 x 1072 No data No data 2.58 x 10-2*
S Cu(n,a)*Co 1.00 x 1072 | 3.13x 1072 | 1.03x 1072 | 2.55x 1072
SCu(n,2m%Cu 0.199 0.196 0.225 0.203 0.1982
63Cu(n,'y)64Cu 30.2 52.7 10.9 12.7

W
T

aFrom ENDF/B-VI cross sections.

In a few cases, the C/Es obtained with activation cross
sections from ENDF/B-VI/JENDL-3/JEF-2 are also
considered for getting the overall dispersion. It is in-
tended to display the range of C/Es for each isotopic
product for different materials subjected to the irradi-
ation. For each isotopic product, typical C/E values
lying between the upper and the lower envelopes are
shown along with associated standard deviations.

VA. Aluminum

Figure 18 is a plot of C/Es for aluminum. It encom-
passes the data for two spectral locations, i.e., A and
B, only. Results with the ENDF/B-VI cross sections are
also included. For ¥’Mg, C/E ranges from 1.08 to
3.04. The corresponding range for the ENDF/B-VI ac-
tivation cross sections is slightly narrower, going from
1.2 to 3.0. The C/E is larger for B. For *Na, C/E
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ranges from 0.96 to 1.24. The corresponding range for
the ENDF/B-VI activation cross sections is from 1.03
to 1.18. The C/E is larger for B. The cross sections are
plotted as a function of energy for the ¥Al(n, p)*’Mg
and the 2’Al(n, «)?*Na reactions in Figs. 19 and 20.
The REAC-3 cross sections appear to be lying closest
to the ENDF/B-VI data. Significant differences in the
cross-sectional integrals for the 2’Al(n, p)*’Mg and
27TA1(n, o)**Na reactions (see Table XVII) are also in-
dicative of the divergence in the C/E values from the
different libraries.

V.B. Siticon

Figure 21 is a plot of C/Es for silicon. The data
were available only for spectral location A. Results with
the JENDL-3 cross sections are also included. Fig-
ure 22 is a plot of the C/E data with JENDL-3 alone.
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TABLE XVII
Cross-Sectional Integrals for Aluminum, Zinc, Tin, and Lead
CSI (barn)
Reference CSI
Material Reaction ACT4 REAC-3 DKR-ICF RACC (b)

Aluminum TAl(n, pY Mg B.04%x 1072 | 882x 1072 | 926 x 1072 | 8.79 x 1072 8.78 x 10~2°

YAl(n, a)**Na 7.02%107% | 668 x 1072 | 7.01 x 1072 | 6.65 x 107 6.64 x 10~2°
Zing Zn(n,2n)Y"Zn 0.170 0.308 0.201 No data

$7Zn{n, p)*'Cu 234x107% | 986 x 102 | 3.57x 1072 | 4.80 x 1073

Zn(n,2n)%Zn 0.121 9.88 x 1072 0.118 7.60 x 1073
Tin N8gn(n,2n)"""Sn 0.225 0.475 1.45 x 102 No data

1630 (n,v)!" " Sn 2.59 x 1072 10.7 0.236 No data

"48n{n,2n)"*Sn 2.59 x 10~ 0.286 0.198 0.344 0.260°

12Sn(n,v)'"*Sn 18.8 10.7 No data No data
Lead Wiph(n,2n)Pb 0.419 0.615 0.712 1.03 0.768"

2From ENDF/B-VI cross sections.
®From JENDL-3 cross sections.

The C/Es are closer to unity, and the dispersion is  cross sections need to be updated in all the libraries.
smaller compared with the corresponding values in  Note that the ACT4 and RACC results lie close to each
Fig. 21. The cross sections are plotted as a function of  other and are considerably below unity for both Al
energy for the #°Si(n, p)*Al, and Si(n,a)* Mg reac-  and *’Mg. Similarly, the C/E results from REAC-3
tions in Figs. 23 and 24, All the libraries deviate from  and DKR-ICF are close to each other and are signifi-
the JENDL.-3 cross sections. It is evident that silicon  cantly larger than unity for both isotopic activities.
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Fig. 16. Comparison of computed to experimental rates, using U.S. and Japanese fluxes for six reactions: 2?Al(n, a)**Na,
SV (n, a)¥8Sc, Feln, p)*Mn, 'In(n,#')! ¥ 1In, ¥ Nb(n,24)*>"Nb, and "W (n,+)'¥ W (cross sections from
REAC-3 library only).
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Quick Index for Locating Tables and Figures of Direct Relevance to Various Isotopic Activities

RADIOACTIVITY INDUCED IN PLASMA-FACING COMPONENT

TABLE XVIII

Reference Numbers Reference Numbers
Radioactive Radioactive
Material Isotope Table Figure Material Isotope Table Figure
Aluminum TMg XVIL, X1X | 18, 19 Zirconium 87r XVI, XX 62, 65, 66
ZNa XVII, XIX | 18, 20 BZr XV1, XX 62, 67
Silicon 2AJ XV, XIX 21, 22, 23 Niobium Wy XVI, XX 68, 69
Mg, XV, XIX 21, 22, 24 MmN b XVI, XX 68, 70, 71
Titanium 85 X1V, XI1X | 25, 26, 28 to 31 || Molybdenum T XXI 72
478¢ XIV, XIX 25, 27, 28 to 31 10160 XXI 72
7Ca XIX ’ 25, 28 to 31 "Mo XVI, XXI 72,73, 74
#6S¢ XIX 25, 28 to 31 BmN XXI 72
97
Vanadium 2y XIV, XIX | 32, 33 oo XXI 2
51 Mo XVI, XXI 72,75, 76
Ti X1V, XIX | 32, 34 v
483 XIV, XIX | 32, 35 Nb | XVI, XXI | 72,77
i ! Mo XXI 72,78
Chromium BCr XIV, XIX | 36, 37 897y XX1 72
SICr X1V, XIX 36, 38 #%mNb XVI, XXI 72,79
92m
Manganese | %2V XV, XiX |39, 40 oo XXI 72
6 Nb XXI 72
Mn | xv,xix | 39,41 oy | xx s
54
Mn | XV, XIX | 39,42 iy X o
iron 3Mn XV, XiX 43, 44
s1cr XV, XIX 43, 45 SS316 All —— 80 to 84
fMn | Xv, XIx 43, 46 Indium 2]p XX1 85
H2m
Cobalt M | XV, XIX | 47 o XX 83
w In XX1 85
Fe XV, XIX | 47 3 X1 85
%Cp XV, XIX 47, 48 n2pg XX] 85
60
Co XV, XIX 47, 49 “5m1n XX 85
Nickel s2mCo XX 50 141 XX1 85, 86
NI XV, XX 50, 51 15cg XXI1 85
Fe XV, XX 50 Ham]y XXI 85, 87
58
0 XV, XX | 30,52 Tin 1y XXI 88, 89
Co XV, XX 50 116m] XXI 88. 90
Co XV, XX | 50,53 n '
' * HSmip XXI 88
Copper S2mCo XX 54 n XX1 88
65N XX 54 imgy XVII, XXI1 88, 91, 92
64Cu XVI, XX 54, 55, 56 M%n XVII, XXI 88, 93
60
Co | XVL XX | 54,57 Tantalum womge | XXI 94
Zinc 837n XX 58 180mTy XVI, XXI 94
55N XX 58 1By XVI, XXI 94, 95
$4Cy XX | 58 182, XVI, XXI 94
697y XVII, XX | 58, 59 186
’ ’ Tungsten Ta XVI, XXII | 96, 97
“Cu | XVI, XX | 58, 60 8 mnre | XXIL o6
In XVI, XX 58, 61 L XVI, XXII | 96, 98
Zirconium sy XVI, XX | 62, 63 1$4Ta XVI, XXI1 | 96,99
9|.mY XX 62 I“W XXH 96
Nb XX 62 183Tq XVI, XXII | 96, 98
H'n'er XX 862 'szTa XVI, XXI1 96
somy XX 62 Lead 204mpy, XX1I 101
2y XVl XX | 62 03p XVII, XXI11 | 101, 102
Agr XX 62
7 XVI, XX 62, 64
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RAD[OACTIVITY INDUCED IN PLASMA-FACING COMPONENT
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Fig. 17. Cross section for '*In(n,n')!"*"In reaction from REAC-3 library and U.S./Japanese neutron energy spectra for

location A.

V.C. Titanium

Figure 25 is a plot of C/Es for titanium. The data
for the two spectral locations, i.e., A and B, are con-
sidered. The results for the **Sc product also include
C/Es with the ENDF/B-VI activation cross sections.
The cross sections are plotted as a function of energy
for the ¥ Ti(n, p)**Sc and *'Ti(n, p)*’Sc reactions in
Figs. 26 and 27, Of all the libraries, REAC-3 comes
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Fig. 18. Aluminum: Overall C/E dispersion for isotopic ac-
tivities, using activation cross-section data con-
tained in ACT4, REAC-3, DKR-ICF, RACC, and
ENDF/B-VI libraries.
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closest to the ENDF/B-VI cross sections. The DKR-
ICF and RACC libraries are close to each other but de-
viate much from the ENDF/B-VI cross sections for
these reactions.

Figures 28 through 31 show C/Es for the ACT4,
REAC-3, DKR-ICF, and RACC libraries, respectively.
Overall, ACT4 yields the best predictions. The REAC-3
and RACC predictions for #’Sc are definitely too high.
In fact, ®¥Ti(n,d)*'Sc and **Ti(n,np)*'Sc together
contribute as much as ~70% to *’Sc isotopic activity
by REAC-3, in contrast to an ~29% contribution for
ACT4; the corresponding contributions for RACC and

(U8 1) S T A L Tt
" AI27(n,p)Mg27
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c L
2
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b4 L
3 L
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Fig. 19. Cross sections for Al(n, p)*’Mg reaction from

different libraries.
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RADIOACTIVITY INDUCED IN PLASMA-FACING COMPONENT

TABLE XIX

Observed C/E Ranges for Isotopic Activities in Irradiated Samples of Aluminum, Silicon,
Titanium, Vanadium, Manganese, Iron, and Cobalt

Observed C/E Ranges for Various Activation Cross-Section Libraries
Irradiated | Radioactive Isotope
Material (Product) ACT4 REAC-3 DKR-ICF RACC All Four Libraries
Aluminum Mg 1,1102.8 1.1t0 2.9 1.1to 3.0 1.2t0 3.1 1.1to 3.1
2Na 1.07t01.20 | 0.97t0 1.17 { 1.03t0 1.22 1.07 to 1.23 0.97 to 1.23
Silicon BAl 0.50t00.64 | 1.64102.10 | 1.75102.22 | 0.621t0 0.79 0.50 to 2.22
Mg 0.50t00.76 | 1.08t0 1.68 | 1.12t0 1.74 | 0.56 to 0.87 0.50to 1.74
Titanium B3¢ 1.051t0 1.20 | 1.00to 1.20 | 1.1410 1.56 | 1.29to 1.63 1.00 to 1.63
8¢ 0.71t0 0.94 | 2.19t02.53 | 0.52t0 0.91 | 1.46t0 1,70 0.52 to 2.53
Y1Ca 0.661t00.97 | 0.80to 1.19 | 0.65 to 0.98 0.55t0 0.83 0.55to0 1.19
465¢ 1.05t0 1.22 | 1.07to 1.23 | 0.84 to 0.97 1.08 to 1.26 0.84 to 1.26
Vanadium s2y 0.84102.24 | 07310 1.54 | 0.72t0 1.66 | 0.73 t0 2.01 0.72 to 2.24
SITi 083t01.13 |]0971t01.25 | 1.05t0 1.76 1.33 10 1.93 0.83t0 1.93
3¢ 0.86to 1.13 | 1.14t0 1.36 | 2.40 10 3.19 0.98 to 1.31 0.86 to 3.19
Chromium “Cr 0.84t01.27 1 2.89t04.21 | 1.00to 1.58 2.22 to 3.30 0.84 to 4.21
S1CT 0.63to 1.01 | 0.71t0 1.29 | 0.77 to 1.13 0.74 to 1.12 0.63t0 1.29
Manganese 2y 7.3t08.9 9.0t011.0 | 9.0to 11,1 8.6 to 10.7 7.3to 11.1
Mn 1.41t0 1.72 | 1.93102.21 | 1.77t0 2.12 1.55t0 1.85 1.4]1 to 2.21
*Mn 095t01.10 | 0.97to 1.13 | 1.05t0 1.23 1.00t0 1.17 09510 1.23
Iron SMn 0.881t01.10 [ 0.77t0 1.07 | 0.90to 1.13 | 1.01t01.22 0.77to 1.22
S1Cr 0.87100.99 | 0.75t0 0.86 | 0.94t0 1.07 | 1.51t0 1.70 0.75 to 1.70
3Mn 1.04 to 1.23 | 0.85t00.99 §| 0.97 to 1.11 1.19t0 1.34 0.85t0 1.34
Cobalt $Mn 0.90t01.42 | 0.91t01.20 | 09310 1.26 | 0.93to 1,27 0.90 to 1.42
Fe 1.04t02.09 | 1.75t0 2.08 | 0.83 to 1.05 0.97t0 1.16 0.83 to 2.08
#Co 1.05to 1.26 | 1.32t0 1.57 | 1.54tc 1.84 1.75t0 2,08 1.05 to 2.08
%Co 3.10t05.03 | 4.10t0 6.81 | 2.60t0 4.36 | 0.085to 0,14 0.085 to 6.8t
0BT T T T T T DKR-ICF are ~53 and ~3%, respectively. As for *8Sc,
A127(n,a)Na24 the cross section for the “*Ti(n, p)**Sc reaction is largely

0.12

6.08

0.04

Fig. 20. Cross sections for ¥Al{#n,«)**Na reaction from

Neutron energy {MeV)

different libraries.
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overpredicted for both DKR-ICF and RACC.

V.D. Vanadium

Figure 32 is a plot of C/Es for vanadium. The data
for three spectral locations, i.e., A, B, and C, are con-
sidered. The C/E results with the JENDL-3 activation
cross sections were not included for obtaining the over-
all C/E range for V. The cross sections are ?lotted as
a function of energy for the *'V(n,v)*?V, 3'V(n, p)-
SITi, and 3! V(n, @)**Sc reactions in Figs. 33, 34, and
35. Of all the libraries, REAC-3 comes closest to the
JENDL-3 cross sections. Other libraries deviate much
from the JENDL-3 cross sections for these reactions,
The JENDL-3 cross section for 3! V(n,v)**V has odd
behavior in that it drops to zero below ~0,1 MeV. This
leads to a strong underestimation of 52V production,

FUSION TECHNOLOGY
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TABLE XX
Observed C/E Ranges for Isotopic Activities in Irradiated Samples of Nickel, Copper, Zinc, Zirconium, and Niobium
Observed C/E Ranges for Various Activation Cross-Section Libraries
Radioactive
Irradiated Isotope All Four
Material { (Product) ACT4 REAC-3 DKR-ICF RACC Libraries
Nickel 62mCo 1.30t0 1.64 | 1.34t0 1,68 {1.3d410 1.70 Missing 1.30 to 1.70
SN 0.86to 1.10| 0.87t0 1.19 |1.15t0 1.66 1.05to 1.43 0.86to 1.66
*Fe 0.88101.52| 1.96t03.21 |0.62101.05| 5.5%x107*1t09.0 x 10~* | 5.5 x 10~ to 3.21
BCo 1.09t0 2.00| 1.19102.26 |0.55t01.28 0.94 to 1.55 0.55 10 2.26
Co 0.88t01.22| 1.20t0 1.53 [0.91t0 1.32 0.25 10 0.33 (.25 to 1.53
0Co 0.81to 1.39| 0.7810 1.31 |0.53 t0 0.88 1.89 to 3.10 0.53t0 3.10
Copper 52 0.6to 165 0.6t019.1 Missing Missing 0.6t0 19,1
65N 1.08 t0 1.31| 0.9810 1.20 |1.02101.24 Missing (.98 to 1.31
54Cu 0.76 to 0.85| (.741t00.83 |0.75t0 0.84 0.75 to 0.84 0.74 to 0.85
Co 031t 1.24] 0.711t0 1.33 {0.11 to 0.41 0.30 to 1.13 0.11t01.33
Zinc S3Zn 1.5t0 1.8 2910 3.3 1.5t0 1.8 1.5t0 1.8 1.5t0 3.3
55Nj 02tol.1 | 0.24t01.24 | 0.2101.2 0.5t01.2 0.210 1.24
54Cu 0.73t0 0.93| 0.32t00.55 |0.5]1 to 0.88 1.34 t0 2.32 0.32t02.32
Bmzn 0.88t01.43] 1.67t02.71 |0.68t01.22[1.37 x 10™*1t0 7.87 x 1077 1.37 x 10~* t0 2.71
Cu 0.49t0 0.96{ 2.84105.57 |0.441t00.70 0.59to0 3.17 0.44 to 5.57
857n 1.29t0 1.361 0.76 t0 0.80 |1.20t0 1.26 0.35t0 0.38 0.35t0 1.36
Zirconium My 0.56t0 0.63| 1.29t0 1.44 |0.97 to 1.11 0.58 to 0.67 0.56 to 1.44
Sty 1.10to 1,32 2.15t0 2.64 [0.78 t0 0.96 .73 t0 1.20 0.73 10 2.64
7Nb 1.21 to 2.30{0.068 t0 0.13 Missing Missing 0.068 to 2.30
87mgr 0.87t00.93] 1.18t0 1.28 Missing Missing 0.87 to 1.28
Somy 1.10to 1.18 ] 4,10 t0 4.32 {0.60 to 0.65 0.60 to 0.65 0.601t04.32
2y 1.02to 1.11] 1.31to 1.44 |0.91 to 1.02 0.73 to 0.82 0.73 10 1.44
oSy 1.0l to 1,174 1.24t01.42 |1.35t01.58 1.17 to 1.38 1.01 to 1.58
NZr 0.89 to 1.40 | 0.048 to 0.072 | Missing Missing 0.048 to 1.40
Wzr 091t0 098 23310247 [1.13t01.22 1.14t0 1.19 0.91 to 2.47
BZr 1.0l to 1.65| 0.85t0 1.39 |0.73t01.20 1.00 to t.64 0.73 to 1.65
Niobium S0y 0.6t01.0 1.1to 2.3 Missing Missing 0.6t02.3
ZmN 0.80to 1.13| 0.87to 1.06 [0.88101.15 0.79 10 1.01 0.79t0 1.15

the corresponding C/E range for JENDL-3 being just
0.10 to 0.17.

Regarding librarywise comparisons, we see that the
DKR-ICF cross section for 3!V (n,a)*Sc is clearly too
high above ~10 MeV. This generates too high a C/E
range (see Table XIX}, that is, 2.40 to 3.19. For the
31T prediction, both DKR-ICF and RACC yield overly
high C/Es, largely due to too large cross sections for
SV (n, p)°'Ti above ~4 MeV.

V.E. Chromium

Figure 36 is a plot of C/Es for chromium. The data
for two spectral locations, i.e., A and K, ar2 consid-
ered. The cross sections are plotted as a function of
energy for the °Cr(n,2n)*Cr and Cr(n,2n)"'Cr re-
FUSION TECHNOLOGY
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actions in Figs. 37 and 38. The JEF-2 cross-section data
are also plotted; the ENDF/B-VI and JENDL-3 cross-
section data were not available for these two reactions.
The status of the cross sections for the two reactions
appears questionable. More data points need to be in-
cluded in JEF. In addition, all four libraries need to
have a much finer group structure above ~10 MeV to
describe the cross-section behavior with confidence,
As for comparison of librarywise C/Es, even though
3'Cr has contributions from both the *2Cr(n,2n)*'Cr
and *°Cr(n,v)*'Cr reactions, the former sweeps the
latter. For example, for spectral location A, the (n,2n)
contribution is as much as ~ 1000 times of the (n,v)
one. The C/E dispersions for *'Cr are almost compa-
rable for the four libraries. However, for “°Cr, both
REAC-3 and RACC strongly overpredict the C/Es. A
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TABLE XXI
Observed C/E Ranges for Isotopic Activities in Irradiated Samples of Molybdenum, Indium, Tin, and Tantalum
Observed C/E Ranges for Various Activation Cross-Section Libraries
Radioactive
Irradiated Isotope All Four
Material (Product) ACT4 REAC-3 DKR-ICF RACC Libraries
Molybdenum 0l 1.7t0 2.4 1.4to 2.2 1.4102.0 1.3t0 2.1 1.3t0 2.4
WMo 2.0t03.3 1.7 to 2.9 1.6 t0 2.7 1.5t02.8 1.5t0 3.3
'Mo 0.7t01.9 1.7t04.2 0.9t0 1.8 1.7 10 4.2 0.7t0 4.2
%MNb 1.2to 1.6 1.2to 1.6 Missing Missing 1.2to 1.6
TNb 0.68 t0 0.72 3.9t0 4.2 1.0to 1.2 0.7t0 0.8 0.68 10 4.2
Mo 14to2.2 591t09.3 2.0t0 3.1 Missing 1.4 t0 9.3
%Nb 1.5102.0 2.7t0 3.4 4310 5.6 1.3to 1.8 1.31t0 5.6
¥Mo 0.99to0 1.12 0.81 to 0,93 0.89 to 1.02 1.11 to 1.27 0.81 to 1.27
87r 0.94 10 1.00 2.05102.22 1.53 to0 1.67 1.75 to 1.91 0.94 t0 2.22
BmND 0.83 10 0.92 6.6107.4 1.7t0 2.0 1.6 to 2.0 0.83t0 7.4
N2mNp 0.99to0 1.12 1.06 10 1.17 1.0to 1.2 1.1to 1.4 0.9%9t01.4
Nb 1.02 10 1.10 2.37t0 2.55 2410 2.7 0.7t0 0.9 0.7t0 2.7
*INb l4to0 1.7 3.04 to 3.45 1.3to 1.6 3.1t03.7 1.3t0 3.7
SZr 0.4 to 0.6 1.03 to 1.25 1.0to 1.3 0.6t0 0.8 0.4t0 1.3
Indium "21p 0.2310 0.50 | 0.28 t0 0.61 0.020 to 0.043 Missing 0.02 to 0.61
H2mpp 0.50 to 0.80 0.610 0.8 Missing Missing 0.50 to 0.80
6y 0.4t0 0.6 0.3t00.4 1.27 to 1.45 Missing 0.30to 1.45
3 1.1to 1.4 2.0to0 3.2 Missing Missing 1.1to 3.2
N2pg 1.2t0 2.1 22t03.8 1.5t02.7 Missing 1.210 3.8
15m 1y 0.009 t0 0.2 2,07 10 3.57 Missing Missing 0.009 to 3.57
Hérg 0.003 to 0.006 0.65 to 0.92 0.56 to (.84 Missing 0.003 to 0.52
t3cd 1.6t0 2.3 6.8109.7 2.1103.1 Missing 1.6t0 9.7
14y 0.005 to 0.008 1.08 to 1.46 0930 1.24 Missing 0.005to 1.46
Tin ip 0.33t0 0.52 4.61to0 7.32 0.29 to 0.46 0.18 to 0.29 0.18 10 7.32
Nempy 0.1t0 0.3 i.1t02.7 0.1t00.5 Missing 0.1t0 2.7
15mn 0.40t0 0.76 1.35 t0 2.63 0.48 10 0.93 2.58 t0 4.89 0.40 to 4.89
M n 1.5101.9 1.2t0 1.6 1.2t0 1.5 0.95t0 1.76 095t0 1.9
Himgy 0.9to 1.1 1.7t0 1.9 0.0061 to 0.066 Missing 0.0061 to 1.9
13gn 0.61t00.8 1.6t0 1.9 0.7t00.9 1.03to 1.16 0.6t01.9
Tantalum L8Oy ¢ Missing 11410 100.2 17.21 x 107* to 3.16 x 1073 Missing | 7.21 x 10™% to 100.2
180mpg 0.53 to 4.28 1.2 t0 10.6 1.3 10 10.7 Missing 0.53t0 10.7
8 514 0.98 10 1,28 1.43t0 1.88 1,52 t0 2.05 1.00 to 1.36 0.98 to 2.05
18213 1.28 to 170 1.22 to 1,64 1.00 to 1.34 1.28 to 1.72 1.00to 1.72

high threshold for the °Cr(n,2n)**Cr reaction cou-
pled with very coarse energy group structure is re-
sponsible for these C/E spreads. In fact, it is sheer
chance that DKR-ICF and ACT4 yield more reasonable
C/Es!

V.F. Manganese

Figure 39 is a plot of C/Es for manganese. The
data for two spectral locations, i.e., A and B, are
considered. The results for the ENDF/B-VI (same as
JENDL-3) and JEF-2 activation cross sections are also
included. The cross sections are ?lotted as a function
of energy for the *Mn(n,a)*?V, **Mn(n,v)*Mn, and
35Mn(n,2n)>*Mn reactions in Figs. 40, 41, and 42,
The JEF-2 cross-section data do not agree very well
with the ENDF/B-VI data for **Mn(n, «)**V and
**Mn(#n,2n)*Mn. The status of the cross sections for
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these two reactions is questionable. All the libraries
show deviations from the ENDF/B-VI data. Also, the
C/Es for **V look too high in light of the cross-section
plot of Fig. 40. The experimental data could be doubted
to be in error for this ?roduct. All the libraries appear
to overpredict both **Mn and **Mn. The relatively
high threshold (~11 MeV) for the *Mn(n,2n)**Mn
reaction and the coarse energy group structure appear
to be mainly responsible for the overprediction of C/Es
for **Mn. As for **Mn, two contributing factors are
traceable. First, the cross sections differ significantly
from each other. In fact, CSI's for ACT4, REAC-3,
DKR-ICF, and RACC are 86.4, 82.2, 31.1,and 29.6 b,
respectively. Second, the computed neutron energy
spectrum is inadequate to deal with a series of reso-
nances in the (n,v) cross section from 100 eV to 100
KeV. Also, the spectrum for the lower energy neutrons
may be overestimated.
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TABLE XXII
Observed C/E Ranges for Isotopic Activities in Irradiated Samples of Tungsten and Lead
Observed C/E Ranges for Various Activation Cross-Section Libraries
Radioactive
Irradiated Isotope All Four
Material {Product) ACT4 REAC-3 DKR-ICF RACC Libraries
Tungsten 186 1.6102.2 2.0to 2.6 1.3t0 1.7 1.1to 1.6 1.1t0 2.6
182mTg Missing 9.5t0 23.3 Missing Missing 9.5 to 23.3
I f 0.5t00.7 4.6 to 5.7 2.410 3.0 2.3t02.8 0.5t0 5.7
184Tq 0.8t01.2 1.6t02.2 1.ito1.7 1.0to 1.5 0.8t02.2
1879y 0.95t0 1.66 1.57 t0 2.73 3.80 to 6.80 1.74 to 3.30 0.95 to 6.80
183Ta 0.8to0 1.1 2.1t0 2.7 1.2to 1.6 12t0 1.6 0.8t02.7
182Ta 1.04 to 1.34 2.28 to 2.81 0.76 to 0.97 0.70 to 0.90 0.70 to 2.81
Lead 204mpty Missing 24.9 10 48.5 Missing Missing 24.9 to 48.5
W03pp 0.57 t0 0.73 1.01 to 1.29 1.06 to 1,34 1.35t0 1.72 0.57to 1.72
3 et T The cross section for the **Fe(n, «)*' Cr reaction is
C Silicon 1 significantly off in the REAC-3, DKR-ICF, and RACC
- ] libraries, being underpredicted at a higher energy in
- Upper envelops | REAC-3 and overpredicted in RACC above ~10 MeV.
2 L \ R The shape of this cross section differs sharply from
[ ~— those in ENDF/B-VI, JENDL-3, and JEF-2. The
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Fig. 21. Silicon: Overall C/E dispersion for isotopic activities,
using activation cross-section data contained in
ACT4, REAC-3, DKR-ICF, RACC, and JENDL-3
libraries.

V.G. Iron

Figure 43 is a plot of C/Es for iron. The data for
three spectral locations, i.e., A, F, and L, are consid-
ered. The results with the ENDF/B-VI, JENDL-3, and
JEF-2 cross sections are also included for *Mn. The
cross sections are plotted as a function of energy for the
6Fe(n, p)**Mn, >*Fe(n, a)*'Cr, and Fe(n, p)**Mn
teactionsin Figs. 44, 45, and 46. The JEF-2and JENDL-3
cross-section data do not have excellent agreement with
the ENDF/B-VI data for *Fe(n, «)*'Cr and *Fe(n, p)-
54Mn. The ACT4 cross sections are closest to ENDF/
B-VI. Even though all the libraries show deviations
from the ENDF/B-VI data, the RACC and REAC-3
libraries have the largest deviations of the four.

FUSION TECHNOLOGY VOL. 28 AUG, 1995

cross-section shape for *Fe(n, p)**Mn in RACC dif-
fers sharply from those in the ENDF/B-VI, JENDL-3,
and JEF-2 libraries. Even larger C/E dispersion for
the 3*Mn production is bound to occur with RACC.
Table XV compares CSIs for **Fe(n, p)**Mn. The
RACC library has the lowest value of 0.41 b as against
0.76 b by the JEF-2 library. This large difference in
the CSIs stresses a need for large improvement for this
cross section, particularly in the RACC library. The
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v ]
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Fig. 22. Silicon: C/E dispersion for isotopic activities, using

activation cross-section data contained in JENDL-3
library alone.
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TABLE XXIII
Radioactive Products with Large C/E Dispersions, Resulting from D-T Neutron Irradiation
of Al, Si, Ti, V, Cr, Mn, Fe, Co, Ni, Co, Cu, Zn, Zr, and Nb
Isotopic Products with
lrradia}ed Large C/E Dispersion Important Reactions Leading to Production
Material {Overall C/E Dispersion) of the Radioactive Isotopic Products
Aluminum Mg (1.ltod.D) TAl(n, p) ¥ Mg
Silicon YAl (0.50to 2.22) Si(n, p)2°Al
Titanium Bge  (1.00 to 1.63) “8Ti (n, p)**Sc
7S¢ (0.52 to 2.53) ATTi(n, p)¥'Sc
Vanadium 2y (0.72 10 2.24) SV ()%
ITi 0 (0.83 to0 1.93) Sy p) '
#3c  (0.8610 3.19) Y {(n,a)*Sc
Chromium #¥Cr  (0.84 10 4.21) 0Cr{n,2m)**Cr
Manganese 2y (73to 111 SMn(n,a)*V
Iron Mn (0.85 to 1.34) *Mn (n,2n)**Mn
Cobalt ¥Fe (0.83 to 2.08) *Co(n, p)*Fe
2Co  (1.05 10 2.08) M Co(n,2n)8Co, *¥*Co(n,2n)*#"Co - **Co
Co (0.085 to 6.81) ®Co(n,y)*Co, ¥Co(n,v)*"Co - ¥Co
Nickel 82mCo  (1.30 to 1.70) 82Ni{n, p)**Co
STNi (0.86 to 1.66) BNi(n,2n)*"Ni
8Co (0.55 10 2.26) 8N (n, p)Co, *Ni(n, p)**Co — *Co -
STCo  (0.25 to 1.53) S¥Ni (n, np/d) >’ Co
®Co (0.53to 3.10) 8ONi (1, p)®Co,"Ni(n, p)*"Co - ®Co
Copper ®©Co  (0.11 to 1.33) BCu(n,a)®Co, ¥Cu(n,a)*"Co - %Co
s2nCo (0.6 to 19.1) S Cu(n, ) Co
Zinc %Cu (0.32t02.32) “Zn(n, p)*Cu
69m7n (1.37 x 10~* to 2.71) 070 (n,2m)*"Zn, BZn(n,v)*"Zn
’Cu  (0.44 t0 5.57) “Zn{n, p)}¥’Cu
657Zn  (0.35to 1.36) MZn(n, IS Zn, ¥Zn{n,2mSZn
Zirconium MY  (0.56 to 1.44) HZn(n, p)Y, ®Zr(n, )Y
Yy ¢0.73 to 2.64) NZr{n, p)*"Y, P2 Zr (n,np/d)’MY
TZr (0.048 to 1.40) WZr(n,y)  Zr
oMy (060 t0 4.32) 0Zr(n,p)%"Y, ¥ Zr (n,np/d)*"Y
7Nb (0.068 to 2.30) Wzrin,v)"Zr - *Y’Nb
8¥7r (0.9 to 2.47) 07(n, 20y Zr, OZr(n,2n)" Zr - M Zr
Zr  (0.73to 1.65) 2y (n,2m)¥Zr, BZr(n, )P 2r
Niobium 0y 0.6102.3) BNb(n,a)*"Y

REAC-3 cross section for the “Fe(n, p)*Mn reaction
seems to be clearly underestimated in the 13- to 15-MeV
range. This is responsible for the downward trend in
the C/E values for the **Mn production by this library.

VH. Cobalt

Figure 47 is a plot of C/Es for cobalt. The data for
two spectral locations, i.e., A and C, are considered.
The results with ENDF/B-VI, JENDL-3, and JEF-2
(same as ENDF/B-VI) cross sections are also included
for *°Fe. The cross sections are plotted as a function

128

of energy for the *Co(n,2n)**Co and **Co(n,y)®°Co
reactions in Figs. 48 and 49. The JENDL-3 and ENDF/
B-VI libraries differ significantly from each other for
9Co(n,2n)*8Co; REAC-3 comes closest to JENDL-3
and ENDF/B-VI; ACT4 and DKR-ICF cross sections
differ much from all the others. As for ¥Co(n,v)%Co,
all four libraries have different cross sections. However,
ACT4 and RACC have peculiar representations for
this reaction; the cross section in RACC is constant at
<1072 b below ~ | MeV! The ACT4 cross section above
~3 MeV drops rapidly and is lower by a factor or 4 or
more below the smallest cross section at ~14 MeV.
FUSION TECHNOLOGY
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TABLE XXIV

Radioactive Products with Large C/E Dispersions, Resulting from D-T Neutron
Irradiation of Mo, In, Sn, Ta, W, and Pb

Isotopic Products with
lrradia}ed Large C/E Dispersion Important Reactions Leading to Production
Material {Overall C/E Dispersion) of the Radioactive Isotopic Products
Molybdenum e (1.3 to 2.4) WMo (n,v) "' Mo - "' T¢
WMo (1.5 t0 3.3) 19Mo (11, ) "' Mo
Mo (0.7 t0 4.2) 2Mo(n,2n)*'Mo
9"Nb {0.68 to 4.2) Mo (n, p)'Nb, %Mo (n, np/d)*’Nb
“Nb 0.7t0 2.7) %Mo (n, p)**Nb, *Mo (n, np/d)**Nb, *"'Nb — Nb
#'Nb (1.3t0 3.7 Mo (n,2n1?'"Mo — *'Nb
57y (04tol.3) Mo (n,a)%Zr
Indium 11210 (0.02 to 0.61) "Bin(n,2m"In
H2myp (0.50 to 0.80) Wn(n,2m'2"In
N (0.30 to 1.45) Wn(n,yyHeIn
WSy (0.009 to 3.57) "n(n,n’)"" ™ n
WIn  (0.003 to 0.92) WIn(m, 2n) ' In — *MIn
nsed (1.6 10 9.7) “sln(n,p) H5Cd
Wamln  (0.005 to 1.46) Wiin(n,2n) "% In
Tin "[n {0.18 to 7.32) "8n(n, p)Vin, 1880 (n, np/d)' In, """ in - "n
Mempn (0.1t0 2.7) 168 (n, p) ' In, 'Sn(n, np/d) ' In
Ninmn (0.40 to 4.89) 1380 (n, p)"**In, "'$Sn(n, np/d)+*"1n,
IlSSn(n,a) I15mCd — llSmIn,
Ilssn(n’a) 115Cd —_ IISmIn
7mgn  (0.0061 t0 1.9) HBSn (m, 27011780, %80 (n,y) """ Sn
H3gn (0.6 10 1.9) 1480 (n, 21)"?8Sn, 2Sn(n,y)"3Sn
I]4Sn{n,2n)ll3msn_,, IUSH,
llZSn(n’,y) ll3msn - 113Sn
Tantalum 180wl (7.21 % 1074 to 100.2) 130T (n, p) 3% HS, '8 Ta(n, np/d) " Hf
180m g (0.53 to 10.7) 18T (n,2n) 180mTa
Tungsten 186Ta (1.1 to 2.6) oW (n, p)'¥Ta
1Y (0.5t05.7) B6W (n,00) O3S
1847, (0.81t02.2) 84w (n, p)'%Ta
LAWY {0.95 to 6.80) mf’W(n,-y)“”W
18375 0.8t02.7) '8IW (n, p) ' Ta, "W (n, np/d)'#Ta
182 g (0.70 to 2.81) 2% (n, p)'82Ta, "B W (n, np/d) ¥ Ta, 1¥2"Ta - 1¥Ta
Lead 24nph  (24.9 o 48.5) 24P (p, n*)24mPh, V6P (1, 3) 24Pl
0ipy (0.57 10 1,72) 204ph(n, 20) % Ph

Note that the RACC library does not have cross-
section data for the Co(n,2n)°*™Co and **Co(n, v)-
60m (o reactions, which contribute to the production
of *8Co and %Co, respectively. The REAC-3 library
has clear trends for a large overprediction for *°Fe,
8Co, and ®Co. As for **Co, the sum of CSIs for both
the ¥Co(n,2n)*"Co and **Co(n,2n)*®Co reactions in
REAC-3 is almost twice as much as for the other librar-
ies. For #Co, the sum of CSlIs for both the **Co(n,v)-
80m o and *Co(n,v)*®Co reactions is 1.6 fimes that
for ACT4; it is 3.7 times that for DKR-ICF; it is more
than 3000 times that for RACC.
VOL. 28
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V). Nickel

Figure 50 is a plot of C/Es for nickel. The data for
three spectral locations, i.e., A, B, and K, are consid-
ered. The results with the ENDF/B-VI, JENDL-3, and
JEF-2 (same as ENDF/B-VI) cross sections are also in-
cluded for *'Ni. The cross sections are plotted as a
function of energy for the ¥Ni(n,27)*"Ni, *¥Ni(n, p)-
8Co, and ®Ni(n, p)®Co reactions in Figs. 51, 52, and
53, The JENDL-3 and ENDF/B-VI libraries do not dif-
fer significantly from each other for **Ni(n,2n)*'Ni
below 16 MeV. All the libraries have a rather coarse

129




Kumar et al.

T T

— '
Si29(n,p)Al129

{barn)

0.10

Cross-section

Neutron energy (MeV)}
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Fig. 24. Cross sections for *°Si(#,a)*’Mg reaction from
different libraries.

group structure in the energy range of interest for this
reaction to make any unambiguous judgment as to the
quality of the cross section. But, the CSIs from DKR-
ICF and RACC are considerably above those from
ENDF/B-VI, JENDL-3, and the other libraries. This
can explain the tendency of both these libraries to sys-
tematically overpredict C/Es for *¥Ni(n,2n)*'Ni. As for
S8Ni(#, p)*¥Co, all four libraries have different cross
sections and deviate from ENDF/B-VI, The cross sec-
tions for ®Ni{#n, p)*°Co differ much from each other;
the cross section in DKR-1CF appears to be much lower
than that in other libraries between 10 to 15MeV. These
cross-section data need large improvement.

The RACC library does not have cross sections for
the 52Ni(n, p)*2”Co and *®Ni(n, p)**™Co reactions.
The cross section for the Ni(n, «)*’Fe reaction is too
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Fig. 25. Titanium: Overall C/E dispersion for isotopic
activities, using activation cross-section data con-
tained in ACT4, REAC-3, DKR-ICF, RACC
libraries.

low. The production rate of **Fe is three orders lower
compared with those by the other libraries. The CSI for
the ©2Ni(n, o)*Fe reaction for RACC is three to four
orders lower than those for the other three libraries (see
Table XV). The REAC-3 library systematically over-
predicts the °*Fe production. There are two contribu-
tors behind this trend: (a) the largest cross section for
the ©2Ni{n, o' y*°Fe reaction (see CSIs in Table XV) and
(b) the large value for the ®Ni(»,2p)**Fe reaction
from REAC-3, as much as ~30% of the total **Fe
production. In fact, this reaction channel is absent in
the other three libraries. As for *¥Co, the sum of CSIs
for the ¥Ni(n, p)*®"Co and *®Ni(n, p)**Co reactions
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Fig. 26. Cross sections for B Ti(n, py*Sc reaction from dif-
ferent libraries.
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ferent libraries.
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RACC library alone.
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tivities, using activation cross-section data con-
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Fig. 34. Cross sections for *'V(n, p)*'Ti reaction from dif-
ferent libraries.
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Fig. 36. Chromium: Overall C/E dispersion for isotopic ac-
tivities, using activation cross-section data con-
tained in ACT4, REAC-3, DKR-ICF, and RACC
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Fig. 37. Cross sections for *°Cr{n,2n)*Cr reaction from
different libraries.

is the lowest for RACC, a factor of ~2 or more com-
pared with that from the other three libraries. The con-
tribution of $8Ni(n, np + d)*’Co to 3’Co production
is a factor of ~4 lower compared with the other librar-
ies. The contribution of Ni{n, p)*"Co to **Co pro-
duction is approximately a factor of 4 higher compared
with the other libraries.

VL) Copper

Figure 54 is a plot of C/Es for copper. The data
for two spectral locations, i.e., A and K, are consid-
ered. The cross sections are plotted as a function of en-
ergy for the 5Cu(n,2n)%Cu, $Cu(n,v)**Cu, and
83 Cu(n,«)*°Co reactions in Figs. 55, 56, and 57. The
ENDF/B-VI cross sections are also plotted. All four li-
braries have different cross sections and deviate from
ENDE/B-VI. In fact, both ACT4 and DKR-ICF have
VOL. 28
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Fig. 39. Manganese: Overall C/E dispersion for isotopic ac-
tivities, using activation cross-section data con-
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Fig. 41. Cross sections for **Mn(n,v)**Mn reaction from
different libraries.
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Fig. 43. Iron: Overall C/E dispersion for isotopic activities,
using activation cross-section data contained in
ACT4, REAC-3, DKR-ICF, and RACC libraries.
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Fig. 44, Cross sections for **Fe(n, p)**Mn reaction from
different libraries.
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Fig. 46. Cross sections for **Fe(n, p)**Mn reaction from
different libraries.
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Fig. 47. Cobalt: Overall C/E dispersion for isotopic activi-
ties, using activation cross-section data contained
in ACT4, REAC-3, DKR-ICF, and RACC libraries.
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Fig. 48, Cross sections for *Co(n,2m)*#Co reaction from
different libraries.
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Fig. 50. Nickel: Overall C/E dispersion for isotopic activi-
ties, using activation cross-section data contained
in ACT4, REAC-3, DKR-ICF, and RACC libraries.
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Fig. 51. Cross sections for *Ni(n,2n)*'Ni reaction from
different libraries.
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Fig. 53. Cross sections for *Ni{n, p)*Co reaction from
different libraries.

83Cu(n, &) Co, the latter reaction being an impor-
tant contributor to the production of ¢°Co. In addi-
tion, the RACC library does not have cross sections for
S5Cu(n, p)*¥Ni.

V.K. Zinc

Figure 58 is a plot of C/Es for zinc. The data for
three spectral locations, i.e., C, F, and L, are consid-
ered. The cross sections are plotted as a function of en-
ergy for the °Zn(n,2n)%*"Zn, Zn(n, p)*’Cu, and
6671 (n,2n)% Zn reactions in Figs. 59, 60, and 61. No
cross-section data were found for these and other im-
portant reactions in the ENDF/B-VI, JENDL-3, and
JEF-2 libraries. The RACC cross-section shapes and
values are widely different compared with the other li-
braries (see Table XVII). In fact, CSIs for both the
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Fig. 54. Copper: Overall C/E dispersion for isotopic activ-
ities, using activation cross-section data contained
in ACT4, REAC-3, DKR-ICF, and RACC libraries.
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Fig. 55. Cross sections for #*Cu(n,2n)**Cu reaction from
different libraries.

57Zn(n, p)¥"Cu and *Zn(n,2n)%*Zn reactions in the
RACC library are almost an order lower compared with
those for the other three libraries. The RACC cross sec-
tion for the %Zn(n,2n)*°Zn reaction drops to zero be-
low ~13.5 MeV. As for the ¥Zn(n, )4 Cu reaction,
the cross section drops to zero below ~ 14 MeV, Wide
divergences are observed among the cross sections in
all the libraries, as is quite evident from the plots. Also,
the CSIs for these reactions differ significantly from
each other (see Table XVII).

The RACC library does not have cross-section data
for 7°Zn(n,2n)Y*"Zn and **Zn(n, np/d)*’Cu. This
leads to serious underéstimation of the #7Zn pro-
duction by RACC as the other contributing reaction
B7Zn(n,v)®"Zn does not account for much for the
neutron energy specira covered. In addition, it has low
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Fig. 56. Cross sections for **Cu(n,v)*Cu reaction from
different libraries.
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Fig. 57. Cross sections for #Cu{n, )*Co reaction from
different libraries.

contributions to #Zn: The %Zn(n,27)%Zn rate is a
factor of 2 to 10 lower compared with the other librar-
ies, depending on the neutron energy spectrum, and the
84Zn(n,v)%Zn reaction rate is four to six orders lower
compared with the other libraries, again depending on
the neutron energy spectrum.

V.L. Zirconium

Figure 62 is a plot of C/Es for zirconium. The data
for two spectral locations, i.e., A and C, are consid-
ered. It is evident from this figure as well as Table XX
that the large C/E dispersions are present for all the ob-
served isotopic products. The cross sections are plot-
ted as a function of energy for the **Zr(n, p)™*Y,
BzZr(n, ) Zr, ®Zr(n,2my*®*" Zr, ®Zr(n,2n*Zr, and
AUG. 1995
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Fig. 58. Zinc: Overall C/E dispersion for isotopic activities,
using activation cross-section data contained in
ACT4, REAC-3, DKR-ICF, and RACC libraries.
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Fig. 61. Cross sections for *Zn(n,2n)*Zn reaction from
different libraries.
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Fig. 62. Zirconium: Overall C/E dispersion for isotopic ac-
tivities, using activation cross-section data con-
tained in ACT4, REAC-3, DKR-ICF, and RACC
libraries.

971 (n,2n)Zr reactions in Figs. 63 through 67. The
RACC and DKR-ICF libraries do not have a cross sec-
tion for *Zr(n,v)*’ Zr. The ENDF/B-VI cross sections
are also plotted for #Zr(n, p)**Y, ®Zr(n,2n)*Zr, and
97r(n,2n)*Zr. Wide divergences are observed in the
cross sections in all the libraries. The REAC-3 library
yields very low C/Es for both ¥Zr and P’Nb. In fact, the
production reaction for both these isotopes is BZr(n,¥)-
977r. As can be seen from Fig. 64 and Table XVI, the
cross sections for the ACT4 and REAC-3 libraries dif-
fer sharply in the various energy regions. The C/E
trends can even undergo reversal for these two libraries
under different spectra. Note that the %Zr(n,v)**Zr
reaction cross section for these two libraries has simi-
lar problem, but because of the dominant contribution
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Fig. 63. Cross sections for **Zr(n, p)*Y reaction from dif-
ferent libraries.
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Fig. 64. Cross sections for *Zr(n,v)*’Zr reaction from
different libraries.

of the competing nuclear reaction *Zr(n,2n)%*Zr, the
C/E dispersions for the **Zr activity do not show sim-
ilar erratic behavior, In addition, REAC-3 largely over-
predicts the contribution of ¥ Zr to ¥Zr production
almost up to a factor of 2 higher for most of the situ-
ations of interest, compared with the other libraries.
This is due to a larger cross section for the PZr(n,2n)-
897 reaction in the REAC-3 library.

Let us now look at the librarywise behavior for
C/Es. The DKR-ICF and RACC libraries do not have
cross-section data for the %Zr(n,v)¥Zr, ®Zr(n,)-
87mgGr and *'Zr(n, n'a)¥’™Sr reactions. In addition,
RACC does not have cross sections for #Zr(n,y)*Zr.
The ACT4 and RACC cross sections for the *Zr(n, p)-
94y reaction are much lower than those for ENDF/
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Fig. 65. Cross sections for *°Zr(n,2n)%" Zr reaction from
different libraries.
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Fig. 66. Cross sections for 07r(n,2n)¥Zr reaction from
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Fig. 67. Cross sections for %Zr(n,2n)**Zr reaction from
different libraries.
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B-VI, REAC-3, and DKR-ICF. This explains system-
atically lower C/E values for **Y activity for these two
libraries. For **"'Y, both DKR-ICF and RACC yield
almost identical but systematically low C/Es. The
only contributing reaction for these two libraries is
9Zr(n, p)*®"Y. There is one more contributor in the
ACT4 library: ¥'Zr(n,np)®” Y. The REAC-3 library
has two additional reaction channels: *'Zr{n, d)*"Y
and #2Zr(n,nd)*™ Y. The most dominant contributor
for both the ACT4 and REAC-3 libraries is **Zr (n, p)-
Y. However, for example, the REAC-3 reaction
rate for this channel is ~3.7 times that from ACT4. The
NZr{n,np)®™Y channel contributes ~3% to the 7Y
activity in ACT4 and ~1.5% in REAC-3. The com-
bined fractional contribution of three minor channels
to the total °*"Y activity from the REAC-3 library is
~4%,. But, this contribution by REAC-3 in itself is al-
most ~15% of the total ™Y activity from ACT4! It
implies that the REAC-3 cross sections for the second-
ary channels also add to the overprediction of the
0my activity.

V.M. Niohium

Figure 68 is a plot of C/Es for niobium, The data for
four spectral locations, i.e., A, C, E, and K, are consid-
ered. The JENDL.-3 dosimetry cross sections were also
used for Nb(n,2n)Nb%"  The cross sections are plot-
ted as a function of energy for the *Nb(n, o) Y and
PINb(#,2n)°2"Nb reactions in Figs. 69 and 70. The
RACC and DKR-ICF libraries do not have cross sec-
tions for #*Nb(n,«)*"Y. The JENDL-3 dosimetry
cross sections are also plotted for *Nb(n,21)%2" Nb.
Significant deviations are observed in the cross sections
in all the libraries. The CSls for both reactions differ
widely among the libraries (see Table XVI)}. Figure 71
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Fig. 68. Niobium: Overall C/E dispersion for isotopic ac-
tivities, using activation cross-section jata con-
tained in ACT4, REAC-3, DKR-ICF, and RACC
libraries.
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Fig. 70. Cross sections for **Nb(n,21)"%"Nb reaction from
different libraries.
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shows C/Es for ¥ Nb(n,21)?"Nb for the spectral lo-
cations A through L with the ACT4 cross-section data.
Both the United States and Japan fluxes have been uti-
lized. One can observe that C/Es deviate considerably
from unity even for this relatively well-known dosim-
etry reaction.

V.N. Molybdenum

Figure 72 is a plot of C/Es for molybdenum. The
data for two spectral locations, i.e., A and C, are con-
sidered. The cross sections are plotted as a function of
energy for the Mo (n,21)°""" Mo, **Mo(n,2n)°* Mo,
*Mo(n,2n)*"Mo, **Mo(n,v)*""Mo, *Mo(n, p)-
%Nb, '“Mo(n,21)**Mo, and *Mo(n, p)**"Nb reac-
tions in Figs. 73 through 79, respectively, The RACC
library does not have cross sections for **Mo(n,2n)-
#1mMo and **Mo(n,2n)**"Mo. Note that *'Nb is pro-
duced by 8~ decay of *"Mo. Wide divergences are
observed in the cross sections in all the libraries. Al-
though cross sections for '“Mo(n,v)'*'Mo are not
shown, large divergences are observed among the four
libraries on one hand and vis-a-vis ENDF/B-VI on the
other.

We see important differences among C/Es from
different libraries. On Mo production predictabil-
ity, there are two contributing channels: **Mo(n,2n)-
mMo and **Mo(n,v)”*""Mo. Only two libraries,
i.e., ACT4 and REAC-3, have cross sections for the
2Mo(n,v)* ™Mo channel. The fractional contribu-
tions from this channel in the two libraries are very dif-
ferent. For example, for spectrum A, the fractional
contributions of the **Mo(n,v)?*"Mo channel are
~0.2 and ~75% for ACT4 and REAC-3, respectively.
The cross sections for the **Mo(n, y)**""Mo reactions
in the two libraries are not only orders different but also
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Fig. 72. Molybdenum: Overall C/E dispersion for isotopic
activities, using activation cross-section data con-
tained in ACT4, REAC-3, DKR-ICF, and RACC
libraries.
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Fig. 74. Cross sections for 2Mo(n,27%' Mo reaction from
different libraries.

have divergent energy-wise dependence, as shown in
Fig. 76. In fact, the ACT4 shape does not conform to
the usual trend of an (#,v) reaction at lower neutron
energies; usually, the cross section for such reactions
has 1/v dependence at low neutron energies.

As for ¥Zr, both DKR-ICF and RACC do not
have cross sections for the ?Mo(n, @)% Zr channel.
But, in spite of this, these two libraries along with
REAC-3 have a systematic tendency to overpredict
C/Es because of the significantly larger *Mo(n, Y Zr
channel in all these three libraries. In fact, the contribu-
tions to ¥Zr from **Mo(n,a)¥Zr alone, in descend-
ing order for the four libraries, are: RACC, DKR-ICF,
REAC-3, and ACT4. In fact, overall, ACT4 yields the
best C/Es.
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Fig. 75. Cross sections for “*Mo(#,2m)***Mo reaction
from different libraries.
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Fig. 76. Cross sections for 2Mo(#,v)***' Mo reaction from
different libraries.

For *’Mo, both the DKR-ICF and RACC libraries
do not have cross sections for the “*Mo(n,2n)*'"Mo
channel. In spite of this, RACC yields the largest C/Es
for **Mo. The REAC-3 library shows almost as much
as ~36% of contribution from the *Mo(n,27)%!" Mo
channel; for ACT4, this channel contributes ~3 %
only. In fact, CSI for this channel from REAC-3 is an
order larger than that from ACT4 (see Table XVI}),

For **Nb, the DKR-ICF library yields a factor of
3 to 4 higher results above the other three libraries for
the Mo (n, p)°°Nb channel. This can be easily under-
stood from the cross-section plots for this channel in
Fig. 77. The REAC-3 library appears to have exces-
sive contributions from three secondary char nels, i.e.,
9"Mo(n np)°°Nb, “"Mo(n,d)**Nb, and B\io(n, )-

%Nb. In fact, the primary channel *Mo(n, p)**Nb
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different libraries.
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contributes only as much as ~50% by REAC-3, com-
pared with ~94% by ACT4. All the libraries overpre-
dict the *Nb production.

For ?*"Nb, REAC-3 has the largest cross section
for the #*Mo(n, p)**"" Nb channel whereas ACT4 has
the lowest cross section; this is also reflected in CSls
(see Table XVI). In fact, REAC-3, DKR-ICF, and
RACC predict much larger contributions from this
channel compared with that by ACT4, the overpredic-
tion being as much as a factor of 2 to 5 larger. The
REAC-3 library has large contributions from the sec-
ondary channels (see Table 1X) too. These channels
contribute as much as ~50% in REAC-3 whereas in
ACT4 it amounts to ~10% only,

For *Nb, the trends observed for "' Nb have im-
portant impact, as *"Nb — **Nb channel makes a sig-
nificant contribution. The DKR-ICF library predicts
too large contribution by Mo(#, p)*’Nb channel. In
fact, the contribution by this library is ~2.5 times that
by ACT4. REAC-3, again, has large contributions
from the secondary channels (see Table IX); their con-
tribution is as much as ~30% to the total.

For ®’Nb, one discovers very peculiar trends with
all the libraries when one looks very closely at the
finer, channelwise decompositions. Even though the
C/E ranges predicted by ACT4 and RACC are rather
close, the channelwise contributions are widely differ-
ent even for these two libraries. For example, for the
“"Mo(n, p)*’Nb channel, RACC has the lowest contri-
bution. The RACC contribution is almost ~70% of the
ACT4 contribution. But, for the secondary channels of
BMo(n, np/dY*’Nb, the RACC contribution is as much
as ~2.5 times that by ACT4, For ACT4, the secondary
channels contribute ~20%; they contribute, respec-
tively, ~45, ~30, and ~55% for RACC, DKR-ICF, and
REAC-3.

V.0. Type 316 Stainless Steel

Figure 80 is a plot of C/Es for stainless steel. The
data for three spectral locations, i.e., A, B, and C, are
considered. The C/E dispersions are especially large for
SINi, ¥Zr, Mo, *Fe, **Co, *'Co, and *Co. Fig-
ures 81 through 84 show C/Es for the ACT4, REAC-3,
DKR-ICF, and RACC libraries, respectively, Primar-
ily, the trends observed for the steel components, i.e.,
Fe, Ni, Mn, Mo, and Co, are reflected in these figures.
However, there could be compensating or complicat-
ing effects arising due to competing reaction channels
from these component materials. The spectral integrals
for these reaction channels differ widely among the
four libraries. As for *'Cr, the competing reaction chan-
nels come from Cr and Fe, e.g., **Cr(n,2n)'Cr, and
%Cr(n,v)*'Cr from Cr, and **Fe(n,a)*' Cr from Fe.
For example, the contribution from Fe is as much as
~6% for spectrum A by ACT4. Manganese-56 receives
contributions from Fe, Mn, and Co. Cobalt-58 gets
contributions from Co and Ni. Iron-59 receives contri-

142

RADIOACTIVITY INDUCED IN PLASMA-FACING COMPONENT

:—r—n—mnq LELRARLL W Sl S R e R et e S
i s Stainless Steel ]
it - -
e L .
E | Upper envelope 289 Fe%@ |
; M
@ L 3
a \ \ A \L
]
w . I
100 T = ] P ¥ e I
2 4 ]
3 [ Mnss '\ ]
— r Nb32m
5 | 7
C Cob0
E‘ M09 058
8 Lower envelops S Cos7
10-1 FUUERTIT N T IR T RN N AT R
10° 10° 107 108

Product half lite (s)

Fig. 80. Type 316 stainless steel: Overall C/E dispersion for
isotopic activities, using activation cross-section
data contained in ACT4, REAC-3, DKR-ICF, and
RACC libraries.
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Fig. 81. Type 316 stainless steel: C/E dispersion for isoto-
pic activities, using activation cross-section data
contained in ACT4 library alone.

butions from three materials, e.g., Co, Ni, and Fe.
Manganese-54 receives comparable contributions from
Fe and Mn. For example, **Fe(n, p)>*Mn contributes
as much as ~60% for spectrum A, by the ACT4 li-
brary. Cobalt-60 receives contributions from Ni and
Co. For Mo, the major source of C/E divergence
comes from ascendence of the *Mo(n,v)**Mo reac-
tion channel as the neutron spectrum softens in going
from spectrum A to B.

V.P. Indium

Figure 85 is a plot of C/Es for indium. The data
for two spectral locations, i.e., A and C, are consid-
ered. The cross sections are plotted as a function of
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Fig. 82, Type 316 stainless steel: C/E dispersion for isoto-
pic activities, using activation cross-section data
contained in REAC-3 library alone.
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Fig. 84. Type 316 stainless steel: C/E dispersion for isoto-
pic activities, using activation cross-section data
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Fig. 83, Type 316 stainless steel: C/E dispersion for isoto-
pic activities, using activation cross-section data
contained in DKR-ICF library alone.

energy for the 'In(n,2#)""*In and PIn(n,2n) 14" n
reactions in Figs. 86 and 87. The RACC and ACT4
libraries do not have cross sections for these reactions.
Significant divergences are observed in the cross sec-
tions for the two libraries (REAC-3 and DKR-ICF).
The RACC library does not have any cross sections for
indium isotopes. Also, there are no cross section data
in the DKR-ICF library for the following reactions:

i”ln(n 2m)12mn, B350, n') 3™ In, and 'In(n,n’)-

3mp,

All the libraries underpredict 11211, For DKR-ICF,
this underprediction is rather strong because of the
absence of the *In(n,2n)'**"In reaction channel that
makes the dominant contribution to !'?In for the
FUSION TECHNOLOGY
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Fig. 85. Indium: Overall C/E dispersion for isotopic activ-
ities, using activation cross-section data contained
in ACT4, REAC-3, DKR-ICF, and RACC libraries.

cooling times considered experimentally. The larger
REAC-3 cross section for “In(n,n’)**In leads to
systematic overprediction of 1*™In by this library. All
the libraries systematically overpredict *?Ag. Indium-
114m is seriously underpredicted by ACT4 because of
the absence of a major contributor, i.e., "*In(n,2n)-
1i4m1p, Similarly, "'*In is seriously underpredicted by
ACT4 because of the absence of a major contribu-
tor, i.e., 1"In(n,2n)""¥"In - "4In, As for !™In, the
US1n(n, n’)""5™In reaction channel is absent in ACT4,
However, 113" In receives contributions from two other
reaction channels too (see Table XII). This is the sole
reason C/Es are nonzero for ''3"In. The REAC-3 li-
brary appears to significantly overpredict the ''*"In
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Fig. 86. Cross sections for "“In(»n,2n}'"In reaction from
different libraries.
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Fig. 87. Cross sections for '**In(#,2n)'"*"In reaction from
different libraries.

contribution via the "In(n,n/)"3"In channel. This
channel contributes as much as ~80% to the total. As
for '3Cd, all the libraries overpredict, even as the
REAC-3 cross section needs a much larger reduction.

V.Q. Tin

Figure 88 is a plot of C/Es for tin. The data for
two spectral locations, i.e., C and E, are considered.
The cross sections are plotted as a function of energy
for the '"?Sn(n, p)''"In, "%Sn(n, p)''*"In, ''%Sn(n,v)-
H7mgn, 18Sn(n,2n1)'7"Sn, and '4Sn(n,2n)' ¥Sn reac-
tions in Figs. 89 through 93. The JENDL-3 cross sections
are also included for '"*Sn(#,27)"%Sn. Wide divergences
are observed in the cross sections in all the libraries, The
cross section shapes for the ''%Sn(n,v)''7""Sn reaction
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different libraries.

FUSION TECHNOLOGY VOL. 28 AUG, 1995




Kumar et al.

(barn)

Cross-section

Neutron energy (MeV)

Fig. 91. Cross sections for '*$Sn{n,y}''""Sn reaction from
different libraries.
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Fig. 92. Cross sections for ''#Sn(n,2#1)""""Sn reaction from
different libraries.

are particularly noteworthy for orders of magnitudes
differences among different libraries (see Fig. 91).
For '"In, whereas REAC-3 strongly overpredicts,
all the remaining libraries severely underpredict it.
There are eight reaction channels contributing to the
"71n production (see Table XI1I). The leading contribu-
tors are !Sn(n, p)!"In and '?Sn(n, p)''""'In. Whereas
REAC-3 overpredicts the contributions from these two
channels, all the other libraries severely underpredict.
The cross-section shapes for the !!7Sn(n, p)'""In channel
(sce Fig. 89) are a typical demonstration of the status of
the cross sections in all the libraries. The REAC-3 library
has large, additional contributions from the secondary
channels like '8Sn(n, np/d)''""In and ""*Snt n, np/d)-
"7n also. For !'671n, whereas REAC-3 tends to over-
predict, both the ACT4 and DKR-ICF libraries seriously
FUSION TECHNOLOGY
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Fig. 93. Cross sections for '"Sn(n,2n)'"*Sn reaction from
different libraries.

underpredict it. For example, the REAC-3 contribution
from the leading channel of ''%Sn(n, np)"*"Inis ~7
times that by ACT4, and ~4.5 times that by DKR-ICF
for spectral location E (see Fig. 90 for the cross-section
comparison). The contributions from the remaining
two channels (see Table XIII) in REAC-3 account for
as much as ~25% of total.

For ''*In, whereas REAC-3 and RACC overpre-
dict, both the ACT4 and DKR-ICF libraries underpredict
it. For the cooling times covered, the one-step chan-
nels, i.e., '3Sn(n, p)!"*"In, ""%8n(n, np/d)''*"In, and
178n(n, t)!3"In, make no contribution to "7In,
The only contributors are ''8Sn(n, o)™ Cd — '57In
and "'8Sn(n,a)''*Cd~ "'5"In, The RACC and DKR-
ICF libraries have cross sections for the '8Sn(n, &) Cd
channel. The RACC prediction from this channel alone
is ~2 times that by REAC-3. The ACT4 contributions
appear to be low. For example, for the !"8Sn(n, «)-
13" Cd channel, the ACT4 prediction is about one-third
of the REAC-3 prediction; for the "®Sn(n, «)!'*Cd
channel, the ACT4 calculation is only as much as ~0.3
times that by REAC-3,

For '""3n, REAC-3 systematically overpredicts
whereas DKR-ICF severely underpredicts it. In spite of
the ten reaction channels contributing to the "'"77Sn
production (see Table XIII), the main channel is
"8Sn(n,2n)!1"""Sn. The CSIs for this channel are
listed in Table X VIL. Only the ACT4 cross section ap-
pears reasonable (see Fig. 92). Whereas REAC-3 has
too large a cross section, DKR-ICF has too low a cross
section. For ''3Sn, both ACT4 and DKR-ICF under-
predict whereas REAC-3 overpredicts it. The major dif-
ference between the ACT4 and REAC-3 predictions
results from the ''“Sn(n,27)'"*Sn reaction channel.
The ACT4 contribution from this channel is almost one-
tenth of that by REAC-3 {(see Fig. 93 and Table X VII).
In addition, the '"*Sn(n,2#)!*"Sn — *38n channel
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appears to be significantly overpredicted by REAC-3.
Indium-111 is a net result of five channels. However,
the dominant contribution comes from the following
two-step process: ''2Sn(n,2n)'"'Sn — Mg o My,
For example, this process alone accounts for as much
as ~97% of the total for ACT4 and ~92, 100, and
~99%, respectively, for the REAC-3, DKR-ICF, and
RACC libraries. The ACT4 prediction is comparable
to that by RACC but is significantly above those by
REAC-3 and ACT4,

V.R. Tantalum

Figure 94 is a plot of C/Es for tantalum. The data
for three spectral locations, i.e., A, B, and C, are con-
sidered. There are no cross sections in ACT4 and
RACC for computing '**"Hf. Even though DKR-ICF
has cross sections for 0Ta(n, p)'*9Hf, it has no
cross section data for '8! Ta(n, np/d) 5" Hf, As a re-
sult, DKR-ICF yields a very low C/E for 80" Hf,
The RACC library does not have cross sections for
'$1Ta(n,2n)'%" Ta. The cross sections are plotted as a
function of energy for '®'Ta(n, p)'®' Hf in Fig. 95. The
ENDF/B-VI cross section is also plotted. Wide diver-
gences are observed in the cross sections from all the
libraries,

For ' Hf, the major contributors in REAC-3 are
8173 (n, np) *"Hf and '®'Ta(n,d)'®*"Hf. In fact,
they account for as much as ~94 and ~6%, respec-
tively, to the total production. The REAC-3 library
strongly overpredicts '*”Hf, The DKR-ICF library
does not have these major channels. As a result, its
prediction comes entirely from '*0Ta(n, p)'3*"Hf. In
fact, even for this channel, the DKR-ICF prediction is
~35% of that by REAC-3. The REAC-3 cross sections
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Fig. 94. Tantalum: Overall C/E dispersion for isotopic ac-
tivities, using activation cross-section data con-

tained in ACT4, REAC-3, DKR-ICF, and RACC
libraries.
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Fig. 95. Cross sections for " Ta(n, p}'® Hf reaction from
different libraries,

for both the major channels need to be revised drasti-
cally. As for '8 Ta, the cross section for "' Ta(n,2n)-
1807 Tqa appears to need large revision for all the libraries.

Even the CSIs for this reaction differ widely for REAC3 .

and ACT4 (see Table XVI). For '8'Hf, both REAC-3
and DKR-ICF tend to overpredict by large amounts.
The ACT4 and RACC predictions are closer to the ex-
perimental results. For '#2Ta, all the libraries overpre-
dict. The RACC library has no cross section data for
81Ta(n, v)'#" Ta channel.

V.§. Tungsten

Figure 96 is a plot of C/Es for tungsten. The data
for three spectral locations, i.e., A, B, and K, are con-
sidered. The ENDF/B-VI cross sections are also used
for the "*¢W (n, p)'%Ta and "W (n, p)'%Ta reactions.
The cross sections are plotted as a function of energy
for the "W (n, p)'Ta, "W (n, ) 'S Hf, W (n, p)-
¥4Ta, and "W (n,v)'¥W reactions in Figs. 97 through
100. Wide divergences are observed in the cross sections
in all the libraries. Note that the ACT4 cross section for
%W (n,v)*'W drops rapidly above ~7 MeV.

Large differences are seen when one looks at C/E
trends for individual libraries. For '#Ta, C/E diver-
gences are related in large measure to coarse energy
group structures used in all four libraries. The cross-
section shapes for ACT4, DKR-ICF, and RACC differ
significantly with respect to ENDF/B-VI (see Fig. 97).
For '¥2"Ta, only REAC-3 has nonzero cross-section
data. The cross sections for all the contributing chan-
nels (see Table XX11) appear to be excessive. For '8 Hf,
REAC-3, DKR-ICF, and RACC systematically over-
predict whereas ACT4 tends to underpredict. The cross-
section shapes for "®¢W(n,«)'"Hf differ much (see
Fig. 98). For '®¥Ta, except for ACT4, all the libraries
overpredict, The ACT4 library underpredicts a lictle,
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Fig. 96. Tungsten: Overall C/E dispersion for isotopic ac-
tivities, using activation cross-section data con-
tained in ACT4, REAC-3, DKR-ICF, and RACC
libraries.
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Fig. 97. Cross sections for '8W(#n, p)!®Ta reaction from
different libraries.

Interestingly, except for ACT4, the shapes of the cross
section for the %W (#, p)!®¥Ta reaction follow closely
that given by ENDF/B-VI (see Fig. 94).

For %W, all the libraries have a tendency to over-
predict. One of the major contributors is the cross-
section representation for %W (n,~4)!¥W in these
libraries. As shown in Table XVI, the CSlIs for this re-
action differ widely from each other. In fact, DKR-ICF
has the largest CSI, ~2.,7 times that for ACT4. This
discrepancy in cross-section representation leads to a
discrepancy in C/Es for '¥”W, the largest C/E being
observed for DKR-ICF. For #Ta, REAC-3 tends to
overpredict because of large contributions from '**Hf
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Fig. 98. Cross sections for '*$W{n, a)'®Hf reaction from
different libraries.

and '83W(n, p)'83Ta (see Table XI). Even, DKR-ICF
and RACC tend to overpredict because of the same
reasons.

For !82Ta, both DKR-ICF and RACC systemati-
cally underpredict. This is primarily because of the ab-
sence of reaction channels involving the production of
182mTa, In addition, there is underprediction for the
lead channel '®W (n, p)!%2Ta. The ACT4 prediction
comes closest to the experiental numbers in spite of
the absence of contributions from the '**”Ta chan-
nels. The REAC-3 library on the other hand system-
atically overpredicts because of the following: first,
possible overestimation of the contribution from the
182mTa channels. These channels contribute as much
as ~50% of the total by REAC-3. This contribution
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Fig. 99. Cross sections for "W (n, p)'**Ta reaction from
different libraries.
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Fig. 100. Cross sections for "W (n,+)'¥W reaction from
different libraries.

alone exceeds the total '%*Ta production rate predicted
by ACT4. Second, the secondary channels for both
182mTg and '®2Ta make appreciable contributions. For
example, for direct '%2Ta contributions alone, exclud-
ing '#2mTa -» '2Ta, the three secondary channels of
183W(n’ np)lBZTa, ]83W(n,d)'82Ta, and 184W(n,t)I82Ta
among themselves contribute as much as ~15%,

V.T. Lead

Figure 101 is a plot of C/Es forlead. The data for
three spectral locations, i.e., C, F, and L, are consid-
ered. The JENDL-3 cross sections are also used for the
204pb(n,21)°CPb reaction. Except for REAC-3, no k-
brary has cross sections for 2%*Pb(n, n*)**"Pb and/or
206pb(#,30)2%"Pb. As a result, the C/E dispersion
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Fig. 101. Lead: Overall C/E dispersion for isotopic activities,

using activation cross-section data contained in
ACT4, REAC-3, DKR-ICF, and RACC libraries.
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for 2" Pb is obtained from REAC-3 alone. The over-
prediction by REAC-3 is too high. This fact fits in with
the general trend of REAC-3 of yielding a strong over-
prediction of the metastable state production cross sec-
tions. The cross sections are plotted as a function of
energy for the 2Pb(n,21)2Pb reaction in Fig. 102.
Wide divergences are observed in the cross sections in
all the libraries for this reaction. While ACT4 has a
trend to underpredict 2**Pb production, RACC has a
strong trend to overpredict. These trends are under-
standable in view of the cross-section shapes of these
libraries (see Fig. 102).

VI. SAFETYJQUALITY FACTORS FOR
{SOTOPIC RADIOACTIVITY

[t is clear from the previous section that, in general,
there is significant disagreement between the calcula-
tion and the experimental measurement for almost all
the isotopic activities measured. Obviously, the calcu-
lated neutron energy spectrum and the activation cross
sections used in the radioactivity calculatjions contrib-
ute to the disagreement. The inadequacies in radiation
transport cross sections and geometrical/material mod-
eling of the irradiated assembly are notable contribu-
tors to the uncertainties in the calculated neutron energy
spectrum, In principle, it is possible to mitigate these
inadequacies. However, the task of bringing out signif-
icant improvement in the whole range of activation
cross sections itself requires an enormous amount of
effort spread over many years.

The designers of a fusion machine need reliable in-
formation on neutron-induced radioactivity in its var-
ious components. The entire range of the neutron
encrgy spectrum is involved in the radioactivity calcu-
lations. The machine component closest to the D-T
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Fig. 102. Cross sections for 2*Pb(n,2n)**Pb reaction from
different libraries.
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plasma sees the hardest spectrum; the one farthest from
the plasma usually sees the softest spectrum. Be re-
minded that the (n,vy) reactions are preferably pro-
voked by the low-energy part of the neutron energy
spectrum, unlike the (n,2#), (n, p), (n,np/d), (n,t),
and (n,«) reactions that are preferably provoked by
the high-energy part of the spectrum. Thus, even for
a machine component close to D-T plasma, low-energy
as well as high-energy neutrons can induce radioactive
isotopes of concern, The designers accept the inadequa-
cies of modeling and the cross-section data and incor-
porate safety factors 10 come up with a somewhat
conservative design.?*3°

Underprediction or overprediction of radioactivity
by a code is undesirable because of its implications
for decay heat, safety, and waste-disposal. Ideally, one
needs to correct the calculation, using a multiplier such
that the corrected prediction is equal to the actual (ex-
perimental) amount of radioactivity. This correction
factor for a code (and library) can be defined as

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

where the inverse of the observed C/Es defines the cor-
rection factor for a given isotopic activity. As long as
one has access to a very large amount of C/E data for
each observable isotopic activity, one can obtain the
ICF and associated confidence level. The ICF can also
be seen as a quality factor that is indicative of the qual-
ity of the ensemble of the cross-sectional library, com-
puted neutron energy flux, and experimental data.
In practice, it is almost impossible to obtain the ICF
as defined earlier because of problems associated with
the impossibility of exact modeling of the experimen-
tal assembly, non-vanishing errors of the calculational
method/code, and finite experimental error. Thus, one
will rather be dealing with a distribution of correction
factors.?” If this distribution is statistically reliable, one
can set a confidence level and obtain a correction fac-
tor that when multiplied to the calculated value yields
a corrected calculational result that wili be equal to or
greater than the experimental value. Such a correction
factor can be termed a safety factor. It is evident that
the said safety factor will reduce to an ICF only when
the associated probability distribution is a delta func-
tion centered at ICF; then, the confidence level in such
a safety factor is 100% . However, it is almost impos-
sible to obtain a delta function probability distribution
of the safety factor {or correction factor). The realis-
tic probability distributions could at best be Gaussian-
like., The C/E results discussed in the preceding section
can be utilized directly to estimate the safety factors for
prediction of each induced isotopic radioactivity. But,
the associated confidence level in the estimated safety
factor for a number of isotopic activities may suffer be-
cause of a limited number of neutron energy spectra
covered during measurements. In other werds, such
safety factors may not be reliable for use for a differ-
ent neutron energy spectrum. In such a case, they may
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even turn out to be too large or too small. More reliable
safety factors can be generated by conducting measure-
ments under a wide range of neutron energy spectra.

A separate safety factor for each radioactive, iso-
topic product is needed. Any radioisotope can, given
favorable conditions, make critical contributions to de-
cay afterheat, biological dose, and biological hazard
potential resulting from D-T neutron-induced radio-
activity in a fusion machine. We must underline here
that an ideal safety factor will be unity with cent per-
cent confidence. Usually, the safety factor departs from
unity. In a sense, the safety factor is a good indicator
of the quality of the ensemble of the experimental data,
the calculated neutron energy spectrum, and the acti-
vation cross-section library. Viewed this way, the safety
factor can be termed a quality factor too.

VIl. LIBRARY SELECTION FOR FUSION MACHINE DESIGN

At times, a designer may simply be interested in as-
certaining general trends for a code/library regarding
its prediction capability. In what follows, we have at-
tempted to discern some collective and individual trends
for four libraries used in the present work. As men-
tioned in the preceding section, a safety factor can be
looked at as a sort of quality factor too. In principle,
a separate quality factor can be associated with each li-
brary if all other parameters are held constant, Toward
this end, first of all, we obtain a probability density dis-
tribution of C/Es irrespective of the type of isotopic ac-
tivity, sample material, or neutron energy spectrum.*’
This probability distribution is normalized such that its
integration over the entire C/E range from 0.0 to in-
finity yields exactly 1. Five such probability distribu-
tions have been obtained: one each for each of the four
libraries and a consolidated one for all four libraries
combined together. The consolidated probability dis-
tribution is shown as a function of C/E in Fig. 103.
Also shown in Fig. 103 is a Gaussian distribution. This
Gaussian distribution is obtained such that C/E of its
peak is the same as that of the peak in the actual dis-
tribution and its full width at half maximum (FWHM)
is the same as that of the peak in the actual distribution.
The latter condition leads to obtention of the standard
deviation of the Gaussian distribution. It is obvious
from the figure that, away from the peak, the actual dis-
tribution differs widely from the Gaussian. Figure 104
provides a closer look at the peak. Also shown is the
uncertainty in the consolidated probability density dis-
tribution for various C/Es. Figure 105 has individual
probability densities from ¢ach of the four libraries too.
There are large disagreements among the four librar-
ies in the entire range of C/Es. Figures 106 through 109
show individual probability distributions for the ACT4,
REAC-3, DKR-ICF, and RACC libraries, respectively.
The figures also show the Gaussian distribution for
each library. Figure 110 shows the confidence level as
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libraries, ACT4,REAC-3,DKR-ICF, and RACC.
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Fig. 104, Consolidated probability density distribution of
C/Es with related uncertainties,

a function of the safety factor for all the four librar-
ies taken together. The maximum possible confidence
level is unity. The figure also shows the uncertainty in
the confidence level. It is evident that the confidence
level improves very slowly beyond a safety factor value
of 2. Figure 111 shows a plot of confidence level as a
function of the safety factor for all four libraries. If one
is willing to accept a confidence level of 70%, all the
libraries will be usable without any need for a safety
factor. Between a 70 to 80% confidence level, ACT4
appears to need the largest safety factor. Beyond 91%,
however, ACT4 gets above both the DKR-ICF and
RACC libraries, as shown in Fig. 112. The REAC-3 li-
brary is the most conservative library. It is very diffi-
cult to approach a 99% confidence level for all libraries
even for a safety factor of 5.
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VIIl. RECOMMENDATIONS

In view of the large discrepancies observed between
the calculations and the experimentally measured iso-
topic radioactivities, it is evident that much work needs
to be undertaken both in the area of cross-section eval-
uation and the experimental measurement of the radio-
activities. The calculation methods need to be improved
too for bringing the discrepancies between the calcu-
lations and the measurements under control.

Tables XXIII and XXIV list the isotopic products
for which the largest C/E dispersions have been re-
ported in the present work. Practically, all the materials
show up in this list. Although zirconium, molybdenum,
tungsten, nickel, indium, zinc, vanadium, and cobalt
have the largest number of the problematic isotopic

FUSION TECHNOLOGY

VOL. 28  AUG. 1995




Kumar et al.

1,02'. L AL L L S H e B | SRLARL I B |
r  Confidence level in Safety Factor 1
i {Radioactivity induced by Fusion Neutrons) ]
. 089l -
[ i e e e s S T T
» I . .
[ I Reaca e ACT4 4
= - Tyt
g f T E
-4 0.96:— A e e e =R .
s | . g , ]
- I~ p y h
e b/ \l ' ]
Q N ’ ‘
0.831~ : ; - M4 Libs ]
- , g End N ECPREPPR ACT4 1
L 4 b e REACS
- ..' N N —_— - — w -
i .’[ . / e !
o.gu 1 1 1 1 1 1 i i

Safely factor

Fig. 112. Fractional confidence level (above 0.90} for each
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2. experiments embracing all the materials of in-
terest to the ITER and DEMO fusion machines,
provided it would be possible to improve signif-
icantly, by a factor of 10 or more above current
levels, on the available neutron fluences. Basi-
cally, all the materials dealt with in the present
work will have to be covered in addition to any
new materials recommended by the designers.

The following suggestions are recommended to be
implemented for enhancing the effectiveness and the
quality of the future work:

1. There is a need to have a unique and complete
cross-section library, using the most recent and avail-
able cross-section data. As a corollary, a single radio-
activity code will be highly desirable for the best results.

2. A very fine energy group structure should be
adopted for the unique cross-section library. A reason-
able compromise for the total number of energy groups
may be somewhere near 200,

3. The transport cross sections used for computing
the neutron energy spectrum should use the same en-
ergy group structure as for the activation cross-section
library. This will eliminate the calculational error re-
sulting from the conversion of the neutron energy spec-
trum from one group structure to another.

4. There is a need to perform radioactivity exper-
iments for all the materials under a large number of
neutron energy spectra. This will help in checking the
validity of the activation cross-section library over a
large neutron energy range.

5. The cross-section evaluators need to begin with
improving first those cross sections that are responsi-
ble for large C/E dispersions, Once these problem cross
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sections are greatly improved, the evaluators can move
on to the remaining cross-section data.

IX. SUMMARY AND CONCLUSIONS

The U.S. DOE/JAERI collaborative experiments
on radioactivity have spanned Phase-11C through -111C
(1988 through 1991). Source neutron intensity, neutron
energy spectra, irradiation time, and cooling time have
been the important variables, Phase-1IC was done with
a point source. Phase-11IA, -I1IB, and -11IC have in-
volved a simulated line source. The irradiated materials
have included Fe, Ni, Cr, Mn-Cu alloy, Ti, Mo, Zr, Ta,
W, Si, Mg, Al, V, Nb, SS316/AISI316, YBa,Cu;0,,
ErBa,Cu;05, Sn, Ag, Pb, Zn, In, and Au. All radio-
active gamma emitters from these irradiated materials
of half-lives less than ~5 yr have been the targets of
interest,

An extensive database of measured decay gamma
radioactivities for Fe, Ni, Cr, $$316, Mn, Mo, Cu, Co,
Ti, V, Al, W, Zr, Zn, Sn, Nb, Pb, and Si has been com-
piled as a result of this collaborative program. Two
kinds of analysis of these measured radioactivities have
been conducted. The first analysis looked at the de-
cay gamma radioactivities integrated over 100 KeV to
3 MeV of gamma energy for an irradiated material. This
has been characterized as analysis of integrated decay
gamma radioactivity. This method of analysis does not
directly look at the role of the activation cross sections
in the observed discrepancies between the calculations
and the measurements. There are other parameters that
can contribute to the observed C/E discrepancies: er-
roneous data on product half-life, branching ratios, and
decay gamma yields. The second method of analysis is
geared to look at each individual isotopic activity mea-
sured in the experiments. The calculation uses the data
on half-lives, branching ratios, and the decay gamma
yields as documented in Ref. 22. This eliminates the er-
ror contributed by these three factors; of course, one
presumes that Ref. 22 has the correct data! The acti-
vation cross-section libraries of the four leading radio-
activity codes, ACT4/THIDA-2, REAC-3, DKR-ICF,
and RACC were used to analyze the measured isoto-
pic activities. In the latter method, the C/E discrepan-
cies can be believed to be coming from any or all of the
following four sources: (a) activation cross-section data
in the used library, (b) neutron energy spectra com-
puted by transport code, (c) neutron energy spectrum
conversion from the transport group structure to the
activation library group structure, and (d) experimen-
tal error.

The analysis of the individual isotopic activities
from irradiated samples of Al, Si, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, 88316, Zn, Zr, Nb, Mo, In, Sn, Ta, W, and
Ph has been reported in the present work. A number
of neutron energy spectra have been covered in the
analysis. The analysis has revealed large discrepancies

FUSION TECHNOLOGY

VOL. 28 AUG, 1995




Kumar et al. RADICACTIVITY INDUCED IN PLASMA-FACING COMPONENT

for all the materials in spite of the fact that at most 14
spectra have been included in the analysis. Incidentally,
these are all quite hard neutron energy spectra. Vana-
dium, cobalt, nickel, zinc, zirconium, molybdenum, in-
dium, tin, and tungsten show the largest number of
discrepant isotopic activities.

From a reactor designer standpoint, it is important
to know which activation library is the most suitable
for doing the nucleonic design of a fusion reactor, The
designer will like to be somewhat conservative in pre-
dicting radioactivity-related effects. In this regard, one
can find that the use of engineering safety factors comes
in very handy. In the present work, an attempt has been
made to outline an approach to define a confidence
level with a safety factor, employing the C/E results
discussed in this work. It is also shown that a given con-
fidence level generally carries an uncertainty.

A number of recommendations have been made for
directing the future effort in the areas of radioactivity
measurements and analyses for maximizing the resul-
tant gains. Strong international coordination will be
needed to sincerely implement these recommendations.
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