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Measured decay rates resulting from neutron irra-
diation of zirconium and tungsten samples in a tvpical
Sfusion environment have been compared with the com-
puted values, and the sources of errors in the data and
the calculational method have been identified. Com-
parison of four codes showed large differences that
arise mainly from differences in the data libraries pro-
vided with these codes. The following reactions were
Sfound to be most important in terms of their contribu-
tion to the decay photon emission rate: *°Zr(n,2n)-
89m+gZ'., 902"(’1, p)9()mY, 902,.(”, a)87"'5r, 9’Zr(n, p)w'")’,
186 W(n, ‘Y) 187”/, 186 W(n, p)lgéra’ 186 W(n, np)(n, d)-
’85Ta, 184 W(ﬂ, p) ’84Ta, 183 W(n, p)l(’f} Ta, 182 VV(’I, p)_
182Ta, and '**Win, a)'® Hf. However, decay data and
cross sections for these reactions are not adequate in
currently available libraries. An effort was made to im-
prove the decay data by using the values from the most
recent Table of Radioactive Isotopes and to improve
the cross sections by using a simple curve-fitting pro-

cedure. Modified or improved decay data and cross sec-
tions were implemented in a representative code, and
the computation was performed again. A great im-
provement in the computed results was observed for
both sample cases. This work can easily be extended to
other fusion-relevant materials by utilizing the meth-
odology presented here.

The improved decay and cross-section data were
applied to an International Thermonuclear Experimen-
tal Reactor (ITER) blanket using tungsten as a first-wall
coating material and Li,ZrO; as a breeding material.
The specific photon yield in each zone was computed,
and as much as three orders of magnitude difference
in the photon yield in the tungsten zone and ~10 to
15% difference in the zirconium-containing breeding
zone were observed between the results using the im-
proved decay and cross-section data and those using the
original data.

1. INTRODUCTION

Fusion-neutron-induced radioactivity is one of the
important design issues in fusion reactor studies and
has been the subject of extensive research.!"3¢ Prob-
lems associated with neutron-induced radioactivity in
the fusion environment can be categorized broadly
into three areas’’: (a) reactor maintenance, (b) reactor
safety and biological hazard, and (c) waste disposal.
The selection of materials for reactor components such
as first wall, blanket, and shield is influenced by these
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factors. Therefore, accurate prediction of induced ra-
dioactivity is necessary for the development of fusion
reactors.

The calculation of radioactivity depends on inputs
such as the neutron energy spectrum, transmutation
cross sections, decay data, and initial material compo-
sition of the fusion system as well as an accurate math-
ematical method. Many researchers throughout the
world have developed computer codes, which consist
of a main program and a basic nuclear data library, to
calculate the radioactivity in fusion systems. These
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codes and data libraries must be verified to establish
confidence in their predictive capabilities and to esti-
mate the accuracy of the calculation. Recently, some
efforts®** have been made to verify these computer
codes in terms of not only the verification of the math-
ematical models embedded in the computer program,
but also the reliability of the basic nuclear data em-
ployed. The work by Cheng et al.’® is a representative
example. However, the main problem associated with
that work was the lack of experimental results from in-
tegral measurements against which calculational results
could bé compared. This paper is concerned with the
verification and improvement of the capability to pre-
dict radioactivity, based on experimental data from re-
cent integral measurements. Of the many computer
codes developed thus far, four representative codes are
selected: REAC*2 (Ref. 40), DKRICF (Ref. 41), and
RACC (Ref. 42), from the United States, and ACT34,
which is the main activation calculating module in the
THIDA-2 code,*® from Japan,

Recently, extensive studies**! related to this subject
have been performed under the U.S. Department of
Energy/Japan Atomic Energy Research Institute (DOE/
JAERI) collaborative program., Integrated decay gamma
emission rates resulting from fuston-neutron irradiation
of various materials have been measured and compared
with the values computed by using the codes mentioned
carlier. It has been reported that the large discrepan-
cies observed for practically all materials, even for in-
tegrated rates, are mainly due to inadequaie activation
cross sections and decay data. In particular, large dis-
crepancies have been shown for nickel, molvbdenum.,
titanium, tungsten, indium, tantalum, cobali. zirconium,
lead, zinc, silver, and tin.

The work presented here uses the results of integral
measurements from the DOE/JAERI program and fo-
cuses on ways of improving the decay and cross-section
data libraries of the codes so as to improve the agree-
ment between the measured and computed values. Even
though many materials were irradiated in this program,
only results from zirconium and tungsten samples are
studied completely in this paper. A complete study of
these two materials has direct application to real fusion
reactors, where zirconium can be used as the solid
breeder material in the form of Li,ZrO; and tungsten
can be used as a shielding material and coating for the
plasma-facing components. Also, the methodology em-
ployed here is applicable to other materials.

Section I briefly describes the experimental config-
uration where the decay rates are measured. In Sec, II I,
the different mathematical models used in the codes are
tested and discussed. In Sec. IV, the observed discrep-
ancies in the decay and cross-section data from the
codes are explained, while Secs. V and VI deal with the
improvement of the decay and cross-section data, re-
spectively. In Sec. VII, the effect of the improved de-
cay and cross-section data on the prediction of decay
rates is discussed. In Sec. V11, the corrected and mod-
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ified data are applied to the activation analysis for the
International Thermonuclear Experimental Reactor
(ITER) outboard to see the effect of the improved data
on the prediction of radioactive inventory in a realis-
tic system. Finally, in Sec. IX, the summary and con-
cluding remarks are presented.

Il. EXPERIMENT

The decay photon spectra of radioactive nuclides
resulting from simulated fusion-neutron irradiation
of various materials were measured under the DOE/
JAERI collaborative program,*-*! The fusion neutrons
were generated by impinging an accelerated 350-keV
deuterium beam on a tritiated target. The materials
irradiated in the experiment included iron, chromium,
nickel, molybdenum, Type 316 stainless steel, Mn-Cu
alloy, vanadium, titanium, cobalt, aluminum, silicon,
zirconium, niobium, tungsten, gold, indium, magne-
sium, tantalum, YBa,Cu;05, and ErBa,Cu;0,. Of
these, gold, indium, aluminum, niobium, and iron were
also used for monitoring the local neutron energy
spectrum.

As shown in Fig. 1, each sample was located at two
different positions: (a) at 10 cm from the target at a
30-deg angle to the incident D* beam direction to sim-
ulate the spectral conditions close to the first wall in
fusion reactors and (b) at 5 cm inside the Li,O zone
(82 ¢cm from the target) in an off-center drawer to sim-
ulate the sotter neutron spectral environment. The neu-
tron energy spectra at the two sample positions were
obtained by MCNP calculation®? and are depicted in
Fig. 2. More detailed calculations for the neutron spec-
trum can be found in Refs. 46 and 47, It is obvious that
the dominance of 14-MeV neutrons in the 82-cm spec-
trum is lower than in the 10-cm spectrum.

Since the amount of decay photons also depends on
the irradiation time and the waiting (cooling) time, each
sample was subjected to different irradiation and cool-
ing times. For example, two iron samples were located
at 10 cm from the target. One sample was removed
after 30 min of irradiation, and the decay photons were
counted after 22.4 min of waiting time; the other sam-
ple was irradiated for 9 h, and the decay photons were
measured after waiting times of 3 h, 22.3 min and
5 days, 13.7 h. The same strategy was also applied to
the samples located at 5 cm inside the Li;O zone. In
this way, it was possible 10 see the effects of (a) differ-
€nt neutron energy spectra, (b) different irradiation
times, and (c) different cooling times on the decay rates
of various radioactive products in a simulated fusion
environment. Interested readers are advised to consult
Refs. 44 through 51 for more detailed information on
these experiments.

The main objective of measuring the decay rates
was to provide a basis for verifying the radioactiv-
ity codes, especially their nuclear data libraries. The
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Fig. 1. Experimental setup used in measuring the decav rates from neutron irradiation of various materials,
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Fig. 2. Neutron spectra obtained by using MCNP Monte Carlo simulation at two different sample positions.

nuclear data include the decay and cross-section data.  1It. METHOD TEST
The decay photon spectra emitted from each sample af-

10°

YTy

102

ter the specified irradiation and cooling times are cal- Since it is very natural to check the mathematical
culated and compared with the experimentally obtained  models used in each code before proceeding to the

values by using two different neutron spectra.
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analysis of the experimental results, a comparison study
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TABLE |
Activity (Cizem') Due to *Mn Resulting
from the *Fe(n, p) Reaction in Case |

TABLE 11

Isotopic Composition of Natural Iron
Sample Used in Case 2

Manual | REAC*2 | DKRICF | RACC ACT4

1h 383.53 383.63 383.7 383.85 | 383.63
byr | 1622.66 | 1622.6 1628 1627.7 | 1627.7

of the codes was conducted. All the pertinent input
data, which include the cross-section data, decay data,
irradiation and cooling times, and material composi-
tions, were kept the same for all the codes. Two dif-
ferent cases were considered: (a) a case that is simple
enough that a manual calculation is possible without
much effort and (b} a more complicated case with more
isotopes so as to have a larger number of radioactive
products, The explanations and calculational results for
both cases are presenicd in the following.

HILA. Case 1: A Very Simple Problem

A very simple problem was set up to make a hand
calculation possible with little difficulty. It was assumed
that 100% °SFe was irradiated by a 14-MeV monoen-
ergetic neutron source with a flux of 10" n/cm-=-s,
Only the S“’Fe(n,,t))“’Mn reaction was considered, and
the corresponding cross section at 14 MeV was taken
as 1 b. The decay constant for **Mn used in all the
codes was set to be 7.4660 x 10~°/s. Then, radioactiv-
ity due to *®Mn after 1 h and | yr of irradiation were
calculated manually as well as by using the four codes.
As shown in Table I, the results obtained are in very
good agreement with each other. Small differences
seem to originate from the rounding-off error in each
code.

I1.B. Case 2: A More Complex Problem

In this case, 2 natural iron sample whose isotopic
composition is shown in Table I was assumed to be ir-
radiated for 30 min by the 10-cm neutron spectrum de-
scribed in Sec I1. This spectrum corresponds to ~10°
to 10'" n/em? -5, which is four to five orders of mag-
nitude lower than the flux level in case 1. Thus, in this
low-fluence situation, the secondary neutron reactions
are insignificant, so that all the code results are due
to the primary reactions. However, if one increases
the fluence level, the secondary neutron reactions will
begin to contribute. Large fluence level increases were
not included in this study in order to concentrate only
on the results from the primary reactions. The results
are normahzed to 10'2 source neutron/s. Activity due

®Mn, which can originate from the Fe(n, p),
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Natural
Naturai | Abundance Number
Element isotopes (%) Density?
1Fe SFe 5.8 6.2558E+20°
(99.92 wt%) S6Fe 91.72 9.8852E+21
$Fe 2.2 2.3729E+-20
*8Fe 0.28 3.0200E+-20
2sMn SMn 100 6.4678E-+18
(0.059 wi %)
«C L2 98.9 9. 918E+18
(0.02 wt%) 3C 1.1 1.103E+17

*Number densities were calculated based on a sample den-
sity of 1 g/cm?.
"Read as 6.2558 x 102,

“Fe(n,np/d), **Fe(n,t), and *Mn(n,v) reactions,
was calculated by the four codes, and the results were
compared with each other. However, only the first
three reactions were considered in this study. The
ENDF/B VI data® were used for the *Fe(n, p) and

“"Fe(n, np/d) reaction cross sections, and the data in
DKRICF were used for the 58Fe(n,t) reaction cross
section. The necessary decay data were also taken from
the DKRICF data library, so that the only major dif-
ference between the calculations is the mathematical
model used in each code.

The results are summarized in Table I11. As shown,
the result from RACC is ~2% lower than that of
DKRICF, whereas the result from REAC*2 is ~3%
larger than that of DKRICF. The results of RACC and
REAC*2 differ by 5 to 6%. The ACT4 result is very
similar to that of DKRICF. The differences in the cal-
culational results among the codes seem to originate
from (a) the numerical error during the flux conversion
{each code has a different group structure, and the flux

TABLE I
Calculated Activity (Ci/cm?®) of **Mn for Case 2

DKRICF RACC REAC*2 ACT4

3.253E~6* | 3.17716E—6 | 3.3650E—6 | 3.22166E~6

(0.977)® (1.034)® (0.993)°

2Read as 3.2530 x 1074,
bRelative to DKRICF.
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is converted for each code by using total flux conser-
vation) and (b) the rounding-off error in each code.

Therefore, it can be concluded that if the values cal-
culated by the four codes disagree by a large amount,
it is mainly due to the inconsistency of the nuclear data
used in each code, not to the mathematical models em-
ployed. This is because we are dealing with much larger
discrepancies than the ones presented in Table 1 when
we compare the computed results with the experimen-
tal data, as can be seen later. However, note that this
conclusion applies only to our experimental conditions,
where only relatively short irradiation times are con-
cerned. For very long irradiation times, the secondary
neutron reactions, such as **Fe(n, p)**Mn(n, p)**Cr,
become important.

IV. OBSERVED DISCREPANCIES

As stated earlier, the main objective of this study
is to verify the ability of the existing codes to predict
the radioactivity and its related parameters in a typi-
cal fusion environment by comparing calculated values

with experimental data. Our main tools for calculating
the radioactivity are computer codes, which are gov-
erned by different mathematical models and different
nuclear data sets. Since it was verified in Sec, 1 that
the mathematical models used in different computer
codes are not likely to contribute to large discrepancies,
we focus on checking and improving the basic nuclear
data employed in each code.

Measured decay photon yields as a function of pho-
ton energy resulting from typical fusion-neutron irradi-
ation of zirconium and tungsten samples are displayed
in Fig. 3 for zirconium and in Fig, 4 for tungsten. A de-
tailed description of the experimental error can be
found in Ref. 47, Three different conditions for zirco-
nium and two for tungsten were considered to see the
effect of various irradiation and cooling time combi-
nations and of the neutron energy spectrum. Table [V
summarizes these time histories for each sample. Note
that the number of photons in each energy peak was
actually measured in the experiment and that the num-
ber of photons counted for each peak was converted
into decay photon yield by the following relation:
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Fig. 3. Decay rates as a function of photon energy resulting from fusion-neutron irradiation to a zirconium sampie at 10-cm

spectrum for{a} 7, = 30 minand 7, = $6.5 min and lor (b) 7, =9 hand 7, = 17 h. t5.7 min: and (v) ar 82.cm spec-
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Fig. 4. Decay rates as a function of photon energy resulting from fusion-neutron irradiation to a tungsten sample at 10-cm

spectrum for (a} 7, = 30 min and 7. = 37.3 min and for (b} 7. =9 h and T.= 2 days, 19 h, 3.5 min.

TABILE IV
Time Specifications for the Zirconium and Tungsten Samples
Distance
from Sourge Irradiation

Material {cm) Time Cooling Time Counting Time

Zirconium 10 30 min 56.5 min 18.9 min

10 Y h [7 h, 15.7 min 40.0 min

82 10 h 3h, 133 min .33.7 min

Tungsten 10 30 min 17,3 min 15.5 min
10 Y h 2 dayvs, 19 h, 3.5 min 18 h, 22.7 min

DY (nunber of photons AN I4-MeV source neutrons per second to make it easy to

acoel

H"[l - pr("?\-\fm)l

emitted per unit =
mass of sample)

{1
where

A = decay constant

il

Neouns = number of photons counted for a partic-

ular peak
W = mass of sample

Ar,, = counting time.

il

Of course, N, should be corrected by various fac-
tors, for example, by detector efficiency, background
count, attenuation of decay gammas emitted in a sam-
ple, and the variation of the source neutron intensity
during irradiation. Also, note that the decay photon
yields were normalized to per gram of sample per 102

1]

compare with the calculational results.

After the origins of each measured peak were iden-
tified, the peaks that originated from the same radio-
nucitde were summed up. Their total decay photon
vields are redrawn in Fig. 5 for zirconium and Fig. 6
for tungsten as functions of the half-lives of the nu-
clides. Also noted in the figures are their respective frac-
tions of the total decay photon yield. It turns out that
for zirconium, ¥Zr, ¥y, 'Y and ¥"Sr are major
contributing nuclides, whereas **'W, ¥Tq, 84Ta and
"YHI are major contributors for tungsten. Calcula-
tions by the four codes were carried out, and the com-
puted results were compared with the measured decay
photon yields. The results of this comparison are sum-
marized in Figs. 7 and 8 in the form of computed to ex-
perimental value (C/E) ratios, again as a function of
the half-lives of the radionuclides produced. Note that
the DKRICF results are not shown in these figures sincc;
DKRICF does not present the contributions of each sin-
gle nuclide but gives the total decay photons in the form
of prescribed energy bins. Hence, only the status of the

FUSION TECHNOLQGY
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Fig, 6. Decay rates as a function of half-lives of products resulting from fusion-neutron irradiation Lo a tungsten sample
at 10-cm spectrum for (@) 7, = 30 min and 7, = 317.3 min and for (b) 7. =9 h and 7. = 2 davs. 19 h. 3.% min.

decay and cross-section data used in DKRICT is dis- IV.A. Zirconium

cussed when needed. Detailed explanations on observed

dlscrepanmes are summarized in the following for cach It was found that ¥Zr, ¥ 7r "y 278 and
material. 1Y are major contributors 10 the decay photons,
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and correspondingly, *°Zr(n,2n), “°Zr(n,2m",
Nze(n, p)™, PZr{n,a)™, and *'Zr{n, p)" are the
most important reactions. Minor contributors include
°ly, 2y, Y, and *!Sr.

IV.A.1. Decay Data

Observations on the decay data relevani to the nu-
clides mentioned in Sec. I'V.A can be summarized as
follows:

1. All four codes have one common fault in the zir-
conium-related decay data: the overestimation of de-
cay photons from ¥Zr in the 0.4- 10 1.0-MeV energy
bin by including 1.44 y/decay instead of 0.99 v decay
FUSION TECHNOLOGY

VOL. 28 JAND 1Y%

as in the Table of Radioactive Isotopes® or the Table
of Isotopes.”’

2. The REAC*2 and ACT4 codes overestimate the
production of the 909-keV photon from **Zr by
counting this photon twice. Once *Zr is formed, it de-
cays into ¥™Y, and then ™Y decays into its ground
state by emitting 909-keV photons, as shown in Fig. 9,
which depicts the decay scheme of **Zr and *”Zr.
However, REAC*2 and ACT4 treat this situation as
#9Zr decaying into ¥™Y by emitiing 909-keV photons
and as *"Y decaying into its ground state by emitting
another 909-keV photon, which is obviousty wrong. Be-
cause there is no reaction channel for the production
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112 - 4.18 min
0.5878
Electron 3+ 0.5878
Capture
6.0% 897, 78.4 h
Electron
Capture 76.6%

B+ 23.3%

*Energy levels are in mega-electron-volts.

SQY

Fig. 9. Decay scheme for ™Zr, *” Zr, and *Sr (taken from Table of Isotopes,’® 7th edition).

of ®Sr, it would not contribute to the observed 909-
keV photon vield in our case.

3. The REAC*2 code includes two wrong photon
emission probabilities for Y, in the 0.4- to 1.0-MeV
and 1.0- to 1.5-MeV energy bins. It hay 0.83 + decay
instead of 0.63 y/decay in the former bin and 0.1 5
decay instead of 0.077 ~sdecay in the latier hin.

4, The RACC code does not include any decay daa
for *"™Sr.

5. The RACC and DKRICF codes have wrony de-
cay photon emission data for 'Y, 'Y, and ”'Sr, while
ACT4 does not have any major problems with these nu-
clides. RACC and DKRICF have 0.49 y/decay instcad
of 0.63 y/decay in the 0.4- to 1.0-MeV bin, 0.05
decay instead of 0.075 y/decay in the 1.0- to 1.5-MeV
bin, and 0.04 y/decay instead of 0.028 y/decay in the
1.5- 10 2.0-MeV bin. For *2Y, RACC and DKRICF in-
clude the wrong photon emission probability of 0.63
v/decay instead of 0.21 y/decay in the 0.4- to 1.0-MeV
energy bin. For *'Sr, RACC and DKRICF both have
0.48 y/decay in the 0.4- to 1.0-MeV bin instead of 1.04
vy/decay as in the Table of Radioactive Isotopes. Im-
mediate correction is desirable even though the contri-
butions of these nuclides to the total decay rates are
negligible.

6. The ACT4 code lacks decay data for **™Y.

V.42, Cross-Section Data

Most of the cross sections relevant to zirconium do
not seem to be adequate. Among those, the most no-
torious ¢ross sections are for the *Zr(n,27)**"Zr and
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MZr(n, p)"™Y reactions, depicted in Figs. 10 and 11,
respectively. In these figures, the experimental data are
compared with the cross sections extracted from the
codes. Differences of one or two orders of magnitude
were found. The major problems observed are as
follows:

I. The REAC*2 code overestimates the cross sec-
tions for reactions leading to isomeric-state products
by calculating them as being of the same magnitude as
those for reactions leading to ground-state products.
For example, REAC*2 has same cross sections for both
WZr(n, p)™MY and " Zr(n, p)* Y. This leads to an
overestimate of the production of ™mze, Wy &mge
and "7y,

2. The RACC code does not have the cross section
tor the ®Zr(n, )" Sr reaction.

3. The ACT4 version that we used in this study does
not include the cross section for the *Zr(n, ;)*”Y
reaction,

IV.B. Tungsten

For tungsten, it was observed that the following re-
actions and their products are the most important in
terms of emitting decay photons: W (n, y)'¥"W,
lHﬁ“r(n‘p) IHhTa‘ IK()Wf(n‘np/ar)]BSTa, lSdW(n‘p)i&lTa,
W (o, )™ Ta, "B W, p) P Ta, and "W (n, o) 'S HS

fV.B. 1. Decay Data

The status of decay data pertinent to the nuclides
listed in Sec. IV.B can be discussed as follows:
FUSION TECHNOLOGY
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Fig. 11. Cross section tor ™Zr{n, 7)™ Y reaction.

I. The REAC*2 code does not have any major er-
rors in decay data for these nuclides. Even though it
was not shown in the C/E analysis, however, REAC*2
has one major flaw in that it includes a totally wrong
decay photon emission probability for """W (T, , =
6.4 min): ~4200 v /decay instead of ~0.1 4 -decay asin

FUSION TECHNOLOGY VOLF., 28 TAN. 1994

the Table of Radioactive Isotopes. Hence, REAC*2
heavily overestimates the contribution of ™" W in the
case of a shorter cooling time.

2. The RACC and DKRICF codes have several
problems:
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a. The "™Ta half-life is 7.519 x 107 s instead of
31132 x 107 s,

b. The "*Ta half-life is 6301.0 s instead of
630.0 s.

The decay photon emission data of "W in
RACC are mistakenly interchanged with
those of "W, which is a stable nuclide, so
that no photons are assigned to 57w,

(9}

d. There are inadequate (wrong or missing)
photon emission data for virtually all the nu-
clides listed earlier.

3. The ACT4 code has a few problems:

a. the total absence of decay photons below
400 keV for '#Ta

b, large discrepancies for two major decay pho-
tons from ""W; that is, 0.83 y/decay com-
pared with 0.0035 y/decay in the Table of
Radioactive Isotopes for the 239-keV photon
and 0.83 y/decay compared with 0.087 ~/
decay in the Table of Radioactive [sotopes
for the [14-keV photon.

IV.B.2. Cross-Section Datu

It was noted that the cross sections for all the re-
actions listed in Sec. [V.B seem to be overestimated in
all of the codes. For example, the cross sections for the

AW (n, ). "W, ), and PHW (n, p) reactions used
in the codes are compared with the ENDF/B-VI data
library in Figs. 12, 13, and 14. QObviously, the values
in the codes are overestimated.

V. iMPROVEMENT OF DECAY DATA

The decay data library of RACC has been modi-
fied. RACC was chosen from among the four codes
mainly for the following two reasons: RACC can treat
the pointwise representation of the decay photon spec-
trum, and it is being used as a major tool for decay heat
calculations for the ITER blanket/shield design.”
Hence, the improvement of the decay data in RACC
has a direct application. Nevertheless, the data in the
other codes can easily be modified or improved, de-
pending on the user’s particular interest in those codes.

The maximum number of distinct decay photons
per single nuclide has been increased from 9 to 50. Be-
cause 50 distinct photons per nuclide are allowed, it was
possible to include almost every photon emitted from
the nuclides relevant to this study. Then, the half-lives
and decay photon emission probabilities were extracted
from the Table of Radioactive Isotopes and imple-
mented into the RACC decay data library. The nuclides
whose decay data have been modified are *Zr, ¥ Zr,
N‘JmY’ 90 Y, ‘)le' 92\", ‘)-I-Y, RTWSI.’ and ‘)ISr fOl' the
zirconium case and '¥"W, ""Ta, 18°Ta, 84T, 18375,
'>Ta, and ""*Hf for the tungsten case. Table V shows

0.005
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.................... RACC :
oooad REAC*2 i
----- ACT4 :
1
5 —=— ENDF/B-VI i
T 0.003 - :
IS '
2 !
g :
g 60024 L m=====c {
&) A D, -l
]
0.001 4 i
—— o
1 T e
..... amda -
0-000 T ' ¥ l L ' L ' L] ' L l ¥
8 9 10 1 12 13 14 15 16

Neutron energy (MeV)

Fig. 12. Cross section for "W (n, p)'*Ta reaction.
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Fig. 14. Cross section for '™W(n, p)'®Ta reaction.

the half-lives and decay photon spectrum data of these
nuclides. The calculational results obtained by using the
modified decay data have been compared with the ex-
perimentally measured decay photon vield. The new
C/b ratios are presented iater.

FUSION TECEING OG0 Vorpo 28 TAN fu

V1. IMPROVEMENT OF CROSS-SECTION DATA

Besides decay data, the transmutation <ross sections
are another major source of discrepancies between
computed and measured decay rates, While the decay
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TABLE V
Decay Photon Spectrum of the Major Nuclides Identified to be Important in the Anaiysis

Isotope [ Half-Life Photon Energy (keV) and Intensity (%) Originating Reactions

§Txgp 2.8h 388.4 (82.3) WZr(n, o)t

gy 9.52h 556 (61.5), 653 (8.0), 750 (23.6), 926 (3.84), 1024 (33) RZr{n,2p), HZr{n,a)

dry 16.06 s 909 (99.14) 07r(n,np)* (n,d)*, N Zrin, 1)*

0ky 3.19h 202.5 (96.6), 479.5 (91) BZe(n, pye, N Ze(n,np)*e (n,d¥*, P Ze(n, o)t
ey 49.7 min | 556 (94.9) NZrin, p)y*, S22r(n,np)* (n,d)*

Ny 3.54 h
sy 18.7 min

Brzr 4.18 min

SIHf 1.067 h

588 (89.5), 1507 (6.04)

1470.2 (2.7)
¥2Ta {115 days
1221.4 (27.3), 1231.0(11.6)
183Tq 5.1 days

134Tq 87h

155 Ta 49 min
1% T4 10.5 min

173,68 (22), 177.39(25.6)

) 418.0 (14.8). 510.68 (44)
oW | 64min | 221.95 (8.6}

W 23.9h

77289 (31,98, 865 (0.325), 8RO (0137}

449 (2.34), 561 (2.4), 935 (13.9), 1405 (4.8)
382 (2.02), 551 (4.9), 919 (56}, 1139 (6.0
87, 3.27 days | 909 (99), 1621 (8.07), 1657 (0.099), 1713 (0.76), 1745 (0.129) | *°2r(n,2n)

73.173 (38), 397.86 (2.9), 459.07 (27), 783.75 (65,
67.75 (41.2), 100.1 (14.0), 1121.3 (34.7), 1189.1 {16.5),

99.1(6.5), 107.9 (10.7), 144.1 (2.47), 161.3 {8.8),
246.06 (28), 291.7 (3.8), 313.0(3.32), 354.0(11.36)
111,21 (24.3), 215.33 (11.4), 252.85 (44), 318.01 (23.5),
384,26 (12.8), 414.04 (73.9), 461.04 (10.9), 536.68 (13.2),
792.07 (15.0), 894.76 (11.0), 903.28 (15.3), 920.94 (32.6)

122.43 (23), 198.05 (59), 215.0 (49.9), 307.66 {1 1.4},

71,98 (10.8), 114.0 (0,074, 134.23 (8.56), 207 (0.138),
23940.083), 479.53 (21.1), 551,52 ¢4.92), 589 (0.118),
618,34 (6.07), 682 (0.013), 685,74 (26.4), 745 (0.288),

27r(n, p), HZr(n,t)
Zr(n,p), SZr(n,t)

0VZr{n,2n)*

W n2p), W ()
"W (n,p), "PW(nnp)nd), "MWin, 0
3W (n, pY, W n,np¥in,d)

IR-‘\N(I’!,‘D). lﬁb“'(n’r)

AW npon.d)
SSW(n p)

W (20
EW (.4 )

data were corrected by using a standard reference such
as the Table of Radioactive Isotopes, the cross sections
are relatively difficult to improve, largely because of
the lack of such a standard. For example, one might
consider ENDF/B-V (Ref. 56) or ENDF/B-V] (Ref. 53)
as a standard. However, those are not appropriate tor
our study, especially for the zirconium sample case, be-
cause ENDF does not have separate cross sections tor
the reactions that lead to the isomeric-state product.
For zirconium, most of the concern lies in the improve-
ment of the cross sections for the isomeric-state
products.

A very simple curve-fitting procedure to represent
the measured cross sections was developed. Qur fitting
formula began with the close examination of ACTL
systematics,”’ which was developed in the late 1970s.
One of the advantages over the original ACTL work
can be credited to the much more extensive collection
of experimentally measured cross sections over wide en-
ergy ranges that are now available. In addition to the
simple physical considerations, the fitting formula was
designed to follow the experimental trends of the ex-
citation function. The physical considerations are that
the cross section should be zero when the incident neu-
tron energy is equal to or less than the threshold energy

64

and that the rising portion of the excitation function
for any threshold reaction generally has a sigmoid
shape. Note thart our interest lies int the threshold reac-
tions, so that the method developed here will operate
only on those reactions.

The tollowing equation has been proposed, inspired
by the ACTL formulation:

a(£E,) = a(plat}{1.0 ~ exp[ —f(x)]} , (2)
where

a{ plat.) = cross section at plateau, usually taken
from experimental data

E,, = threshold energy
x=E, - £y

F(x) = polynomial in x of degree m. (Note that
in ACTL only a quadratic in x appears
in its exponent.) In other words, f{x)
is defined as

fix) = Z ame: Zam(En—Erh)m . (3)
m=1 m=|

Note that summation starts from s = 1, not m =0, 10

give o (£, = E,;) =0.0. Now, the remaining tasks are
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TABLE Vv
Decay Photon Spectrum of the Major Nuclides Identified to be Important in the Analysis
Isotope | Hall-Life Photon Energy (keV) and Intensity (%) Originating Reactions
Frgy 2.8h 388.4 (82.3) NZr(n, o)
Sr 9.52 h 556 (61.5), 653 (8.0), 750 (23.6), 926 (3.84), 1024 (33) RZrin2p), ®Zr(n,a)
89ry 16.06 5 909 (99.14) NZein,np)*(n,d)*, ' Ze(n, t)*
sory 3.19h 202.5 (96.6), 479.5 (91) NZr(m, py*, N Zr(n,np)* (n,d)*, 2 Zr{n, 1)*
Sy 49.7 min | 556 (94.9) N Zrin, p)t, RZr(n,np)* (n,dy*
2y 3.54h 449 (2.34), 561 (2.4), 935 (13.9), 1405 (4.8) 2Zr(n, pY, ¥Zrin,1)
sy 18.7min | 382 (2.02), 551 (4.9), 919 (56), 1139 (5.0) HZein, p), ¥ Zr(n, 1)
87y 3.27 days | 909 (99), 1621 (0.07), 1657 (0.099), 1713 (0.76), 1745 (0.129) | %Z¢{n,2n)
Liddr ) 4.18 min | 588 (89.5), 1507 (6.04) HNZr(n,2n)*
By 1.067h | 73.173 (38), 397.86 (2.9), 459.07 (27), 783.75 (65", W (n,2p), W (n,a)
1470.2 2.7
182Ta | 115 days 67.75 (41.2), 100.1 (14.0), 1121.3 (34.7), 1185.1 (16.5), BrW (), "W n,apY(n,d), "BWin )
1221.4 (27.3), 1231.0 (11.6)
83T, 5.1 days | 99.1(6.5), 107.9(10.7), 144.1 (2.47), 161.3 (8.8), BW(n,p), W in,np)(n,d)
246.06 (28), 291.7 (3.8), 313.0 (3.32), 354.0 (11.36)
18Ty 8.7h T11.21 (24.3), 215.33 (11.4), 252.85 (44), 318.01 {23.5), B (n, p), W (a0
384.26 (12.8), 414.04 (73.9), 461 .04 (10.9), 536.68 (13.2),
792,07 {15.0), 894.76 (11.0), 903.28 (15.3), 920.94 (32.6)
*Ta ; 49 min 173.68 (22), 177.39 (25.6) YW n, apyn,d)
™Ta ¢ 10.5 min 122.43 (23), 198.05 (59), 215.0 (49.9, 307.66 (11.4). "YW (n, p)
418.0 (14.8), 510.68 (4
Py 6.4 min 22E.95 (8.6) BOW (5, 2n)*
%y 23.9h 7198 (10.8), §14.0 (0.074), 124,23 (R.56), 207 (0.138), PO ()
239(0.083). 479,53 (21.1), 351,52 (4.92)., 589 (D.118),
618.34 (6.07), 682 (0.013), 685.74 (26.4), 745 (0.288),
772.89 (3.98), 865 (0.325). 830 (0.137)

data were corrected by using a standard reference such
as the Table of Radioactive [sotopes, the cross sections
are relatively difficult to improve, largely because of
the lack of such a standard. For example, one might
consider ENDF/B-V (Ref, 56) or ENDF/B-VI {Ref. 53)
as a standard. However, those are not appropriate for
our study, especially for the zirconium sample case, be-
cause ENDF does not have separate cross sections for
the reactions that lead to the isomeric-state product.
For zirconium, most of the concern lies in the improve-
ment of the cross sections for the isomeric-state
products.

A very simple curve-fitting procedure to represent
the measured cross sections was developed. Qur fitting
formula began with the close examination of ACTL
systematics,”’ which was developed in the late 1970s.
One of the advantages over the original ACTL work
can be credited to the much more extensive collection
of experimentally measured cross sections over wide en-
ergy ranges that are now available. In addition to the
simple physical considerations, the fitting formula was
designed to follow the experimental trends of the ex-
citation function. The physical considerations are that
the cross section should be zero when the incident neu-
tron energy is equal to or less than the threshold energy

64

and that the rising portion of the excitation function
for any threshold reaction generally has a sigmoid
shape. Note that our interest les in the threshold reac-
tions, so that the method developed here will operate
only on those reactions.

The following equation has been proposed, inspired
by the ACTL formulation:

o(E,) = a(plat) {1.0 — exp[—f(x)]} ,
where

(2)

a(plat.) = cross section at plateau, usually taken
from experimental data

£, = threshold energy
v = En - Elfr

J{x) = polynomial in x of degree m. (Note that
tn ACTL only a quadratic in x appears
in its exponent.) In other words, f(x)
is defined as

f(x) = E amxm = Z am(En _Erh)m .
=1

m=1

(3

Note that summation starts from m = 1, not m = 0, to
give (£, = £,) = 0.0. Now, the remaining tasks are
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to decide when to terminate the series and then to de-
termine the coefficients a,, that result in the best fit
with experimental data. Since the trend or shape of the
excitation functions greatly varies by reaction type, no
effort has been made to standardize the procedure for
determining the maximum order of the polynomial.
The termination of the series totally depends on the ac-
curacy limit chosen by the users based on their needs.
But, as will be seen shortly, it can be said that in gen-
eral the maximum orders lie between 3 and 7. A sim-
ple least-squares method with a covariance matrix was
used to determine the coefficients g, after the maxi-
mum order was set.

The polynomial formulation was applied to reac-
tions such as Al(n, o), ¥ Ni(n,2n), PZr(n,2m)%* ",
%Zr(n’zn)m’ QOZr(n’p)m, 9021.(“’&)!?1' ngr(n,p)'".
BOW (n, p), "W (n,a), "W (n,np), MW(n,p).
'83W (s, p), and "¥2W(n, p). The first two reactions
were included to validate the procedure used in this
work by applying the method to well-known standard
reactions. For the ¥Al{#, «) reaction, the experimen-
tal data by Butler and Santry,™ Liskien and Paulsen,™
and Paulsen and Liskien® were used for the curve fit-
ting. These measurement data were also used in the

ENDF/B-V1 evaluation, so that a direct validation of

the fitting method can be made. As shown in Fig. 15,
the excitation function that was obtained represents
the experimental data very well as does ENDF/B-VI.
Figure 16 compares our fitting result with the ENDF -
B-VI data for the **Ni(»n,2#) reaction. The figure also
shows representative experimental data from l[keda

et al.%' and Pavlik et al.5? It seems that the fitting curve
represents the experimental data better than ENDF/
B-VI1 does for this reaction. The two reactions are very
well studied standard reactions, which validate the fit-
ting procedure.

Figures 17 through 21 show the results of the curve
fitting for the reactions pertinent to the zirconium sam-
ple. Figures 22 through 27 display the resulis for the
tungsten case, where ENDF/B-VI data were used for
the curve fitting instead of experimental data because
of the lack of experimental data for those reactions. It
has been assumed that the ENDF/B-VI1 data have a 5%
error at every point during the curve fitting. The fitting
results are summarized in Table VI. An interested user
can easily reproduce the excitation functions with the
information listed there.

To quantify the quality of the fitting, a statisticai
measure of the goodness-of-fit was obtained by com-
puting the y° and the probability Q as follows™:

.
qg’.\'pr - U_\-_;-,g(.\',; iy )

=D, .®
i=1

569.\'{1 '
where

b0,,,, = standard deviation of i'th experimental
data

m = order of polynomial

/1 = number ot experimental data

150 l
! ® Butler and Santry®®
o Liskien and Paulsen®® ¢
—_ g Paulsen and Liskien®® »
2 100 pe -
E — Fitting
5 -=== ENDF/B-VI
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& &0
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0 3 f"'}._ 3 L A
1] 4 8 12 16 20
Neutron energy (MeV)
Fig. 15, C_'(lnlpalrjsp,1 of "TAN AL 0 reaction cross sections between ENDF B-VI and the curve-Titting results Representa-
tive experimental data are alse included.
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Fig. 17. Curve-fitting result for the **Zr(#,2n) reaction based on representative experimental data.
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Fig. 18. Curve-fitting result for the "Zr(#.2n7)™ reaction based on representative experimental data.,
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Fig. 19. Curve-fitting result for the ™7Zr{a. m)™ reaction based on representative experimental data.
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Fig. 20. Curve-fitting result for the ™Zr(n, «)" reaction based on representative experimental data.
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Fig. 21. Curve-fitting result for the *'Zr(n, p)” reaction based on representative experimental data.
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Fig. 22. Curve-fitting result for "W {n, p) reaction based
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TABLE Vi
Inputs and Results Obtained by Applying the Least-Squares Method to Eqs. {2) and (3) for Selected Reactions
Maximum
E,. a{plat.) Order Coefficients Cutoff Energy®
Reaction (MeV) {mb) Taken, M a,, {MeV) x? Q

YAl(n,a) 3.246 250 6 a, = 5.577E-2" 6.0 6.485E—1 | 1.00
@y = —6.879E-2
a, = 2.528E-2
ay = —3.I54E-3
as = 1.631E~4
g = ~3.036E—6

BNi{n,2n) 12.41 1220 6 a) = -3.421E-3 12.2 5.575E-3 | 1.00
a, = }.684E=2
ay = ~5.725E-3
a; =8.331E—4
s = —5.560E-5
a, = 1.391E—6

HZrin,2ny"*e 12.105 1250 4 a, = 2.083E—1 12.0 2.536E—1 | 1.00
¢y = 1.034E—~1
arv= —~1.402E -2
a,=4.352E~-4

MZr(n2m™" 12.7 280 4 a = —1,597TE -1 13.0 1.763 1.00
@ = 4.423E-1
a, = —1.091E—1
a, = 9.571E-3

OZr(n, py™ 2.206 21 3 a, = 1.070E-2 5.0 5.050 1.00
as = —9.022E -3
a, = | ,929E -3

l’”Zr(n.az)"' 0.0 4.7 4 a, = 1.717E-1 7.0 6.857 0.997
a, = —5.819E-2
a: = 5.926E -3
a, = —1.567E -4

NZr(n, py™ 1.344 23 k! a; = —1.680E-2 5.0 1.693 1.00
g, = 2.113E-3
gy =550lE-4

”“‘W(rr,p) 3.13233 9.1 6 a, = -3.274 12.0 4 678E—1 1.00
a: = 1.576
ay = —2.987E—l
a, = 2.784E -2
as = —1.277E-3
a, = 2.322E-5

BSW (1, o) 0.0 4.5 4 a = —1.527TE-1 11.5 8.872 0.839
d; = 4.439E-2
a; = —4.287E-3
a,=1371TE—-4

BSW (n, np) 8.472 15.5 6 a, = —2.628 13.5 6.103 0.636
ad, = 2.095
a; = —6.580E~|
a; = |.017E-1
@ = —7.722E-3
a, = 2.311E—4

See footnotes at end of table.
(Continued)
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TABLE VI (Continued)

Maximum
E o{ plat.) Order Coefficients Cutoff Energy® .
Reaction (MeV) (mb) Taken, M tm {MeV) X" o

184%W (n, p) 2.09492 12.5 6 a, = —3.010 11.0 1.330E—-1 § 1.00
a, = l413
a; = —2.609E—1
a, = 2.369E-2
s = -1.058E—4
as = 1.873E-5

BW(n, p) 0.2876 12.1 5 a; = 9.395E~1 10.5 2.537 1.00
a, = —-2.912E-1
¢, =3.373E-2
a, = —1.760E-1
a: = 3.598E-5

W (n, 1.034 14.8 6 @, = 3.551E~1 11.0 S.042E—1 | 1.00
a, = —2.555E-2
¢y = —1.476E-2
d, = 2.642E -3
a. = —1.616E—4
s = 3.504E~6

aMinimum energy below which Egs. (2) and (3) do not apply.

bRead as 5.577 x 1077,

and

il

1 * .
f exp(—)e" ~"hde (5)

where

Q = probability that the x  should exceed a partic-
ular value by chance even for a correct model

p = n — m = number of degrees of freedom.

This computed probability gives a quantitative measure
for the goodness-of-fit of the model. If the Q value is
closer to 1, the fit is better. The calculated Q and x*
values are presented in Table V1. As shown, all the Q
values are equal to or very close to 1 except for the re-
action '*W(n,np), which has a Q value of 0.636.
However, it is large enough to accept our curve fit re-
sult for this reaction.” _
Since, in practice, activation codes require the
group-structured cross sections rather than cross sec-
tions in functional form, the group cross sections were
obtained by using the following formula;
FUSION TECHNOLOGY
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f balE,) dE,
_ v

[oa,
K

a{ plat.) f 0{1.0 — exp[ —f{x)]) dE,

v
[ ode
8

Because we have two different neutron spectra, two sets
of cross sections were obtained by using Eq. (6) in the
46-group structure of RACC (or DKRICF). The effect
of these new cross sections on decay photon yield pre-
diction will become clearer in the following sections.

Oy

(6)

VII. EFFECT OF NEW NUCLEAR DATA ON
DECAY PHOTON YIELD PREDICTION

The decay data in the RACC code, particularly the
decay photon spectrum and half-lives, for the nuclides
of zirconium and tungsten have been rectified based on
the values from the Table of Radioactive lsotopes or
Table of Isotopes. Further, the reaction cross sections

"have been modified and implemented in the RACC
cross-section library, Also, two additional RACC calcu-
lations have been carried out: one with onty the modified
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decay data library and another with both modified de-
cay data and modified cross-section libraries.

VILA, Zifconium Case

The results are depicted in Fig. 28 for each case
as a function of the half-lives of the reaction products.
As shown, the C/E values are clearly improved for al-
most every product. For 8Zr, which contributes the
largest amount of decay photons, the rectification of
just the decay data alone constitutes a large improve-
ment in the first and third cases, whereas the second
case has the best results when both decay and cross-
section data are modified. However, these results are
all acceptable since they lie within the experimental
error. Experimental error for ®Zr decay photon yield
1s ~2 to 3%. The fact that the computed decay rates
are consistently underestimated for all products in all
cases even with the corrected data necessitates further
investigation of the experimental results.

VILB. Tungsten Case

Figure 29 summarizes the results of tungsten for the
two different irradiation cases considered in this study,
Again, a great improvement in the computed values is
clearly observed for virtually every product in both
cases. The improvements in calculated values for
'86Ta, ¥5Ta, "™Ta, 3Ta, and S*HF are particularly
significant. For "W, which is the largest contributor,
the polynomial approach to improving the excitation
function could not be applied because of the compliex-
ity of the excitation function for the "W (s, ) reac-
tion, which is a nonthreshold reaction in the first place,
Instead, the reaction cross section given in ENDF/B-V]
was adopted, and there is no improvement in the C/E
value for "W, The exact sources of the overestima-
tion of the computed decay photon yield from '* W
cannot be ascertained at this stage. But, the lower part
of the neutron energy spectrum, where most of the
{(n,v) reaction originates, has too few neutrons to be
considered statistically reliable for an MCNP simula-
tion, and there is some difficulty in the modeling of all
the geometrical and material details. Of course, the sta-
tistical error of the lower energy neutrons does not
solely explain the large overestimation of the decay
photons from '87W, Other factors, such as the influ-
ence of the neutron self-shielding on the experimen-
tal data, should also be considered. Further study is
recommended.

VHL. APPLICATION OF THE NEW NUCLEAR
DATA TO THE ITER DESIGN

Finally, several activation analyses of the proposed
[TER design were performed to gain some insight into
the effect of our modified and corrected data on a real
application problem. The reference ITER outboard
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design in the technology phase,”! where the tungsten
is used as a 0.05-cm coating on the first-wall system, is
schematically depicted in Fig. 30. Two Li;ZrO, breeder
zones, each 0.8 cm thick, are used in this design. Because
the study specifically concerns the tungsten coating and
the breeder zones, some arbitrarily chosen thickness of
stainless steel was placed beyond the blanket zone in or-
der to simulate the contribution of backscattered neu-
trons into the blanket. However, the contribution of
these neutrons to activation of the tungsten and the
breeding zones appears to be insignificant. A set of
three different calculations was performed:

1. reference case: 0.05-cm tungsten firsi-wall coat-
ing, two 0.8-cm Li,ZrO, zones, and a 30-cm
stainless steel shield

2. L1;5i05 as a breeder instead of Li,ZrO; to com-
pare the activation characteristics due to zir-
conium with those of silicon where the new
zirconium data can be used

3. tungsten as a shield (same as case | except that
the 30-cm stainless steel zone is broken into 15 cm
of stainless steel and 15 cm of tungsten).

Note that the last case is included just to see the effect
of a softer neutron energy spectrum on the activation
levels due to tungsten when the new data are used. In
all the neutronics calculations, transport and activation,
cylindrical modeling was used by taking the center of
the plasma as the axis of a cylinder. One should refer
to Ret. 33 for a more complete activation analysis of
the real ITER design, including the inboard and out-
board and the physics and technology phases.

VILA. Transport Calculation

A one-dimensional neutron transport code, ANISN
(Ref. 72), was used to determine the neutron distribu-
tion along each zone shown in Fig. 30. The ANISN cal-
culation used a coupled 30 neutron, 12 gamma group
structure for the cross section that was derived from
ENDF/B-V, and it used P, Sy approximation. Then,
since the RACC calculation requires a 46-group struc-
ture for the neutron flux input, the 30-group flux from
ANISN was expanded into 46 groups by requiring that
the total number of neutrons be conserved, The numer-
ical error produced in this process is expected to be
small.

VIILB. Activation Calculation

Specific photon yields (number of photons per cu-
bic centimetre) in each tungsten and breeding zone as
a function of both before- and after-shutdown times
were computed by using RACC along with an appro-
priate flux input. During the RACC calculation, dif-
ferent combinations of the decay and cross-section data
libraries were used to deduce the separate effects of the
decay and cross-section data on the predicted photon
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yields. Those combinations are (a) original decay data
library + original cross-section library, (b) modified
decay data library + original cross-section library, and
(¢) both modified decay data and cross-section librar-
ies. Other important input parameters employed are
1 MW/m? of neutron wall loading and 1 yr of ¢contin-
luous operation time. Note, however, that in the real
ITER device, the neutron wall loading and operation
time will be different depending on inboard and out-
board, physics or technology phase, etc. (Ref. 33).

VILB.I. Case ]

Figures 31 and 32 show the specific photon yield in
the tungsten coating zone as a function of the before-

74

and after-shutdown times, respectively. Included in the
figures are ratios of the photon yield obtained when
both modified decay and cross-section libraries are used
to that obtained when original RACC libraries are used.
The figures indicate that the original RACC libraries,
because of the inadequacy of the decay data library, un-
derestimate the photon yvield by as much as a factor of
1000 in the tungsten zone regardless of the before- and
after-shutdown times. The difference mainly originates
from the wrong decay data assignment of '5'W as
cited earlier. However, the degree of underestimation
decreases as after-shutdown time increases, and it fi-
nally becomes negligible ! month after shutdown. This
is because we have corrected only data pertinent to iso-
topes with relatively shorter half-lives. The longest one
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Fig. 30. Geometry and material compaosition of proposed ITER outboard design.
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Fig. 31. Specific photon yield in the tungsten coating zone as a function of operation time calculated by using the three dif-
ferent data libraries in RACC.

involved in our study was '**Ta (~115.0 days), but its  before- and after-shutdown times, respectively. As op-
contribution is very small. posed to the tungsten zone, the differences caused by

Figures 33 and 34 display the specific photon yield  using different libraries are very small, but the origi-
in the LisZrO; breeding zone as a function of the  nal RACC libraries tend to overestimate the photon
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Fig. 34. Specific photon yield in the Li,ZrO; zone as a function of time after shutdown calcujated by using the three dif-

ferent data libraries in RACC.

yield by ~10 to 15%. However, these differences de-
crease as the after-shutdown times increase, until ~1
month after shutdown. After that, *"Zr [T, » = ~45
days, ®Zr(n,2n)], whose data were not investigated in
this study, turns out to be the leading photon emitter.

VI B.2. Case 2

Figures 35 and 36 show the results of the compari-
son study of the specific decay photon yields due to
Li,ZrO; and Li,Si0; as a function of before- and af-
ter-shutdown times, respectively. As shown in Fig. 35,
the decay photon yield from Li;SiO; becomes satu-
rated faster than that of Li,ZrO;, and it emits about
two orders of magnitude more photons during the op-
eration. However, after shutdown, the decay photon
yield from Li,Si0; dies away very quickly (Fig. 36),
during an ~i-h span. These phenomena are due to
the short-half-life reaction product **Al [2.24 min,
#Si(n, p)**Al], which is the dominant contributoer to
the short-term decay photons whenever silicon exists in
the fusion-neutron field. This behavior is seen regard-
less of whether the new data for zirconium are used or
not. However, we should use caution in saying that
Li;SiO,; is better than Li,ZrO; from the radiological
point of view, because the nuclear data pertinent to sil-

FUSION TECHNQLOGY VOL. 25 JADN. 1994

icon were not checked in this study. A more refined
study is required to investigate the nuclear data of sil-
icon before any conclusion can be stated.

1'111.B.3. Case 3

Figures 37 and 38 display the specific decay pho-
ton yield in the 15-cm tungsten shield zone as a func-
tion of before- and after-shutdown times, respectively.
Note that the 15-cm stainless steel zone is placed in
front of the tungsten zone to make the neutron energy
spectrum softer so as to see the effect of the softer spec-
trum on the characteristics of the decay photon yield
for tungsten. The functional behavior of both the be-
fore- and after-shutdown photon yields is very similar
to that in the tungsten coating zone (Figs. 31 and 32),
where the neutron spectrum is harder. However, the ra-
tios of the final values, which were obtained after all
the pertinent nuclear data were corrected, to the orig-
inal values are rather different in each case. In general,
the ratios are larger in this case than in case | because
186W (7, 4)'¥"W, which is the dominant reaction chan-
nel in terms of the decay photon emission as discussed
before, becomes more important in the softer neutron
spectrum. The rattos in this case are ~ 1.2 to 1.6 times
larger than those in case I. Even though the results
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given here could be expected prior to the analysis, this
confirms that our correction of the nuclear data is in
the right direction.

IX. SUMMARY AND CONCLUSIONS

Measured decay rates resulting from neutron irra-
diation of zirconium and tungsten samples in a typical
fusion environment have been compared with the re-
sults of calculations by four representative codes widely
used in the fusion community: REAC*2, DKRICF,
RACC, and ACT4. The main objective of the compar-
ison study was to check the validity of the mathemati-
cal models of the codes themselves as well as of the
associated nuclear data —decay data and transmutation
cross sections — relevant to zirconium and tungsten. Di-
rect intercomparison of different mathematical mod-
els used in various codes, which was possible when all
pertinent input data were kept the same, showed that
the large discrepancies between the codes do not orig-
inate from the different mathematical models; rather,
they come from differences in the nuclear data.

The analysis of the computed decay rates based on
the measured values identified that the following reac-
tions and their products [*Zr(n,2n)%" 4 Zr, N Zr(n, p)-
0my, OZr(n,)¥"Sr, and P Zr(n, p)°""Y for the
zirconium case and "W (1, )W, oW (0, p)' 0Ty,
leW(H, np)(n,d)’ssTa, 184Wr(”‘p)|84-[-a’ ENJ“r(n'p)“
83T, B2W (n, p)'32Ta, and W (n, )" HT for the
tungsten case] are most important in terms of emitting
decay photons, but their associated decay data and
cross sections are not adequate. The decay data were
rectified on the basis of the Table of Radioactive [so-
topes, and the cross sections were improved by a simple
curve-fitting procedure based on the ACTL formula-
tion. A new fitting method, which treats mainly the
threshold reactions, was designed to take full advan-
tage of our wealth of experimental data over a wide
energy range and was made inherently to follow the ex-
perimental trend of the excitation function. The mod-
ified and improved decay data and cross sections were
implemented in RACC, which was selected as a repre-
sentative code in a second series of calculations, and the
computation was performed again. A great improve-
ment in the computed results was observed for both
sample cases except for in the "W (n,v)"®"W reaction
since the improvement of (#,v) reactions was not ¢on-
sidered in this study.

The expansion of our work to other materials such
as iron, nickel, cobalt, copper, and stainless steel is rec-
ommended. Finally, our modified and corrected decay
and cross-section data were applied to the ITER out-
board design. In ITER, tungsten is a candidate first-
wall coating material, and Li,ZrO, can be used as a
breeding material. Specific photon vields in each zone
were computed as a function of both the before- and
after-shutdown times. An increase by as much as three
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orders of magnitude in the photon yield in the tungsten
zone and an ~10 to 15% reduction in photon yield in
the breeding zone were observed when the corrected
data were used.

Even though this work dealt exclusively with zirco-
nium and tungsten, previous analysis*-*! had already
pointed out many discrepancies related to decay data
and activation cross sections for other materials. There-
fore, it is necessary to review the decay and cross-section
data for all isotopes included in the data libraries of all
radioactivity codes. It is recommended that the decay
data library should be reviewed first because the decay
data are relatively easy to correct and they have great
significance in real applications. Improvement of the
cross sections is more difficult, but the new curve-fitting
method developed in this paper can be very helpful, at
least for the threshold reactions, if there are good ex-
perimental data over a wide range of energy.
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