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Steel by Irradiation in D-T Neutron Fields
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Department of Reactor Engineering,

Tokai Research Establishment, JAERT

(Received October 5, 1983)

Experiments on induced activities in type 316 stainless steel
(SUS316) have been performed in order to verify an induced activity
calculation code system, THIDA, by using the FNS facility. Sample
of 10 mm ¢ x 2 mm t SUS316 were irradiated in three different D-T neutron
fields. One sample was positioned at 10 cm from the target with no
assembly around it and the other two placed inside the Li,0-C pseudo—
spherical blanket assembly. After irradiation, spectra of gamma-rays
emitted from produced activities in each sample were successively measured
by using a 60 cm? Ge(Li) detector following the cooling times from
10 min to about one month. The gamma-ray spectra and relative doses
were compared with those calculated by THIDA. All the measured and
caleulated total gamma-ray intensities and relative doses agreed with
each other within 15 % with one exception. Though the agreements were
good as a whole, there were socme disagreements in the individual gamma-
ray intensities. The disagreements were investigated from the viewpoints

of the THIDA code system and their nuclear data library.
Keywords; Induced Activity, THIDA Code System, D-T Neutron, Irradiation,

Li,0-C Pseudo-spherical Blanket Assembly, Ge(Li) Detector,

Gamma-ray, Relative Dose.
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1 INTRODUCTION

The radicactivity in the structural materials of a D-T fusion
reactor induced by 14 MeV neutrons is very important in terms of the
following; (a) gamma-ray dose estimation for personnel access after
reactor shutdown, (b) decayheat after shutdown, (c) production of long-
lived radioactive wastes. Calculational studies concerning the radio-
activities, afterheat and transmutation have been made by many
authors.(l)—(lo) Recently, Jarvis carried out these calculations with
simplified model of a D-T tokamak reactor for five different kind of
materials which are considered to be the candidates for the structural
materials,(ll) and reviewed the nuclear data requirements for the reactor
design.(lz) A code system THIDA has been developed for the calculation
of exposure dose rate around a fusion device at Japan Atomic Energy

(13) Tt has been applied in the optimization

(14)

of shielding in term of personnel access and in shielding design of

(15) As for experimental studies, Qaim(16)—(18) has systematically

Research Institute (JAERT).

INTOR.

measured the cross sections for 14 MeV neutron induced reactions on

the first wall and structural materials to be used in the fusion reactor.
Although there were needs for comprehensive comparison between pre-

dicted activation calculations and measurements to check the code system

mentioned above, no appropriate data for activation had been available.
Therefore, as the first step, the activation in a type 316 stainless

steel (SUS316) were measured by irradiation experiments using an intense

)(19)

14 MeV neutron source FNS {(Fusion Neutromics Source in order to
verify the THIDA code system including its nuclear data library. Three
D-T neutron irradiation fields were chosen to clarify the effect of the
difference in the neutron fields on the induced activity. One was the
direct 14 MeV neutron field without any assembly simulating a field near
the first wall in an actual reactor. The others were those of different
locations in a lithium oxide pseude-spherical fusion blanket assembly
with graphite reflector.(zo) It is thought that these locations simulate
possible D-T neutron fields in the fusion reactor environment. Compari-
sons between the calculation and the measurements were made for the
gamma-ray productions by induced activities. The cbjective of this
report is to make clear the problems about the nuclear data (activation
cross section and decay property) used in THIDA and to show explicitly

the validity of this code system to apply in the nuclear design of

fusion reactors.
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2. EXPERIMENT
2.1 TIrradiation condition

The 14 MeV neutrons were produced by bombarding a water cooled
tritium—-titanium metal target of 7 mg/cm2 with 310 keV deuteron beam
of about 2 mA using the FNS accelerator.(lg) The sample were placed in
three different well-defined neutron irradiation fields. One sample
was positioned at 10 cm in front of the target. There was no structural
material or assembly around the sample to avoid perturbation of the
neutron field. The second and thé third sample were placed in the
1ithium oxide (Li,0) pseudo—spherical fusion blanket assembly with

(20) One was located at 12.6 cm from the target

graphite (C) reflector.
in the middle of Li,0 region and the other was at 22.6 cm, just at the
boundary of Li20 and C regions. These three locations were chosen in
order to simulate the D-T neutron fields in an actual fusion reactor
environment. Samples were irradiated by D-T neutrons with source inten-—
sity of about 2.0 X 10** n/sec. Irradiation times were 3 hours for the
first case without any assembly and 8 hours for the other case in tha
Li,0-C assembly. Total neutron yields at the target were 2.86x0.11 x 1015
and 7.10%0.28 x 10'°. These yield were monitored by the associated alpha
particle counting method.(ZI) Schematic arrangements of both cases are
shown in Figs. 1 and 2 together with thier one—dimentienal wedels for

neutron flux calculation by AmISNgzz)

2.2 Irradiation sample

The type 316 stainless steal (SUS316) was chosen as the irradiation
sample in order to examine the THIDA code system because SUS316 is con—
sidered to be one of the most promising candidates for the main structural
material of fusion reactors. The size of each sample is 10 mm in diameter
and 2 mm in thickness. The atomic composition and nuclear components in
SUS316 are shown in Table 1. Its major feature is that it include molybde-
num. TIn Table 2 activation reactioms, product nuclei, half-life, dominant
gamma-ray energies, branching ratios, weights in that size of SUS316é

(23)

and natural abundance are listed. From the Table 2, it can be seen

that a wide variety of radioactivities are produced because of the complex



JAERI-M 83-177

composition of SUS316. 1In Flg. 3, the growth curves of produced
radicactivities per umit flux of 14 MeV neutron are shown. From this
figure, intensities of radioactivities after an irradiation time can be

roughly estimated.
2.3 Gamma-ray measurement

After each irradiation, gamma-ray spectra emitted from individual
samples were obfained by using a 60 cm® Ge(Li) detector which has a
resolution of 1.75 keV (FWHM) at 1.33 MeV, connected with a 4096 multi-
channel pulse height analyzer. The measured sample position was at
5 cm from the Ge(Li) detector head. In order to obtain information on
spectrum change with cooling times, several spectrum measurements were
successively made during the decay in each sample. The time scheme of
the irradiation, cooling time and collecting time for each case are
shown in Table 3. Here, the measurement cases are named as A, B and C
corresponding to samples in the direct neutron field, at 12.6 cm in
Li20 and at 22.6 cm on the boundary of Li 0 and C region, respectively.
An absolute gamma-ray detection efficiency was obtained using standaxd

sources and the efficiency curve is shown in Fig. 4.
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3. EXPERIMENTAL RESULTS

In Fig. 5.1 to 5.10, gamma-ray spectra corresponding te each
measurement in Table 3 are shown. In the measurement of 10 min cooling
time (A-1), gamma-ray peaks from short-lived nuclei, 52y(3.76 m) and
*9Cr(41.9 m), are clearly observed. Gamma-ray lines of “9cr are also
observed in the measurement of one hour cooling time (A-2). 1In the
spectra of A-1, A-2, A-3, B-1 and C-1, it can be seen that the contribu—
tion due to °®Mn(2.579 hr) is dominant and its value comes to about 90 %
of the total intensities. There are also significant contribution due
to 37Ni(36 hr) and °°Mo(66 hr). In the measurements after about one
month cooling time (A-4, B-3 and C-3), dominant gamma-rays changed to
those from >1Cr(27.7 d), °7Co(277 d) and >*Mn(312 d). Moreover, long-
lived component of °°Co(5.4 y) becomes clearly observable.

Measured gamma-ray spectra were analyzed by a gamma-ray spectrum
analysis code BOB75(24) to obtain the gamma-ray energies and their peak
areas., After the background subtraction, each gamma-Tay intemsity was
deduced from peak areas by corrections of the detector efficiency and
gamma-ray self-absorptions in the 2 mm thick SUS316 sample. The absorp-
tion coefficient is shown in Fig. 6. The self-shielding for neutrons

in the SUS316 volume was not considered in the gamma-ray intensity

calculation.
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4, CALCULATIONAL METHOD

4.1 THIDA code system

The THIDA code system(13) has been developed in order to calculate
the transmutaion, hazard potential, induced activity, dose rate and after-
heat which are considered to be important for the fusion reactor design.
The flow of the calculation is as follows; (1) at the first stage, calcu-
lation of neutron flux distribution during the reactor operation is
carried out, (2) secondly, it calculates induced activity built up
during the operation by using the obtained neutron filux and subsequently
calcualtes the activities after shutdown, (3) activities are transformed
to multi-group gamma-ray sources and Lransport calculation is done to
obtain gamma-ray flux distributions, {4) in the last stage, gamma-ray

dose distribution are derived from the fluxes.

4.2 Calculations

Calculations of neutron flux distributions in those experimental
arrangements shown in Figs. 1 and 2 were performed by using the one-
dimensicnal Sy code ANISN.(zz) Calculational models for both irradiation
configurations are shown in Figs. 1.2 and 2.2, The cross section library,
GICX&O,(ZS) was used in the calculation which has 42 neutron energy groups.
In Table 5, the energy group structure is shown. In order to obtain the
absolute value of induced activities, the values of the mean source neutron
intensity and the irradiation times were used as the calculation input
data. Camma-ray sources at each sample positions were generated by the
code, ACT4, included in the THIDA code system, using both calculated
neutron flux and the activation cross section library, CROSSLIB,(ZG)
which also included in the THIDA code system. The output format of the
gamma-ray spectrum has 54 energy groups which cover a range from 30 keV
to 3 MeV. The structure is shown in Table 6. Gamma-ray having energies
above 3 MeV were put into the first group (2.7 to 3.0 MeV) .

In this experiments aiming to verify the THIDA code system, the code
ACT4 was modified a little to calculated gamma-ray intensity over collecting
time. Thereafter, direct comparisons of gamma-ray intensities between the

calculation and the measurement could be possible. The calculation flow is

schematically shown together with the experimental procedure in Fig. 7.
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5, COMPARISON OF RESULTS

Gammar-ray intemsity distribution obtained from each measurement
were divided into the 54 energy groups to compare with the calculated
value. When there were multiple gamma-rays in one group, they were all
summed up. The energy range for these comparison was restricted from 90
KeV to 3 MeV because of the low efficiency of the Ge(Li) detector below
90 keV and the energy bound of 3 MeV in the calculation. Results of both
calculétion and measurement are shown in Tables 7.1-7.10. 1In the tables,
relative doses as well asigamma-ray intensities in each group are listed
to estimate the contribution of tﬁe group to the total dose rate. The
relative dose means the value multiplying the conversion factor by the
obtained gamma-ray intensity. The conversion factor of the dose from
photon is shown in Fig. 8. Experimental errors in the tables will be
discussed in the later section. The values of C/E for each group are
tabulated in Table 8. Gamma-ray spectra per group for each case are
shown in Figs. 9.1-9.10, where names of nuclides contributing to the
gorup intensity are assigned. The C/E values are also shown in Figs.
10.1-10.10 to show clearly the difference between the calculation and
the measurement. Moreover, the decay curve of major product nuclei,
the shape of which should be identical for the three irradiation fields,
are shown in Figs. 11.1-11.7. The C/E of total gamma-ray intensities
and their relative doses are summarized in Table 9. Some discussions of

the resutls are made in the following subsectioms.
5.1 Measurements of A-1 to A-4

According to the time scheme in Table 3, a series of gamma-ray measure-

ments were performed after 3 hours irradiation in the direct neutron

field. From the Tables 7.1-7.4 and Figs. 9.1-9.4, it is seen that in

all cases the 17th energy group (810-900 keV) has the largest intensity
which amounts to about 50 % of the tctal intensity. In cases of A-1 to

A-3, the major contributioen to the 17th group comes from *®Mn which is
reasonable since its half-life is 2.579 hr and is produced mainly from

3%Fa, the largest constituent in the SUS316 (see Table 1). The ratios

of the calculation and the measurement (C/E's) in this group are lower

than 1.0 by 1-5 %. However, in the case of A-4 (after about one month),

the main contributions to the group come from °°Co(70.8 d) and *“Ma(312 d),
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and the C/E is higher than 1.0 by 9 % differing from A-1 to A-3. Detailes
examination for this group showed that the experimental contribution of
580, was lower than the calculated one by 11 % whereas the **Mn higher

52 7. Camma-ray intensities at 3.37, 2.96, 2.66, 2.52, 2.11 and 1.81 MeV,
corresponding to 1, 2, & and 7th groups, are due to 5%Mn and these C/E
values are lower than 1.0 by 1-25 Z same as in the 17th group. This fact
in&icates that the actual production of 55Mn exceeds the calculated value.

Other energy groups than those mentiomed above with large gamma-ray
intensities were 6, 8 and 12 in the case of A-l to A3, corresponding to
the 57Ni(36 hr) of which energies are 1.92, 1.76 and 1.38 MeV. The C/E's
for these groups were about 0.5-0.9. This indicates that °’Ni production
was underestimated in the calculation. Similar discrepancy was seen at
27th energy group contributed by 5lcy(27.7 @) in cases of A-2 to A-4.
Rather large underestimations by calculation were seen for the 22nd group,
511 keV annihilation gamma-ray, in A-1 te A-3, but in A-4 the agreement
between the calculation and the measurement was good.

On the other hand, at the 38th group contributed by *%Mo(66.6 hr),
the calculation overestimated by factors of 2 to 3 for all cases. And at
39 and 40th groups due to 57¢o(277 d), the calculation overestimated by
about 40 7 in case of A-4. Moreover, the calculated gamma-ray intensities

of *%°Cr(41.9 m) were underestimated by one order of magnitude or more.

5.2 Measurements of B-1 to B-3

A disk of SUS316 was irradiated by 8 hours at 12.6 cm firom the target
in Li,0-C assembly. After irradiation, three guccessive gamma-ray measure-
ments, named B-1, B-2 and B-3, were carried out. In the cases of B-1, the
intensity of the 17th group due mainly to 5%Mn was about 50 % of the total
as seen in the cases of A-1 to A-3. The calculated intemsity of this group
underestimated the measurement by 6 % as seen in cases of A-l to A-3, In
groups of 1, 2, 4 and 7 also due to 5°Mn decay, the calculation underesti-
mated by 5-25 %Z. On the other hand, in cases of B-2 and B-3 for rather
long cooling tiems, contributions of 5800 and °"Mn became dominant in the
17th group and the calculation overestimated by 6-20 %. From the decay
curves in Figs. 11.5 and 11.7, it is seen that the calculation overesti-
mated °%Co production whereas $*Mn production was underestimated. In the
case of B-1, the contributions to 6, 8 and 12th groups came mainly from

57Ni decay. The calculation underestimated them by factors of 1.5 to 2 in
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the same manner as seen in A~1 to A-3. As for the intensity of 27th
group from Slcr decay, the calculation also underestimated by a factor
of about 2 threoughout the cases B-1 to B-3. About the annihilation
gamma-ray at 511 keV, the calculation underestimated in the case of B-1,
overestimated in the case of B~2 and agreed with the measurement in the
case of B-3. Contrary to those groups mentioned above, the calculation
overestimated the measurement in 38, 29 and 40th groups due mainly to
57co and °Mo decays except in the 40th of B-1 cases where the contribu-
tion from °’Ni existed. Concerning the long-lived 89Co, gamma-ray ener-
gies of which are 1173 and 1132 keV corresponding to 12 and l4th groups,

there are underestimations by a factor of about 2 in the calculation.

5.3 Measurements of C-1 to C-3

A SUS316 disk was placed at the distance of 22.6 cm from the target
just at the boundary of the Li,0 and the graphite regions. Irradiation
conditions were the same as in the case of B. The most intense group 1s
the 17th energy group, same as in the other cases. In the measurement
of C-1(10 hours cooling), the contribution for the group came mainly from
55Mn decay. However, the calculation overestimated by 24 7 differring
from the results for the cases in A-3 and B-1 with similar cooling times.
Overestimations in 1, 2, 4 and 7th groups fraom *°Mn can be also seen.

In the longer cooling cases, C-2 and C-3, the calculation overestimated
the intensities of the 17th group by 15-17 %Z. These overestimations are
large in comparison with the cases of A-4, B-2 and B-3. The calculations
underestimated gamma-rays in the groups 8 and 12 corresponding to *7NL,
and in the 27th group corresponding to 51Cr by a factor of about 2. As
for the annihilation gamma-ray, the calculation also underestimated by

a factor of 2 in the case of C-1. <Calculations for 5700 and °°*Mo systama-
tically show overestimations as in the cases of A-1, A-2, A-3, A-4 and

B-1.
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6. DISCUSSION

6.1 Experimental uncertainty’

In this subsection, errors in experimental results for gamma-ray
intensities are discussed. The gamma-ray intensities for each spectrum

were obtained by the following formula,

C + &C
I+ 61 =
(e+38e)(psdp)
C : counts of gamma-ray peak
¢ : absclute detection efficiency
0 : gamma-ray self-absorption coefficient for 2 mm thick of SUS316.

In this formula, three error terms are taken into account.
(1) statistical error of gamma-ray counts and uncertainty in the fitting
process in the spectrum analysis, (2) errors of the absolute gamma-ray
detection efficiency at the measuring position of the irradiated sample,
(3) error of gamma-ray self-absorption in 2 mm thick SUS316 disk. The
term of (1) is dependent on the gamma-ray counts statistics and peak shape
of the spectrum. TIts error varied from 0.5 Z to about 50 Z. The effici-
ency error is estimated to be about 3 % in all energy region. The abscrp-

tion error was estimated to be about 1 Z%.
6.2 Errors related to both calculation and experiment

Gamma-ray intensities in the calculation are obtained by the following

formula,
Noegeoe (1oe ™)« ™o -t vy
T =
A
N numbers of isotopes in the sample
o] mean neutron flux during irradiation
o} cross section of activation
b branching ratio of gamma-ray per disintegration
A decay constant
ti irradiation time
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t.: cooling time
t.* collecting time,

where symbol N is represented as

w : weight of the sample
a : natural abundance of the isotope
: atomic mass number

N_: Avogadro's constant.

In order to compare absclutely the experimental data with the calcu-
lational one, the same parameters as in the experiment were used as the
input parameter in the calculation.

(1) The number of nucleus

In the calculations, gamma-ray intensities were produced in a unit
volume (1 cm?) and the density of SUS316 was taken from the Japan Industrial
Standard (JIS). The atomic composition in the sample of SUS316 was deter-
mined by the chemical analysis and the result is shown in Table 1 with
isotoplic abundance. A point to be remarked is that small censtituent
have rather large errors which were estimated to be up to 5 %.

(2) Irradiation, cocoling and collecting times

The time parameters shown in Table 3 were used as input data in the
calculations. The errors for these times were estimated to be negligibley
small. The irradiation time, however, is related closely to the variation
of the neutron flux during the irradiation. Its error can be Included in
the error for the mean neutron flux derivation.

(3) Saturation factor of induced activity

In the calculation of induced activities by the THIDA code, a constant
neutron flux was assumed. However, in the actual irradiation experiment,
there are usually time dependent neutron flux variation caused by both the
fluctuation of d beam and the consumption of the tritium target. This
flux variation influenced the production rate of short-lived nucleil.
Especially, on an occasion that its half-1ife is shorter than the irradia-
tion time, the effects of activation saturation factor become large. The
correactions for the saturation factor were made for short-lived production
nuclide, 49Cr, SZV, ®Mn and °’Ni. The neutron production rate was monitored

throughout the irradiation. For the calculation of the saturation factor,
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the monitored output was used together with each half-lives. TFor example,
the saturation factor of SEFe(n,p)seMn reaction in the cases of B and C
was 7 Z smaller than the calculated value using the time averaged neutron

flux. The erros associated with this corrections were estimated to be

smaller than 1 Z.
(4) Absolute meutron yield

The total source neutron yield during each irradiation was measured

(21)

by the associated alpha particle counting method and its time averaged

value was used in the calculation. The estimated error was about 4 Z.
6.3 Uncertainties in the calculation

{1) Source meutron spectrum

As a source neutron spectrum, 14 MeV mono—energetic neutron corre-

(25)

which extended from

13.72 to 15.0 MeV was used in the neutron flux calculation by ANISAN.(ZZ)

sponding to the first group of the GICXK40 library

However, the source neutron spectrum was sighificantly affected by the

(27),(28) It means that there

structural materials of the target assembly.
was some amount of difference in neutron spectrum between the calculation

and actual experimental field.

(2) Neutron group structure

The neutron energy group structure as shown in Table 5, was used in
the calculation. From this table, it is seen that the groups near 14 MeV
energy region have rather wide energy intervals. In general, there is
prominent 14 MeV neutron peak in the D-T neutron fields where high thresh-
old Teactions often occur. The cross sections of the reactions such as
{n,2n) reaction, rise steeply near the threshold energy.

Calculations for the high thresheld reaction rate 5BNi(n,2n)° 'Ni were
carried out to show the group structure effect using two cross section
sets having different group structures, 42 and 135. The reaction-rate
ratio (135g/42g) in the Lip0-C assembly at 4.2 cm and 12.5 cm were 1.26
and 1.30, respectively. These ratios indicate that the value with the
42 group set is lower than that with the 135 group set by 26 7 to 30 Z.
The calculated reaction rate with the 135 group set agrees with the

measured value in the experimental error. The cross section curves are

shown in Fig. 13.
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Tn the present calculation, it was considered that the 42 group
structure was too coarse to calculate accurately the high threshold reac-
tions such as °®Ni{(n,2n)°’Ni and 52Cr(n,2n)*'Cr. There may be some amount

of underestimation for these reactions in the calculation.

(3) Neutron flux calculation

At the boundary of the Li,0 and C regions where the measurements
on the C cases were made, the calculated neutron flux may be somewhat
different from the actual flux. Since the neutron energy spectrum
changes rapidly near the boundary of regions, it is necessary to make a

model accurately.
6.4 Discussions on the total gamma-ray intensity and relative dose

From Table 9, in short cooling measurements (10 min to 13.8 hr),
the calculation underestimated total gamma-ray intensities by 3-9 A
except in the case of C-1, where overestimation of 24 Z is observed.
Similar results can be seen in the C/E of relative doses. It can be
said that the calculation represented the experimental data well by con-
sidering the approximation in the source neutron spectrum, the rather
coarse neutron group structure and uncertainties of the activation cross
section.

Concerning the overestimation in the cases of (-1, some explanations
can be expected, 1.e., since the irradiation position was located just
at the boundary of Li»0 and graphite regions, neutron spectrum was thought
to be fairly softened. The calculated neutron spectra at 12.5 and 22.5
cm from the target are shown in Fig. 14. 1In spite of the small abundance
of ®°Mn in the SUS316, the contribution of 55Mn{n,y) °®Mn reaction produc-
ing *®Mn cannot be neglected becasue of its high sensitivity to slow
neutrons, especially to thermal neutromns. The reaction cross section of
55Mn (n,y) °°Mn and 5¢Fe(n,p)*®Mn are shown in Figs. 15.1 and 15.2, respec-
tively. The reaction rates of both reactions were calculated by using
the cross section and the calculated neutron fluxes as shown in Fig. 14.
The comtributions of °°Mn(n,y)°Mn to the *°Mn production were 6.5 and
36 % corresponding to the positions at 12.5 and 22.5 cm in the Li,0-C
assembly. This result indicated that the 55Mn(n,v)>*Mn reaction had
high sensitivity to the 5%n production in the deep region of the assembly.

Therefore, when the calculated neutron spectrum is softer than the actual
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spectrum, the calculated reaction rate of 55Mn{n,y)°%Mn becomes larger
than the measured value. If so, the overestimation can be explained.

On the other hand, in cases of long cooling measurements {abcut one
month), the calculations overestimated by 1 Z to 16 Z. The dominant
long-lived nuclei in the observed spectra were Stn, *%Co, *!Cr and °7Co.
As examined in section 5, in the most intense group, l7th, the calcula-
tion overestimated “*Mn., Cobalt-58 is produced by the reaction of
58Ni(n,p)58Co and following the decay of *8Mco produced by the competing
reaction of S°Ni(n,p)3%MCo. From the decay curve of *°Co with 811 keV
gamma-ray shown in Fig. 11.5, the calculation overestimated by about 10 Z.
This could be caused by the larée uncertainty of the cross section for
52Ni(n,p) *®™Co, of which experimental data has been limited. Manganess—-54
was produced by the reactions of both S4Fe{n,p)°*Mn and >SMn(n,2n) *"Mn.
The amount of °*Fe was three times larger than that of *5Mn as seen from
the Table 1. The cross sections of S“Fe(n,p)SHMn and *°Mn(n,2n)>*Mn are
about 0.4 and 0.8 barn for 14 MeV neutron, respectively as shown in Fig.
15.2. Both reaction rates at 12.5 and 22.5 cm in the assembly were cal-
culated by the same manner as in the SeMn production. The calculated
contributicns by the 5Mn(n,2n) **Mn were 25 and 19 % of the total 5 5Mn
production at 12.5 and 22.5 cm in the assembly, respectively. These
values were considered to be large to neglect the contribution. Since
the threshold energy of 55Mn{n,2n)**Mn is above 10 MeV, its reaction
rate strongly depends onr the neutron group structure. From these con-
siderations, the underestimation of %Mn by 25-33 % can be possible.

The influence of the group structure was also seen in the production
of °1Cr which was mainly produced by the reaction of 52Cr(n,Zn}SICr,
having threshold energy of about 12 MeV. Not only the group structure
effect, but also its cross section uncertainty have to be taken into
consideration for the underestimation by a factor of 2.

There were some overestimations in the caleculation of >’Co. Cobalt-
57 was produced by the twe reactions of SENi[(n,d)+(n,np)]°'Co and follow-
ing the decay of >’Ni produced by %®Ni(n,2n)°’Ni. The overestimation may
be casued by the uncertainty of the cross sectioms for S84i{(n,d)+{n,np)]
- °7Co shown Fig. 15.2.

The variation of C/E for the total gamma-ray intensity and its rela-
tive dose versus cooling time are 1llustrated in Figs. 12.1 and 12.2,

respectively. From these figures, it is clearly seen that in the cases
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of short cooling time, the calculation underestimated except in the C-1
case and slight overestimations are observed in the cases of long cooling

time. It can be pointed out that the overestimation becomes smaller as

cooling time becomes longer.
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7. CONCLUDING REMARKS

Through present irradiation experiments for SUS316 in three different
neutron fields and following consective gamma-ray measurement, the THIDA
code system was examined and its validity was verified. Several points
to remark were deduced by comparisons between the calculation and the
measurement. They are summarized in the following;

(i} The calculational results of the total gamma-ray intensities

as well as their relative doses agreed with the measured
ones within 15 % except in the case of C-1.

(ii) In short cooling time cases(less than one day), the dominant
contributed gamma-ray was due to **Mn. Their intensities were
more than 90 % of the totals. There were slight underestima-
tions in the calculations. In the cases of long cooling time
(more than 8 days), dominant gamma-rays come from *®Co and
5%Mn. The calculation overestimated by several percents,
but it can be said that the agreements are good.

(iii) 1In the case of C-1, the C/E was rather different from other
cases. Tt might be considered as following; the irradiation
position of the sample was located just at the boundary of
the 1Li,0 and C regions. As the neutron spectrum at this posi-
tion could have been more harder than the calculated one, the
overestimation of °®Mn in the calculation may be caused by the
reaction of *°Mn(n,y)®®Mn,

(v) The fact that the calculation underestimated activities produced

by high threshold reactions indicated that the 42 neutron
group structure was too coarse for the calculation in the D-T

neutron fields which have prominent 14 MeV peak.

Jarvis pointed out in Ref.(12) that uncertalinities of a factor of
one to two in the activation calculation should be acceptable in this
stage of nuclear design of the fusion reactor. For the future design of
a commercial fusion power reactor, however, the economical incentive
demands strongly to provide more precise estimation. The accuracies
suggested in Ref.(12) of 25 Z for activation and 10 % for both transmuta-
tion and gas production provide realistic goal. As regards the above

considerations, there were surprisingly good agreements between calculation
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and experiment. The validity of the THIDA code system is demonstrated

so far as SUS316 is concerned and it can be used successfully in the
nuclear design on the fusion reactors. Further investigations will

be needed to confirm the validity of the THIDA code system concerning

more long-lived activities in SUS316 and activities in different materials.
Of course, efforts are also needed for measurement and evaluation of

nuclear data, i.e., activation cross sections, decay properties and

50 OIi.
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Table 1  Nuclear composition of SUS316 stainless steel sample

used in this experiment

element  welght (2) * nuclide abundance total weight ratic

Mn 1.24%0.07 *SMn 1.0 0.0124
Fe 66.8210.14 34Fe 0.0584 0.0375
*bre 0.918 0.6152

S7Fe 0.0215 0.0147

*fpe 0.0029 0.0020

Ni 12.36+0.05 *8Ni 0.683 0.0834
8O0Ni 0.261 0.0330

8N 0.0113 0.0015

®2Ni 0.0359 0.0046

bhNi 0.0091 0.0012

Cr 16.65%0.38 S0cr 0.0435 0.0069
Sicr 0.8379 0.1395

S3cr (.0950 0.0161

StCr 0.0236 0.0041

Mo 2.24%0.,02 *2Mo 0.148 0.0032
**Mo 0.093 0.0020

#SMo 0.159 0.0036

2%Mo 0.167 0.0037

#7Mo 0.096 0.0022

P8Mo 0.241 0.0055

100Mm0 0.0096 0.0023

* determined by chemical analysis
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Activation reactions in SUS316 with associated

Table 2
nuclear data

reaction half life *weight (mg)  **Ey (keV) branching abundance
0¢r (n,y) *iCr 27.7 @ 9,078 320.11 0.102 4.35 %
S%¢r(n,2n) *%Cr 41.9 m 9,078 152.93 0.29 4.35 2%

90. 64 0.51

S2cz(n,2n) cr 27.7 d 174.86 320.11 0.102 83.79 7
>2Cr(n,p) >%V 3.76 m 174. 86 1434.06 1.00 83.79 %
53Cr(n,p) 53y 1.6 m 19.825  1006.0 0.90 9.5 %
33cr(n,ap) >V 3.76 m 19.825 1434.06 1.00 9.5 %
S%Cr (n,a) "1TL 5.8 m 4,925 320.11 0.934 2.36 %
3Mn (n, 21a) **Mn 312.2 d 15.542 834.83 1.00 100 %
SMn (n,v) *Mn 2.579 h 15.342 846.75 0.9888 160 y4
>Mn (n,a) °%V 3.76 m 15.542 1434.06 1.00 100 %
*“Fe (n,2n) **Fe 8.51 m 48.911 377.9 0.42 5.84 %
**Fe (n,p) **Mn 312.2 4 48.911 834.83 1.00 5.84 %
$%Fe (n,a) *lCr 27.7 d 48.911 320.11 0.102 5.84 2
3%Fe (n,p) *°Mn 2.579 h 768.84 846.75 0.9888 91.8 %
*7Fe (n,p) * Mn 1.6 m 18.174 122. 0.103 15 2
$7Fe (a,np) **Mn  2.57% h 18.174  846.75 0.9888 2.15 %

*  weight in the 10 # x 2 t(m/m) SUS316 disk

*%*

dominant gamma-rays emitted from product nuclei

.,,20 _
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Table 2 continue 1

reaction half 1ife #weighe (mg) **Ey (keV) branching abundance |
5%Fa(n,y) **Fe 44.6 d 2.429  1099.2 0.5653 0.29 %
S8%i(n,20) *Ni 36.0 h 105.81 1372.59 0.776 68.3 %
*9Ni(n,p) %Co 70.8 d 105.81 810.76 1.00 63.3 %
31 (n,p) **MCo 9.2 h 105.81 24.89 1.0 68.3 %
%Ni(n,p)**Co 70.8 d 105.81 810.76 1.0 68.3 7
58%1i(n,d)37cCo 271 d 105.81 122.06 0.856 68.3 %
58Ni(n,ap) *'Co 271 4 105.81 122.06 0.856 68.3 %
591 (n,p) ®%Co 5.27 ¥ 40.527 1332.47 1.00 26.1 Z
59Ni (n,p) *"TCo 10.5 m 40.527 58.6 0.988 26,1 %
81N (n,p) ¥*Co 1.65 h 1.936 67.1 0.86 1.13 %
81Ni(n,np)®’Co 5.27 v - 1.936 1332.47 1.00 1.13 %
SlNi(n,np)®’TCo 10.5 m 1.936 58.6 0.998 1.13 %
S2Ni(n,p) %%Co 13.9.m 5.670 1173.0 0.826 3.59 %
82N1 (n,p) °*Co 1.50 m 5.570 1173.0 0.979 3.59 %
S2¥i (n,a) *¥Fe 44.6 d 5.670 1099.2 0.565 3.59 %
82%1i(n,np) *1Co 1.64 h 5.670 - 67.1 0.998 3.59 %
8441 (n,y) 5N1 2.52 h 1.797 1481.8 0.235 0.91 %
S%Ni(a,a)°Fe = 6.0 m 1.797 1205.1 0.436 0.91 %

*  yeight in the 10 # x 2 t(m/m) SUS316 disk

**  Jdominant gamma-rays emitted from product nucleil
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reaction half life *weight (mg) **my  (keV) branching abundance
20 (n,y) * ™o  6.95 h 4.155  684.67 0.9968 14.8 %
1477.1 0.9908
#2M6 (n,2n) * Mo 15.49 m 4.155 1637.73 0.0032 14.8 %
$2M0o (n,p) P 2PND 10.15 d 4.155 934.51 0.992 14.8 %
*2Mo (n,a) 87z 78.4 h 4.155 909.2 0.9901 14.8 %
Mo (n,a) ® *Mzr 4,18 m 4,155 587.8 0.895 14.8 %
Mo (n,mp) P1TND 62 d 4.155 1205 0.034 14.8 %
**Mo (n,2n)**™o 6.95 h 2.611 684.67 0.9968 9.3 %
1477.1 0.9908
?“Mo (n,p) P“TNb 6.26 m 2.611 41 0.00074 9.3 %
°*Mo (n,p) °°Nb 35.0 d 4. 464 765.78 0.9982 15.9 %
?Mo (n,p) ?*TNb 87 h 4. 464 204.12 1.00 15.9 %
6Mo (n,p) **Nb 23.35 h 4.689 778.22 0.968 16.7 %
568.86 0.552
%®Mo (n,np) ?°Nb 35.0 d 4.689 765.78 0.9982 16.7 %
* ™o (n,p) *'Nb 72.1 m 2.695 65.792 0.982 9.6 %
* Mo (n,p) * "ENb 1.0 2.695 757 0.979 9.6 %
97Mo (n,np) ° °Nb 23.35 h 2.695 778.22 0.968 9.6 %
568.86 0.552
*®Mo (n,v) ? Mo 66.02 h 6.766 739.4 0.126 26.1 %
?%Mo (n,p) **¥b 5.5 m 6.766  787.36 0.932 2.1 %
722.6 0.736

*  weight in the 10 & x 2 t(m/m) SUS316 disk

**  Jominant gamma-ray emitted from product nuclei
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Table 2 continue 3

reaction Half Life *weight (mg) **Ey (keV) branching abundance

*"Mo (n,a) °Zr 64.0 d 6.766 756.7 0.546 26.1 %
724,2 0.431

*#Mo (n,np) *'Nb 72.1 m 6.766 657.92 0.982 26.1 %

10%o (n,y) P Mo 14.6 m 2.695 191.81 0.196 9.6 %

1900 (n,2n) Mo 66.02 h 2.695 739.4 0.126 9.6 %

1990 (n,a) ¥ zr 16.9 h 2.695 743. 36 0.928 9.6 %

*  weight in the 10 & x 2 t(m/m) SUS316 disk

** dominant gamma-rays emitted from product nuclei

Table 3 Time table of cooling and coilecting for gamma-ray measurements

names of )
measurements cooling time callecting time (sec)
A-i 10 min 1,000
A-2 1 hr 3,000
A-3 6.9 hr : 30,000
A-4 314 486,538
B-1 13.8 hr 5,049
B-2 13.6 d 33,529
B-3 35.7 d 441,439
c~1 10.5 hr 16,000
2 ' 8.0 4 492,310
c-3 © 28.8d 595,386
cases of A : irradiated at the distance of 10 cm from the target

without any assembly

éases of B and C : irradiated in the LiZO-C assembly at distances
of 12.6 and 22.6 cm from the target, respectively




JAERI-M 83-177

Table 4 Measured gamma-ray energy(Ey) and intensity(Ivy)
A-1 A-2
Ey (keV) Iy Error(%) Ey (keV) Iy Error (%)
3369 1.949 x 10° 19.2 3369 3.396 x 10° 14.7
2960 3.574 x 10° 13.3 2960 7.285 x 10° .6
2657 6.728 x 10° 10.8 2657 1.602 x 10° .5
2523 9.856 x 10° 7.8 2523 2.068 x 10° 5.8
2113 1.270 x 107 3.5 2113 2.849 x 107 3.2
1920 5.925 x 10* 25.6 1920 1.519 x 10° 16.2
1810 2.378 x 107 3.2 1810 5.330 x 107 3.1
1434 1.638 x 10° .2 1759 1.378 x 10° 16.3
1378 4.590 x 10° 8.3 1635 1.941 x 10° 13.6
1239 6.818 x 10° 19.5 1378 1.333 x 10° 5.5
1173 1.153 x 10° 14.6 1267 1.014 x 10° 16.7
1165 4.91 x 10* 21,4 1239 2.363 x 10° 11.0
847 8.657 x 107 3.0 847 1.957 x 10° .0
672 5.893 x 10* 15.5 810 2.508 x 10° 8.7
511 3.606 x 10° 4.0 778 1.177 % 10° 12.1
378 1.340 x 10° 11.8 739 8.243 x 10" 14.0
320 6.741 x 10" 14.9 658 2.490 x 10° 20.8
153 1.53 x 10° 7.8 511 4.684 x 10° 3.8
141 3.963 x 10" 14.4 320 1.128 x 10° 11.7
127 6.374 x 10" 11.7 153 1.390 x 10° 8.2
122 3.796 x 10" 15.0 141 1.215 x 10° .5
91 2.362 % 10° 7.8 136 5.199 x 10* 12.7
127 1.984 x 10° 7.0
122 8.501 x 10* 10.2
91 3.205 x 10° 6.9
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Table 4 cont. 1

A=3 A=4
Ey (keV) Iy Error (%) Ev (keV) Iy Error (%)
3369 3.719 x 10° 8.0 - 1674 1.81 x 10° 19.6
2960 6.743 % 10° 6.1 1332 2.28 x 10° 19.0
2757 2.57 x 10* 39 1292 1.20 x 10° 25.2
2732 1.699 x 10" 58 1173 2.24 x 103 21.8
2657 1.351 x 10° 4.5 1099 1.980 x 10° 24.1
2599 3.860 x 10* 38 935 2.96 x 10° 14.1
2523 1.888 x 10° 4.2 863 2.59 x 10°  17.4
2283 8.054 x 10" 24 835 9,079 x 10° .1
2113 2.677 x 107 3.1 810 2.823 x 107 3.0
1920 1.490 x 10° 5.5 766 2.02 X 10° 22.3
1810 4,974 x 107 3.0 511 1.035 x 107 3.1
1758 6.399 x 10° 12.7 320 1.130 x 107 3.0
1378 8.654 x 10° 3.3 136 1.876 x 10°8 3.6
1260 1.894 % 10° 12.0 122 1.622 x 107 3.0
1201 1.342 x 10° 13.7
1091 1.460 x 10° 5.2
1038 1.306 % 10° 19.8
935 1.975 x 10° 10.2
910 1.375 x 10° 23.8
847 1.795 x 10° 3.0
835 4,007 % 10° 9.4
810 1.990 x 10° .5
778 4.532 x 10° 13.0
739 5.132 x 10° 14.3
511 1.197 x 107 .1
320 1.468 x 10° .7
181 2,713 x 10° 12.3
141 2.584 x 10° 3.2
136 9.680 x 10* 19.6
127 1.587 x 10° 3.4
122 1.031 x 10° .5
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Table & cont. 2
B-1 B-2
Ev (keV) Iy Errér(%} Ey{keV)} Iy Error (%)
3369 2.390 x 10* 26 1674 1.782 x 10* 33
2960 2.267 x 10" 26 1378 2.908 x 10* 26
2658 5.945 x 10" 15 1332 2.412 x 10" 42
2523 9.322 x 10" 12 1291 2.222 x 10° 32
2113 1.171 x 10° 6.8 1173 2.236 x 10" 37
1919 1.988 x 10° 14.2 1099 1.830 x 10* 33
1810 2.118 x 10° 5.1 935 6.634 x 10" 17.3
1757 1.176 x 10° 17.6 864 3.425 x 10* 23
1378 1.362 x 10° 5.4 835 9.006 x 10° 5.3
935 3,152 x 10* 25 810 4.254 x 10° 3.6
847 7.838 x 10° 3.3 765 8.118 x 10° 62
835 1.721 x 10° 10.5 739 3.908 x 10" 20
810 7.471 % 10° 5.6 511 1.394 x 10° 4.1
778 1.039 x 10° 12.9 320 1.215 x 10° 3.8
739 1.738 x 10° 9.9 181 1.005 x 10* 48
511 1.553 x 10° 4.0 141 1.954 x 10° 4.2
320 3.082 x 10° 5.4 137 1.378 x 10° 5.9
181 8.972 x 10" 7.2 122 1.157 x 10° 3.5
141 1.006 x 10° 3.6
137 2.986 x 10" 22
127 2.432 x 10° 4.8
122 2.100 x 10° 5.2




i
1
f
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Table &4 cont. 3
B-3 c-1
Evy (keV) Iy Error(%) Ev(keV) Error (%)
1674 3.012 x 10° 11.0 g! 3369 1.37 10* 30
1332 4.200 x 10° 8.5 2960 2.71 10" 25
1291 3.067 x 103 9.7 2658 4.73 10" 22
1173 5.144 x 10° 7.4 2523 7.92 10° 15.3
1099 2.806 x 10° 9.4 2113 1.129 x 10° 4.4
935 2.530 x 10° 9.2 1919 5.43 10" 25
865 4.368 x 10° 7.0 1810 2.201 x 10° 3.7
834 1.200 x 107 3.1 1757 4.07 % 10% 29
810 4.942 x 107" 3.0 1377 3.99 10° 6.9
765 2.224 % 10° 9.0 935 3.39 10* 24
511 1.618 x 107 3.1 910 6.19 10" 21
320 9.821 x 10° 3.1 847 7.863 x 10° 3.1
136 1.999 x 10° 3.3 834 6.52 10° 25
122 1.656 x 107 3.0 810 3.33 10° 6.4
778 7.13 x10% 21
739 1.57 10° 11.6
685 1.30 10° 16.3
511 8.10 10° 4.2
320 1.02 10° 13.0
181 9.83 10° 11.9
141 1.011 x 10° 3.4
136 7.00 10° 23
127 7.94 10" 7.3
122 5.93 10* 8.4
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Table 4 cont. 4

c-2 C-3
Ev(keV) Iy Error(%) . i Ev(keV) Iy Error{?)
1674 1.18 x 10° 25.6 1332 5.03 x 10° 10.6
1332 5.01 x 107 10.1 1291 1.24 x 10° 22.0
1291 2.27 x 10° 19.6 1173 4.83 x 10° 12.3
1174 4.30 % 10° 12.7 1099 1.58 x 10° 31.3
1099 2.43 x 10° 19.8 | 935 1.75 x 10° 25.8
935 4.34 x 10° 11.1 863 1.09 x 10° 20.1
862 2.23 x 10° 19.4 834 3.426 x 10° 3.55
835 2.921 x 10° 3.6 810 1.674 x 107 3.06
810 1.685 x 107 3.1 511 7.487 x 10° 3.13
778 2.45 x 10° 20.6 320 2.533 x 10° 3.91
739 6.34 x 10° 8.1 141 4£.30 x 10* 5.41
511 7.201 x 10° 3.1 136 4.35 x 10° 7.71
320 3.533 x 10° 3.2 122 3.544 x 10° 3.20
181 2.42 x 10° 12.8
141 4.878 x 10° 3.2
136 3.49 x 10° 3.4
122 3.045 x 10° 3.2
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Table 5 The 42-group neutron energy group structure adopted
in the CROSSLIB and GICX40 libraries

Group Energy Limits Mid-Point Energy
1 15.000 - 13.720 MeV 14,360 MeV
2 13.720 ~ 12.549 13.135
3 12.549 - 11.478 12,014
4 11.478 - 10.500 10,989
5 10.500 - 9.314 9.907
6 9,314 - 8,261 8,788
7 8.261 - 7.328 7.795
8 7.328 - 6.500 6.914
9 6.500 - 5.757 6.129

10 5.757 - 5.099 5.428
11 5.099 - 4,516 4,808
12 4,516 - 4,000 4,258
13 4,000 - 3.162 3.681
14 3.162 - 2.500 2.831
15 2.500 - 1.871 2.186
16 1.871 - 1.400 1.636
17 1.400 - 1.058 1.229
18 1.058 - 0.800 0.929
19 0.800 - 0.566 0.683
20 0.566 ~ 0,400 0.483
21 0.400 - 0.283 G.342
22 0.283 - 0.200 0.242
23 0.200 - 0.141 0.171
24 ¢.141 - G.100 0.121
25 100.0 - 46.5 keV 73.2 keV
26 46.5 - 21.5 34.0
27 21.5 - 10.0 15.75
28 10.0 - 4,65 7.325
29 4,65 - 2.15 3.40
30 2.13 - 1.00 1.575
31 1.00 - 0.465 0.733
32 0.465 - 0.215 0.340
i3 0.215 - 0.100 0.158
34 100.0 - 46,5 eV 73,2 eV
35 46.3 - 21.5 34.0
36 21.5 - 10.0 15.75
37 10.0 - 4,65 7.325
38 4,65 - 2,15 3.40
39 2,15 - 1.00 1.58
40 1.00 - Q.465 0.733
41 0.465 - 0.215 0.340
42 0.215 - 6.001 0.108
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Table 6 Gamma-ray Energy Group Structure
Group Energy Limits {eV)
uppex lower

1 0.300 E+07 - 0.270 E+07
2 0.270 E+07 - 0.250 E+O7
3 0.250 EH+OI7 - 0.230 E+07
4 0.230 E+07 -~ 0.210 E+07
5 0.210 E+07 - 0.200 E+07
6 0.200 E+07 - 0.190 E+07
7 0.190 E+Q7 - 0.180 E+O7
3 0.180 E+07 - 0.170 E+07
9 0.170 E+07 - 0.160 E+Q7
10 0.160 E+Q7 - 0.150 E+D7
11 0.150 E+07 = 0.140 E+HO7
12 0.14Q E+Q7 - 0.130 E+G7
13 0.130 E+07 - 0.120 E+07
14 0.120 E+07 - 0.110 E+07
15 0.110 E+07 - 0.100 E+G7
1lé 0.100 E+Q7 - 0.900 E+06
17 0.900 E+06 - 0.810 E+36
18 0.810 E+06 - 0.730 E+06
19 0.730 E+06 - 0.660 E+06
20 0.660 E+06 - 0.600 E+06
21 0.600 E+06 - 0.550 E+06
22 0.550 E+06 - 0.500 E+06
23 0.500 E+06 -~ 0.450 E+06
24 0.430 E+06 - G.400 E+06
25 0.400 E+06 -~ d.360 E+06
26 0.360 E+06 - {.330 E+06
27 0.330 E+06 - 0.300 E+06
28 0.300 E+06 - 0.270 E+06
29 0.270 E+06 - 0.250 E+06
30 0.250 E+Q06 - 0.230 EH06
31 0.230 E+06 -~ ¢.210 E+06
32 0.210 E+06 -~ 0.200 E+Q6
33 0.200 E+Q6 - 0.190 E+06
34 0.190 E+06 =~ 0.180 E+06
35 0.180 E+06 -~ 0.170 E+06
36 0.170 E+06 - 0.160 E+Q6
37 0.160 E+06 - 0.150 E+06
38 0.150 E+06 - 0.140 E+06
39 0.140 E+Q6 - 0.130 EH06
40 0.130 EH06 - 0.120 E+06
41 0.120 E+06 - 0.110 E+06
42 0.110 E+06 - 0.100 E+06
43 0.160 E+06 =~ 0.900 E+05
44 0.900 E+05 - 0.810 E405
45 0.810 E+05 -~ 0.730 EA4O5
46 0.730 E+05 - 0.660 E+03
47 0.660 E+G5 -~ 0.600 E+05
43 0.600 E+Q5 - 0.550 E+O5
49 0.550 EH35 - $.500 E+O5
30 0.500 E+05 - 0.450 F+05
51 0.450 E+05 -~ 0.400 E+05
52 0.400 E+05 =~ 0.360 EHOS
53 0.360 EHO5 - 0.330 E+05
54 0.330 E+05 - 0.300 E+05
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Table 7.1 Comparison of gamma ray intensity {Iy)
and relative dose for A-1 case
group Calculation Experiment
Na. Iy dose Iy (% error) dose
1 4.18 x 10°  5.55 x 10* 5.523%x10° (15.4)  7.33 x 10%
2 1.42 x 10%8  1.93 x 10° 1.658 x 10° ( 9.0)  2.26 x 107
4 1.26 x 107 1.43 x 10° 1.270 <107 ( 3.5) 1.46 x 10°
5 1.86 x 10* 2.0 '
6 4.23 % 10" 4.3 5.93 x 10* (25.6) 6.1
7 2.351 %107  2.285%10° 2.378 x 107 ( 3.2)  2.311x10°
8 3.33 x 10 3.1
11 2.10 x 108  1.60 x 107 1.638 % 10° ( 5.2) 1.25 x 10°
12 2.77 % 108  1.97 % 10% 4.59 x 105 ( 8.3)  3.27 x 10%
13 9.04 x 10* 5.9 6.82 x 10% (19.5) 4.4
14 1.70 x 10°® 1.03 x 10° 1.64 x 10° (16.7) 9.9
16 3.34 x 10" 1.7
17 8.533x 107  3.820 10% 8.657x 107 ( 3.0) 3.876x10°
18 7.52 x 10% 3.0
19 3.06 x 10% 1.1 5.89 x 10% (15.5) 2.1
20 1.74 % 10° 5.6 |
22 1.12 x 10°  2.96 x 10° 3.606x 10% ( 4.0)  9.54 x 10%
25 2.14 x 10% 0.4 1.34 x 1085 (11.8) 2.4
27 1.86 x 10° 2.7 6.74 x 10% (14.9) 1.0
37 1.60 x 10* 0.1 1.53 = 105 ( 7.8 0.9
38 1.54 x 10° 0.8 3.96 x 10% (l4.4) 0.2
40 9.11 = 10% 0.4 1.02 x 105 (12.9) 0.4
43 2.77 x 10% 0.1 2.362% 105 ( 7.8) 0.7
Total | 1.277x10%  8.034%1C° 1.320%<10°% ( 3.2y 8.228%10°

The term of Iy means the intergrated numbers of emitted

gamma-rays during the collecting time
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Table 7.2 Comparison of gamma ray intensity (Ivy)
and relative dose for A-2 case
group Calculation Experiment
No. Iy dose Iy (% error) dose
1 9.16 x 10° 1,22 x 107 1.058x 10° (10.0)  1.404x 10°
2 3.17 x 10%  4.32 x 107 3.67 x 10° ( 6.0)  4.996x10°
4 2.76 x 107  3.183x 103 2.85 x 107 ( 3.2)  3.286x10°
5 2.67 x 10% 0.3 ' |
6 1.42 x 10°  1.46 x 1ot 1.52 % 10% (16.2) 1.55 x 10t
7 5.243x 107  5.095x 103 5.330x107 ( 3.1) 5.180%10°
8 7.26 x 10% 6.7 1.378%10° (16.3) 1.27 x 10?
9 1.82 x 10® 0.2 1.94 % 10° (13.6) 1.68 x 10*
12 7.46 x 105  5.31 x 10% 1.33 x 108 (5.5) 9.47 x 102
13 2,01 x 10° 1.32 x 10t 3.38 x 10° (16.7)  2.23 x 10*%
14 3.19 x 10* 1.9
15 2.22 x 10% 1.2 e —_—
16 4.93 x 10% 2.5
17 1.903x10%  8.521x% 107 1.9596x10% ( 3.0) 8.73 x 10°
18 1.83 x 10° 7.3 2,00 x 10* (12.5) 8.0
19 3.31 % 10% 1.2
20 2.80 x 10° 9.1 2.49 x 10° (20.8) 8.1
21 2.02 x 10% 0.6
22 9.79 x 10° 2.59 x 10t 4.6846x10% ( 3.8) 1.240%10°
27 1.08 x 10° 1.6 1.13 = 10° (11.7)  1.65
34 2.81 x 10% 0.2
37 5.99 x 10*  0.04 1.39 x 10° ( 8.2) 0.8
38 4.85 % 10° 2.6 1.22 x 10° ( 8.5) 0.65
39 1.90 x 10% 0.1 5.20 x 10% (12.7) 0.25
40 2.69 x 10° 1.2 2.83 % 10° ( 8.3) 1.2
43 1.01 x 10* 0.03 3.21 x 10° ( 6.9) 1.0
total 2.7815x10%  1.755x 10" 2.9080%10% ( 3.1)  1.904x 10"

The term of Iv means the integrated numbers of emitted

gamma-rays during the collecting time
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Table 7.3 Comparison of gamma ray intensity(Iy)
and relative dose for A3 case
group Calculation Experiment
No Iy dose Ty (% error) dese
1 8.20 x 10% 1.09 x 107 1.09 x 10% ( 7.5) l.46 = 10°
2 2.83 x 10%  3.85 x 107 3.28 x 105 ( 4.7)  4.46 x 10°
4 2.48 % 107 2.860 %103 2.685%107 ( 3.1)  3.096x10°
6 1.13 x 10% 1.16 x 107 1.49 x 10% (¢ 5.5) 1.52 x 107
7 4.70 x 107 4.57 x 102 4.976 %107 ( 3.0)  4.834x10°
8 5.52 % 10°  5.08 x 10% 6.40 x 10° (12.7)  5.89 x 10%
9 1.20 x 10% 1.0
11 1.29 =< 10* 1.0
12 6.00 x 10° 4.27 x 10° 8.65 % 10° ( 3.3) 6.16 x 107
13 2.31 % 10° 1.52 x 10! 3.24 x 10°% (12.7)  2.14 x 10°
14 1.78 = 10% 1.1
15 1.33 x 10%  7.35 x 10* 1.59 x 10% ( 6.4) 8.79 = 107
16 3.03 x 10°  1.50 x 107 3.35 x 10° (15.8) 1.67 x 10~
17 1.73 x 10®  7.75 x 10° 1.819x10% ( 3.0)  8.144x10°
18 1.09 x 10%  4.37 x 107 9.66 x 10° (13.7) 3.88 x 10°
19 3.25 x 0% 1.2
20 1.14 x 10° 3.7 _ —_
21 1.44 x 10° 4.2
22 6.88 x 10%  1.82 x 10° 1,197 %107 (¢ 3.1)  3.17 x 107
23 8.73 x 0% 2.1
25 6.04 x 10% 1.1
27 9.99 x 10° 1.46 x 10! 1.47 x 108 ( 4.7y  2.15 x 10%
3 2.45 x 10° 1.8 2.71 = 10° (12.3) 2.0
18 5.03 = 10° 2,71 = 10% 2.59 x 10° ( 3.2) 1.39 x 10°
39 1.84 x 10° 0.9 9.68 x 10% ( 2.0y  0.47
40 2.41 x 10%  1.06 x 10° 2.62 x 10% ( 3.4) 1.15 x 10°
Total 2.754%10%  1.666x 10" 2.959x 10% ( 3.1)  1.796x 10"
The term of Iy means the integrated numbers of emitted

gamma-~rays during the collecting time
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Table 7.4 Comparison of gamma ray intensity (Ivy)
and relative dose for A;4 case

group Calculation Experiment

No. Iy dose Iy (% error) dose

9 1.79 x 10% 1.55 x 10? 1.81 x 10° (19.6) 1.57 x 10!

12 2.11 x 10° 1.50 x 101 2.28 x 10% (19.0) 1.62 x 10!
13 7.29 x 10* 4.8 1.20 % 10° (25.2) 7.9

14 2.10 x 10° 1.27 x 10! 2.24 x 10° (21.8)  1.36 x 10%
15 8.95 x 10" 4.9 1.98 x 105 (24.1) 1.09 » 10°
16 1.33 x 10° 6.6 2.96 x 10° (14.0) 1.48 x 10%
17 4.079x 107  1.826 x10° 3.757x 107 ¢ 3.1) 1.682x10°
18 2.33 x 10° 9.3 2.02 = 10° (22.3) 8.1

19 5.40 x 10% 1.9 —_

22 9.95 x 10° 2,63 x 10°¢ 1.035x107 ( 3.1)  2.74 x 10°
27 7.45 x 105 1.09 x 10° 1.130 X107 ( 3.0) 1.65 x 10°
38 2.76 x 10% 0.1 —_—

39 2.92 x 108 1.42 x 10° 1.88 x 10° ( 3.6) 9.2

40 2.24 x 107 9.86 x 10*% 1.622x107 ( 3.) 7.14 x 1ot
Total 8.474 %107  2.383x10° 7.877x 107 ( 3.1)  2.289x10°

The term of Iy means the integrated numbers of emitted

gamma-rays during the collecting time
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Table 7.5 Comparison of gamma ray intensity(Iy)
and relative dose for B-l case
group Calculaticn Experiment
No. Ly dose Iy (% error) dose
1 E 3.51 x 10% 4.7 4.66 x 10" (26) 6.18
2 1.21 % 105 1.65 x 10* 1.53 x 105 (13) 2.08 x 10!
4 1.06 x 108 1.22 x 107 1.17 = 10° ( 6.8) 1.35 x 10%
6 1.36 x 10°  1.39 x 10* 1.99 x 105 (14.2)  2.04 = 10°%
7 2.01 % 10%  1.95 x 107 2.12 x 10% ( 5.1) 2,06 x 10°
8 6.63 x 10* 6.1 1.18 x 105 (17.6) 1.09 x 10*
9 4.45 x 103 0.4
11 1.43 x 10% 1.1
12 7.21 % 10% 5,13 x 10°t 1.36 x 108 ( 5.4)  9.68 x 10%
13 1.72 = 10% 1.1 —
14 4.46 x 10° 0.3  — —
15 2.13 x 10%  1.18
16 5.04 x 10% 2.5 3.15 = 10% (25) 1.57
17 8.22 x 10%  3.68 x 107 8.757 x10% ( 3.3)  3.92 x 107
18 2.70 x 10° 1.08 x 10* 2.78 x 10° (10.5) 1.16
19 1.60 x 10* 0.6
20 1.18 x 10* 0.4 _— —_—_
21 2.06 x 10% 0.6 _
22 9.93 x 10°  2.63 x 10! 1.553x 105 ( 4.0)  4.11 x 10%
23 1.26 x 10 0.3 _—
25 1.82 < 10* 0.3
27 1.39 x 10° 2.0 3.08 x 10°% ( 5.4)  4.50
29 7.11 x 10® 0.1
34 7.81 x 10  0.58 8.97 x 10% ( 7.2) 0.67
38 1.63 x 10%  8.74 1.01 x 10% { 3.8)  5.42
39 3,03 x 10* 0,15 2.99 x 10% (22) 0.15
40 3,52 x 10°  1.55 4.53 x 10% ( 5.00  1.99
Total | 1.605% 107  8.37 x 10° 1.768 < 107 ( 4.0)  9.45 « 107

The term of Iy means the integrated numbers of emitted

gamma-rays during the collecting time
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Table 7.6 Comparison of gamma ray intensity(Iy) and relative dose for B-2 case

group Calculation ) Experiment
No. Iy dose Iy (7 error) dose
9 2.92 x 10* 2.5 1.78 x 10% (33) 1.5
12 3,03 x 10% 2.2 Al os.32 x 0% (33 3.8
13 1.26 x 10% 0.8 2,22 = 10% (32) 1.5
14 1.94 x 10% 1.2 2,24 x 18% (37) 1.4
15 1.60 x 10% 0.9 1.830 x10% (33) 1.0
16 4.05 x 16% 2.0 6.634 x 10" (17.3) 3.3
17 6.198 x10°  2.77 x 10% 5.189 x 10° ( 3.7) 2.32 x 10°
18 7.26 x 10* 2.9 ' 4.72 x 10% @27 1.9
22 1.635x10%  4.33 x 10t 1.394 x10% ( 4,1)  3.69 x 10}
27 6.629 x10° 9.7 1.215x10° ( 3.8 1.77 x 10!
34 1.88 x 10* 0.1 1.01 x 10% (48) 0.1
38 3.94 x 10° 2.1 1.95 % 10° ( 4.2) 1.0
39 1.95 x 10° 1.0 1.38 x 10° ( 5.9) 0.7
40 1.523x10% 6.7 1.157x10% ( 3.5 5.1
Total | 1.085x107 3.524x10° 9.546x10° ( 4.0)  3.079x 107

The term of Iy means the integrated numbers of emitted

gamma-rays during the collecting time

Table 7.7 Comparison of gamma ray intensity(Iy) and ralative dose for B-3 case

group Calculation Experiment
No. Iy dose Iy (%Z error) dose

9 3.02 % 10°  2.62 x 10! 3.01 x 10°% (11.0)  2.61 x 10*
12 2.54 = 10% 1,81 x 10! 4.20 x 10° ( 8.5)  2.99 x 10%
13 1.14 x 10°  7.51 3.08 x 10° ( 9.7)  2.03 x 10%
14 2.54 x 10° 1,54 x 107 5.14 x 10° ( 7.4) 3.1z x 10*%
15 1.44 x 10° 8.0 2.81 x 105 ( 9.4) 1.55 x 10°%
16 6.00 x 10% 3.0 2.53 x 10° ( 9.2) 1.26 x 1C*
17 65.59 x 107  2.950 x10° 6.19 x 107 ( 3.1) 2.771x10°
18 1.99 x 10° 8.0 2.22 x 10% ( 9.0)  8.91L x 10°
19 &.61 x 10 1.7

22 1.68 x 107  4.45 x 102 1.62 x 107 ( 3.1y  4.29 x 10°
27 4,74 x 108 6.92 x 10! 9,82 x 10% ¢ 3.1) 1.43 x 107
39 2.46 x 10°% 1.20 x 10% 2.00 x 10% ( 3.3) §.75 x 10°
40 1.88 x 107  8.27 x 10* 1.66 % 107 ( 3.0)  7.30 x 10*
Total | 1.100 x10%  3.65 x 10° 1.088 x10% ( 3.1)  3.570 x10°

The term of Iy means the integrated numbers cf emitted

gamma-rays during the collecting time
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Table 7.8 Compariscn of gamma ray intensity (Iy)
and relative dose for C-1 case
group Calculation Experiment
No. Iy dose Iy (% error) dose
1 4,72 x 10% 6.3 4,08 x 10" (27) 5.4
2 1.63 x 10°  2.22 x 10* 1.27 = 16° (17.7) 1.73 x 10°
4 1.42 x 10°  1.637x10° 1.129x10°% ( 4.4) 1.302x10°
6 4,58 x 10* 4.7 ' 5.43 % 10% (25) 5.6
7 2,70 x 10®  2.630 % 107 2.201 x10°% ( 3.7) 2.139x10°
8 2.25 = 10% 2.1 4,07 = 10" (29) 3.7
11 3.60 x 10" 2.8
12 Z.43 x 10°  1.73 = 10° 3.99 x 10° ( 6.9) 2.84 x 10t
13 1.76 x 10* 1.2
14 8.55 x 10° 0.5
16 2.10 x 10% 1.0 9.58 x 10" (22) 4.8
17 1.025%x107  4.5389 x 107 8.261 x10°% ( 3.2)  3.698x107
18 3.33 x 165 1.34 x 10° 2,28 x 10° (14.6) 9.1
19 2.65 x 10* 1.0 1.30 x 10° (16.3) 4.7
22 3.74 x 10° 9.9 8.10 x 10° ( 4.2)  2.14 x 10%
27 5.13 x 10% 0.7 1.02 x 10° (13.0) 1.3
34 1.15 x 10° 0.9 9,83 x 10% (11.9) 0.7
38 2.38 x 10% 1.28 x l0° 1.011 x10°% ( 3.4) 5.4
39 S1.12 x 10% 0.1 7.00 % 10° (23)
40 1.26 = 10°  C.6 1.39 % 10° ( 7.8) 0.6
Total | 1.839x107  9.831 %107 1.487 107 ( 3.4)  8§.225%10°

The term of Iy means the integrated numbers of emitted

gamma-rays during the collecting time
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Table 7.9 Comparison of gamma ray intensity(Iy) and ralative dose for C-2 case

group Calculation Experiment
No. Iy dose Iy % error) dose

6 2.49 x 10* 2.3

9 1.12 = 10° 9.7 1.18 x 10° (28) 1.02 x 10*
12 1.94 x 10° 1.38 = 10° 5.01 = 10° (10.1) 3.57 = 10t
13 1.96 x 10° 1.29 x 10*% 2,27 % 10°% (19.5) 1.50 x 10!
14 6.28 x 10 3.8 4.30 % 10°% (12.7) 2.6l x 10t
15 2.53 x 10°%  1.40 x 10* 2.43 < 10° (19.8) 1.34 x 10t
16 1.69 x 10° 8.4 4,34 x 10°% (11.1) 2.17 x 10°
17 2.336 %107 1.046 x10° 1.999 =107 ( 3.2) 8.95 = 10°
18 1.29 x 10° 5,17 x 10% 8.79 x 10° (11.8)  3.53 x 10}
22 6.344 10° 1.68 x 107 7.20 x 10% ( 3.1) 1.91 x 107
27 1.95 x 10°%  2.85 x 10° 3.53 x 10% (¢ 3.2) 5.15 x 10%
34 4.5 = 10% 3.4 2.42 = 10° (12.8) 1.8
38 9.53 = 10°  5.11 x 10! 4.88 x 10°% ( 3.2)  2.62 x 10%
39 5.47 x 10° 2.7 3.49 x 10° ( 3.4) 1.7
40 4,212 x10%  1.85 x 10* 3.05 x 10° ( 3.2) 1.34 x 10%
Total | 4.870x107 1.435x10° 4.207x107 { 3.2) 1.338 x10°

The term of Iy means the integrated numbers of emitted

gamma-rays during the collecting time

C-3 case

Table 7.10 Comparison of gamma ray intensity(Iy) and ralative dose for

group Calculation Experiment

No. Iy dose Iy (% error) dose

9 1.09 % 103 9.5

12 7.53 x 10% 5.4 5.03 * 10° (10.6) 3.58 * 107
13 1.69 x 10° 1.1l x 10% 1.7¢ % 10° (22.0) 8.2

14 7.53 x 16 4.6 4.83 % 10° (12.3)  2.93 X 10
15 2,19 x 10° 1.21 x 10% 1.58 x 10° (31 ) 8.7

16 2.00 x 10* 1.0 1.75 % 10° (26 ) 8.7

17 2.337 107 1.046 x10° 2.208 x107 ( 3.1) $.08 * 10°
22 6.07 x 108 1.6l x 10% 7.487 10° ( 3.1) 1.98 x 10°
27 1.38 % 10% 2.0l x 10% 2.53 < 10° ( 3.9) 3.69 x 10°
38 5.82 x 10* 0.3 4.30 * 10" ( 5.4) 0.2

39 6.26 x 10° 3.1 4.35 % 167 ( 7.7) 2.1

40 4.80 % 16° 2.1l x 10¢f 3.54 x 16° ( 3.2) 1.56 X 10~
Total | 3.697 x10%  1.295x10° 3.576 x107 { 3.1)  1.251x10°

The term of Iy means the integrated numbers of emitted

gamma-raya during teh collecting time
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Table 9 C/E of total gamma-ray intensity and
relative dose
measurement  cooling gamma-ray relative
case time intensity dose
A-1 iC m 0.967 + 0.031 .977 + 0.031
A-2 1 h 0.956 + 0.030 .922 + 0.029
A-3 6.9 h 0.931 + 0.029 .928 + 0.029
A-4 30.1 d 1.076 + 0.033 .041 + 0.032
B-1 13.8 h 0.908 + 0.036 .886 + 0.035
B-2 13.6 d 1.137 + 0.045 145 + .046
B-3 35.7 d 1.011 + 0.031 .022 + 0.032
C-1 10.5 h 1.236 + 0.042 .195 + 0.041
¢-2 8.0 d 1.158 + 0.037 .072 + 0.034
-3 28.8 d 1.034 + 0.032 .035 + 0.032
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<—-=10 cm

|
| d* beam
f S l
‘ : Nsus3ie disk (106 X 2t Mym)
Ti-T-Target
Fig. 1.1 Irradiation arrangement in case of A without any assembly

around SUS316 sample

AIR
(suUs316}

0405 12 9 1 cm

Fig. 1.2 Calculational model of case A by ANISN
The SUS316 is placed at 9=10 cm only in the activation calcu-

lation. It is excluded in the neutron tramsport calculation.
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Li,0-C Blanket Assembly
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Fig. 2.1 Sectional veiw of Lis0-C blanket assembly and sample positions

D-T Neutron Source

Void

Li,0 Graphite
3.33 2242 4677 cm

Fig. 2.2 Calculational model of Lip0-C assembly by ANISN
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Fig. 3 Crowth curves of activities in a SUS316 disk (10 mm in

diameter and 2 mm in thickness) produced by 14 MeV neutron

irradiation
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- ORETC 60cmi’Ge (Li) detector

- absolute detection efficiency curve

i at 5cm from detector head. i
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Fig. 4 Absolute Gamma-ray detection efficiency curve of 60 em® Ge(Li)

detector at 5 cm from the detector head.
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Fig. 11.1  Decay curves of 58Mpn with 847 keV gamma-ray
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Fig. 11.2 Decay curves of S’Ni with 1378 keV gamma-ray
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13 Cross Section of °°Ni(n,2n)®"Ni reaction

Dashed line and real line represent the cross section in

42 and 135 neutron group structures, respectively.
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15.2  Some activation reaction cross sections in the CROSSLIB library



