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Abstract The leakage of fusion neutrons from ITER toka-
mak machine would cause bio-shield activation. Assessment
of the shutdown dose rate from activated bio-shield is neces-
sary from the standpoints of occupational safety. FISPACT
inventory calculations have been performed for four different
types of the bio-shield concrete under the neutron irradiation
of ITER and ASP, which is a 14 MeV fusion neutron irradi-
ation facility in UK. Shutdown contact dose rate and the
dominant radioactive isotopes of each sample have been
evaluated and cross compared for different concretes for ITER
and ASP irradiations. The results show that activation pro-
ducts of same concrete are different under irradiation of pre-
dicted ITER moderated neutron source and ASP fast neutron
source. Fast neutron activation leads to high dose rate domi-
nated by **Na for about 1 day after shutdown and it shows
insignificant impact of impurities on dose rate. While mod-
erated neutron activation leads concretes with impurities to a
relative high dose rate for a long cooling time. These radio-
logical hazard elements in impurity have been listed.

Keywords Activation - Shutdown contact dose rate -
Bio-shield concrete - ITER - ASP

Introduction

A biological shield (Bio-shield) of 2 m thick concrete is
provided around the ITER cryostat to limit the radiation
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levels outside the pit to value insignificant for the activa-
tion of components [1]. However, the activation of bio-
shield itself and accompanying shutdown dose rate must
not be neglected especially at position of the equatorial
bio-shield plug where the amount of leakage neutrons is
largest. An assessment of the activation characteristics of
the bio-shield is necessary from the standpoints of occu-
pational safety and structural design of the tokamak
building. The means of study of concrete activation
involves activation calculations using transport codes and
inventory codes and preferably, an activation experiment at
neutron irradiation facility. The previous research on con-
crete activation can be traced to activation of the concrete
in the bio-shield of ITER, Kalcheva [2] and experimental
studies of concrete activation at the National Ignition
Facility using the rotating target neutron source, Belian
et al. [3]. Their method of activation calculation and
experiment approach is still useful in current activation
study; however the computational model, data and code are
obsolete. This study mainly aims at determining whether an
experiment at ASP [4] would show up the important acti-
vation products that would be produced at ITER. Based on
neutron spectrum and total neutron flux calculated by
transport code from updated computational model, an
inventory calculation has been performed to evaluate
shutdown contact dose rates and dominate radioactive
isotopes of four concrete types for ITER and ASP. The
detail results and discussion have been listed in the third
section.

Methodology and Material

The principle of activation calculation is to compute the
neutron flux through concrete sample and then to determine
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the activation of the material within it. The first step was
accomplished using the Monte-Carlo code MCNP [5] and
the second using FISPACT-2007 [6] with EAF-2007 acti-
vation cross sections library [7].

In the ITER case, the calculated neutron flux and neu-
tron spectrum at position behind mid-diagnostic port were
used for inventory calculation [8]. The flux and spectrum
represent the highest levels and most energetic neutron
which the bio-shield will be subjected to therefore the
results presented below are the maximal levels of dose that
would be obtained. The total neutron flux is 1.6 x 10'® n/
cm? s and neutron spectrum is illustrated in Fig. 2. The
SA2 irradiation scenario [9] is used in activation
calculation.

In the ASP case, the neutron source flux is calculated by
MCNP code previously according to ASP neutron source
definition [10]. Figure 1 shows three plane views of
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Fig. 1 Neutron source flux distribution of ASP

Fig. 2 Neutron flux spectrum 1.E+11
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neutron flux based on a Cartesian coordinate whose origin
is center of neutron source. Emitting neutrons are isotropic
on the XZ plane but with an energy-angular tendency along
the Y axis. The irradiation position of concrete sample is
assumed at 0.6 cm far away from origin in Y axis plus
direction. The dimension of concrete sample is defined as a
cube with side lengths of 3 cm. The neutron spectrum in
sample was calculated by MCNP in the standard VITA-
MIN-J 175 group structure, shown in Fig. 2. The total
neutron flux is 4.8 x 10" n/cm? s. One hour continuous
irradiation is assumed in activation calculation.

Four kinds of concrete samples labeled as Gl1, L2n,
NBSO04 and Barytes were chosen for activation calculation
in this study.

Gl and NBS04 are the ordinary concretes with the
approximate concentration of major constituent elements
except for the sample G1 considering up to thirty minor
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Table 1 Dominant nuclides and their pathways of sample G1 in ASP and ITER case
Dominant nuclide and pathway = Dose rate percentage of total (%) at following cooling time after shutdown
Pathway Nuclide 10°s (~1day) 10°s 107 s 1 year 3 years 10 years
(~12 day) (~116 day)
ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER
YAl (n, )  *PNa  *Na 99.27 82.822 1.63
(n, g)
Ti (n, p)  *Sc 465¢ 0.004 1071 7.115 7.064 13.191 3.997 2858 0.671 0.017 0.002
(n, g
>Mn (n, 2n) *Fe >Mn 0.58 1354  4.074 47.17 433 46.18  3.287 22.53
*Fe (n, p) (n, p)
2Na (n, 2n) 2Na 8.003 32.556 46.234 64.059 48.58
“BTi (n, p) 485¢ 0.44 14.83
85Rb (n, 2n) 84Rb 5.48 2.79
“8Ca (n, 2n) “ICa 0.12 43.07
4K 2K 1.457
(n, g
159Tp 1607y, 2.277 14.82 7.312
(n, g)
18Iy 1827y 1.339 9.043 6.454 1.889
(n, g
Blgy 132y 3.039 21.83 28.809 36.731 43.589 55.107
(n, 2
Mco  “co 2.086 14.95 19.28 23.272 23.521 16.956
(n, g)
Bes  Bics 1.117 7.96 9.684 10.169 6.832
(n, g
3gy gy 1.707 12.25 16.033 20.036 22417 23.067
(n, g)
S8pe Fe 0.436 2.668 0.705 0.019
(n, g)

constituent elements (impurities) in composition. Barytes is
a typical heavy concrete with high concentration of barium
(BA 46.34 %). The sample L2n is also a kind of ordinary
concrete considering ~30 impurity elements. Different
with others, it contains 4 % volume fraction of iron as the
reinforcing steel bar. Additional, 0.2 % weight fraction of
cobalt as impurity in iron is considered.

The detail constituent elemental concentrations of con-
crete samples could be referred to Tables 1 and 2 in Ref.
[11] for the sample G1 and L2n as well as to the table. 8.8
in Ref. [12] for the sample NBS04 and Barytes.

Results and Discussion

The shutdown contact gamma dose rate of each sample is
plotted in Fig. 3. The solid lines and dotted lines represent
the dose rate as a function of cooling time in ASP case and
ITER case respectively. The different colors represent
different samples. The dominant radioactive nuclides and

their pathways of each sample are listed in Tables 1, 2, 3
and 4 for both cases.

From the above results, several phenomena would be
observed. Firstly, in view of tendency of dose rate versus
cooling time, it shows that at the first cooling day (10 s),
dose rates of samples in ASP case are apparently higher than
those in ITER case because of high total neutron flux and fast
neutron spectrum. The dominant nuclide at this period is
*Na produced via pathways of >’ Al (n, o) and **Mg (n, p) for
all samples in ASP. However, with decay of 24Na, the dose
rate deceased steeply by about two orders of magnitude at the
end of the twelfth day (106 s), while as for the dose rate of all
samples in ITER case except for that of NBS04 (blue dashed
line), their dose rates reduced slightly. It is also noted that
dose rate of L2n keeps almost a constant level for about
10 years after shutdown because of ®°Co dominated dose
rate by pathway of >°Co (n, y). Secondly, the difference of
dose rate between concretes with and without impurity is
more apparent in the ITER case than that in ASP case. For
example, G1 and NBS04 have similar major constituent
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Table 2 Dominant nuclides of sample L2n in ASP and ITER case

Dominant nuclide and pathway Dose rate percentage of total (%) at following cooling time after shutdown

Pathway Nuclide 10%s (~1 days) 10°s (~12 days) 107 s (~116 days) 1 year 3 years 10 years
ASP ITER ASP ITER  ASP ITER  ASP ITER ASP ITER ASP ITER ASP ITER
YAl (n, )  PNa 24Na 97.592 7.153 0.372
Mg (n, p) (n, g)
Mn (n, 2n) *Fe >Mn 0.055 2937 22212 3.167  85.171 2.756 94.777 1.8 90.551 0471 6293  0.004
**Fe (n, p) (0, p)
2Na (n, 2n) 2Na 0.213 0.955 1.542 4.38 13.792
%Fe (n , 2n) 3Fe 0.076 0.341 0.555 1.617 5.572
“5Ti (n, p) 46Sc 0.003 1.257 2.565 0.632 0.007
“*Ti (n, p) 3¢ 0.339 2.627
“8Ca (n, 2n) “ICa 0.734 61.327
3Co (n, 2n) BCo 0.012 4748 8.282 1.4 0.005
¥Co “co 76.014 83.557 88.257 91.677 93.327 91.424
(n, g)
4K 2K 0.373
(n, g)
181 182 2.799 29 1.695 0.427 0.007
(n, )
S*Fe Fe 2.507 2352 0.509 0.012
(n, p)
1597p 1607, 1.821 1.819 0.735 0.077
(n, g)
133¢g 134cg 1.539 1.682 1.676 1.514 1.025 0.24
(n, g)
SRy 152py 2.154 2373 2.565 2.814 3.363 5.779
(n, g)
153y 154y 1.213 1.336 1.431 1.539 1.735 2.426
(n, g)
1.E+01 t t } } } t t } . .
ASP-NBS04
1.E+00 ASP-L2n
LE-01 ASP-Barytes
ASP-G1
1.6-02 ITER-NBSO4
£ 1603 ITER-L2n
E ITER-Barytes
[0}
2 1.E-04 ITER-G1
[0}
8 1£05
S 1
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1.E-08
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Fig. 3 Contact gamma dose rate of samples irradiated by ASP and ITER
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Table 3 Dominant nuclides and their decay pathways of sample NBS04 in ASP and ITER case

Dominant nuclide and pathway Dose rate percentage of total (%) at following cooling time after shutdown
Pathway Nuclide 10°s 10% s 107 s 1 year 3 years 10 years
(~1 days) (~ 12 days) (~116 days)

ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER
N PNa(m, g **Na 99.724 97.619  2.371
(n, o)
24Mg
(n, p)
S4Fe 5*Fe (n, p) 5*Mn 0.003 0388 6969 42.884 27981 54523 21.059 49411 7929 19.842 0.124 0.126
(n, p)
BNa BNa (n, 2n) **Na 0.006 0.117 14.465 13.126 67.832 19.493 74.043 2562 82.882 30.587 58.722 8.827
(n, 2n)
BCa “Ca (n,2n) YCa 0.134  0.055 69.783 1.278
(n, 2n) 4Ca (n, g)

41K (n, g) 2K 1.387

BFe (n,g)  PFe 0.334 32.157 10.169 0.33

Table 4 Dominant nuclides and their decay pathways of sample Barytes in ASP and ITER case

Dominant nuclide and pathway  Dose rate percentage of total (%) at following cooling time after shutdown

Pathway Nuclide 10°s (~1day) 10°s 107 s 1 year 3 years 10 years
(~12 days) (~116 days)
ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER ASP ITER
2TAl 2Na 2Na 9372 2334  0.206
(n, o) (n, g)
24Mg
(n, p)
136Ba 13484 BSmBa 3315 2025 1.869 0.01
(n, 2n) (n, g)
135Ba
(n, n’)
1328, 1304 131Ba 0.159 81.047 20.157 86.641 0978 1.387
(n, 2n) (n, g)
134Ba 1324 133Ba 0.006 5583 2.044 11.132 50.636 90.694 54.044 91.749 53.758 90.813 45472 86.341
(n, 2n) (n, g)
134Ba 133mBy  0.651 1.648
(n, 2n)
“¥Ca “ICa 0.64 30.788
(n, 2n)
136B4 136Cs 0.25 33.983 3.353
(n, p)
S (n, p) 2p 0.038 5.424 0.866
134Ba B34 0.002 0.523 11.947 10.606 6.149 0.786
(n, p)
135Ba
(n, d)
YK (n, g K 7.529

elements except G1 includes impurity, while the difference such as *°Co, '**Eu and '**Cs have very large absorption
of dose rate between G1 and NBS 04 isup to 95 % in ITER  cross section for thermal neutrons by (n, y) reaction as well as
case by comparing with 47 % in ASP case at end of 12th  a relative long half-life (several years). Therefore, the con-
cooling day. The reason is that some nuclides in impurities  centration of these radical hazard elements should be as low
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as possible in order to control the shutdown dose rate.
Finally, from the occupational safety point of view, dose
rates outside the bio-shield should be less than 10 uSv/h24 h
after shutdown [13]. It is noted that dose rate of Barytes is the
lowest one both in ASP and ITER case at the end of first
cooling day.

Conclusions

The activation characteristic of bio-shield with different
concrete compositions has been estimated using the
inventory code FISPACT under the ITER and ASP irra-
diation scenario respectively. Four typical concrete sam-
ples have been chosen for activation analysis. Some
conclusions are listed as following.

e The high neutron flux with a large amount of fast
neutrons leads to a high shutdown dose rate for all
concrete samples at end of the first cooling day in ASP
case, but their dose rates will decease rapidly along
with the decay of dominant nuclide **Na.

e Some elements of impurities such as Co, Cs and Eu
have high absorption cross section of thermal neutrons.
Their activation products have high radiological hazard
as well as a relative long half-life. It should limit the
concentration of above elements to as low as possible
value.

e The heavy concrete (Barytes) shows the low shutdown
dose rate as well as the good gamma shield competence.
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