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The preliminary studies of the activation analysis and waste management for blanket materials of the
multi-functional experimental fusion-fission hybrid reactor, i.e. Multi-Functional eXperimental Fusion
Driven Subcritical system named FDS-MFX, were performed. The neutron flux of the FDS-MFX blanket
was calculated using VisualBUS code and Hybrid Evaluated Nuclear Data Library (HENDL) developed by
FDS Team. Based on these calculated neutron fluxes, the activation properties of blanket materials were
analyzed by the induced radioactivity, the decay heat and the contact dose rate for different regions of
the FDS-MFX blanket. The safety and environment assessment of fusion power (SEAFP) strategy, which
was developed in Europe, was applied to FDS-MFX blanket for the management of activated materials.
Accordingly, the classification and management strategy of activated materials after different cooling
time were proposed for FDS-MFX blanket.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

An early application of fusion energy [1-14] can be achieved
by the development of fusion-fission hybrid reactors. The Fusion
Driven Subcritical System for Spent Fuel Blanket (FDS-SFB) is a
conceptual hybrid fusion-fission reactor conceived for nuclear
waste transmutation, fissile fuel breeding, tritium production and
energy production. The fusion neutron source design is based
on relatively easy-achievable plasma parameters. The parameters
were extrapolated from the successful operation of the Experi-
mental Advanced Superconducting Tokamak (EAST) in China as
well as of other tokamaks operating in the word. The design of
the sub-critical fissile blanket surrounding the tokamak is based
upon the well-developed fission reactors technology. A hybrid
reactor, i.e. the Fusion Driven Subcritical Multi-functional eXper-
imental reactor (FDS-MFX), has been proposed as a mid-term
scenario by FDS Team [1,15-27]. It represents one scenario option
for the China Fusion Engineering Test Reactor (CFETR) conceived
for checking and validating the relevant viable fusion and fis-
sion technologies for both the pure fusion DEMO reactor and
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the fusion-fission hybrid DEMO reactor (for Spent Fuel Burn-
ing).

Research and development of fusion-fission hybrid reactor
materials, especially their activation characteristics, is one of the
key issues for hybrid research in the world. The activation of
the materials would substantially influence not only the safety
of the fusion-fission hybrid reactors but also the recycling of
used reactor materials and waste management. The selection of
materials including structural material and tritium breeder is very
important and effective method to control the neutron-induced
activation on fusion reactors as well as to ensure the attractiveness
of fusion-fission nuclear power regarding safety and environmen-
tal aspects.

In this study, the key activation analysis and waste manage-
ment for blanket materials of the multi-functional experimental
fusion-fission hybrid reactor FDS-MFX were estimated. The cal-
culation and analysis of activation levels for different regions of
FDS-MFX blanket, including radioactivity, decay heat and contact
dose rate, were performed and used to analyze the activation
properties of blanket materials. The safety and environment assess-
ment of fusion power (SEAFP) [28] strategy, which was developed
in Europe, was applied to FDS-MEX blanket for the management
of activated materials. Finally, the classification and management
strategy of activated materials after different cooling time were
proposed for FDS-MFX blanket.
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Fig. 1. Three-dimensional (3D) configuration of the helium-cooled blanket of FDS-MFX.

2. Codes, data libraries and calculation model
2.1. Codes and data libraries

In this study, the neutron flux of the FDS-MFX blanket was calcu-
lated using the last version of multi-functional neutronics analysis
system VisualBUS [29-31] and the Hybrid Evaluated Nuclear Data
Library (HENDL) [32,33], which were both developed by FDS Team.
Based on these calculated neutron fluxes, the activation properties
of blanket materials were analyzed by the induced radioactivity,
the decay heat and the contact dose rate for different regions of the
FDS-MFX blanket.

2.2. Calculation model

For accurate estimation, detailed three-dimensional (3D) neu-
tronics models are needed. The proposed 3D configuration of the
helium-cooled blanket can be seen in Fig. 1 and Ref. [34]. The major
and minor radii of tokamak are 400 cm and 100 cm, respectively.
The fusion power of the tokamak core is ~50 mW, the power gain
is ~1, the average neutron wall loading is ~0.17 mW/m?2, the elon-
gation of plasma zone is x=1.7. The goal of FDS-MFX is to use
subcritical blanket which interacts with the copious neutron source
provided by fusion core to achieve tritium breeding and fission
energy production. Besides the shielding modules, two types of
functional blanket modules, Tritium Breeding Module (TBM) and
Uranium Modules ((NUM (Natural Uranium Module) and HEUM
(High Enriched Uranium Module), have been designed [34]. The
function of inboard blanket is to breed tritium only while the
outboard blanket is designated to produce energy with fission
materials as well as breed tritium. The outboard blanket is Helium
gas-Cooled plate fission fuel Blanket (named HCB) with additional
Li;7Pbgs eutectic self-cooled tritium breeding zone. The low acti-
vation ferritic-martensitic steel (RAFM) e.g. the CLAM (China Low
Activation Martensitic) [35-37] steel is employed as a candidate
structural material.

The detailed 3D calculation model was automatically accom-
plished using MCAM [38]. MCAM is an interface program and
integrated modeling system implementing the bi-directional

conversion between CAD model and MC simulation model; it sup-
ports a series of supplementary functions such as creation and
repair of CAD model and analysis of physical properties.

3. Results and analysis
3.1. Radioactivities

The materials irradiated by D-T high-energy neutrons for a pro-
longed time will suffer severe activation, which cannot be ignored.
The radioactivity induced in the constituent materials of FDS-MFX
Blanket by D-T fusion and fission neutron has been calculated. The
two main aspects which are affecting the activation properties of
HCB are considered: (1) neutron irradiation conditions (flux, and
irradiation time, etc.: the flux was based on the reference neutron-
ics design of the FDS-MFX blanket, the total flux of HCB was about
9.0 x 10'3 (1/cm? s), which can be seen in Ref. [34]; the total accu-
mulated irradiation time for the NUM and HEUM are 5 years and
3 years, respectively). (2) Types of irradiated materials: carbon (C)
layer, Li;7Pbgs (LiPb), CLAM, fission fuel, etc.

The total activity of the whole blanket and the activities of the
typical zones as a function of cooling time of the FDS-MFX blanket
are shown in Fig. 2. At the shutdown, the total activity of the FDS-
MFX blanket is 6.03 x 10'3 MBq, which is mainly induced by the
activation of the fission fuel, Li;7Pbgs, and CLAM. The activities in
the typical zones after shutdown with different cooling times can
be found in Table 1. The activity of the fission fuel is of the highest
value (92.7% of the total activity).

The activity induced in the fission fuels decays very slowly
(from 5.59 x 1013 MBq to 5.34 x 10° MBq during the first 100 years).
Because of the high-level fission products and actinides, the activ-
ity after 100 years’ cooling is 5.34 x 109 MBq, which is the 0.0089%
of the activity at the beginning of shutdown, but the activity is
still strong. The total activity of FDS-MFX blanket after 100 years’
cooling is almost near to the activity of the fission fuel. More-
over, the total activities of the blanket after 500 years’, 5000
years’, 90,000 years’, and 500,000 years’ cooling are 4.19 x 10° MBq,
3.14 x 109 MBq, 2.39 x 108 MBq, and 7.67 x 108 MBq, respectively.
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Fig. 2. Activities in the typical zones after shutdown as a function of cooling time.

Table 1
The activities in the typical zones after shutdown with different cooling times.

Cooling time (a) C Layer (MBq) LiPb (MBq) CLAM (MBq) Fission fuel (MBq) Total FDS-MFX blanket (MBq)
0 6.32E+06 2.17E+12 2.19E+12 5.59E+13 6.03E+13
100 3.21E+04 3.32E+05 5.16E+04 5.34E+09 5.34E+09
500 2.91E+04 3.32E+05 5.14E+04 4.20E+09 4.20E+09
5000 9.88E+03 3.32E+05 5.10E+04 3.14E+09 3.14E+09
90,000 1.95E+02 3.31E+05 4.89E+04 2.40E+08 2.40E+08
500,000 1.32E+02 3.18E+05 3.87E+04 7.68E+06 8.03E+06

The activation level of the tritium breeder Li;;Pbgs, is mainly
due to Pb under the condition that tritium contribution has been
ignored since there is a little contribution (0.0007%) of Li acti-
vation to Lij7Pbgs. At shutdown time, the activation level of the
tritium breeder Li;7Pbgs, is dominated by the nuclides Pb-207 m
(T1j2=0.8s), which are mainly produced via the reactions Pb-208(n,
2n)Pb-207m and Pb-207(n, n')Pb-207m, and Pb-207m that decays
very fast. A few minutes later, the activation level of Li;7Pbgs is
dominated by the nuclide Pb-204m (T, , =66.9 min) up to ~2 h after
shutdown. From ~2 h to ~60 days after shutdown, the nuclides Pb-
203 (T1,=52.1h) and T1-202 (T, =12 days) dominate the total
activity of Liy7Pbgs. Then the total activity of Liy7Pbgs is mainly due
to the nuclide Bi-207(T;; =31.8 years) up to ~250 years after shut-
down. After that time, the total activity of Li;;Pbgsz is dominated
by the nuclide Ag-108m (T;, =438 years) up to ~1000 years after
shutdown. The nuclide Bi-208 (T, =3.7 x 10° years) becomes the
dominant nuclide for the total activity of Li;;Pbgs thereafter. These
dominant nuclides are produced during the irradiation process by
different nuclides.

The specific activity of the blanket after 50 years’ cooling is
5.6 x 10° Bg/kg, which is low to control the long-term level of the
activity [39].

Table 2
The decay heat in the typical zones after shutdown with different cooling times.

The activation level of the CLAM is dominated by the nuclide Fe-
55 (T1;2=2.6 y), Mn-56 (T;;;=2.58 h), and W-187 (T;/;=23.85h).
The activities due to minor elements (trace elements) could dom-
inate after long cooling time [39]. The trace elements had been
taken into account in materials composition used in these calcu-
lations, for example, the trace elements such as Co, Nb, Mo, Ni
and so on had been included in related calculation of the CLAM
[40]. At the shutdown, the activity of CLAM decrease slowly (from
2.19 x 1012 MBqto 7.91 x 101! MBq during the first 1 year), the total
activity after 1 year’s cooling is 7.91 x 101! MBq, after the activity
decreases more quickly becoming 5.16 x 104 MBq after ~100 years’
cooling, the specific activity of the blanket after 50 years’ cooling is
2.92 x 108 Bq/kg which is low to the controlled long-term level of
the activity [41].

3.2. Decay heat

Let consider NUM and HEUM and let assume they are irradiated
for 5 and 3 years according to the blanket design, respectively. The
calculated decay heat versus cooling time of their constituent mate-
rials (C layer, Li;7Pbgs, CLAM, fission fuel, etc.) is plotted in Fig. 3.
To note that in the calculation tritium production has been ignored.

Cooling time (a) C Layer (kW) LiPb (kW) CLAM (kW) Fission Fuel (kW) Total FDS-MEX blanket (kW)
0 5.96E-06 5.34E+02 2.13E+02 9.96E+03 1.07E+04
100 2.58E-07 3.66E-06 1.77E-07 2.24E+00 2.24E+00
5000 8.40E-08 3.66E-06 1.66E-07 1.34E+00 1.34E+00
500,000 5.27E-09 3.47E-06 3.07E-08 4.23E-03 4.23E-03
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Fig. 3. Decay heats in typical zones after shutdown as a function of cooling time.

The corresponding after shutdown decay heat versus cooling time
is reported in Table 2.

At the shutdown, the total decay heat of the FDS-MFX blanket is
10.71 mW.The percentages of the fission fuel, Li;7Pbg3,and CLAM in
the total decay heat are 93.02%, 4.99%, and 1.99%, respectively. The
decay heat of C layer is very low and has been ignored in the anal-
ysis. The decay heat of FDS-MFX blanket is mainly produced by the
large amounts of high-level fission products and actinides. At the
shutdown, the decay heat decreases quickly (from 1.07 x 10 kW
to 0.54 mW during the first week); the total decay heat of the blan-
ket after 1 week’s cooling reduces to 0.54 mW. Then the decay heat
decreases slowly than that in the first week, and for cooling time
of 100 years’, 5000 years’, and 500,000 years’, it is 2 kW, 1 kW, and
4.2W, respectively. At the shutdown, the decay heat of Li;7Pbg;
which is dominated by decay of the nuclide Pb-207m (T, =0.8s) is
slightly higher than that of CLAM, then it reduces very quickly with

the rapid decay of Pb-207m. After ~50 years’ cooling the decay heat
is reduced to 3.66 x 10-3 W, which is very small and can be ignored.

The decay heat of CLAM is dominated by the nuclides Mn-
56 (Ty,=2.58h), W-187 (T;,=23.85h) and Ta-182 (T, =114d),
which are mainly produced via the reactions Mn-55(n,y) Mn-56,
W-186(n,y) W-187 and Ta-181(n,y)Ta-182. At the shutdown, the
decrease of the decay heat of CLAM is slow after 1 year’s cooling,
and then it becomes very fast, the total decay heat after 50 years’
cooling is 1.77 x 10~4W.

Moreover, residual heat removal system and storage strategy
of nuclear waste need to be designed according to the variation of
decay heat, the safety of thermal hydraulics will be affected by the
power density of the decay heat. In this study, the decay heat power
densities in the NUM and HEUM after shutdown have been ana-
lyzed as a function of cooling time. The decay heat power densities
in the NUM and HEUM after shutdown can be found in Fig. 4.
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Fig. 4.

Decay heat power densities in the NUM and HEUM after shutdown as a function of cooling time.
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Fig. 5. Contact dose rates in the NUM and HEUM after shutdown as a function of cooling time.

The more initial loading of fission fuel and the higher neutron
flux in the HEUM, the more fission products and actinides is pro-
duced in the HEUM, as a result the decay heat power density of the
fission fuel is much higher in the HEUM than that in the NUM. Due
to the existence of the high-level fission products and actinides,
the decrease of the decay heat power densities in the both type’s
models are slow. The decay heat power densities of the fission fuel
in the NUM and HEUM after 100 years’ cooling are 196 W/m?3 and
148 W/m3, respectively.

The difference of decay heat power densities of CLAM between
NUM and HEUM is quite small over the whole cooling time. At the
shutdown, the decay heat power density of CLAM in the NUM and
HEUM is ~0.01 mW/m?3. The decay heat power density of CLAM in
the First Wall (FW) of the HEUM is little higher than that of the
NUM. And for CLAM in the Structural Wall (SW), the decay heat
power density is lower than that of the CLAM in the FW due to
lower neutron flux. At the shutdown, the decrease of the decay
heat power density is slow, then the decrease of the decay heat
becomes very fast, the average decay heat power density after 50
years’ cooling is ~1.0 x 10~> W/m3, which is lower than the simple
recycle material limit of <1 W/m?3 [28].

As shown in Fig. 4, at the shutdown, the decay heat power den-
sities of the Li;7Pbgz in the NUM and HEUM are 3.24kW/m3 and
3.41 kW/m3, respectively. The decrease trend of the decay heat
power density of Li;7Pbgz in the NUM is in accordance with that
of the Lij7Pbgs in the HEUM during the cooling time. The decay
heat power density of the Li;7Pbgs, is dominated by the activation
level of the Li;7Pbgs (note that tritium has been ignored). The decay
heat power densities of the Li;7Pbgz in the NUM and HEUM after 1
year’s cooling are 0.02 W/m3 and 0.037 W/m?3, respectively, which
will be lower than simple recycle material limit of 1 W/m3. And the
decay heat of C layer is very small (<5.96 x 10-6 kW), which has
been ignored in the analysis.

3.3. Contact dose rates

As a function of cooling time, the contact dose rates in the NUM
and HEUM after shutdown can be found in Fig. 5. The contact dose
rate of the fission fuel in the HEUM is much higher than that of the
fission fuel in the NUM, the explanation of this point can be the

same as for activity. Due to the existence of the high-level fission
products and actinides, the decrease of the contact dose rates in
both type’s models are slow. The contact dose rates of the fission
fuel in the NUM and HEUM after 500 years’ cooling are 5 mSv/h and
2 mSv/h, respectively, which are lower than the limitation level of
complex recovery processing (<20 mSv/h) [42], but still higher than
the limitation level of simple recovery processing (<10 wSv/h) [43].

The difference of contact dose rate of CLAM between NUM and
HEUM is quite small during the cooling time. The contact dose rate
of CLAM is dominated by the nuclide Mn-56 (T, =2.58 h), W-187
(Tyj2=23.85h), and Ta-182 (Ty, = 114d). At the shutdown, the con-
tact dose rate is ~10% Sv/h, the decrease of the contact dose rate
is slow (from ~10% Sv/h to 6.2 x 102 Sv/h in the first year), then it
becomes very fast (from 6.2 x 102 Sv/h to 4.27 x 10~7 Sv/h) after ~1
year’s to ~100 years’ cooling. The contact dose rates of CLAM of the
NUM and HEUM are both less than 3 wSv/h, which are lower than
hands-on recycling limit 10 wSv/h [42].

From Fig. 5 it can be seen that the decrease of the contact dose
rate of Li;7Pbgs in the NUM is in accordance with that of the Li;7Pbg3
in the HEUM during the cooling time. The contact dose rate of the
Li;7Pbgs is dominated by the activation level of the Li;7Pbgs (note
that tritium has been ignored). The contact dose rates of the LiPb
in the NUM and HEUM after 1 year’s cooling are, 4.5 uSv/h and
2.5 uSv/h, respectively. Which are lower than hands-on recycling
limit of 10 wSv/h.

3.4. Nuclear waste assessment

The safety and environment assessment of fusion power (SEAFP)
strategy, which was developed in Europe, was applied to the man-
agement of activated materials for FDS-MFX blanket. Activation
analysis was based on the irradiation time of 5 years and 3 years for
NUM and HEUM respectively. For the assessment of the waste, the
following conditions were assumed: all the activated components
of the FDS-MFX blanket have been done with detritiation processes,
and all the tritium in the nuclear waste, including the bred tritium
and the permeated tritium, has been removed.

The classification and management strategy of activated mate-
rials for FDS-MFX blanket after 50 years’ and 100 years’ cooling
was proposed based on above analysis as shown in Table 3. From
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Table 3
Proposed activated materials classification and management strategy of FDS-MFX
blanket.

Materials 50 years’ strategy 100 years’ strategy Mass/t
CLAM SRM (HOR) SRM (HOR) 35.1
Li;7Pbss SRM (HOR) SRM (HOR) 1124
Fission fuel in NUM PDW PDW 23.6
Fission fuel in HEUM PDW PDW 217
C layer SRM (HOR) SRM (HOR) 343

data of Table 3 it can be assumed that after 50 years cooling time,
the activated CLAM, Li;7Pbgs and C will be low activity level mate-
rial. This allows to consider them to be done by hand-on recycling
(HOR) as simple recycle materials (SRM). After 100 years cooling,
the activated fission fuel is still high-level radioactive waste and
cannot be considered to be recycled as permanent disposal waste
(PDW). A solution can be to further burn the FDS-MFX fission fuel
in an advanced nuclear energy system such as a sub-critical system
(e.g.fusion-fission hybrid DEMO reactor or in an accelerator-driven
system). This option is to be evaluated on the basis of the best and
safe environmental impact.

4. Conclusions

Using a home-developed code VisualBUS and the Hybrid Eval-
uated Nuclear Data Library HENDL, the calculation and analysis of
activation levels for different regions of FDS-MFX blanket, includ-
ing radioactivity, decay heat and contact dose rate, were calculated
and used to analyze the activation properties of blanket materials.
The classification and management strategy of activated materials
for FDS-MFX blanket after different cooling time were proposed.

(1) The activity and decay heat of the helium-cooled blanket of
FDS-MFX are mainly produced by fissile fuel. At the shutdown,
the total activity and decay heat of the FDS-MFX blanket are
6.03 x 103 MBq and 10.71 mW, respectively. The activation
and the decay heat of the CLAM (China Low Activation Marten-
sitic) and tritium breeding material Li;7Pbgs are reduced during
the cooling time from 1 year to 100 years. The activation level
(5.6 x 10° Bq/kg) and the decay heat (3.66 x 103 W) of tritium
breeder Li;7Pbgs after 50 years’ cooling is low to the controlled
long-term level.

(2) The decay heat power density of the fission fuel in the HEUM
(High Enriched Uranium Module) is much higher than that of
the fission fuel in the NUM (Natural Uranium Module). At the
shutdown, the decay heat power densities of the fission fuel in
the HEUM and NUM are 10 mW/m? and 0.37 mW/m?3, respec-
tively. Due to the existence of high-level fission products and
actinides, the decrease of the decay heat power densities in both
type’s models are slow.

(3) The difference of decay heat and contact dose rate of CLAM
between NUM and HEUM are quite small during the cooling
time. The decrease of the contact dose rate is slow since it
passes from ~104 Sv/h at shut down to 6.2 x 102 Sv/h after ~1
year’. After the dose rate decreases more quickly becoming
4.27 x 10~7 Sv/h after ~100 years’ cooling. It worth to note that
after 50 years’ cooling, the average decay heat power density is
~1.0 x 107> W/m3, which is already lower than the limitation
level of recovery processing (<1 W/m?3). The contact dose rates
of CLAM of NUM and HEUM are both less than 3 wSv/h, which
are lower than hands-on recycling limit of 10 wSv/h.

(4) The decrease trends of the decay heat and the contact dose
rate of Li;7Pbgsz in the NUM are in accordance with those of the
Liy7Pbgs in the HEUM during the cooling time. The decay heat
power density of the Li;7Pbgs in the NUM and HEUM after 1 and
100 year’s cooling are 0.02 W/m? and 0.037 W/m3, respectively.

These values will be lower than simple recycle material limit
of 1W/m3. The contact dose rates of the Li;7Pbgs in the NUM
and HEUM after 1 year’s cooling are 4.5 wSv/h and 2.5 puSv/h,
respectively, which are lower than hands-on recycling limit of
10 wSv/h.

(5) The proposed classification and management strategy of acti-
vated materials for FDS-MFX blanket after 50 and 100 years’
cooling time was based upon the safety and environment
assessment of fusion power (SEAFP) strategy. After 50 years’
cooling, the activated CLAM, Li{7Pbgs and C will be low activity
level material, and can be considered to be done, by hand-on
recycling (HOR) as simple recycle materials (SRM). The acti-
vated fission fuel in the FDS-MFX blanket is still high-level
radioactive waste after 100 years’ cooling, which cannot be
recycled as permanent disposal waste (PDW). The blanket of
FDS-MFX can also benefit from nuclear fuel disposal loaded
with nuclear waste for transmutation in the future.
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