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Abstract A sub-critical advanced reactor based on Tokamak
technology with a D-T fusion neutron source is an innovative
type of nuclear system. Due to the large number of neutrons
produced by fusion reactions, such a system could be useful in
the transmutation process of transuranic elements (Pu and
minor actinides (MAs)). However, to enhance the MA trans-
mutation efficiency, it is necessary to have a large neutron wall
loading (high neutron fluence) with a broad energy spectrum
in the fast neutron energy region. Therefore, it is necessary to
know and define the neutron fluence along the radial axis and
its characteristics. In this work, the neutron flux and the
interaction frequency along the radial axis are evaluated for
various materials used to build the first wall. W alloy, beryl-
lium, and the combination of both were studied, and the
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regions more suitable to transmutation were determined. The
results demonstrated that the best zone in which to place a
transmutation blanket is limited by the heat sink and the shield
block. Material arrangements of W alloy/W alloy and W alloy/
beryllium would be able to meet the requirements of the high
fluence and hard spectrum that are needed for transuranic
transmutation. The system was simulated using the MCNP
code, data from the ITER Final Design Report, 2001, and the
Fusion Evaluated Nuclear Data Library/MC-2.1 nuclear data
library.

Keywords Fusion - Fission - Transmutation

1 Introduction

Advanced reactor concepts based on generation IV nuclear
energy systems have been proposed to reduce the quantity
of waste produced in current commercial reactors by the
partition and transmutation of plutonium (Pu) and minor
actinides (MAs) [1]. A hybrid fusion—fission reactor is one
of the options among the proposed systems [2, 3]. In 2008,
the Brazilian government commissioned two new institu-
tions, the Instituto Nacional de Ciéncias e Tecnologia de
Reatores Nucleares Inovadores/CNPq and the Rede Nacio-
nal de Fusdo/FINEP, to study new-generation reactor
designs and systems. The Departamento de Engenharia
Nuclear/UFMG, in partnership with these two institutions,
has also developed models of fusion- and accelerator-driven
systems to study Pu and MA transmutation [4, 5] consider-
ing that subcritical systems have criticality and safety
advantages [6-8].

The aim of this work is to extend our previous study [4]
by evaluating the axial neutron flux in the system based on
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Fig. 1 (Color online) Fission-
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probabilities of transuranic
nuclides [26]

sigma fission/sigma absorption

— Am-241 i
Am-242 |
= Am-243
——Am-244 |
——Cm-242
—Cm-243
—Cm-244
=== Np-237
Np-238
e Np-238
Pu-238
Pu-240

the International Thermonuclear Experimental Reactor
(ITER) concept and to determine possible positions to insert
the transmutation layer. As the transuranics (TRU) have
larger fission-to-capture ratios in a fast spectrum than in a
thermal spectrum, the goal is to choose the region in which
the neutron flux is harder, increasing the transuranics’ trans-
mutation probabilities. Different materials have been pro-
posed for the first wall ITER composition [9—-11]. These
materials have desirable properties, such as a high melting
point, high thermal conductivity, and high resistances to
sputtering, particle fluencies, and erosion [9, 12—14]. Tung-
sten fulfils these requirements and is the main component in
several alloys. Therefore, W alloys are considered for sev-
eral plasma-facing components [15, 16]. The main reasons
to select beryllium are based on its acceptable effect on
plasma performance, resistance to thermal cyclic loading
under neutron irradiation conditions, properties as a neutron
multiplier and high oxygen gettering characteristics [17, 18].
Therefore, W alloy, beryllium and the combination of both
are used in this paper. The goal is to predict the best position
to add a transmutation blanket according to the different
materials used. To enhance the transmutation efficiency, it
is necessary to have a high neutron wall loading (high
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Fig. 2 Schematic of the geometric configuration of the FTWR [2]
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neutron fluence) with a broad energy spectrum in the fast
neutron energy region. [12]

The simulations were performed using the Monte Carlo
N-particle (MCNP) code [19], data from the ITER Final
Design Report 2001 [20], and the Fusion Evaluated Nuclear
Data Library data library [21]. Using these results, the
neutron behaviour for each material can be compared to
find a suitable region with a high neutron fluence and hard
spectrum.

2 Fusion—Fission Transmutation System
2.1 Transuranics Transmutation (Pu and Minor Actinides)

To reduce the environmental impact of long-term geological
repositories, the concepts of separation and transmutation
have been introduced. Separation refers to the process of
separate storage of fission products that emit high-energy
decay products (alpha, beta, and gamma) until their high
level of radioactivity decays away. Transmutation refers to
reprocessing the spent fuel that is discharged from light
water reactors (LWRs) and separating the long-lived fission-
able TRUs for use as fuel [7]. The concept of separating

lﬁOH lllai_:mp
Ayi | B 2a ™| Areac [Bou | Arr
R 1
i . .4 R i
1 mag,, i
| Ro |
1 |
Ry - flux core radius = 1.24m
Aoy = OH solenoid A = 0.18
Aqg = TF coil A = 0.39
A = inner refl/shid = 0.40
a = minor radius = 0.89
Dows = reactor = 0.40
Doy = outer refl/shid = 0.30
A = outer gap = tbd
R, = major radius = 3.10
R = magnet radius = 1.81

Fig. 3 Radial build of the FTWR [2]
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Fig. 4 (Color online) Radial
configuration of the FDS-EM
[3]
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TRUs from the spent nuclear fuel that is discharged from
LWRs for use as fuel in fast and thermal reactors for reduc-
tion of the long-lived TRU isotopes was investigated, and
the relevant studies concluded that it is possible to reduce
these isotopes significantly (>90 %). Therefore, it was
concluded that subcritical reactors could operate with
highly burned fuel or with fuel consisting of MAs to
achieve >>90 % burnup of the TRUs [7, 22, 23]. In this
work, we are interested in the possibility of Pu and MA
(americium, curium, and neptunium) transmutation in a
fusion—fission system.

Although fission products have a significant risk of radio-
toxicity for the first few hundred years, the main contribution
over thousands of years is due to the actinides [24, 25].
Because all actinides are potentially radiotoxic and because
neutron capture (n, y) reactions in the actinides only
produce other actinides, neutron fission (n, f) reactions
are a more effective way to burn up actinides. Figure 1
shows the plutonium and MA fission-to-total absorption

Table 1 ITER parameters [28]

Parameters ITER
Major radius of plasma (m) 6.21
Minor radius of plasma (m) 2.0
Volume of plasma (m?) 837
Plasma current (MA) 15

Py (MW) 33-50
Prr (MW) 20-40
Magnetic field (T) 53
Duration of pulses (s) >400 s
Type of plasma D-T
Thermonuclear power (Pth) 500 MW
Fusion energy (GJ) >120
Electron temperature (keV) 21

Ion temperature (keV) 18
Q=Py/heating power >10
Neutron power at the edge 0.57 MW/m?

probabilities (o//(oy+0,)) [26]. The long-term radiotoxic in-
ventory in the spent fuel discharged from LWRs can be
reduced considerable by using the multirecycling strategy in
advanced pressurised water reactors (PWRs); this strategy pri-
marily reduces 239py, 24py, 22 Am, **Am, *’ Np, 238 Np,
and ***Cm, which can be partly transmuted in a thermal-
neutron spectrum, as shown in Fig. 1. However, some of the
actinides are effectively nonfissionable in a thermal-neutron
spectrum (Fig. 1; 241Am, 243Am, 242Cm, 244Cm, 239Np,
and **°Pu). Therefore, to achieve transmutation, high-
energy neutrons that are released from fusion reactions
must enter into a subcritical blanket containing Pu and
MAs, increasing the probability for these neutrons to
induce transmutation reactions.

2.2 Different Models of Blanket Design

Many studies have been conducted around the world with
the purpose of developing a transmutation blanket design.
Some of the most representative works are in development
in the USA and China.

2.2.1 The USA’s Blanket Design

The geometric configuration of the fusion transmutation of
waste reactor is shown in Figs. 2 and 3. The transmutation
reactor consists of a 40-cm-thick ring of vertical hexagonal
fuel assemblies located outboard of the plasma chamber of a
tokamak fusion neutron source. The reactor’s metallic fuel
consists of a zirconium alloy containing transuranics from
spent nuclear fuel that are dispersed in a zirconium matrix
and clad with steel that is similar to HT-9. The coolant for
the reactor, reflector and shield, first wall, and divertor is
eutectic Lil7Pb83 that is enriched to 20 % °Li to meet the
tritium self-sufficiency requirement. The reflector and shield
are located inboard of, above, and below the plasma cham-
ber and above, below, and outboard of the reactor to protect
the magnets from radiation damage and to reflect neutrons
towards the reactor. The toroidal and poloidal magnets
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Fig. 5 Radial 1D model profile 7z
(scale out). Blank spaces
vacuum areas
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employ an oxygen-free high conductivity copper conductor
and liquid nitrogen coolant [2].

2.2.2 China’s Blanket Design

The general design of the Fusion Driven System-EM utilises
a subcritical blanket that interacts with the copious fusion
neutrons that are provided by the fusion core to achieve
tritium breeding and energy multiplication based on the
fission and fusion fuel cycle (Fig. 4). The design of the
blanket system is based on the well-developed technologies

| CENTRAL SOLENOID PLASMA

[IIT] TOROIDAL COILS Bl THERMAL SHIELD
VACUUM VESSEL CRYOSTAT
7] BLANKET BIOSHIELD

Fig. 6 Top view of geometric model (scale out). Blank spaces vacuum
areas
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of pressurised water reactors. In addition to the shield-
ing modules, two types of functional blanket modules,
the tritium breeding module and the fission energy
production module (EPM), are designed for the inner
board, which is only used to breed tritium, and the
outer board, which is used to produce energy with
fission materials, respectively.

The fission materials in the blanket of the EPM are
composed of depleted uranium, which serves as the fissile
fuel breeding material, and plutonium isotopes, which serve
as neutron multipliers with long-lived MA, i.e., *” Np,
2 Am, **Am, and ***Cm. Adapting spent fuel directly
from commercial power plants (e.g., PWR) for this use
avoids the difficult process of separating these isotopes.
The dioxide fuel form is adopted to palliate the reprocessing
technology of the spent fuel [3].

2.3 Plasma Parameters

ITER is an experimental device design with extensive diag-
nostics and considerable flexibility in plasma shaping, heat-
ing and current drive, and fuelling methods. ITER aims to
operate in a range of plasma scenarios characterised by
different maximum plasma currents, shape parameters, ad-
ditional heating strategies, and plasma current density pro-
files. A fusion neutron source based on ITER physics and
technology would be capable of generating up to 500 MW
(thermal) of fusion power. Details of the modelling used are
presented in the methodology section. Table 1 shows some
of the experiments performed with the Tokamak parameters
and the parameters expected for the ITER.

The first wall is an important focus of investigation by
researchers around the world because it is subjected to
extreme conditions during operation. This wall must have
desirable properties such as a high melting point, high
thermal conductivity, and high resistances to sputtering,
particle fluencies, and erosion [12—14]. The different pro-
posed materials that have been studied are tungsten, which
was tested by the ASDEX upgrade (Germany) [9],
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Table 2 Materials and thicknesses adopted for the simulated compo- Table 3 Concrete com- -
nent models position used Elements Composition
(p=2.43 gem )
Component Thickness ~ Material
(cm) H 0.4532
B 0.07
CS Insertion module 80 a 90 27 % Nb3zSn+30 %
1.2
Incoloy 908+30 % N 51.2597
SS316+10 % resins+ Na 11553
3 % AlLO5 Mg 0.3866
Superconductor 90 a 180 45 % NbsSn+5 % Al,O5+ Al 3.5548
and insulator 50 % Incoloy 908 Si 35.9664
Support 1802200  SS316L(N)IG K 14219
TFC  Wall box 22202 . SS316L(N)IG Ca 43546
Superconductor  229.5a 45 % NbsSn+5 % AlLOs+ Fe 13775
and insulator 310.5 50 % Incoloy 908
Wall box 3105 a SS316L(N)IG
320 3 Methodology
VVTS  Wall 320.6 a SS304L
322.8 The modelling technique used in this work was the same as
\AY% Wall 322.8 SS316L(N)IG & d
a 128 ; ™) that adopted by Araujo et al. [4], and it will be described in
Filling 328.8a  SS304B7, 60 %; water, the next section.
350.5 40 %
Wall 3505 a SS316L(N)IG 3.1 Geometric Model
356.5
BLK Shield block 3572399 SS316L(N)IG . . . .
u e koc 299 a401 CuCrz (ING) The geometric model used concentric finite cylinders, as
eat sin a ubrar shown in Fig. 5. The cylindrical surfaces are 24 m high
First wall 401 a 402  Material to be studied . . .
and have the same axial alignment. Each region between
Plasma chamber 402 a 853  Vacuum . s .
_ ] ) two successive cylindrical surfaces was filled with the ap-
BLK — First “fa“ 8532854 Material to be studied propriate material to represent the different layers of each
Hej“t sink 8542856  CuCrZrIG component along the radial reactor direction.
Shield block 8562898  SS3I6LIN)IG This simplified model disregards the details of components
Vv Wall 899%2 ;‘ SS316LMNIG that are more complex, omits the vertical and horizontal slits
Filling 9045 a SS304B7, 60 %: water, between blapket modules, and does pot consider cqmponents
967.5 40 % that do not involve the whole machine. The top view of the
Wall 967.5 a SS316L(N)IG geometry used in the modelling is shown in Fig. 6.
973.5
VVTS  Wall 979372;1 SS304L 3.2 Materials
TFC Wall box 976 a SS316L(N)IG
985.5 The MCNP code models the transport of neutrons, pho-
Superconductor  1085.5a 45 % Nb3Sn+5 % ALOs+  tons, and electrons or the combined transport of these
1 0, . . . .
and insulator 1165.5 50 % Incoloy 908 particles, where the random path of the particles is simu-
Wall box 11]6157‘2 a  SS3I6LMN)IG lated based on stochastic laws, and the interaction proba-
CRY  Wall 1400 a SS304L bility is inserted from libraries of nuclear cross sections.
1410 The accuracy obtained with the MCNP simulation depends
BSD  Wall 1455 a Concrete on several uncertainties involved in the nuclear cross-
1655

BLK blanket, V'V vacuum vessel, VVTS vacuum vessel thermal shield,
TFC toroidal field coils, CRY cryostat, BSD bioshield

beryllium, which was recently tested by JET (England) [10],
and molybdenum, which was tested by Alcator-Mod (USA)
[L1]. In this work, tungsten, beryllium, and the combination
of both are evaluated as a first-wall material.

section data and the uncertainty of the statistical calcula-
tion. Therefore, the details of the material composition for
each reactor component are highly relevant to obtain a
reliable prediction of the individual history of each neutron
in the simulation.

Table 2 presents the reactor systems used in this study
with the thickness and materials for each: central sole-
noid (CS), blanket, vacuum vessel, vacuum vessel ther-
mal shield, toroidal field coils, cryostat, and bioshield.
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Fig. 7 (Color online) System
blanket design

vertical axis

' Central Solenoid

e imsmsmimee

The material of the first wall located inside the blanket is
the focus of this study.

In agreement with ITER guidelines and the article in
fusion engineering and design [15, 16], stainless steel
SS316L(N)IG was used at the filling material in the blanket
shield block. The vacuum vessel was 60 % filled with
stainless steel SS304B7 and 40 % filled with water. Due to
the CS composition complexity, this module’s composition
was assumed to be 27 % NbsSn+30 % Incoloy 908+30 %
SS316+10 % resins+3 % Al,O3. To simplify the model, the
small details of the CS composition were not considered. The
composition of the filling material of the CS and TF coils was
assumed to be 45 % Nb3Sn+50 % Incoloy 908+5 % Al,Os.
The composition of the bioshield is described in Table 3.
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Fig. 8 (Color online) Neutron spectrum for the Be-Be coating
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To evaluate the neutron flux in different materials based on
the Tokamak design, the coatings surrounding the fusion plas-
ma were changed (Fig. 7). To help us understand the reactions
that occur along the neutron trajectory for each blanket, the
different reaction rates were tracked. In the first experiment,
beryllium was placed in the 1 and 2 coating positions surround-
ing the fusion plasma because beryllium is an excellent neutron
multiplier. However, W and W alloys (W-1.1TiC) [12] are
being considered due to the desirable structural properties of

Table 4 Interaction frequencies for each type of reaction for Be/Be

Distance  Reaction type Interaction Normalised
(cm) frequency
(particles/s)

853.5 Elastic collision 1.87659E+09 0.89118
Inelastic collision 6.34246E+05 3.01199E-4
Radiative capture 8.00067E+04 3.79946E-5
Neutron production 1.62307E+05 7.70784E-5
Total cross section 2.10574E+09 1

855 Elastic collision 8.78642E+08 0.68332
Inelastic collision 1.46913E+08 0.11425
Radiative capture 3.42448E+06 0.00266
Neutron production 1.53811E+08 0.11962
Total cross section 1.28585E+09 1

857 Elastic collision 3.36108E+08 0.60728
Inelastic collision ~ 9.937732E+07 0.1786
Radiative capture 7.44902E+05 0
Neutron production 4.79211E+07 0.08543
Total cross section 5.52983E+08 1
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——(853.5) .
W1 ATIC/W-11ATIC —— (855) Table 6 Data changed for the new design
Centre 0 Vacuum
Blanket Shield block 357 a 399 cm SS316L(N)IG
0.07 Heat sink 399 a401 cm CuCrZr-1G
0.06 First wall 401 a 402 cm W-1ITiC
0.051 Plasma chamber 402 a 853 cm Vacuum
0.04 1 Blanket First wall 853 a 854 cm Beryllium
zo 0,03 Heat sink 854 a 856 cm CuCrZr-IG
“ 002 Shield block 856 a 898 cm SS316L(N)IG
0.01 1
0.00 were placed before and after each blanket in the radial direc-
oo tion starting with the 2 coating position. The spectrum energy

T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18
Energy(MeV)

Fig. 9 (Color online) Neutron spectrum for the W1.1TiC/W1.1TiC
coating

tungsten: its high melting point, high thermal conductivity, and
high resistance to sputtering and erosion.

In the second experiment, the beryllium coating was
replaced with a tungsten alloy (W-1.1TiC) material in the 1
and 2 coating positions to verify the different reactions due to
the neutron production induced by fusion reactions. To com-
pare and evaluate the neutron multiplier parameters, the last
experiment used a combination of both materials; the tungsten
alloy (W-1.1TiC) was used in the 1 coating position, and
beryllium was used in the 2 coating position. The neutron
fluence was measured along the radial axis for both materials
using tally point detectors from the MCNP code. Detectors

Table 5 Interaction frequencies for each type of reaction for W1.1TiC/
WI.ITIiC

Distance  Reaction type Interaction Normalised
(cm) frequency
(particles/s)

853.5 Elastic collision 3.08081E+09 0.70764
Inelastic collision 8.24294E+07 0.01893
Radiative capture 3.45950E+07 0.00795
Neutron production 8.13846E+05 1.86935E-4
Total cross section 4.35363E+09 1

855 Elastic collision 8.19653E+08 0.70964
Inelastic collision 1.19205E+08 0.10321
Radiative capture 2.54904E+06 0.00221
Neutron production 1.27194E+08 0.11012
Total cross section 1.15503E+09 1

857 Elastic collision 3.17346E+08 0.63917
Inelastic collision  8.193039E+07 0.16418
Radiative capture 5.55145E+05 0
Neutron production 3.96457E+07 0.07887
Total cross section 4.96187E+08 1

width is needed to identify possible positions for a transmu-
tation blanket. The combinations of coating materials evalu-
ated were beryllium (1 coating) and beryllium (2 coating), W-
1.ITiC (1 coating) and W-1.1TiC (2 coating), and W-1.1TiC
(1 coating) and beryllium (2 coating).

3.3 Fusion Neutron Source

The fusion neutron source used is isotropic, has a ring shape
with a square cross-section that is 0.60 m high and 0.60 m
wide, and occupies the central part of the plasma chamber.
This source does not take into account the plasma emission
asymmetries in the poloidal and toroidal directions. The
energy distribution for the fusion neutron source is de-
scribed by a Gaussian fusion energy spectrum that obeys
the Gaussian distribution:

p(E) = C exp[=((E - b)/a)2],

where a is the width in MeV and b is the average energy in
milli-electron volt. The parameters of the emission spectrum

W-1.1TiC/Be

0.07
0.06
0.05
0.04

0.03 1

N/Ng

0.02

0.01

0.00

T
8 10 12 14 16 18
Energy(MeV)

o
n
g
(o]

Fig. 10 (Color online) Neutron fluence results for the W—Be
arrangement
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Table 7 Interaction frequencies for each type of reaction for WTiC/Be

Distance  Reaction type Interaction Normalised
(cm) frequency
(particles/s)

853.5 Elastic collision 1.74528E+09 0.88536
Inelastic collision ~ 2.23634E+05 1.13447E-4
Radiative capture ~ 7.18623E+04 3.6455E-5
Neutron production ~ 3.30068E+04 1.6744E-5
Total cross section  1.97126E+09 1

855 Elastic collision 9.29500E+08 0.69768
Inelastic collision 1.44866E+08 0.10874
Radiative capture ~ 3.63000E+06 0.00272
Neutron production ~ 1.52679E+08 0.1146

Total cross section  1.33228E+09 1

857 Elastic collision 4.12944E+08 0.65715
Inelastic collision 9.967599+07 0.15777
Radiative capture ~ 7.08024E+05 0
Neutron production ~ 4.54232E+07 0.07128
Total cross section  6.28018E+08 1

were adjusted automatically by MCNP through the choice
of a standard source for D-T fusion. The plasma tempera-
ture was chosen to be 10 keV [19]. Considering the aims of
this study, such simplifications are acceptable.

4 Results and Analysis
4.1 Neutronic Evaluation of Different Coating Materials

For each case, the neutron fluence (V) measured by the detec-
tors were divided by the initial neutron fluence (,) measured

E 853.5cm
0.07 4

0.06
0.05

0.04

NN,

0.03
0.02

0.01

0.00

—7r1 -~ r - 1 -~ 1 T -1 T 1T 1T 1
—2 0 2 4 6 8 10 12 14 16 18

Energy (MeV)
[—— w-1.1Ticw-1.1TiC

Be/Be‘

Fig. 11 (Color online) Comparison between beryllium and tungsten at
853.5 cm
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Fig. 12 (Color online) Neutron fluence at 855 and 857 cm from the
centre

at the neutron source location. Therefore, the quantity N/Nj is
used in the analysis to study the rate of change in the neutron
population that passes through the walls. To better understand
the reactions that occur, the interaction frequencies for the
different reaction cross-sections along the radial axis were
recorded. The following reaction cross were sections consid-
ered: elastic collision, inelastic collision, radiative capture, neu-
tron production, and total. For each distance, the reaction cross-
section was normalised with respect to the total cross-section to
determine that reaction’s contribution to the total.

4.1.1 The Effect of a Beryllium Coating

In the first case, a beryllium coating surrounding the fusion
plasma chamber was considered. The results are shown in

1 899 cm
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Fig. 13 (Color online) Neutron fluence at 899 cm from the centre
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Fig. 14 (Color online) Neutron fluence at 855 and 857 cm from the
centre

Fig. 8, which shows the neutron fluence measured along the
radial axis for each chosen distance.

Figure 8 shows a high intensity at 855 cm from the
centre, where the second detector is located (heat sink, see
Table 2). The peak denotes a high neutron production but is
missing a broader energy spectrum. However, the next rel-
evant zone, located at 857 cm, has a broader energy spec-
trum and a significant neutron fluence indicating that this
zone is suitable to place a transmutation blanket. Table 4
presents the types of reactions and their interaction frequen-
cies at three distances.

4.1.2 The Effect of a Tungsten Alloy Coating

In the second case, a tungsten coating surrounded the plas-
ma chamber. In recent evaluations [27], the tungsten alloy
was considered for various plasma-facing components; the
evaluations indicate that tungsten alloy could be a suitable
option for replacing the beryllium.

Two important peaks can be identified in the results in
Fig. 9; the first peak is located inside the heat sink at
855 cm, and the second peak is inside the shield block at
857 cm. Therefore, a suitable region to place a transmutation
blanket would be limited to these two regions. Table 5
presents the types of reactions and their interaction frequen-
cies at three distances.

4.1.3 The Effect of Tungsten and Beryllium Coatings

As shown in Figs. 8 and 9, beryllium has a greater neutron
fluence but a narrower energy spectrum when compared to
the tungsten at 855 cm. However, the tungsten alloy has a
greater neutron fluence with the same width as the beryllium

at 857 cm. Therefore, it is interesting to evaluate the feasi-
bility of using both materials. For this last case, coatings of
both materials were placed as shown in Table 6. This arrange-
ment was considered due to the evaluated properties of each
material: the tungsten alloy had greater absorption and inelas-
tic reaction rates than beryllium (Table 3). The tungsten alloy
was placed in the inner position and, due to its multiplier
features, the beryllium was more appropriately placed in the
outer position surrounding the plasma vacuum, as shown in
Table 5.

As seen in Fig. 10, the region exhibiting a high neutron
fluence and broad energy spectrum was located between
855 and 857 cm, limited by the heat sink and the protector
block. According to these preliminary results, a suitable area
to place a transmutation blanket that meets the main require-
ments could be between 855 and 857 cm. These results
show that the W1.1TiC/Be arrangement (located as shown
in Table 5) is a suitable coating option. Table 7 presents the
types of reactions and their interaction frequencies for three
distances.

4.2 A Detailed Analysis

The following results present the most relevant fluence
peaks associated with a suitable position for a transmutation
blanket for the different studied cases.

4.2.1 Beryllium

As shown in Fig. 11, the neutron fluence through beryllium
was greater than the fluence through tungsten. Based on the
reaction cross-sections in Tables 4 and 5 and Fig. 11, this
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Fig. 15 (Color online) Neutron fluence at 857 cm from the centre in
the shield block

@ Springer



246

Braz J Phys (2012) 42:237-247

fluence difference is due to the larger reaction rate in the
tungsten alloy than in the beryllium material.

As illustrated in Fig. 8, there are two relevant peaks.
The first peak is located 855 cm from the centre, where
the highest neutron fluence occurs; this peak has a flu-
ence of 0.065 times the initial fluence and an energy
spectrum width between 0.0398 and 0.631 MeV. The
second peak is at approximately 857 cm. As seen in
Fig. 12, this peak has a lower neutron fluence than the
first peak but has a broader energy spectrum between
0.0398 and 3.98 MeV, showing this location to be a
suitable zone. However, the abrupt decrease in the neu-
tron fluence from 855 to 857 cm and the large deficiency
in the energy spectrum width limited the probability of
transmutation. Therefore, although this region is the best
choice for placement of a transmutation blanket, the
results do not satisfy the main requirements.

4.2.2 Tungsten Alloy

This evaluation was performed for the tungsten alloy
coating. First, to obtain a better idea of the fluence
behaviour away from the centre, the beryllium and tung-
sten—alloy cases were compared. In Figs. 8 and 9, the
most representative peaks were located at 899 cm. There-
fore, Fig. 13 presents the neutron fluence at 899 cm for
beryllium and the tungsten alloy. In both cases, the
neutron fluence to achieve transmutation is low (<0.01),
and the energy spectrum width is between 0.00631 and
1 MeV. However, the main analysis will be focused on
the regions with larger neutron fluences (from 855 to
857 cm), as shown in Fig. 9.

Figure 14 shows a peak with a high neutron fluence at
855 cm. The neutrons with high energies between 2 and
6 MeV lose energy when they pass through the heat sink
(855 cm) to the shield block (857 cm). Between 0.158 and
2 MeV, a large fluence of approximately 0.065 is observed
at 857 cm from the centre. This abrupt change in energy is
due to the increase in the inelastic reaction rate as the
neutron passes through the heat sink at 855 cm. Therefore,
a suitable zone in which to place a transmutation blanket
could be located between these two regions (heat sink and
shield block).

4.2.3 Tungsten/Beryllium Coating

This coating uses tungsten in the inner position and beryl-
lium in the outer one, as indicated in Table 6. According to
the calculation results (Fig. 10), the maximum neutron
fluence was 0.04 at 857 c¢cm, and the width of interest was
from 0.1 to 1.58 MeV. This region between the heat sink
(855 cm) and the shield block (857 cm) is a suitable zone in
which to place a transmutation blanket due to the

@ Springer

combination of a high fluence and a larger energy spectrum
width (Fig. 15).

According to the last results, the zone between the heat
sink and the protector block could be a suitable solution
for a transmutation blanket position because it accom-
plishes the requirements of neutron flux (broad energy
spectrum and high fluence), allowing the transmutation
of nuclear waste.

5 Conclusions

This work represents our initial efforts to simulate a Toka-
mak based on the ITER blanket distribution using MCNP.
The results suggest the best position to add a transmutation
blanket based on the neutronic evaluation and the material’s
behaviour. Some coating combinations were examined for
the first wall. The evaluated cases demonstrated that the best
zone in which to place a transmutation blanket is limited by
the heat sink and the shield block. Material arrangements of
W alloy/W alloy and W alloy/beryllium would be able to
meet the requirements of high fluence and broad energy
spectrum. These arrangements are expected to achieve trans-
mutation, maintaining a subcritical state k.<0.99. The next
step is to design a transmutation blanket and study the
behaviour of the transuranic elements under the conditions
presented here. Additionally, introducing a transmutation
layer and simulating this system using a depletion code
would be useful to analyse the transmutation layer evolution
during operation time.
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