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Abstract: One of the main challenges in the development of a plasma diagnostic and control system
for DEMO is the need to cope with unprecedented radiation levels in a tokamak during long oper-
ation periods. A list of diagnostics required for plasma control has been developed during the pre-
conceptual design phase. Different approaches are proposed for the integration of these diagnostics
in DEMO: in equatorial and upper ports, in the divertor cassette, on the inner and outer surfaces of
the vacuum vessel and in diagnostic slim cassettes, a modular approach developed for diagnostics
requiring access to the plasma from several poloidal positions. According to each integration ap-
proach, diagnostics will be exposed to different radiation levels, with a considerable impact on their
design. This paper provides a broad overview of the radiation environment that diagnostics in
DEMO are expected to face. Using the water-cooled lithium lead blanket configuration as a refer-
ence, neutronics simulations were performed for pre-conceptual designs of in-vessel, ex-vessel and
equatorial port diagnostics representative of each integration approach. Flux and nuclear load cal-
culations are provided for several sub-systems, along with estimations of radiation streaming to the
ex-vessel for alternative design configurations. The results can be used as a reference by diagnostic
designers.
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1. Introduction

One of the main challenges in the development of a plasma diagnostic and control
(D&C) system for the demonstration fusion reactor (DEMO) is the need to cope with un-
precedented radiation levels in a tokamak during long operation periods. Projected to
operate with a fusion power of 2 GW, the DEMO plasma will produce 14 MeV neutrons
from deuterium-tritium (D-T) reactions at an approximate rate of 7 x 102 n s [1]. Alt-
hough this results in neutron fluxes in the first wall that are not significantly increased
when compared to ITER, the longer pulses in DEMO will lead to higher fluences and dis-
placements per atom (dpa) in the plasma-facing materials [2]. Presently, DEMO operation
is scheduled in two phases: a first phase with a “starter” blanket, designed to withstand
up to 20 dpa in the first wall steel, and a second phase after blanket replacement, with

Sensors 2023, 23, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/sensors



Sensors 2023, 23, x FOR PEER REVIEW 2 of 44

blankets designed for a higher limit of 50 dpa. ITER plasma-facing components, for com-
parison, will remain below 4 dpa [3]. The development of materials that can cope with
loads one order of magnitude higher than those expected for ITER is one of the main chal-
lenges towards the realization of DEMO [4].

In DEMO, the design of a D&C system is the task of the Work Package Diagnostic
and Control (WPDC). The aim of this project is to design a D&C system with high relia-
bility and accuracy that allows safe operation of the plasma near its operational limits, to
maximize the power output [5]. Based on constraints which go far beyond the case of
ITER, including the harsher radiation environment, the need for compatibility with re-
mote maintenance operations and space limitations dictated by the requirements of first
wall integrity and tritium breeding, a list of diagnostics required for plasma control has
been developed within WPDC during the pre-conceptual design phase. This list includes
[6]:

e Magnetic diagnostics (pickup coils, saddle loops, full-flux loops, diamagnetic loops,

Rogowski coils, Hall sensors);

e  Faraday sensors;

e Infrared (IR) polarimetry/interferometry;

¢ Neutron and gamma cameras;

e  Microwave (MW) reflectometry;

e  Electron cyclotron emission (ECE);

° Divertor thermocurrent measurements;

e Radiated power and soft X-ray intensity;

e  X-ray spectroscopy;

e Vacuum ultraviolet spectroscopy (VUV) spectroscopy;
e IR/visible (VIS)/near-UV divertor spectroscopy;
e VIS spectroscopy and thermography of limiters;
e  Pellet monitoring;

e  Collective Thomson scattering (CTS).

Figure 1 illustrates the different approaches followed for the integration of these di-
agnostics in DEMO (collapsed in a single DEMO sector for easier visualization). Most sub-
systems are designed to be integrated in equatorial port (EP) plugs dedicated to diagnos-
tics (five or six EPs are foreseen), in some cases with additional lines of sight in the upper
ports (UPs) if there is space reserved for diagnostics in the UPs. These include spectros-
copy diagnostics [7], neutron/gamma cameras [8,9], radiated power and soft X-ray inten-
sity [10] and IR polarimetry/interferometry [11], with the eventual addition of collective
Thomson scattering [12], still under study. For diagnostics that require access to the
plasma from several poloidal positions, such as MW reflectometry [13] and ECE [14], the
diagnostics slim cassette (DSC) concept has been developed [15-17] as a modular ap-
proach compatible with the remote handling operations of the breeding blanket (BB).
Thermocurrent measurements are planned to be integrated within the divertor cassette
[18], while Faraday sensors are distributed poloidally on the outer surface of the vacuum
vessel (VV) [19]. Finally, magnetic sensors are distributed on the inner and outer surfaces
of the VV [20-22].

According to each integration approach, diagnostics in DEMO will be exposed to
different radiation levels. This will have a considerable impact on their design. Moreover,
radiation streaming to the ex-vessel, either through diagnostic ducts in the ports or due to
inadequate shielding from the DSC or other diagnostic components, shall be minimized,
in order to comply with the radiation limits defined for the DEMO plant. These include
0.3-0.5 W/cm? and 2.75 dpa in the VV stainless steel, 50 W/m? in the winding packs of the
superconductor coils and 100 uSv/h of dose rate in the port cells 12 days after shutdown

[1].
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This paper aims to provide estimations of the fluxes and nuclear loads in preliminary
designs of diagnostics representative of each integration approach, to be used as a refer-
ence for diagnostic designers. Although compliance with all the radiation limits set out
for DEMO is beyond the scope of this work, such an evaluation is presented when possi-
ble, namely with regard to the nuclear heat loads and dpa in the VV. Previous studies
have been published with neutronics simulations for the DSC concept [17,23,24], but with
limited results for the full DSC and its impact on the neutron and gamma fluxes in the VV.
A work focused on an early design of the divertor survey visible high-resolution spec-
trometer has also been published, which aimed mainly to assess the loads in the first mir-
rors and the impact of the number of doglegs in the EP ducts on the radiation streaming
to the port cells [25]. The objective now is to extend those simulations to more complex
geometries and to include additional diagnostics that were not studied before.

Section 2 provides a description of the simulation methods common to all the anal-
yses presented in the paper. Section 3 is the main body of the paper, presenting the models
and results obtained for each set of diagnostics: inner-vessel diagnostics, ex-vessel diag-
nostics (Faraday sensors) and equatorial port diagnostics. Finally, a summary and discus-
sion of the results are provided in Section 4.

Plane 2

Figure 1. Representation of one DEMO sector and foreseen locations for diagnostics, represented in
red (for visualization only —diagnostics will be distributed in different sectors). DSC: Diagnostics
Slim Cassette (red). EP: Equatorial Port (red). UP: Upper Port (red). BB: Breeding Blanket (blue—
inboard and pink—outboard). DIV: Divertor (red). VV: Vacuum Vessel (green).

2. Simulation Methods
2.1. Simulation Workflow

All simulations were performed with the Monte Carlo simulation program MCNP6
[26,27], approved for neutronics simulations in the DEMO project [1]. The JEFF-3.3 [28]

and FENDL-3.1d [29] neutron cross-section libraries were used in the simulations. The
CAD models were produced or edited with CATIA V5 [30] and simplified for conversion
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to the MCNP input format using ANSYS SpaceClaim 2021R2 [31]. Conversion was carried
out with SuperMC 3.3.0 [32,33] and/or McCad v0.5 [34], depending on the requirements
of the conversion, and the MCNP simulations were run in the MARCONI-FUSION high-
performance computing cluster [35]. The results were processed using Mathematica 13.0
[36], Python 3.9 [37] and Paraview 5.9 [38]. Neutron fluxes, when presented, follow the
VITAMIN-]J 175 group structure [39].

2.2. DEMO Reference Models

The simulations are grouped into three sections, according to each integration ap-
proach:

e  Inner-vessel diagnostics (excluding port diagnostics);

0 In-vessel magnetics sensors;
0 Diagnostics slim cassette (reflectometry);

e  Ex-vessel diagnostics;
o Faraday sensors;
e  Equatorial port diagnostics;

0  Spectroscopy diagnostics;
0 Neutron/gamma cameras;
0 Radiated power and soft X-ray intensity.

The first group includes the in-vessel diagnostics that are not integrated in the ports.
Although the divertor thermocurrent diagnostic was not simulated, the results obtained
for magnetics sensors below the divertor allow a first estimate of the fluxes and loads in
this region, with the important caveat that the integration studies for the divertor in
DEMO are still in a very preliminary phase, with ongoing studies and experiments to de-
fine the best configurations and strategies to deal with the very high thermal loads [3,40].
Similarly, since the ECE diagnostic is expected to be integrated in a DSC, the results ob-
tained for reflectometry are representative as a first estimation for ECE components. The
second group contains simulations for Faraday sensors, which also allow for a first esti-
mate of the fluxes in the ex-vessel magnetics sensors, to be studied in more detail at a later
stage. The third group contains several equatorial port diagnostics. Combined with the
results presented in reference [41], it provides a broad perspective for most of the diag-
nostics projected for the ports, with the exception of IR polarimetry/interferometry, not
yet simulated, and collective Thomson scattering, for which no design has been proposed
for DEMO yet. Due to the lack of a consolidated design for the upper ports, including
updated designs of the blanket pipe modules, shielding materials and other systems that
will impact the design of diagnostics, no simulations are presented here for upper port
systems, which are expected to contain additional lines of sight for the equatorial port
diagnostics listed above. This shortcoming shall be addressed in future works.

The blanket configuration assumed in all the simulations was the water-cooled lith-
ium lead (WCLL) BB. The alternative configuration, helium-cooled pebble bed (HCPB),
has not been studied yet. Based on comparisons between the two blankets, it can be antic-
ipated that the fluxes behind the blankets with the HCPB configuration would exceed
those obtained here by up to one order of magnitude, or even more [1]. This would mostly
impact the results obtained for diagnostics located in the inner and outer surfaces of the
VV (magnetics and Faraday sensors). It would also imply a redesign of the DSC with he-
lium cooling, with an obvious impact on the shielding and thermomechanical perfor-
mance of the DSC.

2.2.1. In-Vessel Diagnostics

The MCNP reference model used for the first group of diagnostics, including the in-
vessel diagnostics not integrated in the ports, is represented in Figure 2 [41]. A 22.5-degree
model was used, corresponding to a full sector out of the 16 into which DEMO is divided.
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The blankets of this model were filled with a mixture representative of the WCLL BB,
composed of tungsten, EUROFER, water and PbLi [17]. Using a homogenized material in
the blankets reduces the complexity of the model, improving the simulation time and al-
lowing for a reasonable first estimate of the fluxes and loads behind the blankets.

- —— —

Poloidal view - Toroidal view

Figure 2. DEMO MCNP reference model used for the simulation of in-vessel diagnostics (excluding
port diagnostics). Left: Plane y = 10.5 cm. Right: Plane z =0.

2.2.2. Ex-Vessel Diagnostics

The reference model used for ex-vessel diagnostics (Faraday sensors) is represented
in Figure 3 [42]. This is a smaller model when compared to the previous one (11.25° instead
of 22.5°), containing a semi-heterogeneous representation of the WCLL blanket which pro-
vides good accuracy for ex-vessel simulations while decreasing the simulation times [43].

Poloidal view ‘ Toroidal view

Figure 3. Reference model used in the simulations of the ex-vessel Faraday sensors.
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2.2.3. Equatorial Port Diagnostics

The reference MCNP model used for equatorial port diagnostics is illustrated in Fig-
ure 4 [44]. The model features an upper port, equatorial limiter port and lower pumping
port and includes layered representations of two HCPB BBs and one layered representa-
tion of the WCLL BB, as described with more detail in reference [45]. For these studies,
the WCLL option was chosen for the BB (MCNP universe u = 882). All the remaining ge-
ometry definitions were kept unchanged except for the equatorial port (universe u =210
in the MCNP model) and part of the bioshield and cryostat (u =900), which were adapted
to include the models created for the equatorial port, defined in Section 3.3.

| | —

EP
X EP
Plane y=28 ‘
—4 Plane z=10
ol
E—
Poloidal view [ Toroidal view

Figure 4. MCNP reference model used in the simulations of equatorial port diagnostics. Left: Plane
y =28 cm. Right: Plane z =10 cm.

The equatorial port of the reference model is shown with more detail in Figure 5. The
bioshield is made of concrete and has a thickness of 2 m, while the bioshield plug is a 50
cm thick slab of heavy concrete with a density of 3.6 g/cm3. As there were no CAD models
available with details of the DEMO bioshield plugs at the start of this work, the design
available in the reference neutronics model was used, with the addition of the diagnostic
duct openings in the bioshield plug.
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heavy concrete 3.6 g/cc

! Concrete

Poloidal view 2.2g/cc

Figure 5. Detail of the MCNP reference model used in the simulations of equatorial port diagnostics,
showing the EP and the bioshield plug.

2.3. Weight Window Generation

Common to all cases studied in this paper was the use of weight windows for vari-
ance reduction, to reduce the statistical errors of the simulation results. This is a crucial
point when the aim is to calculate fluxes or loads at large distances from the plasma, as is
the case with most simulations presented here. Two examples are provided in Figure 6.
On the left, the weight windows were tuned to calculate the fluxes and loads in the Fara-
day sensors, using the reference model of Figure 3. In this case, the weight window gen-
erator of MCNP was used, after multiplying the density of all materials in the model by
1/10. In subsequent simulations, the material densities were progressively increased (1/5,
1/2 and finally 1), optimizing the weight windows at each step. This allowed us to bias the
simulations towards the outer surface of the VV (from red to blue), where the sensors are
located. For gammas, this weight window mesh was duplicated with the iWW-GVR [46]
code and multiplied by 0.1.

Another example is provided on the right side of Figure 6, for equatorial port diag-
nostics (reference model of Figure 4). In this case the aim was to obtain fluxes in the port
cell, more than 12 m away from the plasma. The weight windows were generated with
the ADVANTG code [47] and further manipulated with the iWW-GVR tool. They were
tuned, in each simulation, to bias the propagation of neutrons and gammas towards the
bioshield and the mirrors in the port cell.
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Figure 6. Weight windows used in the simulations. Left: Faraday sensors, installed on the outer
layer of the VV. Right: EP diagnostics.

3. Results
3.1. Inner-Vessel Diagnostics

The main objective of this analysis was to estimate the heat loads and the dose rates
in the positions where magnetics sensors are expected to be placed, within the inner sur-
face of the VV. Such an estimation, although preliminary, is important to assess the re-
quirements for magnetics sensors. Since one possibility for the integration of magnetics
sensors would be to attach them to the back of a blanket or even to a DSC, a comparison
is made in this section between results obtained on the back of the blanket and on the back
of a DSC. This comparison allows us to simultaneously assess the effect that the introduc-
tion of the DSC, the proposed integration approach for reflectometry and ECE in DEMO,
would have on the fluxes and loads in the VV. What follows is a first study of neutron
fluxes, nuclear heat loads, dose rates and dpa around the plasma with focus on the 60
poloidal locations where magnetics sensors are expected to be installed.

3.1.1. MCNP Models

The model of the DSC is presented in Figures 7 and 8, integrated in the reference
model of Figure 2. As described in more detail in [16], the DSC has a thickness of 25 cm in
the toroidal direction and the same poloidal shape as the blankets, ~12 m in height and
approximately 52 tons in weight (similar density to the WCLL blankets). A homogenized
mixture of EUROFER and water was assumed for the DSC, with volume fractions of 83.6%
and 16.4%, respectively, representative of a small module with a cooling system studied
in a previous work [24]. This water volume fraction is similar to the one in the blanket
(15.9%). The MW antennas and waveguides were kept in the geometry, to provide a more
conservative estimation and because they have been shown to have a small impact on the
neutron fluxes and nuclear loads in the VV.
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Figure 7. MCNP model of the DSC, containing the antennas and WGs designed for reflectometry.

Left: Plane y = 10.5 cm. Right: Plane y = 6 cm.

L

For the first simulations, three tally cells (spheres with 1.5 cm diameters) were created
at three toroidal positions (y =0, y =10.5 cm and y =45 cm) in plane z =0, as illustrated on
the left side of Figure 9. These three positions correspond to the point between blanket
modules, the middle of the DSC and the middle of the blanket, and were used to evaluate
how the distance to the 2 cm gap between blanket segments affects the neutron fluxes and
nuclear loads in the magnetics sensors. Afterwards, the fluxes, heat loads, dose rates and
dpa in the blankets and DSC were estimated using FMESH tallies with multiplication fac-
tors. Using Paraview, the values for each of these quantities were obtained at the 60 poloi-
dal positions where the magnetics sensors are expected to be placed, for the two studied
configurations: with the DSC (sensors located behind the DSC) and without the DSC but
considering a BB with the full (toroidal) width and having the sensors in the same posi-
tions (sensors located behind the blanket). These positions are illustrated on the right side
of Figure 9.

The heat loads and dose rates were estimated for the following candidate materials:
e  Alumina (Al203)—3.95 g cm™3;

e DuPont-951 ceramic (43%at. Al, 31%at. Si, 20 %at. O, 6%at. Ca)—3.1 g cm3;
¢  Aluminum nitride (AIN)—3.26 g cm™3;

e  Magnesia (MgO)—3.58 g cm3;

e  Silicon dioxide (5i02) —2.65 g cm™3;

Figure 8. MCNP model of the DSC (plane z = 0).
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e  Silicon nitride (SisN4)—3.17 g cm™.

Toroidal view (i%// = |
—

blanket

' Tally cells

Figure 9. Left: Detail of the DSC, highlighting the cells used to tally fluxes, heat loads and dose rates
(plane z = 0). Right: The 60 poloidal positions around the plasma foreseen for magnetics sensors.

3.1.2. Fluxes, Nuclear Heat Loads and Dose Rates in the Tally Cells

The neutron fluxes, gamma fluxes, nuclear heat loads and dose rates at the three to-
roidal locations presented in Figure 9 (left) are summarized in Table 1, for the two studied
cases (with and without DSC, in which case the DSC portion in Figure 9 is replaced by the
blanket). As expected, the neutron and gamma fluxes at the center of the 2 cm gap between
BB modules are three to four times higher than the fluxes behind the DSC or the blanket
(at y =10.5 cm). In the middle of the blanket (y = 45 cm), the neutron fluxes are 65% (with
DSC) to 74% (without DSC) lower than at y = 10.5 cm. Without the DSC, the gamma fluxes
at y =10.5 cm are a factor of 2.6 higher than at y =45 cm, due to the increased production
of gammas by uncollided neutrons at y = 0 (between blankets). With the DSC, this factor
increases to 6.4, due to the increased production of gammas in the DSC. Overall, between
the three locations and the two configurations, the neutron fluxes vary between 7 x 101
and 5 x 102 n cm= s and the gamma fluxes vary between 7 x 10 and 1.4 x 10" y cm=2 s

Comparing the two configurations, the heat loads and dose rates are very similar
when the sensors are located between the blanket modules, as neutrons are the main con-
tributors to the total heat loads and dose rates in that position and the neutron fluxes are
similar between the two cases. Behind the DSC/BB (y = 10.5 cm) the heat loads and dose
rates are 47% to 69% higher in the DSC configuration, depending on the material. In the
position behind the middle of the BBs (y =45 cm) the heat loads and dose rates are 5% to
9% higher in the case without DSC.

Comparing the three toroidal positions, the loads are much higher between blankets
(y =0) and much lower behind the middle of the blanket (y =45 cm). Between the blankets
the heat loads vary between 60 and 90 mW cm=3, while behind the DSC/blanket (at y = 10.5
cm) they vary between 5 and 12 mW cm=. At y =45 cm the heat loads vary from 2 to 4 mW
cm3. Similarly, the dose rates vary between 20 and 30 Gy s between blankets, 2 and 3 Gy
s behind the DSC/blanket (y = 10.5 cm) and 0.7 and 1 Gy s at y =45 cm.
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Table 1. Neutron fluxes, nuclear heat loads and dose rates at 3 toroidal positions in the equatorial
plane IB. For the flux calculations, the statistical errors are also presented. For the heat loads and
dose rates, the neutron contribution to the total is included (remaining contribution by gammas).

Between BBs

Behind DSC/BB Behind WCLL BB

Position (y=0) (y =10.5 cm) (y =45 cm)
4.56 x 1012
Neutron flux (n cm2s™) (1.8%) 1.22 x 1012 (3.6%) 7.38 x 1011 (4.7%)
1.35x 1012
Gamma Flux (y cm2s7) (3.1%) 4.72 x 10" (5.3%) 7.34 x 10%° (13.9%)
ALOs 82.84 (66%n) 11.60 (17%n)  3.14 (44%n)
DP-951 65.79 (66%n)  8.86 (12%n) 2.17 (35%n)
Nuclear heat load AIN  73.96 (69%n)  9.96 (21%n) 2.66 (46%n)
with (MW cm™) MgO 82.86 (69%n) 10.89 (20%n) 3.04 (47%n)
DSC SiO:  62.55(70%n)  8.13 (21%n) 2.33 (49%n)
SisN:  90.12 (70%n)  10.16 (23%n)  2.75 (47%n)
ALOs 2097 (66%n)  2.94 (17%n) 0.79 (44%n)
DP-951 21.22 (66%n)  2.86 (12%n) 0.70 (35%n)
AIN  22.69 (69%n)  3.05(21%n) 0.82 (46%n)
Doserate (Gys™) 100 2315 (69%n)  3.04(20%n)  0.85 (47%n)
SiO:  23.62 (70%n)  3.07 (21%n) 0.88 (49%n)
SisN:  28.43 (70%n)  3.20 (20%n) 0.87 (47%n)
4.96 x 1012
Neutron flux (n cm2s?) (1.8%) 1.41 x 102 (3.4%) 8.12 x 10 (4.5%)
8.15x 101
Gamma Flux (y cm2s) (3.9%) 1.98 x 101 (8.4%) 7.68 x 101 (13.4%)
ALOs  76.97 (77%n)  7.43 (43%n) 3.41 (48%n)
DP-951 60.47 (77%n)  5.24 (35%n) 2.30 (38%n)
Nuclear heat load AIN  68.87 (80%n)  6.26 (45%n) 2.88 (50%n)
without MW cm-) MgO  77.99 (80%n)  7.28 (47%n) 3.31 (51%n)
DSC SiO:  59.24 (80%n)  5.54 (49%n) 2.55 (53%n)
SisN:  86.10 (84%n)  6.57 (47%n) 2.98 (51%n)
ALOs 1949 (77%n)  1.88 (43%n) 0.86 (48%n)
DP-951 19.51 (77%n)  1.69 (35%n) 0.74 (38%n)
Dose rate (Gy 59 AIN 2113 (80%n)  1.92 (45%n) 0.88 (50%n)
MgO 21.79 (80%n)  2.03 (47%n) 0.92 (51%n)
SiO:  22.37(80%n)  2.09 (49%n) 0.96 (53%n)
SisN:  27.16 (84%n)  2.07 (47%n) 0.94 (51%n)

As for the heat loads between different materials, DP-951 and SiO2 are the ones with

the lower values in general, although the differences are less pronounced behind the blan-
kets. The maximum deviation between the values obtained with each material is ~30%,
which is expected given the similar densities of the materials and the comparable atomic
weights of their constituent elements. The contribution by neutrons to the loads and dose
rates is dominant between the blankets (y = 0), while at y = 45 cm the contributions from
neutrons and gammas are similar. At y = 10.5 cm, gammas play the most important role,
especially in the case of the DSC, in which they contribute with more than 80% of the total
heat loads.

To finalize the comparison, the neutron flux spectra for the DSC case are presented
in Figure 10. Although the statistical errors are large in most bins, and therefore unsuitable
to be used as input in inventory or activation analyses, the ones related to the total flux
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are 1.8%, 3.6% and 4.7%, for the cases between blankets, behind the DSC and behind the
blanket, respectively. The 14 MeV peak of uncollided neutrons is evident for the tally cell
between the blankets (y = 0), vanishing completely in the remaining positions. For the case
without the DSC the spectra are very similar and were not included in the plot.

—— Between BMs - Behind DSC (y=10) —— Behind Blanket (y=45)

T T T T

= 01k

1010

Meutron Flux {cm o

103;—

Statistical Error

0.10-

0.05-
L i " 1 i 1 "
108 1074 0.01 1
Energy (MeV)

Figure 10. Neutron flux spectra (n cm™ s™) and statistical error fraction behind the DSC and WCLL
blanket.

3.1.3. Neutron and Gamma Fluxes in the Sensors

To assess the variation of the previous quantities with the poloidal location, FMESH
tallies were defined for a thin slice between y = 10 cm and y = 11 cm. As shown in Figure
11, the mesh elements are very small (1.7 cm x 1 cm x 1.7 cm), to provide an accurate
estimate of the fluxes and loads at each of the 60 positions described in Figure 9. Never-
theless, small deviations between the results presented in Table 1 and the ones obtained
with the FMESH tallies are always to be expected, as the elements of the FMESH tallies
have a different volume compared to the F4 tally cells. To keep the statistical errors as low
as possible with such small elements, 5E10 particles were run in each simulation.

Figure 11. Detail of the meshes used in the simulations.

The neutron fluxes and statistical errors obtained for the configuration without the
DSC are presented in Figure 12. As expected, the fluxes in the first wall are of the order of
3-4 x 10 n cm2s7!, while behind the blanket they vary between ~1 x 10" and 1 x 102 n
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cm?, depending on the position. In general, the statistical errors behind the DSC are less
than 10%.

Figure 13 shows the values of the neutron fluxes at the 60 poloidal positions foreseen
for magnetics sensors. Values vary from 1.1 x 10!' n cm= s in position 6 (see Figure 9)
to 5.2 x 102n cm™ s7! below the divertor (more than one order of magnitude of variation).
In the equatorial plane, at position 14 (z = -13.5 cm), the neutron flux is 1.4 x 102 n cm™2
s1, which agrees with the value provided in Table 1. The largest statistical error is 10.1%.
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Figure 12. Neutron fluxes (n cm™ s™) and statistical errors behind the WCLL blanket in plane y =
10.5 cm.
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Figure 13. Neutron fluxes (n cm™ s™') and statistical errors behind the WCLL blanket at 60 poloidal
locations in plane y = 10.5 cm.

For comparison between the two cases, the ratios between the results obtained with
the DSC and without the DSC are presented in Figure 14. The neutron fluxes with the DSC
are slightly higher close to the first wall, but lower at almost all positions behind the
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DSC/blanket. The main conclusion is that the neutron fluxes are very close between con-
figurations, with differences below 20% at most positions.

1.2e+00
1.15
1.10

— 1.06

— 1.00
0.95

Neufron Flux Rafio

0.90
0.85
8.0e-01

Figure 14. Left: Neutron flux ratios (with DSC/without DSC) in plane y = 10.5 cm. Right: Values at
60 poloidal locations.

The gamma fluxes behind the blanket are plotted Figure 15. They reach 2 x 10" y cm2
s! at the equatorial plane (three orders of magnitude lower than at the first wall), while in
the divertor region they reach 7 x 102 y cm™ s-1. These simulations were run with larger
mesh elements (5 cm x 1 cm x 5 cm), to reduce the statistical errors of the simulations,
which exceeded 10% in some positions with the initial mesh. Similar values were obtained
between the two simulations (smaller and larger mesh elements), with statistical errors <
10% for the larger elements.

The ratios between the gamma fluxes with and without the DSC are presented in
Figure 16. Except for the divertor region —where the ratios are 1—the gamma fluxes in-
crease with the DSC by a factor of 2-3. This is because more gammas are produced in the
DSC than in the BB, due to the higher radiative capture cross-sections of iron and chro-
mium (the main constituents of EUROFER) when compared to the radiative capture cross-
section of lead (from the WCLL BB).

Since the results of the next sections (nuclear heat loads, dose rates and dpa) were
obtained as neutron and gamma fluxes multiplied by conversion factors, the statistical
uncertainties presented up to now were considered acceptable and are omitted in the re-
maining results.
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Figure 15. Gamma fluxes (y cm™ s™!) and statistical errors behind the WCLL blanket at 60 poloidal
locations.
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Figure 16. Left: Gamma flux ratios (with DSC/without DSC) in plane y = 10.5 cm. Right: Values at
60 poloidal locations.

3.1.4. Displacements Per Atom in the Vacuum Vessel

The dpa values in SS-316 (inner-vessel surface) were also calculated for the two con-
figurations, as shown in Figure 17. The results are normalized per full power year (FPY),
with DEMO scheduled to operate over 20 calendar years at an average availability of 30%,
which results in a plant lifetime of 6 FPY (1.57 FPY in the first operation phase and 4.43
FPY in the second operation phase) [1]. The dpa values are very small behind either the
blanket or the DSC, below 0.01 dpa/FPY in any position (except for the divertor region,
where values are much larger). When both configurations are compared, the dpa values
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are smaller with the DSC, up to a factor of 2. This result indicates once again that the
introduction of the DSC, with the current design, does not compromise the integrity of
the VV.
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Figure 17. Left: dpa/FPY behind the WCLL blanket. Right: dpa/FPY behind the DSC.

3.1.5. Nuclear Heat Loads and Dose Rates

The final step of this analysis consisted in the estimation of the nuclear heat loads
and dose rates in the six candidate materials foreseen for magnetics sensors. The nuclear
heat loads for the two configurations are shown in Table 2.

As seen before, DP-951 and SiO: are the materials with lower values in general, alt-
hough the variations between materials are mostly within 40%. As an example, the heat
loads at the equatorial plane inboard in the configuration without the DSC vary from 5.3
mW cm= in S5iO2 to 7.1 mW cm™ in Al:Os (a variation of ~30%). Apart from the divertor
region, the highest heat loads are at the equatorial plane inboard (a factor ~3 higher than
at the outboard).

On average, excluding the points in the divertor region, the heat loads in the config-
uration with the DSC are 50% higher than the ones in the configuration without DSC. This
is mostly due to the increased gamma fluxes coming from the DSC. The dose rates, ob-
tained by dividing the nuclear heat loads (in mW c¢m™) by the material density, are very
similar between materials, as shown in Table 3.

The results presented in this section show that the DSC leads to an increase in the
gamma fluxes and heat loads in the VV without compromising its integrity. The heat loads
in the VV obtained with the DSC are well below the limit of 0.3 W/cm?, while the dpa
values, smaller than 0.01 dpa/FPY at any position, are lower than the ones obtained with
the WCLL blanket.

For the magnetics sensors, the increase in the heat loads and dose rates by approxi-
mately 50% may have an impact on the integrity of the sensors. The absolute values of the
loads and dose rates need to be evaluated by magnetics diagnostic development teams.
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Table 2. Total heat loads in six materials at 60 poloidal locations behind the WCLL blanket.

Total Heat Loads (mW cm3)
Pos with DSC without DSC
AlOs; DP-951 AIN MgO SiO: SisNs AlO: DP-951 AIN MgO SiO: SisNs

1 1654 1310 1436 1571 1166 152.6 1658 1313 1439 1575 1169 152.9
2 1265 1001 1099 1195 887 1157 1268 1004 1102 1199 889 116.0
3 4912 3873 4243 4589 3402 4355 48.80 3845  42.16 4561 33.81 4327 Divertor
4 1691 1326 1452 1565 11.62 1474 1673 1313 1440 1548 1149 14.61
5 903 7.09 767 840 623 778 873 683 742 815 604 7.53
6 089 068 0.78 083 062 080 075 052 062 071 054 0.64
7 127 098 110 118 088 111 057 043 049 054 041 050
8 177 136 154 166 123 156 116 0.85 1.00 113 085 1.04
9 184 138 161 174 131 165 165 119 136 160 121 143
10 319 241 274 298 223 278 223 157 186 214 163 191
11 513 387 436 480 3.60 442 337 234 281 328 250 2.89
12 802 6.02 677 759 570 698 550 3.85 460 529 404 475
13 1066 8.14 9.08 1005 7.50 932 595 4.10 495 577 444 521
14 1028 7.79 872 967 724 889 671 466 571 656 502 601
Eq. plane IB
15 949 717 821 896 671 840 7.09 497 609 692 527 632
16 1022 7.69 879 9.60 721 902 668 470 565 643 493 595
17 652 495 557 610 457 568 496 3.42 413 477 366 424
18 428 323 364 402 301 368 310 215 260 300 231 274
19 380 2.88 321 355 265 324 235 1.64 194 233 178 2.08
20 207 156 176 192 144 177 139 096 115 138 105 121
21 128  0.96 1.07 120 090 1.08 071 050 063 069 053 063
2 117 087 098 1.09 083 1.00 069 0.6 059 066 051 0.62
23 137 101 111 130 098 115 075 052 063 071 055 0.64
24 179 137 150 169 126 155 112 0.83 095 1.09 082 1.02
25 159 121 136 149 111 135 121 0.85 1.03 119 090 1.05
26 151  1.09 127 142 108 129 105 0.72 0.88 1.02 078 0.88
27 290 228 252 268 198 255 199 151 174 187 140 178
28 259  2.02 230 243 181 238 152 1.16 137 146 1.09 142
29 271 215 242 250 1.85 246 234 1.82 208 221 1.64 218
30 498  3.96 437 458 338 444 28 216 249 264 198 255
31 319 250 276 296 220 284 254 196 216 238 178 225
32 342 271 300 314 233 306 257 197 221 239 179 227
33 384 301 328 352 261 330 265 205 225 247 185 233
34 369 290 329 343 254 335 265 2.03 238 251 1.87 246
35 339 264 205 313 233 299 231 175 202 218 1.63 205
36 321 252 281 297 220 284 236 1.79 204 222 166 210
37 351 278 309 323 239 314 263 230 229 243 177 239
38 388 3.04 337 361 268 344 267 2.02 232 252 1.88 236
39 322 247 288 305 228 297 215 158 190 208 157 1.99
40 302 227 253 285 214 259 228 1.64 195 221 167 2.02
41 314 235 262 296 223 267 231 159 191 225 172 198
42 285 215 242 270 203 251 190 131 156 186 141 1.62
43 318 235 270 307 231 281 212 147 181 216 1.64 198
44 295 216 250 276 2.09 253 209 140 172 204 157 176 a4 planeOB
45 311 230 263 293 221 267 218 144 180 214 165 1.88

I
(@)

3.69  2.80 317 348 261 327 323 228 274 314 241 294
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47 453  3.42 3.87 422 316 391 322 224 275 310 238 2.87
48 514 391 436 477 357 444 384 276 325 362 276 3.33
49 550 4.19 465 513 384 475 352 249 3.05 340 260 3.23
50 4.63 3.53 396 430 321 4.01 295 214 248 286 217 259
51 335 250 289 311 234 292 257 183 213 247 189 226
52 315 238 270 297 222 275 204 145 1.73 197 150 1.79
53 3.06 233 267 28 214 273 175 121 151 168 129 1.53
54 172 1.29 145 159 120 145 106 0.75 0.89 1.03 0.78 091
55 217 1.64 1.82 202 152 184 139 1.01 116 132 1.00 1.17
56 370 277 319 349 263 328 320 239 270 3.07 232 287

57 3454 27.33 29.48 3230 2394 3051 34.19 27.04 29.14 3196 23.70 30.16
58 1939 154.6 169.0 186.2 138.3 184.0 1929 153.7 168.2 185.3 137.6 183.1
59 1704 135.2 148.7 163.1 121.0 159.6 170.1 134.9 148.4 162.7 120.8 159.2
60 1679 133.2 145.6 159.6 1184 1546 168.1 1334 145.8 159.9 118.6 154.8

Divertor

Table 3. Dose rates in six materials at 60 poloidal locations behind the WCLL blanket.

Dose Rate (Gy s)
Pos with DSC without DSC
ALl:Os DP-951 AIN MgO SiO: SisN: Al:Os DP-951 AIN MgO SiO: SisNa

1 4187 4226 4404 4388 4401 4813 4197 4236 4414 4398 4411 4823
2 3201 3228 3370 3338 3346 3648 3211 3238 3380 3348 3356 36.58
3 1243 1249 1301 12.82 12.84 1374 1235 1240 1293 1274 1276 13.65 Divertor
4 428 428 445 437 438 465 424 424 442 432 434 461
5 229 229 235 235 235 245 221 220 228 228 228 237
6 022 022 024 023 023 025 019 017 019 020 021 020
7 032 032 034 033 033 035 014 0.14 015 015 015 0.16
8 045 044 047 046 047 049 029 027 031 032 032 033
9 047 044 049 049 049 052 042 038 042 045 046 045
10 081 078 0.84 083 084 08 056 051 057 060 061 0.60
11 130 125 134 134 136 139 085 076 086 092 094 091
12 203 19 208 212 215 220 139 1.24 141 148 153 150
13 270 2.63 279 281 283 294 151 132 152 161 167 1.64
14 260 251 268 270 273 280 170 150 175 183 190 190
15 240 231 252 250 253 265 179  1.60 187 193 199 199 1Pane
16 259 248 270 268 272 284 169 152 173 180 1.86 1.88
17 165 1.60 171 170 173 179 125 110 127 133 138 134
18 1.08 1.04 112 112 114 116 079 069 0.80 084 087 087
19 096 093 099 099 100 1.02 060 053 059 065 067 0.66
20 052 050 054 054 054 056 035 031 035 039 040 038
21 032 031 033 034 034 034 018 0.16 019 019 020 0.20
22 030 028 030 031 031 032 018 0.15 018 018 019 0.19
23 035 033 034 036 037 036 019 0.17 019 020 021 020
24 045  0.44 046 047 048 049 028 027 029 031 031 032
25 040 039 042 042 042 043 031 027 032 033 034 033
2% 038 035 039 040 041 041 027 023 027 028 029 028
27 073 073 0.77 075 075 080 050 049 054 052 053 056
28 066 0.65 070 068 068 075 039 037 042 041 041 045
29 069  0.69 074 070 070 077 059 059 0.64 062 062 069
30 126 128 134 128 128 140 071 070 0.76 074 075 080
31 081 081 085 083 083 090 064 0.63 0.66 066 067 071
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32 087 0.87 092 088 0.88 096 0.65 0.64 0.68 0.67 0.68 0.72
33 097 0.97 1.01 098 098 1.04 0.67 0.66 069 069 070 0.73
34 093 0.93 1.01 09 096 1.06 0.67 0.65 073 070 071 078
35 0.86 0.85 090 087 088 094 0.59 0.56 062 061 061 0.65
36 081 0.81 086 083 083 090 0.60 0.58 063 062 0.63 0.66
37 0.89 0.90 095 090 090 099 0.67 0.74 070 068 0.67 0.75
38 0.98 0.98 1.03 1.01 101 1.08 0.68 0.65 071 070 071 074
39  0.82 0.80 088 085 086 094 054 0.51 058 058 059 0.63
40 0.77 0.73 078 080 0.81 082 0.58 0.53 060 062 0.63 0.64
41 0.79 0.76 080 083 084 084 0.58 0.51 059 063 0.65 0.62
42  0.72 0.69 074 076 077 079 048 0.42 048 052 053 051
43 081 0.76 083 086 087 089 054 0.48 056 060 062 0.63
44  0.75 0.70 077 077 079 080 0.53 0.45 053 057 059 056 Eq.plane
45 0.79 0.74 081 082 083 084 0.55 0.47 055 060 0.62 0.59
46  0.93 0.90 097 097 098 1.03 0.82 0.74 084 088 091 093
47 115 1.10 1.19 118 119 123 0.81 0.72 084 086 090 091
48 1.30 1.26 1.34 133 135 140 0.97 0.89 1.00 1.01 1.04 1.05
49 139 1.35 143 143 145 150 0.89 0.80 094 095 098 1.02
50 1.17 1.14 121 120 121 126 0.75 0.69 076 080 082 0.82
51 0.85 0.81 089 087 088 092 0.65 0.59 065 069 071 071
52 0.80 0.77 083 083 084 087 0.52 0.47 053 055 057 0.56
53 0.77 0.75 082 080 081 086 044 0.39 046 047 049 048
54 044 0.41 044 044 045 046 027 0.24 027 029 029 029
55 0.55 0.53 056 057 057 058 0.35 0.32 036 037 038 037
56  0.94 0.90 098 097 099 1.04 0.81 0.77 083 086 0.87 0.90
57 8.74 8.82 9.04 9.02 9.03 962 8.66 8.72 894 893 894 9.51
58 49.10 49.86 51.85 52.01 5219 58.04 4884 49.58 51.59 51.75 5193 57.77 Divertor
59 43.13 43.60 45.60 45.55 45.67 5033 43.05 43.51 4552 4545 4557 50.23
60 4249 4296 44.65 4459 44.67 48.78 4255 43.02 4471 44.66 44.74 48.85

3.1.6. Neutron Fluence in Magnetics Sensors: Comparison with ITER

The neutron fluxes in the magnetics sensors presented in Figure 12 vary between 1.1
x 10" n cm2 s and 1.4 x 102 behind the blanket and are up to 5.2 x 102 n cm™ s7! below
the divertor. Table 4 presents these fluxes integrated over the DEMO operation phases
(1.57 and 4.43 FPY), converted to n m™ for comparison with ITER results. The neutron
fluences in the ITER in-vessel magnetics sensors are expected to vary in the range 2.5 x
102 - 5 x 10%*n m [49], with the fluences in the cable looms reaching up to 6.25 x 102 n
m~2 close to the upper port and 2.25 x 102 n m2 in the divertor [49]. The fluences behind
the blankets presented in Table 4 for the whole DEMO lifetime are comparable to the ones
expected for ITER, even though ITER will operate only for 0.54 FPY. This is due to the
excellent shielding performance of the WCLL blanket. In the divertor region, the values
obtained for DEMO are higher by a factor of 4, although the comparison here is not
straightforward, since in the ITER simulations the sensors are installed inside the divertor
cassette.

Table 4. Neutron fluxes and fluences in the magnetics sensors (behind the WCLL blanket).

Neutron Fluence (n m)

1 FPY 1.57 FPY 4.43 FPY 6FPY
3.47 x 102 545 x 102 1.54 x 102 2.08 x 1023
442 x 108 6.94 x 108 1.96 x 1024 2.65 x 102
1.64 x 102 2,58 x 102¢ 7.27 x 1024 9.85 x 1024

Neutron Flux (n m2s)

Blanket (min) 1.10 x 1015
Blanket (max) 1.40 x 10t
Divertor 5.20 x 101°
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As mentioned before, with the HCPB blanket the fluences in the sensors would be
increased up to a factor of 10 or more, which would increase the loads when compared to
ITER. Furthermore, the WCLL blanket design changes every year, and a reduction of the
blanket dimensions cannot be ruled out at this stage. It is also important to highlight that
the present analysis is very preliminary, as it assumes homogeneous material composi-
tions in the blanket and DSC. Therefore, it is important to repeat the analysis when the
new models are available, if possible using a fully heterogeneous model of the WCLL
blanket [50], with the required adaptations to provide space for the inclusion of magnetic
Sensors.

3.2. Ex-Vessel Diagnostics (Faraday Sensors)

As in ITER [51], the DEMO fiber optics current sensor (FOCS) diagnostic is planned
to be installed on the outer surface of the VV, with the aim to provide information on the
plasma current during long plasma discharges. To model this diagnostic, a thin layer was
added close to the middle section of the VV in the reference model of Figure 3, as illus-
trated in Figure 18. This layer is a full poloidal segment, with 1 cm in the radial direction
and 9.5 cm in the toroidal direction. It was used to calculate neutron and gamma fluxes at
different poloidal positions, illustrated on the right side of Figure 18. The layer was first
split at the equatorial level, and the remaining planes were obtained by rotating the pre-
ceding one by 5 degrees. In this way, 72 cells were added to the MCNP model, after con-
version of this CAD model with SuperMC.

The only change made to the reference model was the addition of the 72 cells, which
were filled with silica to calculate the heat loads in the optical fibers, with a density of 2.32
g/cm?. The remaining modeling options were kept unchanged.

A preliminary simulation was run to determine the volumes and masses of each of
the 72 cells, using a voided geometry. The statistical errors of the volumes were kept below
0.5%.

Toroidal view

2,172\
3,2\ 77| 7069 g5
A

7 //\\
g N/ \

Figure 18. Left: Location of the FOCS in the MCNP model. Right: Poloidal positions used in the
simulations to tally fluxes and energy deposition.

Fluxes, Heat Loads and Dose Rates in the Sensors

To obtain statistical errors below 10% in all cells, 4 x 10 particles were simulated,
using weight windows. The neutron and gamma fluxes in each cell, along with the nuclear
heat loads and dose rates, are presented in Table 5. There are only two cases (gamma flux
in position 54 and neutron flux in position 58) in which the statistical error was above 10%.
The largest fluxes, heat loads and dose rates were obtained in the cells below the divertor,
as expected from the previous simulations for magnetics sensors. Similar flux values were
also obtained in a recent divertor study [52]. In position 32, the fluxes reach 1.31 x 10"
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n/cm?/s and 2.60 x 101°y/cm?/s, while the nuclear heat load reaches 0.16 mW/cm? (29% by
neutrons and 71% by gammas). The dose rate, calculated by dividing the nuclear heat load
obtained with MCNP (1.63 x 10 W/cm?) by the material density (2.32 g/cm?) and multi-
plying it by 1000 (g/kg) x 3600 x 24 x 365.25 (s/FPY), reaches 2.2 MGy/FPY. Considering
that the first DEMO operation phase corresponds to 1.57 FPY, and the second phase to
4.43 FPY, in the 6 FPY of DEMO lifetime that section of the FOCS would be exposed to
13.2 MGy (3.5 +9.7). This value exceeds the 10 MGy considered as a conservative upper
limit for the FOCS lifetime dose in ITER [53]. Nevertheless, this happens only in the di-
vertor region, which is not modeled as accurately as the blanket in these simulations, and
where the design is not well defined and the shielding has not been optimized. In the
remaining regions, the dose rates are lower, up to almost three orders of magnitude.

Table 5. Fluxes, heat loads and dose rates in the 72 positions of the FOCS (WCLL blanket).

Position Neutron Flux Stat. Error Gamma Flux Stat. Error Heat Load Dose Rate
(n/cm?/s) (%) (y/cm?/s) (%) Total W/em3®) n (%) v (%)  (Gy/FPY)

1 3.59 x 108 3.0 1.25 x 108 1.9 6.58 x 107 18.8 81.2 8.94 x 103
2 2.92 x 108 3.2 9.93 x 107 1.9 5.27 x 107 23.0 77.0 7.17 x 103
3 2.70 x 108 3.1 9.07 x 107 1.9 5.02 x 107 23.2 76.8 6.82 x 103
4 2.32 x 108 3.1 8.31 x 107 2.0 4.57 x 107 25.3 74.7 6.22 x 103
5 1.96 x 108 3.3 7.02 x 107 2.0 3.91 x 107 24.6 754 5.32 x 103
6 1.79 x 108 3.3 7.51 x 107 1.9 3.96 x 107 22.8 77.2 5.39 x 103
7 1.91 x 108 3.1 8.82 x 107 1.7 4.76 x 107 224 77.6 6.48 x 103
8 2.74 x 108 2.7 1.38 x 108 14 7.05 x 107 21.9 78.1 9.59 x 103
9 4.15x 108 2.3 2.08 x 108 1.2 1.07 x 10° 22.0 78.0 1.46 x 104
10 5.65 x 108 2.1 2.82 x 108 1.1 1.53 x 10° 23.3 76.7 2.08 x 104
11 7.21 x 108 1.9 3.70 x 108 1.0 1.95 x 10¢ 22.1 77.9 2.65 x 104
12 8.69 x 108 1.8 4.52 x 108 0.9 2.40 x 106 21.7 78.3 3.26 x 104
13 9.93 x 108 1.7 5.26 x 108 0.9 2.82 x 10 22.1 77.9 3.83 x 104
14 1.08 x 10° 1.7 5.54 x 108 0.9 2.94 x 10 21.9 78.1 4.00 x 104
15 1.08 x 10° 1.7 5.69 x 108 0.9 3.06 x 10 224 77.6 4.16 x 104
16 1.09 x 10° 1.7 5.80 x 108 0.9 3.11 x 10 22.1 77.9 4.23 x 104
17 1.02 x 10° 1.7 5.59 x 108 0.9 2.95 x 10 21.2 78.8 4.01 x 104
18 9.74 x 108 1.8 5.36 x 108 0.9 2.93 x 10 22.2 77.8 3.98 x 104
19 8.78 x 108 1.9 4.62 x 108 1.0 2.49 x 10 214 78.6 3.38 x 104
20 7.23 x 108 2.0 3.70 x 108 1.1 1.97 x 10¢ 22.3 77.7 2.68 x 104
21 6.01 x 108 2.2 2.91 x 108 1.2 1.53 x 10 22.8 77.2 2.08 x 104
22 4.56 x 108 2.4 2.21 x 108 1.3 1.14 x 10° 20.7 79.3 1.55 x 104
23 3.63 x 108 2.6 1.64 x 108 14 8.47 x 107 21.9 78.1 1.15 x 104
24 3.40 x 108 2.7 1.33 x 108 1.6 6.97 x 107 23.0 77.0 9.48 x 103
25 4.39 x 108 2.3 1.36 x 108 15 6.79 x 107 18.2 81.8 9.23 x 103
26 1.10 x 10° 14 3.12 x 108 0.9 1.63 x 10° 16.5 83.5 2.21 x 104
27 4.34 x 10° 0.8 9.42 x 108 0.6 4.97 x 10 17.7 82.3 6.76 x 104
28 1.70 x 1010 0.4 3.34 x 10° 0.4 1.84 x 10 22.1 77.9 2.50 x 10°
29 4.45 x 1010 0.3 8.98 x 10° 0.2 5.19 x 105 26.6 73.4 7.07 x 10°
30 8.16 x 1010 0.2 1.81 x 1010 0.2 1.08 x 104 28.4 71.6 1.47 x 106
31 1.05 x 101 0.2 2.27 x 1010 0.1 1.37 x 10+ 28.5 71.5 1.86 x 106
32 1.31 x 101 0.2 2.60 x 1010 0.1 1.63 x 10+ 29.3 70.7 2.21 x 106
33 1.19 x 101 0.2 2.28 x 1010 0.2 1.41 x 10+ 27.6 724 1.92 x 100
34 9.15 x 1010 0.2 1.55 x 1010 0.2 9.85 x 10 29.0 71.0 1.34 x 106
35 5.68 x 1010 0.3 8.62 x 10° 0.2 5.62 x 105 29.9 70.1 7.65 x 10°
36 3.35 x 1010 0.4 4.67 x 10° 0.4 3.13 x 105 30.8 69.2 4.26 x 105
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

1.80 x 1010
1.24 x 1010
1.05 x 1010
8.93 x 10°
8.22 x10°
7.31 x10°
6.44 x 10°
6.10 x 10°
5.44 x 10°
5.21 x 10°
4.05 x 10°
3.69 x 10°
3.37 x 10°
3.12 x10°
2.61 x 10°
2.32 x 10°
1.97 x 10°
1.97 x 10°
1.64 x 10°
1.45 x 10°
1.21 x 10°
1.09 x 10°
8.31 x 108
5.59 x 108
5.25x 108
5.01 x 108
5.21 x 108
3.60 x 108
3.59 x 108
3.73 x 108
3.58 x 108
4.25 % 108
5.52 x 108
9.79 x 108
3.59 x 10°
1.53 x 10°

0.7
1.1
1.3
1.7
21
24
2.6
34
3.1
3.1
4.5
4.2
4.9
5.7
5.1
5.2
4.8
5.6
7.8
6.9
7.5
10.4
8.1
9.2
8.9
7.0
7.0
6.3
5.7
7.9
4.7
3.8
3.3
21
0.9
1.5

2.60 x 10°
1.82 x 10°
1.57 x 10°
1.41 x 10°
1.33 x 10°
1.24 x 10°
1.17 x 10°
1.07 x 10°
9.86 x 108
9.60 x 108
8.56 x 108
7.69 x 108
6.66 x 108
6.06 x 108
5.53 x 108
4.57 x 108
3.83 x 108
4.18 x 108
3.04 x 108
2.67 x 108
2.11 x 108
223 x 108
1.61 x 108
1.46 x 108
1.16 x 108
1.34 x 108
1.22 x 108
1.11 x 108
1.01 x 108
1.01 x 108
1.05 x 108
1.30 x 108
1.78 x 108
3.58 x 108
223 x 10°
6.09 x 108

0.6
1.0
1.3
14
2.0
2.6
2.7
29
3.2
3.2
3.5
4.0
4.4
5.2
5.0
4.2
4.5
17.9
6.3
6.0
6.6
6.7
8.3
6.0
6.0
5.2
4.9
5.6
3.9
3.5
3.3
24
2.0
1.2
0.5
0.9

1.68 x 10°
1.15x 10
1.00 x 10
8.78 x 10
8.14 x 10
7.44 x 10
6.88 x 10
6.08 x 10
5.61 x 10
5.56 x 10
4.62 x 10
4.01 x 10
3.67 x 10
3.13 x 10
2.83 x 10
2.26 x 10
2.09 x 10
2.16 x 10
1.67 x 10
1.41 x 10
1.24 x 10
1.06 x 10
8.18 x 107
7.17 x 107
5.68 x 107
6.83 x 107
6.12 x 107
5.57 x 107
5.28 x 107
5.03 x 107
5.38 x 107
6.38 x 107
8.72 x 107
1.78 x 10
1.50 x 10
3.50 x 10

28.6
28.6
29.2
27.5
26.5
25.5
23.6
23.9
244
23.4
19.6
18.7
15.1
17.1
19.8
14.8
16.3
15.9
18.0
17.3
18.3
16.4
14.5
10.4
15.3
12.9
10.7
10.8
10.6
12.0
13.1
17.7
20.1
23.1
30.5
27.6

71.4
71.4
70.8
72.5
73.5
74.5
76.4
76.1
75.6
76.6
80.4
81.3
84.9
82.9
80.2
85.2
83.7
84.1
82.0
82.7
81.7
83.6
85.5
89.6
84.7
87.1
89.3
89.2
89.4
88.0
86.9
82.3
79.9
76.9
69.5
72.4

2.28 x 10°
1.56 x 10°
1.36 x 10°
1.19 x 10°
1.11 x 10°
1.01 x 10°
9.35 x 104
8.27 x 104
7.64 x 104
7.56 x 104
6.29 x 104
5.45 x 104
4.99 x 104
4.26 x 104
3.85 x 104
3.08 x 104
2.85 x 104
2.94 x 104
2.27 x 104
1.92 x 104
1.69 x 10
1.44 x 10
1.11 x 10*
9.76 x 103
7.73 x 103
9.30 x 10°
8.32 x 10°
7.58 x 103
7.18 x 103
6.84 x 103
7.32 x10°
8.68 x 103
1.19 x 104
2.42 x 104
2.04 x 10°
4.76 x 10*

This is further illustrated in Figures 19 and 20, which show the neutron and gamma

flux spectra in four positions, two at the equatorial portlevel (15 inboard and 53 outboard),
one in the divertor region (31) and the remaining one above the plasma (70). In the divertor
region the fluxes are clearly higher when compared to the other positions, for both neu-
trons and gammas. In position 53 (but also 15 and 31), the statistical errors in the bins are
inevitably large, due to the very small binning and the blanket thickness in that area. Nev-
ertheless, the statistical errors in the total neutron and gamma fluxes are only 4.8% and
4.5%, respectively.
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Figure 19. Neutron fluxes (n/cm?/s) and statistical errors (%) in 4 FOCS positions (WCLL blanket).
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Figure 20. Gamma fluxes (y/cm?/s) and statistical errors (%) in four FOCS positions (WCLL blanket).

The possibility of bringing the FOCS to the inner surface of the VV has also been
discussed recently. However, the current results show that the sensors would not be able
to withstand the radiation levels, as the neutron fluxes inside the vessel would be around
three orders of magnitude higher than ex-vessel [1].

3.3. Equatorial Port Diagnostics

The EP configuration studied in this work was based on one of the port integration
proposals presented in [54], for an EP housing the following three diagnostics:

e  High-resolution core X-ray spectroscopy;
. Near-ultraviolet, visible and infrared divertor monitoring;
e Pellet monitoring.
In this integration proposal the six optical paths of the divertor monitoring and pellet

monitoring systems are grouped together on the left side of the port (when looking to-
wards the plasma) in two rows with three paths each. The X-ray spectroscope is placed on
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the right side, with the ducts angled slightly in the EP to increase the space for the port
cell optical components of the other systems. This setup is presented in Figure 21.

X-Ray Spectroscopy |

—

“

Figure 21. EP configuration with the X-ray spectroscopy (light blue), divertor monitoring (X-point
and outer divertor tangential line-of-sight in purple, outer divertor surface views in red) and pellet
monitoring (green) systems.

The objective of this study was to implement this EP configuration in MCNP and
evaluate the neutron and gamma fluxes through these diagnostic ducts into the port cell,
after the bioshield, testing possible shielding configurations based on the proposals of ref-
erence [54], illustrated in Figure 22. These proposals include the standard equatorial port
plug shield block (reinforced if needed) and additional shielding in the mirror doglegs
along the diagnostic ducts, in the middle of the port and in (or possibly before or after)
the bioshield plug. EUROFER and stainless steel were considered for the EPP shield block,
while boron carbide (BsC) shielding trays similar to the ones foreseen for the EP diagnos-
tics shielding modules (DSMs) of ITER [55] were considered for the middle of the port,
due to their shielding efficiency and lower weight.

ERE A = --#ODDSQG

' propose"t’if ioca'tilon_______
stenadang additional
shisld Mok~ —— - shieldiag

Figure 22. Possible radiation shielding locations proposed for the EP (units in mm).
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The ducts from the diagnostics presented in Figure 21 were simplified in ANSYS
SpaceClaim, through the removal of details from the vacuum windows and vacuum ex-
tensions (only the ducts and the mirrors were left in the model) and of all the spline sur-
faces present in the model. The design of the EP components was adapted from reference
[56], which has the same shape and is compatible with the MCNP reference model.

All components of this model were filled, and the EP diagnostic ducts were carved
inside. The result is shown in Figure 23. Some of the cells of Figure 23 were dimensioned
to be filled with shielding in the MCNP model—a thickness of 2.4 m was reserved in the
middle of the port for the B4C shielding —while others were designed to be void cells. The
complexity of the ducts in the neutronics CAD model is illustrated in Figure 24, where the
cells are represented with transparency. One of the main challenges of this work was the
generation of this CAD model, free from splines and small surfaces, ready to be converted
to MCNP.

The diagnostic with the largest openings is the X-ray spectroscopy system, with a
first wall opening of 23 cm x 10 cm (230 cm?) that spreads into three ducts behind the first
wall. As illustrated in Figure 25, these ducts are straight paths from the plasma to the port
cell, with openings in the bioshield plug of 10.6 cm x 10 cm (106 cm?). As there are no
doglegs in this diagnostic, direct neutron streaming is expected through these ducts.

The remaining diagnostics have much smaller openings in the first wall (all below 28
cm?). Furthermore, they have doglegs, which will reduce streaming to the port cells, as
shown before [25].

The converted model of the port was integrated in the reference model of Figure 4.
The result is presented in Figure 26, for a plane in the middle of the X-ray spectroscopy
ducts (left) and for plane y = -15 cm (with the near-ultraviolet and visible divertor spec-
troscopy ducts). It also illustrates the reasoning behind the shielding distribution inside
the port: a first block was added to the standard shielding of the EPP (pink), which con-
tains the first dogleg for all the diagnostics except the X-ray spectroscopy system, and a
second block (of B4«C) was added in the middle of the port (yellow), to shield the second
dogleg. Due to the low thickness of the bioshield plug, the third dogleg is not shielded in
the studied configurations, although an additional shielding layer could be envisaged for
this dogleg, placed in front of the bioshield plug.

Additional Bioshield plug
B4C shielding

Standard EP

shield block
Void cells in |
the Port Cell

FW
=

10m

128m
Figure 23. CAD model of the EP used in the simulations.
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Additional Bioshield plug
B4C shielding l

Standard EP
shield block

Figure 24. CAD model of the EP used in the simulations with transparent cells, showing the diag-
nostic ducts.

Toroidal view

. I I I

oo ‘ I
Figure 26. MCNP model of the EP. Left: X-ray spectroscopy ducts. Right: Near-ultraviolet (bottom)
and visible (top) divertor spectroscopy ducts (poloidal view, plane y =-15 cm).

Poloidal view

Most of the materials used in the equatorial port model are summarized in Figure 27.
The first wall has 2 mm thick armor made of tungsten, with a second layer of 6.09% water
and 93.91% EUROFER, taken directly from the definition of the WCLL BB which follows
the material distribution set out in [57]. The definition for the first wall shield block behind
it was adopted from the technical specification for the equatorial outboard limiter [58]:
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60% EUROFER and 40% water. For the remaining shielding behind this block a mixture
of 70% SS316L(N)-IG stainless steel and 30% water was assumed, while in the second
shielding block (yellow in Figure 26, second dogleg) a homogenized mixture of 65% B4C,
10% stainless steel and 25% void (to account for the spacings between the components)
was defined, with an effective density of 2.28 g/cm? [55]. This mixture represents the B«C
shielding trays used in the ITER DSMs for the equatorial ports [55].

The mirrors were set to EUROFER, while the remaining components were kept with
the same materials used in the equatorial port components of the MCNP reference model.

l

First wall
Tungsten (2 mm)

FW shielding
6.09% Water
93.91% EUROFER

70% S5316L(N)-IG
30% Water

Shield block
60% EUROFER
40% Water

Figure 27. Materials used in the MCNP model of the equatorial port.

3.3.1. Neutron Fluxes, Gamma Fluxes and Dose Rates in the Port Cell

The neutron and gamma fluxes for this equatorial port configuration are presented
in Figures 28 and 29 for several planes y and z, with the neutron flux statistical errors for
the planes y = 80 cm and z = 0 presented in Figure 30. As expected, there is substantial
neutron streaming through the X-ray spectroscopy ducts, reaching the port cell through
the straight paths. This is visible mostly around planes y = 120 cm and z = 0. The neutron
fluxes reaching the inner surface of the bioshield through these ducts (the one in z =0 is
used for this estimation) are of the order of 2 x 10'n cm= s7!, decreasing to 4 x 10°n cm2
sin the mirror behind the bioshield. The gamma fluxes reach 3 x 10% y cm=2 s at the inner
surface of the bioshield and 2 x 10y cm?2 s and 2 x 108y cm2 5! in the mirror, while the
dose rates in silicon obtained in these positions were 2E6 Gy/FPY and 5E5 Gy/FPY, respec-
tively. The flux and dose rate values in the port cell are more than three orders of magni-
tude higher than those obtained with the reference model of the port without diagnostics
(neutron fluxes below 1 x 107 n cm2 s™! were obtained in the port cell with the reference
model). For the remaining port diagnostics, the design of the first doglegs is effective to
reduce the streaming, as shown in a previous study [25].

The statistical errors of the neutron fluxes, presented in Figure 30, are below 10% in
most of the regions of interest. As expected, they increase along the ducts, even though
the weight windows were fine-tuned to increase statistics in the port cell. Due to the dis-
tance of more than 12 m between the plasma and the port cell mirrors, it was not possible
to have statistical errors below 10% in all the regions of the studied configurations. Nev-
ertheless, F4 tallies were added at the main positions of interest (bioshield and port cell
mirrors), and the flux values discussed in the previous paragraph were confirmed, with
statistical errors between 3% and 10%.

The shutdown dose rates in the port cells were not calculated, for two reasons: 1) the
lack of access, at this stage, to R25/D1S codes for this kind of calculation in DEMO and 2)
the fact that such a calculation would always be far from accurate, as the bioshield plugs
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and their penetrations, as well as the port cells, have not been designed yet (material acti-
vation would require accurate designs of the systems that will populate these rooms). On
the other hand, there are no limits defined for the neutron and gamma fluxes in the port
cells in the DEMO Nuclear Analysis Handbook [1], which defines a limit of 100 uSv/h in
the port cell 12 days after shutdown. However, it can be anticipated, based on experience
from ITER, that this limit will be greatly exceeded with the neutron streaming predicted
for the X-ray spectroscopy ducts. Another open issue is the radiation limits that the vac-
uum windows and the optical fibers can withstand, as well as the locations where elec-
tronics are required, since in the present design the limits of 100 n cm2 s! and 10 Gy of
cumulative dose could only be enforced with large amounts of shielding in the port cell,
or if the electronics are placed far from the streaming paths. In any case, before the other
port diagnostics can be studied in more detail it is important to evaluate whether it is
possible for the X-ray spectroscopy system to operate with smaller ducts or alternative
configurations, to reduce streaming.

The priority was then to understand the effect of the duct cross-section on the neutron
and gamma streaming through the port, to provide a guideline for diagnostic design. For
this, a sensitivity analysis was carried out for straight ducts from the plasma to the port
cell. The results are presented in the next section.
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Figure 28. Neutron and gamma fluxes (cm™ s™) in plane y for the configuration with diagnostics in
the EP.
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Figure 29. Neutron and gamma fluxes (cm™ s™') in plane z for the configuration with diagnostics in
the EP.

Statistical Error

Statistical Error

Figure 30. Statistical errors of the neutron fluxes, for the planes y = 80 cm and z =0.

3.3.2. Sensitivity Analysis for Straight Ducts in the Equatorial Port

For this analysis, the equatorial port model presented above was used, with all the
diagnostics removed and with only one duct (centered at z=0 and y =70 cm). Using that
model, neutron and gamma flux spectra were calculated as a function of the duct size, for
duct cross sections ranging from diameters of 3 cm up to the size of the X-ray ducts (23
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cm toroidal x 10 cm poloidal). For these simulations, weight windows were used in con-
junction with source biasing parameters produced by ADVANTG and F5 tallies, i.e., “next
event estimators”. Using F5 tallies, each time a source particle is created, or at any collision
event, a deterministic estimation is made for the flux contribution at the detector point
[59]. This makes F5 tallies ideal for the kind of simulation performed here, with straight
ducts from the plasma to the port cell. They slow down the simulations considerably and
do not allow the production of mesh tallies but yield accurate results with extremely low
statistical errors. Due to the simulation time that F5 tallies require, only two were used in
each simulation, for two points after the bioshield plug: at the outer surface of the plug (x
=2200 cm, y =70 cm, z =0) and 2 m away from that surface (x = 2400 cm, y =70 cm, z=0).

Figure 31 shows the neutron flux spectrum 2 m behind the bioshield plug for a circu-
lar duct with r = 1.5 cm. The total flux value is 3.7 x 108n cm™ s, with a very small statis-
tical error of 0.9%. The spectrum also shows that the statistical errors are smaller than 10%
for some energy bins, and below 1% at 14 MeV. Also presented is the spectrum of uncol-
lided neutrons—bins around 14 MeV —which corresponds to those neutrons that travel
from the plasma to the port cell without any interactions. In these bins, the statistical errors
are very small, in some cases below 1%. As will be shown later, the total flux value is
compatible with the results obtained in the previous section.

The F5 tallies also allowed us to calculate the gamma spectra in the port cell, as shown
in Figure 32 for the same case and position as before. The total gamma flux (4.5 x 107y cm2
s1) is almost one order of magnitude lower than the neutron flux. The statistical errors are
larger in this case, but still below 10%. The uncollided spectrum refers to gammas that
were created somewhere in the geometry and traveled to the port cell without interac-
tions. For both cases (neutron and gammas), reducing the statistical errors below 10% in
all bins would be mandatory if these results were to be used as input in inventory or acti-
vation calculations; however, this would be prohibitive in terms of computational re-
sources. Furthermore, the “collided” part of the spectrum depends heavily on the shield-
ing configurations, which are very preliminary at this stage.

Similar spectra were calculated for several cases: circular ducts with radii between
1.5 cm and 4 cm (0.5 cm increments) and rectangular ducts of 10 cm in the poloidal direc-
tion and several toroidal lengths. The height of these ducts (10 cm) was chosen to be the
one projected for the X-ray spectroscopy. The toroidal lengths were varied from 0.71 cm
to 23 cm (the initial length foreseen for the X-ray ducts). The first five toroidal lengths, up
to 5 cm, were selected to match the area of the circular ducts, to evaluate the effect of the
duct shape on the fluxes. After 5 cm, four additional lengths were tested: 10 cm, 15 cm, 20
cm and 23 cm.

108 -
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Figure 31. Neutron flux (n/cm?/s) and statistical error 2 m behind the bioshield plug (x = 2400 cm, y

=70 cm, z = 0), for a circular duct with r = 1.5 cm.
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Figure 32. Gamma flux (y/cm?/s) and statistical error 2 m behind the bioshield plug (x = 2400 cm, y

=70 c¢m, z = 0), for a circular duct with r=1.5 cm.

The results are presented in Table 6 (neutron fluxes) and Table 7 (gamma fluxes).
Looking at the bioshield surface, the neutron fluxes vary from 5.38 x 108 n cm™2 s for a

Neutron Flux (n cm=2s1)

Radius (cm) Area Total BS Error Uncollided BS Error Total M (n Error Uncollided M Error
(cm? (ncm2s1) (%) (ncm2s7) (%) am2s?) (%) (n cm2s7) (%)
1.5 71 538x108 1.3 1.47x108 05 3.68x108 0.9 1.02 x 108 0.6
Circular 2 126 9.51x108 0.7 2.63x108 03 655x108 0.7 1.82 x 108 0.3
Ducts 2.5 19.6 150x10° 0.6 4.10x108 02 1.03x10° 0.6 2.84 x 108 0.2
3 283 217x10° 05 5.90x 108 02 1.48x10° 0.5 4.09 x 108 0.2
35 385 297x10° 0.5 8.04x108 0.1 202x100 04 5.57 x 108 0.2
4 50.3 391x10° 0.5 1.05x10° 01 264x100 04 7.26 x 108 0.1
Dimensions Area Total BS Error Uncollided BS Error Total M (n Error Uncollided M Error
(cm x cm) (cm?) (ncm2s7) (%) (ncm2s7) (%) am2s?) (%) (n cm2s7) (%)
10x0.71 71 529x108 0.6 1.47x108 0.3 3.65x108 0.6 1.02 x 108 0.34
10 x1.26 126 9.71x108 1.2 2.62x108 02 6.60x108 0.6 1.81 x 108 0.26
10 x 1.96 19.6 150x10° 09 4.10x108 02 1.03x10° 0.5 2.84 x 108 0.2
Rectangular 10 x 2.83 28.3 2.18x10° 0.7 5.90x 108 02 149x10° 04 4.09 x 108 0.17
Ducts 10 x 3.85 385 299x10° 0.8 8.03x108 0.1 203x10° 0.4 5.56 x 108 0.15
10 x 5.03 50.3 3.86x10° 0.5 1.05x10° 01 263x100 04 7.27 x 108 0.13
10x10 100 7.97x10° 1.0 2.09x10° 0.1 529x10° 0.3 1.45 x 10° 0.09
10 x 15 150 1.20x10%° 0.4 3.13x10° 01 791x10° 0.3 2.17 x 10° 0.07
10 = 20 200 1.62x101° 04 4.17 x10° 0.1 1.06x101 0.2 2.89 x 10° 0.06
10 x 23 230 1.90x 101 0.9  4.80x10° 0.1 1.22x10® 0.2 3.32 x 10° 0.06

circular opening with r=1.5 cm to 3.91 x 10°n cm= s for r =4 cm. Comparing these values
with the corresponding areas for rectangular ducts (toroidal lengths up to 5 cm), it be-
comes clear that the shape of the duct has no effect on the fluxes; very similar values were
obtained for the same areas. When the toroidal length of the rectangular duct is increased
to 23 cm, the fluxes increase to 1.9 x 10"°n cm2 s7! (or 1.2 x 10 n cm2 s 2 m away from
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the bioshield). This is in excellent agreement with the results shown in the previous sec-
tion, where fluxes of 1.2 x 101 n cm=2 s! were estimated at the mirror location in the center
duct of the X-ray diagnostic.

When comparing the total flux with the uncollided flux, a ratio between 3.5 and 4 is
found between the two for all cases. While the total flux will be affected by the EP shield-
ing configuration, the uncollided flux will be similar regardless of the EP design.

Table 6. Neutron fluxes as a function of the duct cross-sectional dimensions. BS refers to bioshield
and M to a possible mirror location 2 m behind.

Neutron Flux (n cm2 s?)

Radius (cm)

Area Total BS Error Uncollided BS Error Total M (n Error Uncollided M Error

(cm?) (ncm2s1) (%) (ncm2s7) (%) am2s?) (%) (n cm2s7) (%)
1.5 71 538x108 1.3 1.47x108 0.5 3.68x108 0.9 1.02 x 108 0.6
Circular 2 126 951x108 0.7 2.63x108 03 655x108 0.7 1.82 x 108 0.3
Ducts 25 19.6 150x10° 0.6 4.10x108 02 1.03x10° 0.6 2.84 x 108 0.2
3 283 217x10° 0.5 5.90x 108 02 148x10° 0.5 4.09 x 108 0.2
35 385 297x10° 0.5 8.04x108 0.1 2.02x10° 0.4 5.57 x 108 0.2
4 50.3 3.91x10° 0.5 1.05x10° 0.1 264x10° 04 7.26 x 108 0.1
Dimensions Area Total BS Error Uncollided BS Error Total M (n Error Uncollided M Error
(cm x cm) (cm? (ncm=2s1) (%) (ncm2s7) (%) am2s1) (%) (n cm2s7) (%)
10 x 0.71 71 529x108 0.6 1.47x108 03 3.65x108 0.6 1.02 x 108 0.34
10 x 1.26 126 9.71x108 1.2 2.62x108 02 6.60x108 0.6 1.81 x 108 0.26
10 x 1.96 19.6 150x10° 09 4.10x108 02 1.03x10° 0.5 2.84 x 108 0.2
Rectangular 10 x 2.83 283 218x10° 0.7 5.90x 108 02 149x10° 04 4.09 x 108 0.17
Ducts 10 x 3.85 385 299x10° 0.8 8.03x108 0.1 2.03x10° 0.4 5.56 x 108 0.15
10 x 5.03 50.3 3.86x10° 0.5 1.05x10° 0.1 263x10° 0.4 7.27 x 108 0.13
10 x 10 100 797x10° 1.0 2.09x10° 0.1 529x10° 0.3 1.45 x 10° 0.09
10 x 15 150 1.20x10% 0.4 3.13x10° 01 791x10° 0.3 2.17 x 10° 0.07
10 = 20 200 1.62x10©° 04 4.17 x10° 0.1 1.06x101 0.2 2.89 x 10° 0.06
10 x 23 230 1.90x10®° 0.9 4.80x10° 0.1 1.22x10 0.2 3.32 x 109 0.06

Figure 33 shows the neutron fluxes plotted against the cross-sectional area of the
ducts for the rectangular configuration (the results for the circular ducts are very similar
and were omitted). The flux varies linearly with the duct area. The fits were obtained using
Mathematica [36] for the simple expression f = c¢ A, where f isthe flux, 4 isthe area
of the duct and ¢ is a constant, and they can be used as a first approximation to estimate
the fluxes in ducts with different areas.

The gamma fluxes are a factor of 5-7 lower than the neutron fluxes. In the previous
analysis, 2.3 x 10° y cm2 s™! was obtained for the central duct of the X-ray system, with a
statistical error of 15%, while here the flux is 50% higher: 3.47 x 10°y cm™ s71 (2.5% statis-
tical error). This variation can be explained by the 15% error in the previous simulations,
which points to unreliable results.

Table 7. Gamma fluxes as a function of the duct cross-sectional dimensions. BS refers to bioshield
and M to a possible mirror location 2 m behind.

Gamma Flux (y cm=2s7)

Circular
Ducts

Radius (cm)

1.5

2.5

Area Total BS (y Error Uncollided Error Total M (y Error Uncollided MError

(cm’

7.1

2) cm2s™) (%) BS(ycm2s?) (%) cm?s7) (%) (y cm2s1) (%)
750x107 10.1  4.92 x 107 9.5 448 x107 8.9 3.03 x 107 9.1

126 1.49x108 93 8.09 x 107 6.0 9.89x107 10.6 5.47 x 107 6.5
19.6 2.06x102 6.0 1.27 x 108 5.0 1.25x 108 5.8 8.23 x 107 5.4
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3 283 391x108 98 2.08 x 108 5.9 255x10%8 10.8 1.37 x 108 6.7
3.5 385 5.03x108 131  2.62x108 4.6 3.32x108 157 1.74x 108 5.2
4 503 6.14x10¢ 44 3.55 x 108 3.0 3.57x108 5.0 2.24 x 108 3.3
Dimensions Area Total BS (y Error Uncollided Error Total M (y Error Uncollided M Error
(cm x ¢cm) (cm?) cm2s7) (%) BS((yam?s?) (%) cm2sl) (%) (yem2s) (%)
10x0.71 7.1 729x107 878 4.77 x107 8.09 485x107 9.74 3.30x107 8.85
10 x 1.26 12.6  1.61x108 13.1  9.49 x 107 6.85 1.01x10¢ 15.7 6.33x107 7.44
10 x 1.96 19.6 210x108 8.3 1.38 x 108 9.11 1.38x10¢ 9.34 9.30x107 10.3
Rectangu- 10 x 2.83 283 341x108 6.76 2.00 x 108 432 223x108 7.6 1.32 x 108 42
lar Ducts 10 x 3.85 385 439x108 557 2.66 x 108 424 274x108 635 1.75x108 4.7
10 x 5.03 50.3 6.14x108 523 3.44x 108 395 3.80x10%8 6.15 2.22x108 4.58
10 x 10 100 1.30x10° 4.63 7.27 x 108 328 735x10% 591 4.44x108 3.39
10x15 150 217 x10° 425 1.16x10° 246 1.20x10° 557 7.00x108 291
10 x 20 200 295x10° 231 1.60x10° 1.68 1.55x10° 29 9.32 x 108 1.82
10 x23 230 347 =100 252 1.83x10° 1.8 1.83x10° 3.04 1.06x10° 1.8
2.0x 1010 T T ! ! 4 T ! 4 ¥ T I 4 ¥ T T T ! ! ! ! T ¥
I o
— 8.12143x 10" A(Total BS) 1
10l 2.08652 x 10’ A (Uncollided BS) 1
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§ | — 1.44505x 10 A(Uncollided M)
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Figure 33. Neutron flux variation with the cross-sectional area, for rectangular ducts.

3.3.3. Neutron/Gamma Cameras, Radiated Power and Soft X-ray Intensity

Two diagnostics are currently expected to use straight ducts with even smaller cross-
sections than the ones simulated in the previous section (r=1 cm): the neutron and gamma
cameras [8,9] and the core radiated power and soft X-ray intensity system [10]. The aim of
this section is to provide the neutron and gamma fluxes through the different ducts of
these systems.

The CAD model of the neutron and gamma camera system is represented in Figure
34. It contains 13 ducts with a 1 cm cross-section radius as well as neutron and gamma
detectors and a shielding/collimator block enclosing them. It is similar to the CAD model
of the core radiated power and soft X-ray intensity system, presented in Figure 35, the
main difference being that this updated design of the radiated power system contains 26
ducts instead of 13. The positions of the ducts are also not the same and intersect at differ-
ent points. Despite these differences, these systems have relatively similar duct configu-
rations, and since the simulations required to estimate the fluxes in the port cells are very
CPU-intensive, the configuration presented in Figure 34 (neutron and gamma cameras)
was adopted as representative for both systems in this analysis. The MCNP geometry used
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in the simulations, based on the EP design used in the previous section, is presented in
Figure 36.

Figure 35. CAD model of the core radiated power and soft X-ray intensity system.

Detector positions

\\\\\\\

|

i)

i
l
|

PO NO U BRWN -

i
11
|

|

Figure 36. Neutronics model used in the simulations of the neutron/gamma cameras and core radi-
ated power and soft X-ray intensity system (plane y = 50 cm).

All the cells within the ducts, including the detectors, were modeled as void, to pre-
vent effects related to neutron or gamma scattering in the detector materials, which are
different between the two systems. All materials of the EP were kept unchanged from the
reference model.

As before, the simulations were run using the weight windows generated with the
ADVANTG code. The source biasing parameters generated by ADVANTG were also
added to the reference neutron source. As in the previous section, F5 tallies were used at
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the 13 detector positions to tally the neutron and gamma fluxes. The heat loads in beryl-
lium, the material proposed for the vacuum window of the radiated power diagnostic,
were also calculated with F5 tallies, using conversion factors.

The neutron and gamma fluxes in the 13 positions are summarized in Table 8. As
expected, the uncollided neutron flux increases steadily from position 1 (top, 4.2 x 107 n
cm™ s71) to positions 6 and 7 (middle, 6.9 x 107 n cm™2 s™'), decreasing afterwards until
position 13 (bottom, 3.9 x 107 n cm2 s™'). These fluxes are mostly independent of the EP
shielding configuration. The total fluxes are 2.3 to 2.7 times higher than the uncollided
fluxes and have a similar trend (except at detector 3, where the flux is slightly higher than
in detector 4). The total gamma fluxes are four to five times lower than the total neutron
fluxes, except at detector 2, where the flux has an unexpectedly large statistical error. Even
though the simulations were performed for 5-7 days with 720 processors in the MAR-
CONI cluster, it was not possible to bring the statistical errors in the gamma fluxes below
10% for all positions. Nevertheless, a trend can be established from the results in the po-
sitions where the errors are smaller.

The nuclear heat loads in beryllium are presented in Table 9. As these results were
obtained with F5 tallies, the heat loads due to uncollided neutrons and gammas are also
presented, along with the total heat loads obtained by summing the neutron and gamma
contributions. Since beryllium is a neutron moderator and the neutron fluxes are higher
than the gamma fluxes, neutrons have the highest contribution to the total heat loads,
exceeding the gamma contribution by more than one order of magnitude. The total heat
loads range from 3.0 puW/cm? at position 13 to 5.3 pW/cm? in the central detector positions
(6 and 7). The statistical errors are below 1% for all positions.

Table 8. Summary of the neutron and gamma fluxes at the 13 detector positions of Figure 36.

Neutrons Gammas
Detector Total Uncollided Total

Flux (n/cm?/s) Error (%) Flux (n/cm?/s) Error (%) Flux (n/cm?/s) Error (%)
1 1.07 x 108 1.2 4.15 x 107 0.3 1.94 x 107 8.6
2 1.26 x 108 1.1 5.07 x 107 0.3 5.05 x 107 46.4
3 1.41 x 108 0.7 5.83 x 107 0.2 2.78 x 107 8.3
4 1.38 x 108 0.7 5.89 x 107 0.2 3.01 x 107 13.5
5 1.54 x 108 0.7 6.66 x 107 0.2 3.18 x 107 7.8
6 1.61 x 108 0.6 6.94 x 107 0.2 3.66 x 107 9.2
7 1.60 x 108 0.6 6.92 x 107 0.2 3.65 x 107 14.4
8 1.57 x 108 0.7 6.70 x 107 0.2 3.62 x 107 9.6
9 1.52 x 108 0.7 6.43 x 107 0.2 3.08 x 107 7.9
10 1.42 x 108 0.8 5.95 x 107 0.2 3.48 x 107 13.5
11 1.33 x 108 0.8 5.46 x 107 0.3 3.16 x 107 14.0
12 1.21 x 108 1.0 4.66 x 107 0.3 2.67 x 107 18.3
13 1.04 x 108 1.3 3.85 x 107 0.4 2.23 x 107 14.7

Table 9. Heat loads in Be by neutrons and gammas at the 13 detector locations of Figure 36.

Neutron

Gamma

Total
Total Uncollided Total Uncollided ota
Detector
Heat Load Error HeatLoad Error HeatLoad Error HeatLoad Error HeatLoad Error
(W/cm3) (%) (W/cmB3) (%) (W/cmBd) (%) (W/cm3) (%) (W/cm3) (%)
1 3.02 x 106 0.4 2.62x10¢ 0.4 194 x107 11.4 1.38x107 94 3.21x106 0.5
2 3.68 x 106 0.3 3.22x10¢ 0.3 2.33x107 9.4 1.73x107 74 3.91x106 0.4
3 4.18 x 106 0.4 3.65x10¢ 0.3 2.34x107 10.3 1.69 x107 6.8 441 %106 0.5
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4.21 x 10°
4.77 x 10
4.97 x 10
4.96 x 10
4.83 x 10
4.67 x 10
4.29 x 10
3.94 x 10
3.37 x 10
2.84 x 10

0.3 3.70x10° 0.3 259 %107 7.5 2.02x107 7.2 447 x10° 0.3
0.3 4.19x10° 0.2 259 x107 6.2 2.02x107 5.7 5.03x10° 04
0.2 438 x10° 0.2 3.12x107 8.1 216 x107 55 528 x10° 0.3
0.2 4.37=x10° 0.2 291 x107 6.7 216 x107 55 525x10° 0.3
0.3 425x10¢ 0.2 2.68x107 7.0 216x107 6.3 5.10x10° 0.4
0.4 410x10°¢ 0.3 291107 8.0 213x107 5.7 496 x10° 0.5
0.4 3.75x10° 0.3 3.01 x107 121 2.03x107 6.9 459 x10° 0.5
0.3 3.45x10° 0.3 236 x107 8.7 1.69x107 7.5 417 x10° 04
0.4 293 x10° 0.4 221107 9.7 1.72x107 8.7 3.59x10° 0.5
0.5 245x10° 0.4 1.55x107 7.9 1.35x107 8.6 2.99x10° 0.7

Due to the computational resources required to run these simulations, it can be an-
ticipated that if more detailed results are required —nuclear heating in different detector
volumes, for example—a different strategy should be followed, possibly involving the
generation of a secondary source at the exit of the bioshield. The benchmark of such a
source could be challenging; however, that work could be simplified by defining sources
only at the bioshield openings. Such an approximation seems acceptable at this stage, con-
sidering that the contribution of uncollided neutrons (14 MeV) accounts for 86-88% of the
neutron heat loads, or 82-83% of the total loads, as estimated with the F5 tallies in MCNP.
This approach will be explored in future simulation work.

3.3.4. Alternative Configuration of the X-ray Spectroscopy Diagnostic

As stated in Section 3.3.1, the design proposed for the X-ray spectroscopy system
leads to very high neutron and gamma streaming to the port cell. As shown in Figure 28,
neutron fluxes up to 2 x 10'°n cm2 s were predicted to reach the port cell through the
large straight ducts (23 cm x 10 cm) of the X-ray spectroscopy system, almost four orders
of magnitude higher than in the default EP configuration without diagnostics. These
fluxes, along with gamma fluxes one order of magnitude lower, would lead to high dose
rates that would exceed the limits in the port cell and that could compromise the integrity
of electronic devices in the port cell. The sensitivity study presented in Section 3.3.2 has
allowed us to evaluate the effect of reducing the cross-section of the ducts on the neutron
and gamma streaming to the port cell. In parallel, alternative diagnostic duct geometries
have been investigated, based on flat highly oriented pyrolytic graphite (HOPG) pre-re-
flectors, as included in the design of a similar system for ITER [60]. Although the feasibility
of these alternative configurations is still questionable—due to low reflectivity and the
possibility of increased radiation streaming to the magnets [61]—it is worthwhile to eval-
uate if such configurations would address the radiation streaming issue. The neutronics
simulations presented in this section aim to contribute to a better understanding of the
different design options for the X-ray spectroscopy system.

The reference model used for the simulations is the same as presented in the previous
sections. The neutronics CAD model of the system, including the HOPG mirrors to mini-
mize streaming, is presented in Figure 37. The three ducts maintain the previous dimen-
sions (23 cm x 10 cm), but not in straight paths from the plasma to the port cell, as before.
Since the objective was to evaluate the streaming through the X-ray ducts, the other sys-
tems, which have very small contributions to the total fluxes in the port cell, were not
included in the model.

The MCNP model is presented in Figure 38, for plane z = 1 cm. The crystal Bragg
reflectors in the port cell were also included, and used to tally the neutron and gamma
fluxes that cross the bioshield plug. All the simulations were run using weight windows
generated with the ADVANTG code and further manipulated with the iWW-GVR tool.

The neutron and gamma fluxes obtained with the alternative duct configuration are
presented in Figures 39 and 40, for planes y and z. The neutron fluxes in the three crystal
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Bragg reflectors of the port cell were 5.6 x 107, 1.2 x 108 and 7.4 x 107 n cm2 s, with statis-
tical errors of 24%, 43% and 10%, respectively. Even though 2 x 10 particles were simu-
lated, for 5-7 days per simulation and with 720 processors per simulation, the statistical
errors are very large in all but one of the mirrors. Nevertheless, the results indicate that
with a configuration like this, and including some shielding optimization, it should be
possible to reduce the neutron fluxes to below 1 x 108 n cm= s™!, which means a reduction
by more than two orders of magnitude when compared to the straight ducts.

Similar reductions were obtained in the gamma fluxes: 2.6 x 107, 6.2 x 107and 4.3 x
107y cm™2 s in the three mirrors, with statistical errors of 7%, 9% and 6%. Again, this is
almost two orders of magnitude lower than the gamma fluxes obtained with the straight
ducts.

Bioshield plug
First wall Prereflectors l

Port cell space

T E—
et e

Toroidal view

Figure 37. CAD model of the EP used in the simulations with transparent cells, showing the pre-
reflectors and the diagnostic ducts of the X-ray spectroscopy system.
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Toroidal view

Figure 38. MCNP model of the EP, showing the X-ray spectroscopy ducts (plane z=1 cm).
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Figure 39. Neutron (n cm™ s!) and gamma (y cm™ s™) fluxes in plane y with the alternative X-ray
spectroscopy ducts.

As mentioned before, there are no limits defined for the neutron and gamma fluxes
in the DEMO port cell, and no calculations of shutdown dose rates are provided here.
However, it seems feasible, based on the simulation experience from ITER (although the
dose rates will depend on the components present in the port cell and on the integrated
fluxes) [62], to comply with the limit of 100 uSv/h in the port cell 12 days after shutdown
with neutron fluxes below 1 x 108 n cm2 s7! reaching the port cell. Nevertheless, shutdown
dose rate simulations with models of the port cell components are required to assess the
compliance with the limit.

It should also be mentioned that without further shielding, the alternative duct con-
figuration presented here is expected to increase the nuclear heat loads in the toroidal field
coils. Further studies are therefore required to calculate these loads and to compare the
results between configurations.
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Figure 40. Neutron (n cm™? s™) and gamma (Y cm™ s7) fluxes in plane z with the alternative X-ray
spectroscopy ducts.

4. Conclusions

This paper aimed to provide a broad view of the radiation environment that diag-
nostics in DEMO are expected to face, assuming as a reference the water-cooled lithium
lead blanket (WCLL) configuration. Resorting to diagnostics representative of different
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integration approaches in DEMO —inner vessel, ex-vessel and equatorial ports—neutron-
ics simulations were performed to estimate the fluxes, heat loads, dose rates and dpa in
different sections of the tokamak, using pre-conceptual CAD models of the diagnostics.

The first simulations were related to inner-vessel diagnostics, distributed poloidally
around the plasma: in-vessel magnetics sensors and the diagnostics slim cassette (DSC),
projected for the integration of microwave reflectometry and the ECE. These simulations
have shown that the introduction of the DSC designed for reflectometry will not compro-
mise the mechanical integrity of the VV, as the fluxes and loads behind the DSC are com-
parable to the ones obtained behind the WCLL breeding blanket (BB) without the DSC.
Another conclusion of this study is that the fluences in the magnetics sensors behind the
blankets, integrated over the whole DEMO lifetime, are comparable to the ones expected
for ITER, even though ITER will operate only for 0.54 FPY instead of the 6 FPY of DEMO.
This is due to the excellent shielding performance of the current WCLL blanket design. It
should be noticed, however, that the analysis presented here is not conservative: with the
alternative helium cooled pebble bed (HCPB) blanket, the fluences in the sensors would
increase up to a factor of 10, increasing the loads significantly in the in-vessel magnetics
sensors in comparison with ITER. Additionally, the current WCLL blanket design is far
from final, and a reduction in its shielding capability in the near future cannot be ruled
out at this stage. Another important point is that the fluences below the divertor in DEMO
are increased by at least a factor of 4 when compared to ITER. For all these reasons, R&D
studies for magnetics sensors should still be based on the assumption that the loads in
DEMO will exceed those expected for ITER.

Ex-vessel Faraday sensors were simulated next. Asin ITER, this diagnostic is planned
to be installed on the outer surface of the VV, with the aim to provide information on the
plasma current during long plasma discharges. A maximum dose rate of 2.2 MGy/FPY
was obtained in the simulations, which, integrated over 6 FPY, would exceed the 10 MGy
considered as a conservative upper limit for the sensors’ lifetime dose in ITER. Neverthe-
less, this happens only in the divertor region, which is not modeled as accurately as the
blanket in these simulations (and where the shielding has not been optimized yet). In the
remaining regions, the dose rates are up to three orders of magnitude lower.

Finally, an equatorial port containing three diagnostics—X-ray spectroscopy, di-
vertor monitoring and pellet monitoring—was simulated in detail. Considerable neutron
streaming to the port cell was predicted with the initial design of the X-ray spectroscopy
diagnostic, which foresaw large (10 cm x 23 cm) straight ducts between the plasma and
the port cell. With neutron fluxes up to 2 x 10 n cm= s, it can be anticipated that the
current design would not comply with the dose rate limit of 100 uSv/h in the port cell 12
days after shutdown. A sensitivity analysis was then performed to evaluate the neutron
streaming as a function of the duct cross-section, for diagnostics that require direct views
of the plasma, without mirrors or doglegs. This study was extended to two such diagnos-
tics, with 1 cm radius ducts: the neutron/gamma cameras and the radiated power and soft
X-ray intensity diagnostic. Neutron fluxes of the order of 1-2 x 108 n cm=2 s! were obtained
in the port cell for those diagnostics. Finally, an alternative design of the X-ray spectros-
copy diagnostic, based on graphite pre-reflectors, was shown to reduce the neutron fluxes
in the port cell to ~1x 108 n cm™ s. This configuration might, however, increase the nu-
clear heat loads in the toroidal field coils. Accurate shutdown dose rate calculations in the
port cell should be carried out in future work, along with a detailed study of the effect of
the diagnostic port configurations on the nuclear heat loads in the magnets.
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