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On this thesis, a irradiation and thermo structural analysis and optimization of the Collective
Thomson Scattering fusion diagnostic first mirror is performed. This analysis comprises five different
mirror material hypothesis, several geometries and several types of cooling temperatures.
The firsts steps of the analysis consist on using the Monte Carlo N-particle Transport Code to
get data for heat deposition in the mirror, volumetric flux calculations and surface flux calculations.
These results are analyzed to confirm their coherence.
With the previous results, a new set of analysis can be performed. Using the software Ansys
Multiphysics, maximum temperature and temperature gradients through the mirror are analyzed on
steady-state, so that conclusions about influence of the material melting temperature are achieved.
Finally, a transient analysis, with and without cooling, for three of the materials allows to understand
the mirror temperature and von Mises stresses over a 400 seconds discharge on the International
Experimental Thermonuclear Reactor.
The results show that the mirror will not achieve the melting temperature of the materials.
The mirror will have to be subject to cooling. They also show that the mirror will always suffer
deformation.
INTRODUCTION

The humanity is living a century of transition in terms
of global energy resources usage. The fossil fuels will be
gradually replaced by the renewable and nuclear energies.
In terms of nuclear sources the fission process already
showed that it isn’t likely to have a higher impact than it
already had, so nuclear fusion stands as the hope for the
widespread of nuclear sources. Therefore, it is of main
relevance to study this process and help to develop the
technology and science to use it as source of electricity
production.
The most promising fusion reaction has the form 1.
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+31 T →42 He(3, 5M eV ) + n(14, 1M eV ).

In fact, the D-T reaction has higher cross section values, than the other available reactions (D-D and D-He3 ),
at lower deuteron energies.
To make fusion work there will be plasma diagnostics
measuring the essential properties of the plasma, as its
temperature, density, etc. Collective Thomson Scattering (CTS) is a microwave plasma diagnostic and its first
mirror is the subject of study on this thesis.
On fig. 2 is illustrated the general CTS located on the
low field side. This design is provided by a team from
Denmark Technical University. It is not a final design,
but already gives insight into what components will be
part of the system.

(1)

This idea is justified by Fig. 1 where a representation
of the cross section for three different reactions is done,
in function of the deuteron energy.

FIG. 2. CTS receiver mirrors [2]

FIG. 1. Different fusion reactions cross section [1]

The first mirror from this system can be observed on fig
3. This mirror will the main subject of this thesis. It will
be used for irradiation and thermo structural analysis to
understand if it sustains its general shape under ITER
conditions.
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The sequential workflow of tasks for this thesis concerned the definition of calculations on MCNP. The confirmation of the coherence between the obtained results.
Then these calculated results were used as input on Ansys to perform the thermo structural analysis. A diagram
illustrating this workflow is represented on fig. 5.

FIG. 3. CTS single mirror solution [2]

Moreover, it will be concluded which material should
be used for the mirror and if there is necessity for cooling.
This is possible because the final design of the mirror has
not been yet defined.

EXPERIMENTAL ENVIRONMENT

FIG. 5. Schematic Workflow

The performed experiments and calculations were performed using Monte Carlo N-Particle Transport Code
(MCNP) for neutronics calculations and Ansys Multiphysics (Ansys) for thermo structural analysis. The geometry of the MCNP problem is a 40-degree ITER model
obtained from the nuclear department of Denmark Technical University. This model can be observed on fig. 4.

In general, the experiences consisted on making the
MCNP calculations and part of the Ansys analysis for
5 materials: Aluminum, Copper, Stainless Steel, Molybdenum and Tungsten. For each material 23 thicknesses
and 11 lengths were tested to obtain information of the
mirror behavior with different geometries. The thickness
and length of the mirror are defined on fig 6.

FIG. 4. ITER 40 degree geometry with the CTS system (Captured on Vised)

FIG. 6. Mirror Dimensions scheme
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RESULTS

The main results obtained were heat loads, heat fluxes,
maximum temperatures and temperature gradients on a
steady-state regime and maximum temperatures and von
Mises stresses on a transient regime.

Heat Loads on the mirror

The heat load calculations were performed with Monte
Carlo N-Particle Transport Code and are a measure of
the heat deposition on the mirror’s surface due to the
irradiation of photons and neutrons. The heat load due
to photons and neutrons is illustrated on fig. 7 were
it seems these values are high for lower thicknesses and
tend to decrease when thickness increases. With length
the values tend to be higher on lower length and decrease
with increasing length. Tungsten has the highest what
load values, followed by Molybdenum and Stainless Steel.
The lowest values are for Aluminum follow by Copper
which is very close to the Stainless Steel Values.

FIG. 8. Photon Heat Loads

On fig. 9 the neutron heat loads show much lower
magnitudes and a change of the material magnitude position. Molybdenum has the lowest values followed by
Aluminum. Stainless Steel has the highest values followed by tungsten and copper, with very similar values.

FIG. 9. Neutron Heat Loads

FIG. 7. Total Heat Loads

These heat loads can now be compared to the heat
fluxes to understand it the results are coherent and show
similar trends with dimensions. Later the heat loads are
used as inputs on Ansys Multiphysics.

Neutron Flux

The photon heat loads illustrated on fig. 8 have the
same kind of trend and the material magnitudes only
change between Stainless Steel and Cooper. Stainless
Steel shows a lower photon heat loads than copper.

The volumetric flux (fig. 10) of neutrons an photons
shows coherence between the results from the heat load
calculations, because it shows the same kind of behavior
with thickness and length.
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FIG. 10. Total volumetric flux variation with mirror thick
and length

Ansys also needs the heat fluxes on the mirror surface
as input, so these were calculate withe MCNP and can be
observed on table I. Their values only vary with length,
since they are calculate on the frontal mirror surface.
Length (cm)
10
20
30
40
50
60
70
80
90
102
110

0.0686
0.0655
0.0637
0.0623
0.0614
0.0605
0.0591
0.0571
0.0563
0.0600
0.0592

Heat Flux (kW/m2 )
±
±
±
±
±
±
±
±
±
±
±

0.0003
0.0006
0.0008
0.0009
0.0010
0.0011
0.0013
0.0014
0.0016
0.0018
0.0024

Steady-state regime

On the steady-state regime the maximum temperatures for the different mirror dimensions,materials and
coolings were analyzed. For a 273 K cooling the temperatures are illustrated on fig. 11 showing the general
trend of the data and on fig. 12 where rye temperature
peaks for each material can be observed. Stainless steel
achieves the highest temperatures, followed by tungsten
and molybdenum. Copper and aluminum have the lowest
maximum temperatures.

TABLE I. Heat fluxes on the mirror surface

Thermo Structural Analysis

The thermo structural analysis was the logical step after the MCNP calculations. It uses these calculations’
results as an input for the simulation software Ansys. A
steady state regime and a stationary regime are simulated. On the steady state regime all the materials are
tested for all the dimensions. On the transient regime
only Stainless Steel, Molybdenum and Tungsten are simulated for a 102 cm length and 10 cm thickness. Copper
and Aluminum were not simulated, since their properties
made them weakest under iTER conditions. A general
resume of the most important material properties can be
observed on table II.
Materials
Aluminum Stainless Steel Copper Molybdenum Tungsten
Mass density (g/cm3 )
2.70
7.95
8.93
10.22
19.30
Specific Heat (J/Kg K)
900
560
385
255
134
Thermal Conductivity (W/ mK)
243
15.7
398
138
163
Young’s Modulus (GPa)
62
184
110
330
400
Melting Point (K)
933.52
1647
1356
2896
3273
Yield Strength minimum (MPa)
7
170
50
400
550

FIG. 11. Maximum temperature for a 273
K cooling

FIG. 12. Maximum temperature for a 273
K cooling (alternative view)

TABLE II. Material properties [3]

On steady state regime only the maximum temperature and maximum temperature gradients were analyzed,
to understand it the materials would achieve the melting temperature point or not. On the transient regime
an analysis over a 400 second ITER discharge shows the
time evolution of the maximum von Mises stresses and
maximum temperature.

For a 473 K cooling the same general trend is illustrated on fig. 13 and the peaks on fig. 14. The materials maintain the same magnitude relations with the
temperatures general magnitude increasing, since cooling
is higher.
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FIG. 13. Maximum temperature for a 473
K cooling

FIG. 15. Maximum temperature for a 673
K cooling

FIG. 14. Maximum temperature for a 473
K cooling (alternative view)

FIG. 16. Maximum temperature for a 673
K cooling (alternative view)

For a 673 K cooling the general trends is the same as
before on fig. 15 and the peaks on fig. 16 show that
the material magnitude relations is also kept. The temperature magnitude values increaser with the increasing
cooling temperature.

Finally, for a 873 K cooling the general trend is again
the same as illustrated on fig. 17 and the peaks show the
same relation between the materials temperatures magnitudes on fig. 18. The maximum temperature with this
cooling achieves the maximum values.
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FIG. 19. Mirror deformation (Front view)
FIG. 17. Maximum temperature for a 873
K cooling

FIG. 20. Mirror Deformation (Top view)

FIG. 18. Maximum temperature for a 873
K cooling (alternative view)

In general the materials never reach the melting temperature point, as it can be confirmed through table II.
The 0 K zone observed on all the plots is a no convergence zone, where the temperatures would be too high
that Ansys could not converge on finding a solution.

Transient Regime

The transient regime is over a 400 s period, since this
is the minimum expected time for a ITER discharge. Using Ansys the mirror deformations for each material and
each setup (cooling or no cooling) can be captured. The
visualization in Ansys shows always the same figure, since
the mirror deformation is always the same. So, for simplification only images of a cooled Tungsten are shown.
The front view of the mirror deformation is illustrated
on fig. 19, while the top view is on fig. 20.

The mirror deformation is higher on its horizontal extremes, so it creates and effect of bending backwards on
it.

On a transient regime the maximum temperature and
von Mises stresses nodes (Nodes are the points that define
the mirror structure on Ansys) were chosen to plot the
temperature for the cooled and not cooled mirror scenarios. On the plots the ’R’ designation is associated with
the cooled scenario of 273 K and the ’NR’ designation
is associated with the not cooled scenario. For stainless
steel the maximum temperatures evolution is represented
on fig. 21 where it is clear that the temperatures have not
reached and equilibrium, neither for the maximum temperature node nor the maximum von Mises stress node.
In general the results seems to be stabilizing towards the
steady-state temperature. The cooled scenario has temperatures of almost half the magnitude.
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FIG. 21. Stainless Steel maximum temperatures on transient
regime

FIG. 23. Molybdenum maximum temperatures on transient
regime

The von Mises stresses illustrated on fig. 22 suffer a
similar behavior to the temperatures, but when cooled
tend to have a much faster stabilization. Its values are
higher than the material held strength, so this justifies
the deformation.

Its von Mises stresses illustrated on fig. 24 show the
same behavior as before when no cooling is used. Withe
cooling the magnitude of the values is much lower and
seems achieve stability fast. On the cooling scenario
the deformation will exist but the values of the von
Mises stresses do not necessarily pass the material yield
strength so it maybe regain its shape.

FIG. 22. Stainless Steel maximum von Mises stresses on transient regime
FIG. 24. Molybdenum maximum von Mises stresses on transient regime

For stainless steel the maximum deformations of the
mirror is without cooling 0.025 m and with 0.019 m cooling.
For Molybdenum the temperature behavior seems similar to stainless steel as illustrated on fig. 23. However
when the mirror is cooled the temperatures achieve stability very fast and at lower temperatures. The magnitude of the cooled temperatures is more than a half lower,
while on the no cooling scenario the temperatures keep
increasing.

The maximum deformations of the mirror for molybdenum are 0.0035 m without cooling and 0.0010 m with
cooling.
Tungsten maximum temperatures have the same kind
of trend as the one from molybdenum and it is illustrated
on fig. 25. Again, with no cooling the temperatures keep
increasing after the 400 s, while with cooling they achieve
stability fast.

8
m without cooling and 0.0009 m with cooling.

Conclusions

FIG. 25.
regime

Tungsten maximum temperatures on transient

The von Mises stresses illustrated on fig. 26 achieve
stability fast for a cooled mirror and tend do keep increasing for a mirror with no cooling. The values for the
von Mises stresses on this material are also on the order of the yield strength, so it may regain its shape after
deformation.

The conclusions to this work concern mainly the physical effects on the materials and the cost vs benefits analysis. A simplistic cost analysis can be performed looking
at table III. Stainless Steel is the cheaper material, but
suffers the worst deformation. Molybdenum is in an intermedium state of deformation and price, while tungsten
is on the other extreme with an high price but the lowest
deformation.
Materials
Price ($/Kg)
Stainless Steel
2
Molybdenum
95
Tungsten
200
TABLE III. Material costs in dollars per kilogram

In general the most important conclusions were:
• The mirror will need cooling to sustain the heat
loads and fluxes
• There is a threshold on the mirror usable dimensions
• The current design will be subject to bending on
its extremes and elongation
• The decision of which material to use will be based
on a cost/benefit analysis

FIG. 26. Tungsten maximum von Mises stresses on transient
regime

The maximum deformations of the mirror are 0.0038
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