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ABSTRACT

Spallation neutron sources allow obtaining high neutronic flux for many scientific and
industrial applications. In recent years, several proposals have been made about its use,
notably the European Spallation Source (ESS), the Japanese Spallation Source (JSNS) and the
projects of Accelerator-Driven Subcritical reactors (ADS), particularly in the framework of
EURATOM programs. Given their interest, it seems necessary to establish adequate design
basis for guiding the engineering analysis and construction projects of this kind of
installations.
In this sense, all works done so far seek to obtain particular solutions to a particular
design, but there has not been any general development to set up an engineering methodology
in this field. In the integral design of a spallation source, all relevant physical processes that
may influence its behaviour must be taken into account. Neutronic aspects (emitted neutrons
and their spectrum, generation performance…), thermomechanical (energy deposition,
cooling conditions, stress distribution…), radiological (spallation waste activity, activation
reactions and residual heat) and material properties alteration due to irradiation (atomic
displacements and gas generation) must all be considered.
After analysing in a systematic manner the different options available in scientific
literature, the main objective of this thesis was established as making a significant
contribution to determine the limiting factors of the main aspects of spallation sources, its
application range and the criteria for choosing optimal materials. To achieve this goal, a series
of general simulations have been completed, covering all the relevant physical processes in
the neutronic and thermal-mechanical field. Finally, the obtained criteria have been applied to
the particular case of the design of the spallation source of subcritical reactors PDX-ADS and
XT-ADS. These two designs, developed under the European R&D Framework Program,
represent nowadays relevant concepts in subcritical reactors.
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1

INTRODUCTION

Neutron sources have become an important tool in several areas of industry and science as
material irradiation, topography, production of radio-isotopes for medical use, incineration of spent
nuclear fuel, etc. In many of this areas, it is not necessary to have high amount of neutrons, so the
problem can be solved using small neutron sources as Californium 252 or Americium-Beryllium. There
are same technical application as material irradiation or subcritical reactors that need high intensity
neutron sources. In these cases, conventional sources are not enough.
Hight amount of neutrons can be produced using several nuclear reactions: fusion, fission,
striping, (n,xn), etc. But the best energetic conditions are obtained in spallation reactions, and due to
this, these reactions have been proposed to obtain neutrons in high intensity sources.
The spallation reaction is produced by a high-energy hadron (usually a proton) in a high mass
atom. Some 100 MeV per nucleon is enough to induce the process, although the most suitable energy
level seems to be around 1 GeV per proton, which is of the order of the energy corresponding to its
mass at rest. The reaction has two different parts: the intranuclear cascade that is produced by the
interaction between the high-energy hadron and the nucleons of the atom, with a scale of time of
−23
s, and the evaporation, that is produced by the desexcitation of the residual nucleus of the first
10
step, with a scale of time of 10−21 s. In the full process, between 10 and 30 neutrons are produced,
depending on the energy of the incident hadron, and the mass number of the target. In any case, the
reaction products an important amount of energy that induce thermal heating, and produce a residual
nuclei that will suffer several decay steps until it becomes stable.
A spallation neutron source has tree componets clearly separated: the accelerator, the beam
line and the target. The accelerator is the device that produces the high energy hadrons, and the the
beam line is the instrument that transport the hadrons produced by the accelerator to the target, and in
the target is produced the interaction between hadrons and atoms. The work developed in this PhD is
focused in the target considering the accelerator and the beam line as boundary conditions.
The design of the spallation target is a very complex process, that has to consider all the
physical process that take part in the target material. The main processes that have to be considered
are:
 Spallation reactions
Spallation reactions produce several neutrons, photons, electrons and an
important amount of heat increases the temperature of the blanket.


Conventional nuclear reactions
Spallation neutrons can produce nuclear reactions on the target as (n,xn),
captures or fissions, that increase the thermal heat produced in the blanket, an modify
the energy of the neutrons produced in the source.



Decay process
The residual nuclei produced in the spallation reactions suffers several decays in
order to became stable. This process, produce and important activity that have to be
considered in the nuclear safety analysis of the source.



Nuclear damage
The nuclear damage has two different components: Displacement and gases.
In nuclear reactions between neutrons or protons with an atom of the target,
energy is transferred to the atom. If that energy is higher than a given displacement
energy, this atom will leave its position in the cristalline structure of the material and
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suffer several collisions with other atoms of the net, producing Nuclear damage. This
damage will change the mechanical properties of the material and have to be
considered.


In several nuclear reactions, H and He are produced. This gases can
diffuse in the metalic net forming gas bubbles. This bubbles produce swelling, that in high
irradiation cases can change a 40 % the target dimensions.



Thermohidraulic
The energy deposition due to protons, neutrons and nuclear reactions, can
produced a heat generation of around 109 W/m³. This heat deposition induces an
increase of temperature. In order to take under control the target temperature, is
necessary to cooled properly. In the case of the solid targets the coolant used to be a
gas in order not to change the neutronic flux. In the case of molten targets, the molten
material is itself the coolant, because it can move away from the interaction region, going
to the appropriate coolers.



Mechanical
The heat deposition produce thermal gradients, and this thermal gradients
induce thermal stress. This thermal stress has to be under the yield stress of the material
in order to avoid mechanical failure. This limit has different applications depending of the
type of target. In molten target the mechanical limit is located in the window material, and
in solid targets the limit is produced on target material.

The main objective of this PhD is to developed an engineering methodology, based on the
systematic analysis of the interrelation between every involved physical process (neutronics, thermalhydraulics and material resistance under irratiation), to determine the limiting factors of the main
spallation sources designs, its application range and the criteria for choosing optimal materials . In
order to do it, several target designs available on the scientific literature have been analysing,
comparing different targets and spallation materials.
Finally, the obtained criteria have been applied to the particular case of the design of the
spallation source of subcritical reactors PDX-ADS and XT-ADS.

2. Methodology
All the physical processes described previously, have been simulated using several codes
conveniently validated for each physical phenomena. Table 1 shows the codes associated to the
physical processes that have been simulated. The full process of the simulation is represented on
Figure 1. The spallation reactions, neutron induced reactions and residual nuclei are calculated by
means of MCNPX[1]. The estimated residual nuclei, are the input for ORIGEN[2] code that simulates
the decay lines obtaining the activity and the residual heat. For the estimation of irradiation damage, it
has been used cross sections for neutrons and nuclear models for protons.
The thermal heat estimated by MCNPX is used as thermal input for FLUENT[3], which solves
the thermalhydraulic problem. The results of temperature are the input for the ANSYS[4] code, which
solves the mechanical problem.

XYZ.4

Proceedings of the International Youth Nuclear Congress 2008

Physical Processes

Code

Spallation reactions

MCNPX

Nuclear Reacctions

MCNPX

Activity and decay heat

ORIGEN

Irradiation damage

MCNPX, HATAPE3X

Energy deposition

MCNPX

Termohydraulics

FLUENT

Mechanic

ANSYS

Table 1: List of codes that have been used in the spallation target analysis and their purpose

Figura 1: Calculus process

3. Source constructive solutions
The spallation sources have a large range of applications, from small applications on medical
isotopes production, to high intensity applications in subcritical reactors. In order to approach the
source design different constructive solutions exist that have to be considered. This solutions can be
classified in two different categories: solid spallation sources and molten spallation sources.
3.1 Solid spallation sources
Solid spallation sources are usually proposed in low energy applications. Its main
characteristic is that the spallation target is in solid state so in every operation condition the
temperature and the mechanical stress has to be under the melting point and yield stress respectively.
Due to this the maximum amount of thermal deposition that can be supported by the source is
relatively low.
Tungsten and tantalum are the materials usually proposed for solid sources due of its
refractory properties. Both materials have a very high melting point and a high yield stress. In several
cases as the FEAT[5] experiment, uranium has been used in small sources. Uranium has properties
far from the previous materials, but can produce a high number of neutrons due to fission reactions.
XYZ.5

Proceedings of the International Youth Nuclear Congress 2008

Material

Tungsten

Tantalum

Uranium

Mass number (u)

183,84

180,94

238,02

Density (Kg/m³)

19250

16700

19100

Meelting point (ºC)

3422

3422

1132,2

Conductivity (W/m-ºC)

173

59,5

27,5

Thermal expansion coefficient
(μm/m-ºC)

4,5

6,3

13,9

Young Modulus(GPa)

411

186

208

Yield stress limit (MPa)

550

220

500

Displacement threshold energy (eV)

90

53

60

Maximum Irradiation

2[6]

11[7]

-

C.C.C

C.C.C

Orthorhombic

Cristaline structure

Tabla 2: Properties of solid target materials

The first solid source design analysed is the compact solid source. This design is the most
suitable for protons interaction with the target material, were more than 95 % of protons interact with
the first wall. The Figure 2 shows the geometrical design of the source. The fist wall thickness has to
be modified depending the proton energy in order to permit the interaction of the same amount of
neutrons on each source.

Figure 2: Geometry proposal for a solid target

As it will be seen later, the main disadvantage of compact solid target is the high thermal
stress which limit the intensity of the proton beam. In order to decrease the stress, is proposed the
sparse solid target design. The concept of this design is to reduce de thermal deposition in the first
wall of the source reducing its thickness. The geometrical design of the sparse conic source is very
close to the solid target, but using a fixed thickness in the first wall without dependence of protons
energy.
The conical design do not permit the increase of the amount of walls in the source due to
tolerance problems. To solve it, it is proposed the sheets solid source, that permits to reduce the
thickness of the first wall even more than the previous design. Figure 3 shows the geometrical design.
The thickness of the sheets was fixed to 1 mm.
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Figura 3: Geometry of the proposed sheeded solid target

3.2 Molten spallation sources
When the thermal deposition on the target increases, it is not possible to cool the target. In
this case is necessary to change the concept of the solid source by the molten source. In molten
sources the target material is a molten metal of high mass number as lead or bismuth, that keep the
spallation reactions and cool the source.
As target materials, several liquid metals have been proposed as lead-bismuth, lead, mercury,
tin and tin-lead. The lead-bismuth target has de advantage of its low melting point and high mass
number but produces and important amount of Polonium-210 that can produce and important
radiological problem. In order to reduce the polonium production lead was proposed but it has de
disadvantage of its very high melting point. The mercury target has a mass number similar to the lead
but with a melting point below the room temperature, but it will produced toxic stems in high
temperature range. Tin alloys have a low melting point and do not produced polonium. Table 3 shows
the different target materials proposed as molten spallation target.
Material

Pb

Pb-Bi

Hg

Sn-Pb

Sn

Mas number (u)

207.2

208.1

200.6

152.33

118.71

Density (Kg/m³)

11340

10507

13550

8200

6850

Melting point (ºC)

327.5

125.0

-38.69

183

232.12

Viscosity (kg/ m-s)

1.9E-3

2.3E-3

1.2E-3

2.2E.3

1.1E-3

17.5

9.28

8.53

21.3

27.5

Conductivity (W/m-ºC)

Tabla 3: Physical properties of molten target materials

There are two different concepts of molten source: window and windoless. In window sources
there is a solid material that separates the target and the beam line: the window. The window is
subjected to high temperature, thermal stress and irradiation damage so is going to be the critical
element of the window sources. The Figure 4 shows the geometrical design of the source.

XYZ.7

Proceedings of the International Youth Nuclear Congress 2008

Figure 4: Geometry of the windowed molten metal spallation

In order to solve the problems associated with the window it can be removed. In this case the
interface between the molten metal and the vacuum is the limit of the target. This windowless sources
are only limited in its operation range by the vacuum pressure of the interface. Nevertheless its is not
clear that the interface can be stable along the operational range of the source. Figure 5 shows the
geometrical design of the source.

Figure 5: Geometry of the windowless spallation target

4. Comparison between different target materials
As it has been seen in previous paragraph, different target materials have been proposed as
spallation target. Mass number, density, (n,xn) reactions and capture cross section will have an
important effect on the neutron production so the target material has to be carefully selected in order
to have the best source configuration. In this section the different materials will be compared focusing
on the neutron spectrum, the residual activity and the irradiation damage of the source. Obviously, any
of this criteria have sense without the termomechanical analysis that will be approached of section 5.
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4.1 Solid target materials
The comparison between solid target materials is based on the compact solid geometry with
the same neutron generation on each source. In order to produce the same amount of neutrons in
each source, with the same energy of protons is necessary the modify the beam intensity. The Table 4
shows the neutron production on each material. The neutron production on uranium is significantly
higher than the tungsten and tantalum due of the procution of fission reactions induced by high energy
neutrons. In the case of tungsten the neutrons production is lightly higher than in tantalum due to the
higher mass number. In what concerns neutrons average energy, the uranium produces the lowest,
due to the fact that the average energy of neutrons produced by fission reactions is lower than in
spallation.
Energía

Tantalum

Tungten

Uranium

Neutron production (n/p)

18.44

19.28

34.24

Average energy (MeV/n)

10.68

10.27

6.88

Neutron Source (n/s)

4E18

4E18

4E18

Beam Intensity (mA)

0.0353

0.034

0.019

Table 4: Neutron properties of different target materials

Figure 5 shows the neutron energy spectrum of the different target materials. The main
difference between tungsten and tantalum is produced by the higher density of the first, that induce an
increase of the (n,xn) nuclear reactions. This reaction produces several low energy neutrons from a
high energy neutron so the average energy is reduced.

Figure 6: Spectrum on compact solid targets. Protons of 1000 MeV

The fission process produces residual nuclei more unstable than spallation reaction and due
to this the activity and the residual heat of the uranium source are two orders of magnitude higher than
the tantalum and tungsten sources. Table 5 shows the activity and the residual heat after one full
power year and one decay year.
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Energy
Intensity (mA)
Residual Heat (W)

Tantalum

Tugnsten

Uranium

0.0353

0.034

0.019

0.73

1.278

1.671E+02

Residual Heat 1 year (W)

1.28E-02

6.84E-02

1.344

Activity (Ci)

2.56E+02

8.13E+02

1.541E+04

9.386

8.10E+01

1.78E+02

Activity 1 year (Ci)

Table 5: Activity and residual heat by means the CEM03 model. Protons of 1000 MeV

Finally, the irradiation damage due to fission products produce much more displacements on
uranium that in other materials. Concerning tantalum and tungsten the threshold energy of tungsten is
around 80 eV opposite to 53 for tantalum. This difference determines the different values of
displacements, but it has to be taken into account that tungsten will became brittle with very low
amount of damage. In general, tungsten will be useful only on sources that operate in short time
periods in order to change the target.
Tántalo

Wolframio

Uranio

0,0353

0,034

0,019

43

27

75

Generation of H (appm/fpy)

6000

6050

4450

Generation of He (appm/fpy)

4000

4100

3000

Intensity (mA)
Displacements (DPA/fpy)

Tabla 6: Irradiation damage produced by protons of 1000 MeV along one full power year

As the conclusion of the study of the different solid target materials it is possible to say that
uranium is only useful for very small sources when the economy of the beam will have more
importance than the residuals of the source. Tungsten will be useful for neutron sources that operates
in short time periods in other to be able to substitute the target, and the tantalum is going to be useful
in all cases.
4.2 Molten target materials
The analysis of the molten target materials is going to be focused in the same areas as the
solid target materials: neutron spectrum, residual activity and irradiation damage of the source. Table
7 shows the neutronic production of each material. The neutron production of lead and lead-bismuth is
very close due to the similar mass number of lead and bismuth. Mercury produces a high neutron
number due to the influence of nuclear (n,xn) reactions and as consequence of it lower average
energy. In the tin target the low density of the material reduces the amount of (n,xn) reactions and
consequently neutron production is low, but the average energy is 45 % higher that the average on
lead target.
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Target Material

Pb-Bi

Pb

Hg

Sn-Pb

Sn

Neutron production (n/p)

18,33

18,37

20,07

15,20

12,60

Average Energy of neutrons (MeV)

12,12

12,09

10,189

14,47

17,06

Beam Intensity (mA)

0,255

0,258

0,236

0,311

0,376

Heat deposition (kW)

113,77

116,22

113,23

131,63

155,04

Tabla 7: Comparison of neutronic features of different molten metal spallation targets for 100 MeV protons

Figure 7 shows the neutron spectrum of the source. It can be seen that lead and lead-bismuth
spectrum are really close, and mercury has a softer spectrum with more neutrons in low energy range.
Tin targets produce much more neutrons with energy up to 10 MeV, but in the medium energy range
between 0.1 and 10 MeV production is lower than the one with high mass targets.

Figure 7: Normalised spectra of emitted neutrons for 1000 MeV protons

Activity of the residuals nuclei produced on high mass number elements is very close, and in
all cases relatively low. Activity of tin target spallation products is one order of magnitude higher than
in the other targets. Table 8 shows the results of the different targets, estimating the spallation
residuals with the CEM03 model along one full power year and one decay year.
Pb-Bi

Pb

Hg

Sn-Pb

Sn

23.3

19.1

18.2

115.3

160.8

Residual Heat 1 year (W)

0.45

0.43

0.27

6.731

8.99

Activity (Ci)

3961

3420

4043

26240

37060

Activity 1 year (Ci)

172.3

187.8

105.1

2851

3898

Residual Heat (W)

Table 8: Residual heat and activity of the spallation products obtained by CEM model for 1000 MeV protons

XYZ.11

Proceedings of the International Youth Nuclear Congress 2008

This values of activity do not consider the residual generation on capture reactions. The
capture reactions only produces unstable isotopes on Bismuth-209 and Tin-124. Table 9 shows the
total amount of Polonium and ammonium produced on Lead-Bismuth, tin and Tin-lead targets. It is
clear that the ammonium production is not a problem in tin targets, but polonium production can be
very significant on lead-bismuth targets.

Sn124  n  Sn 125  Sb125 +β
Bi 209  n  Bi 210  Po 210  β
Tin

Tin-Lead

Lead-bismuth

Polonium (mg/fpy)

0.0

0

173

Ammonium (mg/fpy)

6,7

5,1

0

Tabla 9: Production on capture reactions of polonium and ammonium.

Finally it is going to be analysed the irradiation damage on different window materials. Table
10 shows the irradiation damage produced by neutrons an protons along one full power year with a
beam intensity of 0.255 mA and lead-bismuth as target. Protons induced spallation reactions on
tantalum and tungsten windows, this reactions produces high energetic residuals that increases the
damaged produced by protons. Due to this, both materials are not appropriated for the window and its
live time will be very short. In case of steel alloy the maximum amount of damage that can support is
relatively low so its life time is going to be around a few months.
In order to solve the problem of the first wall irradiation on fusion reactors several special
alloys has been developed. This alloys can support and important amount of damage without losing its
properties. Considering as irradiation limit the values found in the scientific bibliography, vanadium,
titanium and aluminium alloys can support irradiation times around one full power year, five times
more that steel alloys.

Material

Aluminium

Vanadium

Steal

Titanium

Tántalum

Tugnsten

Al-98.8,
Mg-0.53,Si-0.44,Fe0.19

V-92,
Cr-4,Ti-4

Fe-90, Cr-8.32,
Mo-0.86,
Mn-0.48, V-0.2

Ti-92.5, Al-5,
V-2.5

Ta-100

W-100

Ed*(eV)

27

40

40

40

53

90

Dpa (n)

14.57

11.22

11.54

10.95

6.15

5.53

Dpa (p)

9.86

21.99

29.09

17.26

145.54

88.07

Dpa (total)

24.43

33.47

41.28

29.20

151.42

94.24

Dpa (maximun)

20[9]

34[10]

10[11]

37[12]

11

2

Ratio (maximum/total)

0.82

1,015

0.24

1.267

0.07

-

Hidrogen (appm)

4610

9120

9910

8743

26300

26600

Helium (appm)

3980

5300

6040

5490

11700

11900

Composition

Table 10: Irradiation damage for different window materials for 0,225 mA of 1000-MeV protons
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As conclusion about the selection of molten target materials, we can remark several general
ideas:
•

The best results in number of neutrons per proton are produced in mercury target, but it is
possible to have similar results on lead and lead-bismuth target increasing the target
thickness in order to produce more (n,xn) nuclear reactions.

•

Tin targets produce the lowest amount of neutrons per proton and the highest activity so its
not interesting unless our application needs a hight energy spectrum.

•

Polonium production can suppose an important problem on lead-bismuth targets. Polonium
generation reaction can be a voided substituting lead-bismuth alloy by tin-lead alloy with and
small increase of work temperature and an important increase of Ammonium production.

•

High mass number materials are not a good choise for the window due to the production of
spallation reactions on it.

•

Fusion developed alloys can be a very good option to increase the life time of the window.

5. Thermomechanical analysis of the targets
The range of application of each target design is defined by the thermo-mechanical conditions.
Unlike the irradiation damage, which is an accumulation process, that defines the life time of the
source, thermo-mechanics is the instantaneous process that defines the maximum beam intensity. On
each engineering design there is a parameter that is critical. In this section it is going to be shown
different thermo-mechanical design criteria for the target.
5.1 Solid Targets
Solids targets are subjected to a very high thermal stress and due to this the maximum beam
energy is relatively low. Figure 8 shows the maximum intensity of the different target design studied.
Compact solid target limit is defined by the thermal stress and as we can see in the Figure, the
increase of thickness with the proton energy produce a reduction of the maximum energy. On sparse
conic target, the thickness is smaller that the compact source thickness, consequently, this sources
can support higher intensity. This difference is not really import on tungsten sources due to the fact
that the tungsten conductivity is very hight, but it is very interesting for tantalum sources. The sheets
solid targets can support the higher beam intensity of all the solid targets. Due to the small thickness
of the sheets the differences between tungsten an tantalum targets are very small.

XYZ.13

Proceedings of the International Youth Nuclear Congress 2008

Fi
gure 8: Maximum intensity on solid targets

The main objective of spallation sources is to produce neutrons so it is interesting to relate the
maximum neutron production with the energy of the protons. Figure 9 shows this results. Solid and
sparse conic sources are always below 2E16 n/s and the reduction of maximum beam intensity with
proton energy does not permit an increase of proton flux, so it is not interesting to increase the proton
energy. Sheets sources evolution is completely different because the maximum beam intensity is
approximately constant so the increase of proton energy produces the increase of maximum number
of neutrons produced.

Figure 9: Maximun achievable neutron flux in a sold target
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Table 11 show a summary of previews results results. It is interesting to remark that the proton
energy that produces the highest neutron production is different on each case.
Beam intensity (mA)

Maximum beam
courrent (μA/cm²)

Beam Power (kW)

Proton energy (MeV)

Compact

0.329

55.27

165

500

Sparse Conic

0.229

38.47

208

900

Sheets

0.916

153.89

1007

1100

Tabla 11: Proton energy conditions that produces the maximum neutron production

5.2 Molten targets

The analysis of the critical conditions on molten targets has to take into account that the
operation conditions of window and windowless sources are different. Window target have to
guarantee the integrity of the window, and due to this there the thermo-mechanical limit is produced
by window conditions. On windowless target the operation limit is defined by stability and vapor
pressure of the interface, and obviously is going to be very high.
The material selection for molten targets shows that there is not and important neutronic
difference between lead, lead-bismuth and mercury, and due to this the source neutronic production is
going to be determined by the maximum beam intensity supported by the window. As we show on
window materials analysis high mass number materials will have a very short life time so they are not
considered. On windowless sources, mercury is not a good selection due to this very high vapor
pressure that will produce and important problem on beam line so is not going to be considered.
Figure 10 show the maximum beam intensity for lead-bismuth window targets and windowless
targets. The worse results are produced on steel window due to the conductivity of the material that
produces high thermal stress. It is interesting to remark that on titanium, vanadium and aluminum
alloys the limit is not produced by thermal stress, is produced by the maximum temperature of the
source that exceeds the 80 % of the melting point. In the case of aluminum alloy, the melting point is
relatively low so the source will have higher intensity limit in combination with the mercury target as in
the Japanese Spallation Source Project [8].
Between lead and lead-bismuth windowless target, the difference is produced by the operation
temperature that can be two hundred degrees lower in lead-bismuth target and due to its low vapor
pressure.
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Figure 10: Maximum beam intensity

Figure 11 shows the targets neutron production. In the case of window target it is possible to
produce a slightly increase of neutron production using the mercury target, but in all cases will be very
far from windowless production.

Figure 11: Flujo máximo en un blanco líquido
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As a summary of window and windowless molten target we can remark that in both cases and
increase of proton energy produce and increase of neutron production without a rise of thermomechanical conditions. Table 12 shows the condition that produces the highest neutron production on
molten sources.
Beam intensity (mA)

Maximum beam
courrent (μA/cm²)

Beam Power (kW)

Proton energy (MeV)

Window target

33.3

5594

40000

1200

Windowless target

6.0

1008

7764.2

1300

Table 12: Proton energy conditions that produces the maximum neutron production

5.3 Targets comparison
To conclude the thermo-mechanical analysis we are going to compare all the target
conceptual designs. Figure 12 shows the maximum beam current of each target design. It is clear that
solid targets can support between 10 and 100 times less intensity than liquid targets so are only useful
in low intensity applications.

Figure 12: Maximum beam current for different targets
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One interesting parameter of the spallation sources is the performance of the source. Figure
13 shows the performance of the target design. In all cases the performance of the source increase
until 900 MeV of proton energy and then it becomes constant. Due to this, it is not interesting to
increase the proton energy up to 1000 MeV. Comparing the different options the best results are
produced on compact solid target and window liquid target so if it is possible to produce the amount of
neutrons needed on the applications they should use this design.

Figure 13: Power performance of the different conceptual designs under analysis.

As a conclusion of thermomechanical target analysis we present Table 13 that shows the
source parameters for 1000 MeV protons. Compact solid target will produces neutrons until
16
2 . 10 n/s and the limit parameter is thermal stress. With the Sparse Conic source it is possible to
increase the utilization range of solid source until 2 . 3 1016 n/ s but the limit parameter is still the
thermal stress. The Sheets design solves the problem the thermal stress and permit increase the
source range until 9 .10 16 n/ s but value is still far from the molten source parameters. Window
molten source has a maximum neutron production of 7 .10 17 n/ s and in this case the limit parameter
is the temperature of the window. Finally the windowless molten target permit to eliminate the
limitation of window temperature so the neutron production can be increase until 4 . 1018 n /s .
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Compact Solid

Sparse Conic

Sheets

Window molten

Windowless
molten

Thermal Stress

Thermal Stress

Temperature

Window
Temperature

Vapour pressure
on interface

24.52

34.11

132.86

946.66

5861.55

Beam Intensity (mA)

0.15

0.20

0.79

5.63

18.17

Neutron Production
(n/s)

1.97E+16

2.3E+16

9.04E+16

7.01E+17

3.95E+18

Energetic
Performance (n/kJ)

1.35E+14

1.15E+14

1.14E+14

1.24E+14

1.13E+14

Limit conditions
Beam Current
(μA/cm²)

Table 13: Source parameters for 1000 MeV protons

6. Application of design criteria the PDX-ADS and XT-ADS sources
The methodology developed on previous sections is going to be use to design the neutron
source of two real european ADS proyects. Accelerator driven systems (ADS) are advanced nuclear
concepts conceived for the elimination of nuclear wastes by the so-called transmutation process with a
surplus of energy generation. Such concepts were proposed in the 90’s and are now under
development in the framework of different national and international programs. Most of the concepts
under consideration are based on fast neutron cores, either critical or subcritical, due to the most
favorable fission to capture cross section ratio at its application to the elimination of transuranics. The
aim of every device devoted to transmutation or minimization of nuclear wastes is to get rid of
transuranics (TRU). Therefore, those devices should be loaded with fuel highly enriched in TRU. This
kind of advanced fuel has low delayed neutron fractions that implies fast neutronic evolution under any
system perturbation. As a consequence, the reactivity control system design will be more complex.
This fact can be diminished and overcome with subcritical cores, much less sensitive to reactivity
transients, especially when they are far from criticality.
The state-of-the-art ADS design proposes subcritical cores with criticality coefficients in the
range 0.95-0.98. With such subcriticality level, the nuclear core neutron population is kept
extinguished unless a high power neutron source could be able to deliver the needed neutrons to
stabilize the neutron multiplication and population. One of the most efficient options is a spallation
source based on a heavy material, as Lead or Lead-Bismuth eutectic, bombarded by protons with
energy in the range 600-1000 MeV.
The neutron source production determines the thermal power of a subcritical reactor
depending of its criticality level by the well-known, so-called gain given by the expression:

G=

0,2⋅k eff⋅N 0
1−k eff⋅E p

Eq. 1

being N o the neutron yield of the spallation source (n/p), E p the proton energy (GeV) and keff the
effective criticality coefficient.
In the framework of the EURATOM research and development programs, the PDS-XADS[13]
and the XT-ADS[14] have been proposed as pre-industrial accelerator driven system prototypes, with
high power neutron sources. As we have seen on preview sections the number of neutrons needed on
this sources are in the range of molten targets so the solid targets are not useful for this application.
The windowless target will have several uncertainties associated with the stability of the interface and
due to this we are going to proposed a window molter target. Table 14 shows the reference
configuration of XT-ADS and PDS-XADS reactors.
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XT-ADS

PDX-XADS

50-100

80

Proton beam energy (MeV)

600

600

Max. beam intensity (mA)

2,5

6

Beam spot radius (cm)

3,7

8

Core coolant

Lead-Bismuth eutectic

Lead-Bismuth eutectic

Neutron source target

Lead-Bismuth eutectic

Lead-Bismuth eutectic

~0,95

~0,95

Core power (MWth)

Criticality coefficient (keff)

Table 14: Reference configuration of the subcritical devices XT-ADS and PDS-XADS

The neutron properties of lead, lead-bismuth and mercury are very close so it will be logical to
use the same target as the coolant of the reactor. The operating temperature of the reactor will be very
hight for the aluminum base alloys so we proposed titanium, vanadium and steel alloys as window
materials. As we have seen previously the thermomechanical conditions of the window are going to be
the limit parameter of the source. Nevertheless, the irradiation damage will determine the file time of
the window and consequently the operation of the source.
The geometry of the target has to be adapted to the reactor, but the general conclusions
presented on previous sections can be adapted for other windows design. Figures 14 and 15 shows
the geometrical design of the sources.

Figure 14: PDX-ADS source design
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Figure 15: XT-ADS source design

6.1 Thermomechanical analysis
The design of the source has to guarantee that all the cycle the temperature and thermal
stress do not produce the mechanical failure. In order to assume it , the calculations have to be done
in the worst thermal conditions, and it happen when the beam has the highest intensity. The boundary
conditions have been fixed at a pressure loss in the spallation source of 0.1 bar , that sets a mass flow
of 314 and 70 kg/s for the PDS-XADS and XT-ADS target, respectively. In that conditions we obtained
the temperature distribution showed in Figures 16 and 17 shows, and in both cases the maximum
temperature are far form the melting point.

Figure 16: Influence of the material in the temperature profile at the external and internal surfaces of the PDS-XADS window
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Figure 17: Influence of the material in the temperature profile at the external and internal surfaces of the XT-ADS design
window

About thermal stress we have obtained the results shown on Figures 17 and 18. We can
conclude that the thermomechanical conditions are not going to produce the window failure. Only on
steel window the mechanical stress exceeds the 30 % of yield stress so it is possible that the material
suffer fatigue.

Figure 18: Von Misses stress profile at the external and internal surface of the XT-ADS window
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Figure 19: Von Misses stress profile at the external and internal surface of the XT-ADS window

6.2 Irradiation damage conditions
As we have seen on previous sections, irradiation damage is an accumulative process that will
limit the window life time.
In the case of the PDS-XADS, power cycles are 2-years long with a keff of 0.96 at start-up,
and 0.932 at the end of the cycle due to the transmutation of fissile material and the generation of
fission products. The nominal proton beam current evolves from 2.6 mA at start-up to 5.5 mA at the
end of the cycle to keep the core power. Assuming a linear beam intensity evolution, the average
beam intensity is 4.05 mA, what we have adopted for our full cycle irradiation damage estimation on
the window. The results are shown in Table 15.
Regarding the XT-ADS spallation source, their preliminary design is based on the
MYRRHA[15] project, which suggests that in our analysis its burn-up cycle should be the same as the
proposed for MYRRHA. The fuel burn-up cycle is 90 days, with a 30 days fuel recharge period that
could be used to remove the beam window. The keff will shift from 0.96 to 0.945, with a nominal beam
intensity ranged from 1.82 to 2.5 mA. We have assumed in our integral analysis a beam current of
2.16 mA. Our simulation results are summarised in Table 16.
T91

Ti-Al-V

V-Cr-Ti

Hydrogen production (appm/2-y)

5456.46

4699.50

4775.70

Helium production (appm/2-y)

3595.89

3120.89

2930.78

Neutron damage (dpa/2-y)

38.50

32.96

40.94

Proton damage (dpa/2-y)

25.39

18.26

18.39

Total irradiation damage (dpa/2-y)

64.52

51.64

60.19

10

37

34

7

2

2

Daño máximo admisible (dpa)
Window removals per burn-up cycle

Table 15: Irradiation damage in the PDS-XADS window for a 2-year 4.05 mA beam cycle.
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T91

Ti-Al-V

V-Cr-Ti

Hydrogen production (appm/90-d)

2712.02

2376.26

2438.71

Helium production (appm/90-d)

1793.70

1589.35

1501.44

Neutron damage (dpa/90-d)

6.79

5.76

6.79

Proton damage (dpa/90-d)

13.60

9.99

10.83

Total irradiation damage (dpa/90-d)

20.40

15.75

17.63

Daño máximo admisible (dpa)

10

37

34

Window removals per burn-up cycle

0.5

>2

2

Table 16: Irradiation damage in the XT-ADS-like window for a 90 days 2.16 mA fuel cycle.

In both cases it is clear that steel window are not useful for window applications because it is
going to be needed to substitute the window several times on a cycle. The results for tantalum and
titanium alloys have been compared with the irradiation data present on literature, and with this
amount of radiation the material is still plastic so it is expected that the final maximum irradiation
damage will be higher. Taking in account that feature, it will be possible that tantalum and titanium
support a full power year in both reactors.
7. Conclusions
As a conclusion of this work we can remark this points:
•

A full methodology to study spallation sources has been developed, taking into account all the
physical process that can condition the operation of the source.

•

This methodology has been applied to several conceptual source designs obtaining limit
factors of each design. The application range is described on Figure 12.

•

Several solid target materials have been analysed. As main conclusion of the analysis we can
remark that uranium is only useful for small sources when the economy of the beam is
decisive, tungsten is useful for sources that permit to substitute the target frequently and
finally tantalum is a good option when tungsten is not applied.

•

The analysis of molten sources materials concludes that lead, lead-bismuth and mercury have
close nuclear properties so all of then can be selected. The selection for window material is
interesting the results obtained with fusion first wall materials.

•

The conclusions of molten sources analysis has been applied to a real target design for ADS
reactors, proposing the utilization of fusion first wall materials for the window.

In summary, this thesis has elaborated a set of principles and methodologies for the
systematic analysis of Spallation Neutron Sources, and it is thefore a useful tool for guiding the
specific design of these sources. It can be considered as a significant contribution to improve the state
of the art of accelerator driven systems, in one of their critical components, as it is the intense neutron
source
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