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Abstract

This technical report summarises the comparative study between several design options for the Multi-MW
target station performed within Task #2 of the European Isotope Separation On-Line Radioactive lon Beam
Facility Design Study (EURISOL DS) [1].

Previous analyses were carried out, using the Monte Carlo code FLUKA [2], to determine optimal values for
relevant parameters in the target design [3] and to analyse a preliminary Multi-MW target assembly configuration
[4]. The second report showed that the aimed fission rates, i.e. ~10™ fissions/s, could be achieved with such a
configuration. Nevertheless, a preliminary study of the target assembly integration [5] suggested reducing some of
the dimensions. Moreover, the yields of specific isotopes have yet to be assessed and compared to other target
configurations.

This note presents a detailed comparison of the baseline configuration and the Hg jet option, in terms of
primary and neutron distribution, power densities and fission product yields. A scaled-down version of the baseline
configuration (i.e. reduced radius and length), is proposed and compared with the other designs.

The results confirm the feasibility of the reduced target configuration, while obtaining fission product yields
comparable to those of the Hg jet layout, without the technical problems of the latter. Significant fission rates may

be obtained with 4 MW of beam power and few one-litre UnatC; targets. Moreover, the energy deposited in the
liquid metal may be evacuated with reasonable flow rates.
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1 INTRODUCTION

A thorough study of a preliminary Multi-MW target configuration, optimised for maximum neutron
production and complete proton beam containment inside the Hg target, is presented in [4]. In these
calculations, large fission rates (~10* fissions/s) were obtained with reasonable fission target volumes,
i.e. one to five litres of UnatCs, in a technically feasible configuration, shown by Figure 1.

Nevertheless, concerns about specific isotope production rates, which are not only proportional to fission
rates but also affected by neutron energy, suggested an in-depth comparison of the aforementioned
preliminary design with the option of a 2 cm radius Hg jet (Figure 2), where the fission target is closer to
the neutron source and the neutron energy spectrum is much harder. Moreover, possible problems in the
integration of the Multi-MW target assembly for the preliminary configuration (Figure 3) motivated a
reduction in the radius radial of the proton-to-neutron converter, from 15 cm to 8 cm, as presented in
Figure 4, scaling down the Hg target mass from ~500 to ~100 kg.

These three options are herein systematically compared, following the methodology and approach
previously applied in [3] and [4]. In addition, preliminary values for some fission fragment production
rates are given, since this is the ultimate decision parameter for the facility.

2 PRIMARY PROTON DISTRIBUTION

Based on the reference parameters obtained in the preliminary study of the liquid metal proton-to-neutron
converter [1], the target length was set to 46 cm, since this is the proton range in Hg for 1 GeV protons.
Thus, the primary shower is almost fully contained inside the Hg target, for the baseline configuration, as
shown in Figure 5.a.

Conversely, the Hg jet option presents a large amount of primary proton escapes, i.e. ~25% of the proton
beam and up to ~10* primaries/cm?s/MW of beam primary flux (Figure 5.b). These large high-energy
proton escapes would certainly require a beam dump, and does not seem to take full advantage of the
high-power proton beam.

In the case of the scaled-down version of the baseline configuration (Figure 5.c), most of the beam is
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contained within the target assembly, with primary escapes three orders of magnitude lower than those of
the Hg jet option.

3 NEUTRON FLUX DISTRIBUTION

All three Multi-MW target options present significant neutron fluxes in the fission target. For the baseline
configuration, the neutron flux reaches ~10* neutrons/cm?/s/IMW of beam (Figure 6.a), similar to those
found in nuclear reactors. The scaled-down version presents a higher (twice the average neutron flux) and
a more homogeneous distribution in the radial fission target (Figure 6.c) due to the reduced amount of Hg,
hence of moderation. In both cases, most of the neutrons are contained inside the assembly and escapes
are one order of magnitude lower than the flux in the target.

These escapes could be further reduced by increasing the reflector thickness, or used for other research
activities typical of white neutron sources, e.g. time-of-flight cross-section measurements neutron
scattering experiments etc. For the Hg jet design, the neutron flux is four times higher in the fission target
and presents a more anisotropic distribution, with important neutron escapes both in the front cap
(backscattering problems, such as the activation of the beam line) and end cap, as illustrated in Figure 6.b.

In terms of neutron energy spectra, the flux exiting the Hg jet has a peak energy between 1 and 2 MeV
and is significantly harder than in the other two cases, where the peak energies are 300 keV and 700 keV
for the baseline configuration and its scaled-down version, respectively (Figure i.a). A harder neutron
spectrum presents important advantages for inducing fission in **U, since fission probability in this
isotope is negligible below the MeV energy range (Figure i.b).
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Figure i. Neutron energy spectra (dn/dInE/cm?/s/MW of beam) for the three different Multi-MW target
configuration (a), and fission cross-section comparison for 2°U and **U (b).
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Nevertheless, the large high-energy component (above 50 MeV, and up to 1 GeV) of the neutron flux has
a negative impact in terms of radioprotection (displaced neutron source) and structural damage
(deteriorating mechanical properties). This is clearly shown in Figure 7, where very small fluxes escape
the reflector in both, the baseline configuration and its scaled-down version, compared to those streaming

from the Hg jet design, at least one order of magnitude higher.

4 POWER DENSITIES

For 1 GeV protons, most of the energy deposition occurs in the first 10 cm beyond the interaction point.
The maximum is ~2 kW/cm*/MW of beam for the baseline configuration as well as for its scaled-down
version, and lies at ~2 cm from the interaction point, as shown by Figure ii.a, where the curves displaying
the power densities along the beam axis in both configurations overlap. These power densities are
technically challenging due to Hg boiling, as illustrated in Figure ii.b. These challenges may be overcome

with reasonable flow rates by pressurising the Hg container and using the design detailed in [6].

The energy deposition in the beam window may be another source of problems due to thermally-induced
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stresses. The maximum power density of ~1 kW/cm* MW of beam in the window suggests the need of a
specific cooling method for this item and a careful choice of material.

Conversely, power densities in the Hg jet design soar to ~22 kW/cm®*/MW of beam, requiring very large
Hg flows to avoid vaporisation. In free surface jet, the disintegration of the jet [7] due to shock waves
from thermal expansion should also be studied and avoided since may pose a myriad of problems, from
proton beam loss to structural damage by Hg droplets, cavitation etc.
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Figure ii. Power density distribution (KW/cm*)MW of beam) for the three Multi-MW target
configurations studied (a), and power density distribution and temperature increase along the beam axis
for the baseline configuration and its scaled-down version.

In the case of the baseline configuration, 70% of the beam power is deposited in the Hg target (2.8 MW
out of the 4 MW of beam, most of it concentrated along the length of the Hg target and extending 5 cm in
radius). The scaled-down version absorbs 61% of the beam (2.4 MW). On the other hand, the Hg jet only
absorbs 39% of the beam (1.4 MW), the rest is deposited in the nearby structures, namely the fission

target and downstream structures (reflector, shields, front-end parts, etc...).

Figures 8.a b. and c. also show the energy distribution in the fission target. The baseline configuration

RIDS 515768 TAsK: 4 DATE: 13/02/06

EURISOL

Desicry Sy
Project funded by European Community under the “Structuring the European Research Area” Specific Programme Research
Infrastructures Action within the 6" Framework Program (2002-2006)

DELIVERABLE: D1/M1 PAGE



I

!llll

EURISOL

Design Study

w

&

presents a homogeneous distribution averaging ~3 W/cm*/MW of beam, similar to that of the scaled-
down version, ~5 W/cm* MW of beam. On the other hand, the Hg jet option presents an anisotropic
power distribution, ranging from 3 — 20 W/cm* MW of beam. This lack of homogeneity may induce
temperature differences inside the fission target, which in turn may hinder the diffusion/effusion
processes of fission products and generate thermal stresses. In all three configurations, the energy
deposition in the UCx target are mostly due to fissions, since they follow the same pattern as those, as can
be inferred by comparing Figures 8 and 9.

3) FISSION DISTRIBUTIONS AND ISOTOPIC YIELDS

The power densities in the fission target previously presented follow, in fact, the fission density
distribution, since the energy released there is mostly due to fissions. Therefore, for the baseline
configuration (BLD) and its scaled-down version (1S), the fission density is homogeneous, averaging
~10™ fissions/cm*/s/MW of beam for the first (Figure 9.a, 10% of which are produced by neutrons above

20 MeV) and ~2x10™ fissions/cm®/s/MW of beam for the second (Figure 9.c, 20% of which are produced

by neutrons above 20 MeV). On the contrary, the Hg-jet option presents a higher fission density (~4x10"
fissions/cm®/s/MW of beam, 40% of which are produced by neutrons above 20 MeV) but anisotropically
distributed, as illustrated in Figure 9.b and previously elaborated for the power density.

The harder neutron spectrum produced by the Hg jet has a direct impact on the number of symmetric
fissions in the UCx target. Figure iii.a and iii.b show the isotopic distribution of fission products for the
three target configurations under comparison. The isotopic yield in this region (produced by high-energy
fissions) is one order of magnitude higher in the Hg option compared to the baseline configuration

(~4x10° vs ~3x10® isotopes/cm*/s/MW of beam, in Figure iii.b). The scaled-down version presents an

intermediate performance, producing ~8x10° isotopes/cm®/s/MW of beam (notice the logarithmic scale).
In terms of asymmetric fissions, originated by lower energy neutrons, differences are not as acute (Hg jet
producing three times and twice more fissions than the baseline configuration and its scaled-down
version, respectively).
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Evaporation and multiple fragmentation products are also more abundant in the Hg jet option due to the
streaming of high-energy neutrons and protons into the fission target. This fact may have a negative effect
on the fission fragment extraction due to the production of isobars. Indeed, the isotopes generated by
direct reactions tend to be proton-rich whereas those originated from fission are neutron-rich, having

similar masses.

13 13
Ix10 1x10
(a) (b)
BLD o IS 4 Hal 4 " m BLD + IS & Hglet .
1102 * Py, TR . 1x10"2 4 N
[
5 110 s, g0 s, )
E . "?\:"a 1“.\;‘5 i 5 ;
2 w0, ke : Z 110 4, K
= . g = % a8 #
R . — o . £ = 4
2 Ix10°] & P e A £ E Ix10° o IS
3 . . 4t 3 my -
= : ™ &+ i £ : .?i :"
2 1x10%- [ . im z Ix10%- w X
2 =" "y . Z N i
= i i il ., Am = | . 4 :
2 Ix10' i* - A m 2 Ix107 o ga
2 - s S 2 e
% y ™ ‘. o ‘\.L‘ % ; ‘__.-.‘
3 10t Y v o 2 Ix10° px
L= A u " - LR ‘1,_Ir
LB o
1x10°- ; : - 1x10° Nl
; . ¢ > oan
] | | u -
1x10* - . . 1x10* : T . .
0 10 20 30 40 50 60 70 80 90 100 0 50 100 150 200 250

Atomic number (Z) Mass number (A)

Figure iii. Fission yields (isotopes/cm*/s/MW of beam) in the three different configurations as a function
of the atomic number Z (a), and the mass number A (b).

Arguably, the most important design criteria are the production rates for the isotopes that are relevant for
the experiment. An extensive list of those may be found in [8]. In this scope, Table 1 summarises the
production rates for some of those isotopes (statistical errors below 5%) where the ratio between the
baseline configuration rate and the other two cases is also shown. The Hg jet option presents higher yields
for all, ranging from 50% higher (*°Kr) to ~13 times higher (***Sm). A detailed study of the full list of
fission fragment rates is in progress.

Table 1. Production rates (isotopes/cm®/s/MW of beam) for several relevant isotopes in the three Multi-
MW target configurations analysed.

(Z2) Element-A

Baseline Conf.

Scaled-down Vers.

DV/BC

Hg jet

Hg-J/BC

RIDS 515768

TASK: 4

DELIVERABLE: D1/M1

DATE: 13/02/06

PAGE -9-

EURISOL

Desicm Siltnkr

Project funded by European Community under the “Structuring the European Research Area” Specific Programme Research
Infrastructures Action within the 6" Framework Program (2002-2006)



I

!||Il

EURISOL

&

5’ Design Study
(31) Ga-81 1.4E+07 2.3E+07 1.6 7.7E+07 5.5
(36) Kr-90 3.2E+09 4.7E+09 1.5 4.7E+09 1.5
(38) Sr-89 1.4E+07 2.5E+07 1.8 1.2E+08 8.6
(42) Mo-99 3.4E+07 6.2E+07 1.8 2.6E+08 7.6
(50) Sn-132 6.4E+08 1.1E+09 1.7 1.9E+09 3.0
(62) Sm-153 3.6E+05 8.4E+05 2.3 4.6E+06 12.7

6 CONCLUSIONS

A detailed comparison of performances between the baseline configuration, its scaled-down version and
the Hg-jet option has been carried out in the scope of the Multi-MW proton-to-neutron converter design.

The containment of the primary beam is successfully achieved by the baseline configuration, as suggested
in Ref. [4]. The scaled-down version of this target allows some primary escapes, still three orders of
magnitude below the escapes occurring in the Hg-jet option. The latter would clearly require the use of a
beam dump, with the subsequent misuse of a significant part of the proton beam.

The neutron flux is harder and more intense for the Hg jet, thus producing four times higher fission
densities in the UCx target compared to the baseline configuration. The scaled-down version of the
second achieves twice the fission densities of the baseline configuration. The largest differences occur in
the symmetrical fission product yields, with up to one order of magnitude more high-energy fissions in
the UCx target for the Hg jet compared to the baseline configuration (five times more compared to the
scaled-down version of the baseline design).

This reflects in the production rates for specific isotopes, which range from 50% to 13 times higher yields
for the Hg jet solution compared to the baseline configuration (from equal yields to 5.5 more yields
compared to the scaled-down baseline version).

In terms of power densities, both the baseline configuration and its scaled-down version present values
which appear to be technically acceptable [6], but which will require a specific cooling method for the
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beam window. In the case of the Hg jet, the very large power densities (~22 kW/cm*/MW of beam) would

require very large flow rates, which would threaten the stability of the jet and are technologically
challenging.

Therefore, the aimed fission product rates may be achievable with a compact Multi-MW target design of
a proven kind with manageable power densities and homogeneous fission densities in the UCx target,
which would improve the diffusion/effusion processes for the fission products.
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Reflector

Hg Target
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Figure 1. Schematic and artistic views of the baseline configuration, where several components of the
Multi-MW target station have been integrated.
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Figure 2. Schematic view of the Hg-jet option, WhAe'Pe (s:(raT\]/eraI elements of the facility have been included,
as reported in [8].
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Figure 3. Integration sketch of different components of the Multi MW target [5], based on the baseline
configuration.
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Figure 4. Schematic view of the scaled-down baseline configuration, showing different elements of the

assembly.
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Figure 5. Primary proton flux distribution (primaries/cm?s/MW of beam) in (a) baseline configuration of
[3], (b) Hg-jet option [8] and (c) scaled-down version.
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option and (c) scaled-down version.

Figure 6. Neutron flux distribution (neutrons/cm?/s/MW of beam) in (a) baseline configuration, (b) Hg-jet
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Figure 7. High-energy (above 20 MeV) neutron flux distribution (neutrons/cm?/s per MW of beam) in (a)
baseline configuration, (b) Hg-jet option and (c) scaled-down version.
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Figure 8. Power density distribution (W/cm® MW of beam) in (a) baseline configuration, (b) Hg-jet
option and (c) scaled-down version.
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Figure 9. Fission density distribution (fissions/cm®/s/MW of beam) in (a) baseline configuration, (b) Hg-
jet option and (c) scaled-down version.
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