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Abstract. The revival of interest for production of neutrons by light projec-
tiles has been recently renewed because they are the basis in the development
of powerful neutron sources for various applications like nuclear energy pro-
duction and incineration of nuclear waste, material structure analysis, tritium
production, etc. Another interest is related to the possibility of the production
of radioactive ion beams (RIB) by neutron induced fission. One of the most
important tasks in this context is to determine the most efficient way to convert
the primary beam energy into neutrons produced afterwards. The problem is
investigated by varying the incident energy of different projectiles for different
target materials and assemblies. Consequently, a few direct applications of our
investigations are presented and compared with experimental data or other
theoretical estimations.

At the request of the editor.

1. Introduction

When an energetic particle hits the target material consisting of heavy nuclei, tens
of neutrons might be generated. In nuclear physics this process is known from
the 1950s [1] and called a spallation reaction. Taking advantage of the progress in
accelerator technologies in recent years the old idea of an intense neutron generator
has revived to be exploited in many domains like solid state and material structure
analysis, for which a continuous neutron source is being built at PSI (SINQ) [2],
a high-flux pulsed source is in project at the European level (ESS project) [3] as
well as in the US (SNS project) [4]. Intense neutron flux may also be used to
produce isotopes for medicine or tritium production (APT project, US) [5]. The
application that has been dominant driving force for the recent revival of the neutron
production is the transmutation of radioactive waste and/or plutonium and nuclear
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energy generation in subcritical spallation-fission hybrid reactors {6].

So far only medium energy (0.8 — 1.6 GeV) protons hitting a heavy target
(U, Th, Pb} were considered as far as hybrid systems are concerned [7-10]. The
use of projectiles such as deuterons and light targets (Li, Be) as converters to
create the neutrons may have competitive, if not more efficient, features too [11].
This possibility was noticed by E.O. Lawrence already in 1947 after the very first
experiments at the newly installed 184 inches cyclotron at Berkeley. Amusingly
enough, it was also very early recognized that spallation reactions could be used for
producing 2*°Pu from depleted uranium and as an external source for neutrons for
fission reactors (nearly the concept of the energy amplifier!) [12].

Another interest in the neutron production is related to the possibility of the
production of Radioactive Jon Beams (RIB) by neutron induced fission {13-15].
Together with an increase in the accelerator power available, the new RIB targets
will have to be designed to deal with high power densities. This is a problem
of concern to a number of RIB facility concepts currently under consideration at
various laboratories world wide. One effective solution to this problem, as initially
proposed by the Argonne National Laboratory group [14], is to decouple the heat
dissipation issue from that of nuclide production and release to the ion source. This
can be achieved by stopping primary beam in a target-converter to produce an
intense flux of neutrons to irradiate a secondary production target located behind
the first one [14,15].

One of the crucial problems, both for hybrid reactors and RIB production via
neutron induced fissions, 1s to determine the most efficient way to convert the pri-
mary beam energy into neutrons produced afterwards. In this report we present
and compare the predictions of neutron production induced by light projectiles,
namely p, d and «, with the use of the existing Monte Carlo codes briefly presented
in Chapter 1. We consider the incident energy of the projectiles, total neutron pro-
duction, angular and energy distributions of emitted neutrons from different target
materials and their further multiplication in the multiplying medium as the most
important parameters of our interest (Chapter 2). Chapter 3 summarises already
existing or plannned RIB production techniques. A combined RIB target assembly
is proposed and model-based predictions of 1sotope production are made within the
SPIRAL Phase-II project at GANIL [15]. In Chapter 4 the energy gain in a sim-
plified subcritical target assembly is estimated as a function of different incident
projectiles as well as of different spallation target combinations. Qur predictions
are compared to available experimental data and other theoretical investigations.

2. The simulation codes

2.1. The LAHET Code System (LCS)

The LAHET Code System (LCS) [16] is a Monte Carlo code for the transport
and interaction of nucleons, pions, muons, light ions (Z<4), and antinucleons in
complex geometries; it may also be used without particle transport to generate
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particle production cross sections. For neutron energies E, < 20 MeV the neutron
transport down to thermal energies is performed using HMCNP, a modification
of the MCNP code [17], which utilizes ENDF/B-VI based neutron cross section
libraries. LAHET uses the same geometry system as MCNP.

In brief, the LAHET code [16] employs conventional intranuclear cascade (INC)
and evaporation models (EVAP), and also contains the multistage preequilibrium
exciton model (MPM). It has the capability of treating nucleus-nucleus interactions
as well as particle-nucleus interactions. LAHET includes two different models of
fission induced by high energy interactions. The Fermi breakup model has replaced
the evaporation model for the disintegration of light nuclei (A < 17). We refer the
reader to Ref. [16] where the physical models are explained in more detail and the
results from running the LCS have been compared extensively against experimental
data in a multitude of varying target materials, projectile type and energy, and
geometry.

The recent International Code Comparison for Intermediate Energy Nuclear
Data organized by NEA/OECD in Paris [18] have shown that the LCS generally
has good/better predictive powers for spallation reactions if compared to other
available models. However, we have to nhote that a characteristic narrow peak at
large energies for emitted nucleons (almost the incident energy), which is well seen at
forward angles, and which fades out with increasing scattering angle, is not properly
reproduced for direct deuteron breakup on heavy metal targets (Z>26). Following
the estimations in [19], the missing part of this process, namely an elastic Coulomb
breakup of deuteron, may contribute between 7% (in the case of neutrons) and 34%
(in the case of protons) to the corresonding total nucleon production cross section
calculated using the LCS, and it becomes less important for lighter targets.

2.2. CINDER’90 Codes and Data

CINDER’90 is a transmutation inventory code having a library of 63-group cross
sections and requiring no library preparation prior to execution [20]. In conjunction
with other codes simulating the radiation environment, CINDER’90 has been used
to describe nuclide inventories in a variety of applications. CINDER’90 employs
Markovian chains to determine temporal densities of nuclides in a radiation envi-
ronment, solving independent contributions to atom densities in each of a number of
linear nuclide chains. Nuclide concentrations are then obtained by summing partial
concentrations (see [20] for more detailed description).

The library of nuclear data, constantly growing in breadth and quality, now
describes 3400 nuclides in the range 1<72<103. CINDER’90 uses these data, e.g.
ENDF/B-VI, Joint European Data File (JEF-1), European Activation File (EAF-
3), Master Decay Library (MDL), etc. [20], and requires as input the description of
the particle flux and the production probabilities of nuclides for reactions outside the
particle and energy domain defined by the libraries. This is compatible with the LCS
[16], which yields the medium-energy light projectile induced spallation products.
These, together with the associated lower-energy neutron flux (£, < 20 MeV)
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from a companion calculation with HMCNP [17], may be employed by CINDER’90
afterwards for a final calculation.

3. Neutron production

3.1. Total neutron yield

A deuteron, already carrying one neutron, seems to be more efficient for neutron
production than a proton. Consequently, an @-particle, with two neutrons and two
protons, would be more favourable in the same context. As a matter of fact, the
situation is more complicated. In Fig. 1 we present calculated total neutron yield
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Fig. 1. Calculated neutron yield as a function of a thick (5 stopping ranges for
deuterons) target material A for p, d and a-particles at 100 MeV per nucleon.

normalised per incident particle for protons; deuterons and a-particles at the inci-
dent energy of 100MeV per nucleon on different target materials. When the nucleus
is bombarded with 200MeV deuterons, or 400MeV a-particles, the binding energy
of the incident nucleons is important chiefly in causing a spatial correlation between
them, and what happens can be thought of in terms of a simultaneous bombard-
ment by several individual nucleons. Their characteristics depend primarily on the
fact that the deuteron is a very loosely bound system. Contrary, an e-particle is
more bound by one order of magnitude if compared to deuteron. It is also clear
that neutron production by protons in this picture is very low as long as all incident
particles have the same energy per nucleon.
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Fig. 2. Estimate of neutron production by protons (p) and deuterons (d) with
total incident energies of 200MeV, 500MeV and 1000MeV. A thick target is a
cylinder with equal length and diameter given by 2 stopping ranges for protons.

Since the total energy is one of the most essential parameters which defines the
actual costs of particle acceleration, it is preferred to compare neutron production
by protons and deuterons at the same total incident energies. It was estimated [11]
that deuterons are more efficient projectiles for neutron production for all target
materials if compared to protons, while a-particle induced reactions are least ef-
ficient at the same total incident energies. There is a simple explanation of that;
neutron production will increase with a number of interactions, and this increases
with the range R~ML;; following the energy loss relation. For a given energy E
this favours protons with minimum MZ%=1. However, an extra neutron very loosely
bound in the projectile and the corresponding contribution from (n,xn) and (n,f)
reactions easily compensates this effect for deuterons.

Fig. 2 represents total neutron yield from proton and deuteron induced reactions
as a function of three incident energies and a number of thick target materials. It is
clearly seen that the target dependence of the neutron yield is quite similar for both
projectiles: the neutron production is more favourable for very light (Li or Be) and
very heavy (Th or U) target materials. In the case of fissionable nuclei, the neutron
production is increased further because of the contribution from fissions. For all
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energies deuterons are much more efficient than protons in neutron production if one
chooses very light targets. In the case of Be, neutron yield is higher for deuterons
by a factor of 1.3-2.5 depending on energy as shown in Fig. 2. However, that is not
the case for heavy targets. Here at 200MeV neutron production by protons and
deuterons is almost the same. Increase in projectile energy makes deuterons more
efficient only by 10% for U, for example, if compared to protons. It is also very
important to notice that the neutron yield from light targets is comparable to the
one from heavy targets only by deuteron induced reactions, while protons always
produce considerably more neutrons on heavy targets than on the light ones (see
the upper part of Fig. 2).

3.2. Angular and energy distributions of neutrons

By comparing the angular distributions for neutron production by protons and
deuterons in our previous work we have shown [11] that in the case of protons, the
angular distributions are relatively flat, while for deuteron induced reactions the
neutron production is more concentrated at forward angles. On the other hand,
both (p,xn) and (d,xn) reactions showed-a some-what similar angular dependence
at more backward angles; the cross section decreases considerably with the angle
in the case of light and intermediate mass targets, while, in the case of the heavy
ones, neutrons are emitted in the entire scattering angle range.

The energy distributions of neutrons emitted from (d,xn) and (p,xn) are quite
different as well, i.e. much more energetic neutrons are produced by light targets
than by heavy ones [11]. For example with projectiles of 200MeV, most of the
neutrons (up to 80%) from U fall into the energy interval from 0 to 5MeV, while
more than 30% of neutrons from Be are emitted with energies higher than 10MeV.
Moreover, deuterons {comparing to protons) both in light target and heavy target
materials produce considerably more energetic neutrons in absolute value. We refer
the reader to Ref. [11] for more detailed discussion.

These observed differences might be very important in further investigations on
neutron production within subcritical hybrid systems or RIB production assemblies,
where the use of light or heavy metal targets, in our opinion, is still an open question.
One could think of the combined system, for example, with a light target as a
converter in order to create the neutrons (to be emitted at forward angles for light
targets) and a heavy target (placed right after the light target) to increase the
neutron flux further [21]. In this context (d,xn) reaction is much more favourable
for two well established reasons. First of all, neutron production in absolute value is
higher for light targets if one uses deuterons as we have shown above. Secondly, the
neutrons created by deuterons in a light target are more forward peaked if compared
to proton induced reaction; so these neutrons might be used more efficiently for
secondary neutron production in a heavy target in terms of higher production rates
and simpler geometry assemblies.
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4. RIB production

4.1. Direct RIB production techniques

A significant increase of the intensities of RIBs would certainly open an access to
the new domains of physics. One may consider that it will be possible to use beams
of several MW, i.e. 3 orders of magnitude higher than currently used or scheduled
at different RIB facilities world wide (presently all below the 10kW power limit)
[22]. This would lead to the access of the reaction cross sections from the level of
10mb down to the ub level. The R&D programmes to develop high-intensity beams

1) ISOL
high energy beam Jow energy RIB accelerator,
. S L T AT
> storage, ...
p, d, alphas, ...

2) Fragmentation

high energy beam high energy RIB spectrometer,
- T storage, ...
heavy ions

3) Reactors
thermal neutrons low energy RIB accelerator,
- = I storage, ...

Fig. 3. Direct methods for the production of RIBs. From [22].

of a few MW are in progress, and in part stimulated by the projects related to
the hybrid reactors, etc. Unfortunately, an increase of the primary beam intensity
does not necessarily increases the intensity of the secondary RIBs, as was demon-
strated in [23]. The authors argue that the maximum yield will be obtained for a
limited power, and that there might be quite severe limitations with respect to the
admissible power on a target [23].

Fig. 3 illustrates different direct methods to produce secondary beams. The
first is the ISOL method (Isotope Separation On Line), pioneered by CERN-Isolde.
As already discussed, it seems difficult to go much above the 10kW limit power
deposited in the target. The highest maximum value was obtained (~20kW) and
tested thermally by heating for the RIST target [23]. The second method is the
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production of nuclei far from stability by high-energy fragmentation of heavy ion
beams as pioneered by LBNL, and extensively used with high-intensity beams at
GANIL, RIKEN, MSU and GSI. It is worth mentioning that these facilities devote
more than half of their beam time to RIB physics. The highest power densities
on target were obtained at GANIL with up to 1kW [22], and it seems to be no
fundamental problems to produce beams of a few hundred kW with a bigger focus
of the beam and a fast rotating target. However, in this particular case, the main
limitations will be the maximum beam power of the accelerators already in use,
and eventually radioprotection problems. The third method is based on thermal-
neutron-induced fission, as in the PIAFE project [13]. Here the power limitations
will be more or less the same as in the first case, in even more difficult environment,
namely the source being situated near the centre of a high flux reactor. Neverthe-
less, at the upper limit (10kW) it would correspond to 3-10'* fissions s™!. In the
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Fig. 4. Cross sections for production of Rb isotopes by various nuclear reactions.
From [24].

most favourable range of the branching ratios of 1% and the transport efficiency of
isotopes from the inside reactor to the external accelerator, say of the order of 1%,
this would lead to the RIB intensities of 3-10!° particles s~! so far unreached.

Fig. 4 serves as an illustrative example of the production cross section of Rb
isotopes by the three different RIB production techniques presented above, i.e. by
fission of 238U with protons of various energies, 77MeV per nucleon !*C ions, and
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thermal neutron fission of 23°U [24]. It is seen that the highest cross sections are
found in the thermal fission of uranium, followed by heavy ion reactions which are
somewhat higher that for the corresponding proton reactions. It should be noted,
however, that the cross sections alone are insufficient to decide on the best suited
reaction for production of RIBs, although it is always a good starting point. For a
more realistic comparison of the different methods, it is important to take into ac-
count the final efficiency of the particular ion-source, that may reduce considerably,
say 1-3 orders of magnitude, the final RIB intensity. The primary beam intensity
is another essential parameter in this context as will be discussed below.

4.2. Combined methods: the case study for SPIRAL Phase-II

The considerations in the previous subsection suggest that it might be promising
to look for more complex methods, with the main aim to decouple the heat and/or
radioactivity produced by the primary beam from the ion source that produces the
RIB. We refer the reader to the Ref. [22] where a few of these methods are mentioned
with expected primary beam powers higher than 100kW. Below we present the case
study of a particular combined RIB production assembly as initially proposed by
the ANL group [14] and presently in the consideration as a future extension of the
beams furnished by SPIRAL at GANIL (SPIRAL-2 hereafter) [15].

The highest fission yields can be obtained from uranium fission reactions. If
thermal, reactor, and 14MeV neutron induced fissions are compared [25], it is
suggested that more energetic neutrons give higher fission yields on the neutron-
rich/deficient sides by a factor of 10-100. Therefore, with an increase in neutron
energy one simply would expect even higher fission yields of the neutron-rich iso-
topes of interest. Different conclusions have been recently made in [26], where the
thin target yields of neutron-rich fission products were estimated for a range of
neutron energies from a few MeV up to 100MeV. The authors suggest that the
best yields of neutron-rich isotopes of elements such as Kr, Rb, Xe and Cs are
from 2-20MeV neutron induced fission of 238U [26]. It was also concluded that
high energy beams of neutrons have comparable integral yields per element, but
the distributions are peaked at lower neutron numbers. This is presumably due to
a higher neutron evaporation in the pre-equilibrium stage and/or the compound
neucleus/fission stage.

On the other hand, in the combined target system, higher incident energies are
preferred in order to produce considerably more neutrons in the primary target. As
it will be shown below, a number of neutrons which reach secondary production
target (consequently, a fission probability in the secondary target) is not at all a
linear function of the incident charged particle energy. Furthermore, during the fis-
sion, induced by more energetic neutrons, more secondary neutrons will be emitted,
and these will result in additional secondary fissions in the thick production target.
Clearly, this secondary effect was not taken into account in [26], where the thin
target yields were investigated.

In brief, a compromise of the two conflicting requirements: higher energies of
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primary projectiles and lower energies of emitted neutrons as discussed above, has to
be found. We choose a primary deuteron beam and a light metal target-converter
resulting in an efficient source of high energy (approximately half energy of the
incident deuteron) and forward peaked neutrons [21]. In this way we can easily
look for an optimum energy of the incident projectile to produce the best yields of
the neutron-rich isotopes of interest in the secondary production target.

The simplified RIB production assembly consists of a beam stopping beryllium
cylinder (neutron source) and a uranium cylinder (production target) placed at
lcm distance from the first one as presented in Fig. 5. We note that at GANIL

d stopping range 15cm

Fig. 5. A combined target assembly for neutron multiplication and isotope pro-
duction with incident deuterons. The target units preserve a symmetry along the
beam axis.

maximum energies are up to 100MeV/u. On the other hand, the validity of the
simulations with LAHET for incident particle energies lower than 50MeV is more
than questionable. Therefore, we limit our calculations to the incident deuteron
energies E4=50MeV, 100MeV, and 200MeV and change the length of the stopping
beryllium target accordingly, i.e. I=1cm, 3cm, and 10cm. In order to minimise the
neutron loss from the system, and at the same time to provide it with some cooling,
the targets are surrounded by a cylindrical light water blanket (see Fig. 5). We
note at this point that the LCS has been successfully benchmarked against fission
isotopic yields in the energy range as above in [21].

We simulate a parallel deuteron beam which is uniformely distributed over an
ellipse. Low energy neutrons (E,, <20MeV) are transported by HMCNP down to the
thermal energies, and together with the tables of high energy spallation products,
resulting from the LCS, are employed by the CINDER’90 code to calculate the final
yields of the isotope production in the full range of neutron energies. We note that
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in Ref. [21], where similar simulations have been made, the fission products from
the fissions induced by low energy neutrons were not taken into account.

Neutron production in the beryllium target increases as a function of deuteron
energy very sharply, i.e. a factor of 2 (or 4) increase in energy corresponds to
a factor of 4 (or 10) increase in total neutron yield [21], and essentially to the
increase of the range in the material. In this energy region, the beam intensity
could not compensate neutron production at lower energies but at the same beam
power. Therefore, the highest 200MeV energy is suggested. In the secondary target
neutron production is proportional to the number of neutrons in the primary one;
approximately 35-45% of all neutrons produced in the beryllium cross the front
surface of the secondary target, where neutrons are further multiplied by (n,xn) and
(n,f) reactions. The energy spectrum of incoming neutrons is again very important
in this process; more fissions and more (n,xn) reactions will occur for more energetic
neutrons (see Ref. [21] for more detailed analysis).
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Fig. 6. lsotopic distributions of the in-target production of Rb, Cd and Cs in
the systems of 200MeV, 100MeV and 50MeV d+Be — xn+U (solid curves from
top-to-bottom in atoms per deuteron) (also see Fig. 5), and ne»+2*°*U (dotted
curves in atoms per neutron/cm?®) as from [13).

In the fission of 22U by reactor neutrons the mass distribution of fission prod-
ucts contains two peaks located at A=85-105 and A=125-150 [25]. In between these
two peaks at mass A=105-125 the distribution has its local minimum. For a more
detailed examination of isotope production in uranium by neutrons originating from
the primary beryllium target we have chosen Rb (Z=37), Cd (Z=48) and Cs (Z=55)
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isotopes located within three regions of the mass distribution of fission products as
mentioned above.

The results with the 223U production target and three different incident energies
of deuterons are shown in Fig. 6, where isotope yields are normalised per incident
deuteron. As expected, higher incident energies resulted in slightly broader isotope
distributions (compare the curves with 50MeV and 200MeV deuterons, in particu-
lar). At the same time, at the very peaks of the distributions, increase in incident
energy from 50MeV to 100MeV (to 200MeV) increased the isotope production by
a factor of 4 (or 8). On the neutron-rich (or deficient) side these differences are
similar if extrapolated from presently calculated values. From the above results the
following conclusions can be made: E4=100MeV seems to be an optimum incident
energy in the RIB production target considered (see Fig. 5). Increase in energy
from 100MeV up to 200MeV gave a similar increase in isotope production. This
also could be achieved with 100MeV deuterons instead of 200MeV but with 2 times
higher primary beam current, 1.e. at the same beam power. Contrary, increase
in energy from 50MeV up to 100MeV resulted in higher isotope production by a
factor of 4, what could not be compensated at the same primary beam power, say
for 50MeV deuterons with their beam intensity 2-I, versus 100MeV deuterons with
intensity I,.

For comparison in Fig. 6 we also included isotope production distributions {dot-
ted curves) from thermal neutron induced fissions in 1g of the uranium 23U [13].
The isotope rates are normalised per incident neutron per cm? in this case. Near the
peaks of the mass distribution of fission products, the n,; +23%U reactions give higher
yields by 1 order of magnitude. However, fission yields from high energy neutrons
resulted in broader isotope distributions, what makes these two different methods
equally efficient on the neutron-rich and/or neutron-deficient of the distributions. In
addition, in the mass region A=105-125, where fission products from thermal neu-
tron induced fissions exhibit their local minimum, high energy neutrons give higher
fission yields by a factor of 10-20 (compare curves for Cd isotope distribution in
Fig. 6). More straightforward comparison of the two different methods discussed
above is presented in Fig. 7, where one can easily see advantages/disadvantages
these methods contain.

In order to compare the above proposed method for isotope production with the
ones at already existing or planned experimental facilities in Europe, the relevant
information provided in Table 1 1s necessary.

The final RIB intensity I will depend on a number of parameters determined
by the following expression:

I=1,-0-N-e (1)

Here I, stands for the incident beam intensity, o is the production cross section
of the particular radicactive isotope in the particular nuclear reaction, N is the
thickness of the production target, and ¢ = €; - €2 - €3 is the final efficiency factor
defined by the product release and transfer efficiency ¢;, the ion-source efficiency
€9, and the delay transfer efficiency ¢z due to radioactive decay losses.
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Table 1. Primary beam and target characteristics in some of the European RIB
facilities in operation, under construction or proposed [24].

Project Incident beam Target thickness Intensity
energy, particle (g/cm?), element ppA
ISOLDE (Geneve) 1GeV, protons 110, 2380 3
GANIL (Caen) 100MeV /u, 1°C 5, #°U 8
PIAFE (Grenoble) thermal, neutrons 1, #%U 10" /scm?
SPIRAL-2 (Caen) 100MeV/u, deuterons 19, Be + 30
284, 2387

In Table 2 we present projected in-target isotope production, i.e. a product of
I, - o - N as from Eq. 1, normalised to a primary beam intensity of one particle
pA. We note, that these are estimations of in-target isotope production, and the
final beam intensities may be reduced considerably {1-3 orders of magnitude) if the
total efficiency ¢ of the 1on-source is taken into account. We refer the reader to the
Ref. [24], where more detailed analysis on this subject is given and where some of
the ¢ values are given explicitly for different beam-target-isotope combinations. It
should be also noted that an intensity of one particle A for some primary beams
is a high intensity whereas other particles may be availabe and usable in orders of
magnitude higher intensities (see Table 1). Therefore, it is also very important to
set realistic limits of the intensities of the primary beam currents.

In brief, as it is seen from Table 2, both ISOLDE and SPIRAL-2 :n-target
isotope production rates {(in atoms per spAp) are very similar, while present GANIL
fragmentation technique gives smaller values by a factor of 2-10. In the case of the
PIAFE project, the isotope production is smaller/higher by 1 order of magnitude
depending on the atomic mass A of the fission products. {Also see Table 1 for the
relevant information.)

If low density powders of UC, are used in order to decrease the release time
of isotopes, the corresponding yields have to be corrected by the ratio of the mean
density [21], that is typically 1-2g/cm? for UC, powders [27], over the corresponding
density used in our calculations, i.e. ~20g/cm? for 238U, In addition, the fact, that
the UC, system apparently moderates faster the neutron spectrum to below the
threshold energy of 233U fission, and/or effectively scatters neutrons out of the
systemn, has to be taken into account.

The use of highly enriched uranium for production of isotopes seems to be an in-
teresting possibility too. In this context we investigated a subcritical secondary tar-
get consisting of 20% 238U and 80% 23°U with its averaged density p=18.01g/cm?.
Criticality calculation with the MCNP code [17] resulted in an effective neutron
multiplication coefficient k.¢; ~0.9 to be compared to kess ~0.1 in the case of a
pure 38U cylinder with the same geometry setup. In this particular case, 70 times
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Table 2. Estimate of projected in-targetisotope production of RIB (the numbers
for ISOLDE, GANIL and PIAFE facilities are taken from [24]). The lists of beam
intensities are normalised to a primary beam intensity of one particle pA, except
for the thermal neutron based PIAFE facility for which neutron flux densities
of 6.25*10'? n/scm® have been considered. See Table 1 and Ref. [24] for details
concerning the primary beams, incident particles, different target geometries and
materials in the case of different experimental facilities.

Beam ISOLDE GANIL  PIAFE SPIRAL-2
at./suAp at./suAp (see caption) at./spAp
mZn  2.3*10° 35%107  3.8%10° 4.5%10%
2Kr  4.1%10°  58%10°  2.7*10' 2.4%¥101°
ggKr 1.7¥10°  4.9*107  8.8*10° 4.9%10°
STRb  8.7*10%  4.6%10%  4.6*10° 1.8%10°
132sn 1.5%10%  2.6*107  5.4*10'° 9.3%10°
142Xe 1.3%10% 2.3%10°  4.1¥10%° 8.0%10°
144Xe 2.7%10°5 - 4.8%10° .  7.5*10% 5.6%10%

144Cs 2.2*¥101°  3.9*10° 3.4*101° 8.9¥10°

more fissions were obtained if compared with the target without 235U [1 1]. Here we
remind that the number of fissions at the first approximation

ke
Nfiss ~ —ff—- (2)

Consequently, the ratio of a number of fissions Ny;;,(80% 23%U) /Ny, (338U)~80.
A similar factor would result in the increase of the isotope production yields near
the peaks of the fission products; even though all distributions would slightly be
moved to the neutron deficient side (simply because & (235U)< £ (238U)). Such a
target assembly, if considered, would allow to take advantages both of the thermal
and high energy neutron induced fissions resulting in fission yields of the order of
magnitude of 0.1 (atoms/d), i.e. even higher than in the case of the PIAFE project
f13].

5. Energy amplification: protons or deuterons?

In a charged particle induced cascade one can distinguish two qualitative physical
regimes: a) a spallation driven, high energy phase and b) a neutron driven, fission
dominated regime. Neutrons from the first phase are acting as a “source” for the
second phase, in which they gradually loose energy by collisions and are multiplied
by (n,f) and (n,xn) reactions. Depending on the final aim, one must choose very
carefully the target materials for both of these physical regimes. In this Chapter we
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would like to develop in more detail the idea proposed already in 1952 during the
measurements of neutron yields by bombardment of target assemblies with proton
and deuterons beams. At that time two significant conclusions were reached [12]:

“In direct bombardment of (30cm) targets of uranium the yield in terms of
neutrons per incident beam particle was 25% to 30% greater for deuterons than for
protons of the same energy.”

2. “In the case of deuteron bombardment, the insertion of a one-range thickness
of lithium or beryllium (primary target) in front of the uranium block (secondary
target) resulted in nearly the same neutron yield as bombarding uranium directly...”

Encouraged by these findings and motivated by those we pointed out in the
previous Chapters, a simplified subcritical target assembly for neutron multiplica-
tion and energy production by proton and deuteron induced reactions was taken
as a test case (see Fig. 8) [11]. Two different combinations were considered: a)
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Fig. 8. A simplified subcritical (with k~0.9€1.0) target assembly for neutron
multiplication and energy production with incident protons or deuterons. The
target units preserve a symmetry along the beam axis.

beryllium spallation target placed inside the fuel assembly (”Be+fuel” hereafter),
and b) uranium spallation target placed inside the fuel assembly (U-+fuel” here-
after). For simplicity a homogeneous water and uranium mixture was used as a
fuel. The device is surrounded by a spherical water blanket, acting as a “reflector”

We note that our simplified “reactor” can serve as a good approximation (as long
as its geometry and materials are concerned) of a subcritical arrangement made of
natural uranium rods (0.71% #33U) and water moderator as described in [28], where



From RIB production to the applications... 17

a measured effective neutron multiplication coefficient k=0.895+0.010 was reported
[28]. We performed the criticality calculations with the MCNP code [17] by simu-
lating a point-like neutron source placed in the middle of the spallation target [11].
With this configuration k=0.897 was obtained. By replacing the uranium spallation
target with a beryllium bar in the same fuel assembly only a small increase in k
value (of the order of 0.5%) was observed.

In addition to the total neutron yield normalised per incident beam particle, the
total number of fissions Ny;;s which took place in the fuel assembly was calculated
[11]. After each successive fission in 233U or 23°U approximately 181MeV energy
becomes available according to their fission Q-values. Therefore, the energy gain
G(Nyiss), i.e. the ratio of the energy produced in the device to the energy delivered
by the beam, can be estimated by a very simple relation

181 Nyi,,

G(Nfiss) = B,

(3)
whith Fpeam given in (MeV).

The results for the neutron production in such a subcritical “reactor” (see Fig. 8)
in the case of the "U+fuel” target assembly just confirm the estimations already
discussed above; protons {compared to deuterons) are almost equally efficient in
neutron production at the same total incident energy if one chooses heavy metal
target as Pb, Th or U for a spallation target. The difference depends on incident
energy, chosen target material and its geometry, and ranges from 5% to 15% in
favour of deuterons. Only a small difference was found for a number of fissions
Nyiss in the fuel assembly as well, what results in nearly the same energy gain
factor given by G(Ny,s), i.e. up to 10% higher for deuterons.

However, the ”Be+fuel” target assembly gives much higher neutron yields for
deuterons as incident projectiles. In the case of deuterons, we obtained nearly the
same neutron multiplicities as for ”U+fuel” assembly, in agreement with the mea-
surements back in 1952 [12]. In the case of protons, nentron production is sharply
decreased if compared to the one obtained bombarding the ” U+fuel” system. More-
over, the "Be+fuel” target combination with deuterons results in a faster increase
of the number of fissions Ny;s; (and in the energy gain factor G(Nyiss) ~ Nyiss fol-
lowing Eq. 3), as compared to the protons bombarding the ”U+fuel” device. The
reason for this difference is the following: as was already discussed above, neutrons
originating from the light metal spallation target are much more energetic; hence,
their multiplication in the fissile material results in a higher number of fissions
Nyiss (and energy gain G(Nyi,,)) per incident particle until the optimum energy is
reached.

In Fig. 9 we summarise the discussion above by plotting the calculated energy
gain G(Nyiss) as a function of the incident beam energy and two different spallation
targets ("Be” or ”U”) inside the same fuel assembly ”fuel” (uranium and water
mixture) for protons "p” and deuterons ”d” (also see Fig. 8). In Fig. 9 we also
add the experimental points (with error bars) from [28], which in our notation
should be compared to the “p on U+fuel” solid curve. Inspite of the simplifications
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Fig. 9. Calculated [11] and measured. [28] average energy gain, i.e. the ratio
of the energy produced by fissions in the device to the energy delivered by the
beam, for proton and deuteron induced reactions on different spallation targets
{Be or U) inside the same fuel assembly as a function of total incident energy.

we made in the geometry assumptions, we got a reasonable agreement with the
experimental data; although in our calculations no neutron loss in the construction
materials was taken into account. In addition, our predicted values for deuterons
{see “d on Be+fuel” long-dashed curve) suggest that a practical energy amplifier
could therefore be operated with deuteron beam energies of the order of 400MeV-
800MeV, i.e. at lower incident energies by 400MeV than suggested in [28] for proton
beam, and still give a comparable energy gain factor.

There might be more advantages of the light metal over heavy metal primary
targets. In the case of light metal spallation target + fuel assembly, the heat will
be distributed over a greater depth, and much of the beam power is carried forward
into a secondary target by the high-energy neutrons. These neutrons penetrate the
uranium fuel assembly with much better efficiency having about a 10¢cm mean free
path for interaction. Therefore, the fuel burnup should be more homogeneous if
compared to the case when charged particles are stopped in the fuel assembly itself.

6. Conclusions

We have tried to elucidate the question if proton or deuteron induced reactions are
more efficient in neutron production. The complete optimisation of the neutron
production efficiency involves three major parameters of interest: the energy spec-
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tra of neutrons, the angular distributions of neutrons, and the averaged neutron
multiplicities. Each of these parameters was found to be a function of a chosen
projectile, its total incident energy and a chosen target material, what makes our
initial task even more complicated.

(a) We estimated that neutron production by deuterons, if compared to proton
induced reactions, is higher up to 250%, 150% and 10% for light, intermediate
and heavy metal targets respectively. A combination of deuterons with a light
target material gives the hardest neutron spectrum. The most isotropic angular
distribution of neutrons is obtained in the p+U reaction, while the d+Be reaction
resulted in the most forward peaked neutrons.

Consequently, what we have learned from the studies on neutron production (a)
has become the essential part in the applications for RIB production via neutron
induced fissions (b) as well as for accelerator-driven hybrid reactors (c).

(b) The SPIRAL Phase-II (GANIL) RIBs are neutron-rich nuclei in the mass
region 75<A<160. In order to produce them, the stopping target-converter (Be)
interacting with intermediate energy deuterons was chosen and served as an efficient
and forward peaked source of energetic neutrons to induce fissions in the secondary
isotope-production target (U). It was found that in the energy range from 50MeV
to 100MeV of the incident deuterons both the neutron and isotope production
increases with beam energy for a constant beam power. For this reason, 100MeV
deuterons are suggested, and further increase in primary beam energy for a target
combination considered is not worth while. In the case of the pure 238U secondary
target, 80% of the incident beam power is deposited in the primary Be target, while
the energy dissipated in the secondary U target is mostly due to the energy released
by the fission process, i.e. the heat dissipation issue is solved automatically in the
production target. Therefore, for the same power dissipated in the target, neutron
fluxes can be one order of magnitude higher than the charged particle currents. Even
with 10kW deuteron beam at 100MeV {(compatible with the existing characteristics
of GANIL) one could expect a 2-3 orders of magnitude increase in the final secondary
beam intensity for some isotopes estimated from present fragmentation of the target
and/or the heavy ion beam.

(c) The observed differences (both quantitave and qualitative) in neutron pro-
duction from proton and deuteron induced reactions might be also very important in
further investigations of the spallation target (ligh or heavy metal) within subcritical
hybrid systems. In this case four possible combinations were considered: protons or
deuterons bombarding the U or Be spallation target placed inside the same fission-
able fuel assembly. We found that the ”"U+fuel” device gives 5-10% higher neutron
vield per incident particle for deuterons than for protons at the same total energy.
In the case of deuterons, the ”Be+fuel” target assemnbly results in nearly the same
neutron yield as for the ”U+fuel” one. Now the heat is distributed over a much
greater depth since more energetic neutrons are produced in Be spallation target.
It was also predicted that the optimum energy gain in the modelled hybrid system
may be reached at lower incident energies if deuterons are used instead of protons
and a light metal target instead of a heavy one is employed as a spallation target



20

Ridikas et al.

(”d on Be+fuel” case). This lower energy should result in higher beam intensities,
lower costs of the system and perhaps facilitate radioprotection problems.

The present conclusions (a), (b), and (¢) will hold, to our opinion, qualitatively

for other configurations; however, one always must take into account the precise
device for a realistic optimisation. In addition, the findings reported here should be
confirmed by new experimental data.
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