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ABSTRACT. This paper presents studies of physical parameters of a fast neutron energy
amplifier which employs a plutonium subcritical assembly and a 650 MeV proton accelerator,
The aim of the studies is to find the energy gain, neutron multiplication coefficient and rates of
radioactive waste transmutation for the proposed ADS setup. The plutonium isotopic mixture
from waste of PWR reactors is proposed to be used for the core of the assembly.

1. Introduction
The role of Accelerator Driven System (ADS) is examined in view of the energy

production and the incineration of plutonium from commercial light water reactors. The design
of the experimental ADS facility is based on existing plutonium fast reactor IBR-30 that has
been operated in JINR in Dubna (Russia) for considerable number of years. We would like,
particularly, to emphasize the importance of research on the plutonium ADS setup because of
finding a safe utilization for plutonium accumulated in the course of the nuclear power plants
operation, presenting a great danger in respect to uncontrollable nuclear weapon proliferation.
The ADS technology looks quite promising for the solving of this issue. As a first step in the
studies of peculiarities of plutonium ADS it was proposed to combine the core of the
plutonium fast reactor IBR-30 and 660 MeV proton cyclotron [1],[2], Now we consider a
similar setup with plutonium isotopic composition corresponding to the standard PWR fuel
after 33 GWday/t burnup.

2. Characteristics of the installation
As the estimates of the FLNP and LCTA physicists have shown, the ADS setup that is a

combination of the core of the JINR reactor IBR-30 and the 660 MeV phasotron [3] with
beam power 1 kW, can provide a way to get multiplication coefficient 0.94-0.96 The power of
such a setup in a extracted proton beam with 2.0 101J particles/s will be about 20-30 kW.
Such a power can be removed by a gas (helium) coolant. At the same time it is sufficient to
carry out the most important neutronic investigations required for designing the full-scale
industrial ADS setup.

The building where the phasotron is located allows one to provide safe radiation conditions.
Since the multiplication coefficient does not exceed the value of 0,95 the ADS setup represents
a safe subcritical system. The assembly is supposed to be installed in the main accelerator hall
of the phasotron, in a closed location with limited access.
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As a first step in research of plutonium ADS setup we suggest [1] to fellow the design
plutonium reactor similar to the IBR-30 (FLNP/JINR) operating in a subcritical mode and the
LNP 660 MeV proton accelerator phasotron. The important advantage of the project is the
relatively small size of the reactor and a possibility of its quick realization, as all of the
equipment required is practically available. JINR is an international organization, thus a wide
range of specialists can be involved in the investigations and the project has attracted interest
of a series of research institutes.

To make the present conceptual design of the Plutonium Energy Amplifier we have chosen
a nominal unit capacity of 20 kW (thermal). This corresponds to the multiplication coefficient
keiY

=0.942 and the energetic gain about 20. The beam are protons of energy of the order of
650 MeV. The current is in the range 1- 1.6 uA.

2.1 Physical aspects
The shape of the core of the existing reactor IBR-30 is two rectangles consisting of

stainless steel clad plutonium rods with gaps to let the coolant (compressed air) pass through,
central tungsten target is driven by the beam from the electron linear accelerator which makes
it necessary to introduce separate from the core cooling loop with helium as the working
medium. The proposed reactor core has a form of multi-layer cylinder with a tungsten target of
radius r=1.8 cm surrounded by a plutonium blanket of radius 7.5 and height 14 cm (Fig. 1)

Proton beam Ep=650 MeV
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Figure. 1. Cylindrical geometry adopted for the transport and burnup calculation
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The plutonium blanket contains rods (71%) and the helium as a coolant (29%).
The reactor core is surrounded with a steel reflector 15 cm thick and with the tungsten
reflector 2.4 cm thick. The size of the reactor main vessel is therefore relatively small (d=15
cm, h= 14 cm).

The rods are shaped as a multi-layer Cylinders with metallic plutonium of radius r=4.6
mm, height 140 mm surrounded by Ta (0.1 mm thick) and stainless steel (0.3 mm thick)
casings. The rods contain Pu (84.5 %), with density 16 g / cm3, Ta (3.95 %) and Fe (11.55%)
The mass of plutonium in the rod is 148.9 grams.
The size of the rods and isotopic compositions of Pu are summarised in Tables 1.

Table 1. Main parameters of Pu rods.

Size of the rods
[mm]

Pu content radius rod=4.6
Ta cladding thickness=0.1
Fe cladding thickness=0.3
Height of the rods=140

Isotopic compositions of Pu*
(density

238P u

239P u

240P u

241 P u

242P u

16g/
- 2.

- 58.

- 24.

- 11.
3

cm3)

4 %

4 %

0 %

3 %

9 %

* The plutonium isotopic concentrations correspond to 33 GWxday/t burnup of a

standard PWR fuel with initial 2 3 5 U enrichment to 3.3%. The real IBR-30 is fuelled with
pure Pu-239, however, present research is centred on incineration of secondary fuel
components from operating light water reactors it's been accepted that the reactor is loaded
with the plutonium extracted from them.

The beam of the accelerated protons is directed into an axial split (16 cm depth),
penetrating the facility through the vacuum system of the accelerator tube via a special
tungsten window.

Performance of the assembly has been investigated by means of computer simulations
using particle transport codes: MCNP and for higher energy range the LAHET code and
similar program complex CASCADE based on intranuclear cascade evaporation model
developed at the JINR. The general goal of the calculations was to provide proper design
assumptions, especially from the point of view of the operational safety and measurement
accuracy.

The calculated quantities were the neutron multiplication coefficient number of fissions per
proton, heat generation, fuel toxicity and the energy gain of the system.

The dependence of the energy gain G on the proton energy is graphically illustrated in Fig.
2.
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Figure.2. Energy gain vs. incident proton energy for neutron multiplication coefficient 0.942

As one can see the maximum (G=20) is observed for incident proton energy about lGeV.
A decrease in the energy gain seen at energies less than 1 GeV results from ionization losses of
primary protons. For the suggested 650 MeV energy of protons the energy gain is only 4% less
than for 1 GeV.

The results of computer simulations for the proposed assembly at 650 MeV proton
energy, in terms of: number of rods, neutron multiplication keff and number of fissions per
incident proton are presented in Table 2.

Table 2. The results of LAHET and MCNP calculations.
Number of

rods

150

149
148
147
146
145

Neutron
Multiplication Factor

Keff

0.959 /0.002/

0.952 /0.003/
0.948 /0.003/
0.942 /0.003/
0.939 /0.002/
0.929 /0.003

Low energy
fissions per

proton

97.5

82.0
75.1
66.3
62.6
52.6

High energy
fissions per
proton

0.206

0.205
0.203
0.201
0.198
0.198

It can be seen in Table 2 that the number of fissions per proton weakly falls with the
reduced number of rods. For the assumed multiplication coefficient 0.942 one should use 147
plutonium rods ( 21.888 kg of plutonium).Using maximal number of rods (150) we can obtain
value of keff equivalent to 0.96. At the same time fluctuations of the energetic gain of the ADS
setup are possible during its operation due to different accelerator regimes and changes in the
of keff, as an example, it is shown, in Fig. 3 the energetic gain depends oa the value of neutron
multiplication coefficient in the system presented in Fig. 1 for the 650 MeV proton beam.
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Figure.3. System energy gain vs. neutron multiplication coefficient (incident proton energy 650
MeV)

One can see while examining Fig.3 and Table 2 that the energetic gain for keff=0.943 is
equal to 20 and energetic gain for maximal number of rods (150) is equal to 30.

The above estimates show that the data are quite stable: heat release values are slightly
changing in the range of neutron multiplication coefficient from about 0.93 to 0.96 depending
on variations of the energy and the intensity of the proton beam.

The estimations of the thermal loads of various elements of the system show that they do
not exceed permissible values, besides, if necessary, can be quickly reduced by decreasing the
current of the accelerator. From this viewpoint, the designed set-up is safe, too.

To study the radiotoxicity of the fuel cycles for the ADS setup we calculated the neutron
multiplication coefficient, energetic gain and transmutation ability of different materials

The results of the calculations for the rods with different materials are presented in . Table

Table 3. Parameters of ADS setup for various filed materials

Materials

Pu

Pu+
Actinides
Pu-239

Multiplication
coefficient

0.942/.003

0.941/.002

0.942/.003

Energy Gain

19.3

19.2

19.2.3

Low energy
fissions per

proton

66.3

65.7

65.8

High energy
fissions per

proton

0.201

0.214

0.183

In order to study the behavior of reactor inventory with tirrie we have calculated the system
evolution over five years of irradiation. The calculations were performed with two independent
numerical methods. In the first one the BISON-C code, that is based on deterministic approach
in simplified one-dimensional geometry was applied. The second one is a very advanced
method that combines Monte Carlo transport code MCNP4B with Transmutation Trajectory
Analysis Method [5] to emerge as the MCB code [6 ].
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The results of calculations show that the main system parameters: k-eff and system power,
vary a little from their initial values during the considered irradiation (Figure 4.). One could
expect this due to very small proton beam current in the experimental reactor.
Nevertheless even in the experimental reactor the emerging radioactivity will be detectable in
the experiment and will allow us to verify theoretical predictions of the system time evolution
and project this for the case of power system.
The calculated burnup and transmutation rates of plutonium and fission products are shown in
the Figures 5 and 6.
Minute variation of concentrations of abundant nuclides does not make possible to verify them
experimentally, thus a measurement of actinides stemming from those abundant ones will show
their time evolution only in case of their low initial inventory. In case of mixed initial fuel the
transmutation rates can be verified only by measurements of the fission products.

0.96 100
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Figure 4. Total power and neutron mutiplication in the plutonium fuel.
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Figures: 5, 6. Atomic density of the isotopes plutonium and fission products in the plutonium
fuel.
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4.Experimental program
The overall objective of the experimental program is to study the features of accelerator

driven hybrid subcritical systems from the point of view of safe energy production and
transmutation capabilities, in particular:
• to provide some nuclear data for among others radioactive materials .by comparing

calculations with experiments;
• to study radiotoxicity of the ADS fuel cycle.

The main goal of the experiment is to demonstrate the possibilities of construction of a
safe and stable from the operation view point ADS set-up and to verify reliability of theoretical
methods to estimate such systems. By means of theoretical calculations and measurements of
the neutron flux and the temperature in some points inside and outside the device we will
receive estimates of the multiplication coefficient and a neutron flux as well as neutron leakage
out of the assembly and the value of the energy gain. We shall study the influence of various
reflectors as well as the multiplication coefficient behaviour vs. time. Different material
compositions of spallation target will be examined for optimizing the efficiency of neutron
source. The research on raising the system performance by using a sectioned assembly [7] or
merely spatially distanced hierarchical subcritical systems [8,9] is of a special interest since this
idea allows for a radical and safe reduction of the beam current at unchanged k-eff. Besides, we
shall investigate spatial-energetic distributions of the neutron flux in the assembly, their
dependence on the design, reflector material and presence of moderators.

4.1. Basic nuclear data and data for radioactive materials.
Integral neutron cross-sections of fission and radiation capture for the long-lived fission

fragments and actinide isotopes will be measured for the neutron spectrum in the assembly. We
also plan to investigate experimentally the efficiency of the adiabatic resonance crossing
method (ARC method) for the transmutation of several nuclides of waste in the lead cube
situated near the reactor core. After a long-term irradiation the concentrations of selected
fission products will be examined by means of gamma and X-rays. The results of the
measurements are to be compared with the results of the mathematical modeling of the
corresponding processes in order to further improve the computation methods.

4.2. Studies of the radiotoxicity of the fuel
The accelerator-driven system for LWR-waste transmutation based on fast neutron

spectrum will be investigated. Transmutation efficiency of the reprocessing technology will be
examined in order to estimate the full cycle residuals and their radiotoxicity. The samples to be
transmuted will be in the form of foils subject to prolonged irradiations in the assembly. Special
attention will be paid to transmutation of plutonium and minor actinides from the LWR wastes.
Radiochemical separations may prove to be indispensable in view of insufficient induced
activities. The nuclide concentrations during the transmutation process will be measured and
calculated and possibly their time evolution too.
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