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Abstract 

We propose a new approach to dispose of Long-Lived Fission Products (LLFPs) of type II such 
as ̂ c and 12T into outer solar space by providing an escape velocity from the solar system of 42 
km/sec from a parking orbit or the moon's surface using a electrostatic accelerator and 
neutralizing the charged ions. LLFPs disposed uniformly in outer solar space pose no hazard as 
do LLFPs packages in Earth orbit, and have no effects on astronomical observations. This mode 
of disposition requires energy in the order of 1 keV for each nucleus, which is far smaller than 
the propulsion energy needed for launching a LLFPs package by rocket. Further, the power 
required of an accelerator ejecting most of the LLFPs generated by one LWR is 2.2 kW, which 
is much smaller than a medium-energy proton accelerator, a few tens of MW, which would be 
necessary to transmute these LLFPs using spallation neutrons created by protons. 

INTRODUCTION 

There have been several studies on the transmutation of high-level radioactive wastes (HLW), 
produced from nuclear reactors, into short-lived nuclei using neutrons created by spallation or 
fission (Takahashi, Mizoo, and Steinberg 1980, Takahashi 1985, Bonnaue, Rief, Mandrillon, and 
Takahashi 1987, Takizuka, Takada, et al. 1990, and Bowman, Arthur, et al. 1992). Although 
transmutation of minor actinides by fission processes produces energy, to transmute the fission 
products themselves requires a substantial amount of energy (NASA LeRC 1977 and Egorov 
1991). 

It has been proposed to isolate HLW in outer space using a rocket. However, this approach 
might disturb astronomical observations because the HLW would be a local source of radiation. 
Further, injection of HLW into the sun requires a rocket with more than about 30 km/sec velocity 
to carry the HLW and, even if the best chemical rocket fuel were used, the mass ratio (MR) of 
the total mass (mass of payload + mass of fuel) to mass of payload becomes very high, up to 
1,235. Thus, these alternatives are not economical unless a nuclear propulsion rocket can be 
developed. 

DISPOSAL OF LONO-TTVFn FTSSTON PRODITrTS (T J FPs) 

Among the LLFPs, we will consider those which are shown in Table 1 such as "Tc and , 3 9 I . 
The half-life of these LLFPs is more than 60,000 years and their reactivity and heat generation 
is not as high as the LLFPs of ^Sr and 1 3 7Cs (type I) which have a 30-year half-life. Thus, the 
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shielding and the system for removing heat of such a LLFPs package is not very heavy and 
cumbersome, and so that handling the package is easier. 

Transmutation hy Neutrons 

The amount of the LLFPs produced by a LWR per year is not small, as shown in Table 1 
(Sailor, C. A. Beard, et al. 1994) together with the equivalent current (in amperes) that would be 
produced if each isotope produced by a 1-GWe light-water reactor (LWR) were accelerated. 
Transmutation of the LLFPs using neutrons produced by fission requires a substantial number of 
neutrons, especially when neutron capture by the transmuted product and other isotopic elements 
are taken into account; thus, transmutation using the neutrons produced in a critical reactor is not 
an efficient process. Alternatively, the use of spallation neutrons generated by injecting medium-
energy protons (800 MeV-2 GeV) into a heavy nuclei target such as Pb has been considered. The 
typical number of neutrons produced by spallation and in the following process of evaporation 
by injecting 1-GeV protons into the Pb target is about 22, and a proton energy of 45.5 MeV is 
consumed to produce one neutron (Takahashi 1992). 

TABLE 1. Molecular Quantities of the LLFP Isotopic and Elemental Species generated by 
1-Gwe Light-Water Reactor Per Year, and the Corresponding Equivalent 
Current for Singly Charged Species 

Isotopic (Moles) Elemental (Moles) 

per LWR-Yr Ampere per LWR-Yr Ampere 

"Se 2.5 0.0076 23.8 0.728 

*Zr 257.5 0.788 1297.4 3.969 

"Tc 259.5 0.794 259.5 0.794 
107p d 67.9 0.208 427.3 1.307 
l 2 6Sn 7.2 0.022 46.0 0.141 
129T 46.2 0.141 60.5 0.185 
1 3 5Cs 74.1 0.227 588.1 1.80 

Total 2.188 8.209 

When a subcritical assembly with the multiplication factor k is used for multiplying the spallation 
neutrons, the proton accelerator power can be reduced by l/(l-k). However, it is very hard to 
maintain high k values at long burn-up times and at the same time to transmute a large quantity 
of the LLFPs. By providing a subcritical assembly to a spallation target, the large amount of 
thermal energy generated by fission can be converted into electricity, part of which can be used 
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for running the proton accelerator. Even though excess electricity can be obtained, the electricity 
generated by this method becomes much more expensive than that from a regular LWR, unless 
the transmutor assembly has excellent neutron economy. 

Disposal hy Rocket 

The National Aeronautical and Space Administration (NASA) studied the possibility of disposing 
of HLW using the space shuttle (NASA LeRC 1977). In this work, they considered several 
options for the potential space destination for HLW, such as Earth orbits, solar orbits, solar-
system escape, and solar impact. After launching the HLWs to parking orbit by space shuttle, 
further disposition to earth orbits and the solar orbit were evaluated. Both dispositions do not 
require a large propulsion energy even using the chemical fuel, because the required increment 
of velocity, AV, to launch the HLW into the high Earth orbit is 4.11 km/sec, and the velocity 
increment from earth orbit to earth escape is approximately 3.23 km/sec; the corresponding mass 
ratios (MRs) of (mass of payload + mass of fuel)/( mass of payload) = exp (AVpi)rk)11(, / V ^ ^ u J 
for these launchings is 2.65 and 2.15 respectively, even using a chemical fuel which produces V^ 
e*hiu« =gJ[

Ip =9.8 (m/sec2)x430 sec = 4.214 km/sec. 

However, there are several disadvantages in those methods of disposal: future planetary 
spacecraft would regularly penetrate this orbit belt; there is no assurance that the waste package 
would not encounter the Earth after few thousand years; and the isolation of HLW in outer space 
using a rocket might disturb astronomical observations because it would be a local source of 
radiation. 

The disposition of the HLW into an orbit escaping the solar system is ideal but requires a rocket 
velocity with more than f2 times Earth circular velocity (EC) (VK=29.75 km/sec) = 
1.4142x29.75 km/sec = 42.07 km/sec to carry the HLW uniformly out of the solar system. 
Furthermore, the MR becomes very high, up to 21,883, when chemical rocket fuel is used. By 
using the earth's circular velocity, HLW can be disposed in the outer solar system, but uniform 
in the earth orbit plane, the velocity increment AV becomes V ^ (>/2-l) =29.75x0.4142= 12.32 
km/sec and the MR can be reduced to exp (12.32/4.214= 2.924)=18.618. Thus, these 
alternatives, using a rocket require enormous energy for disposing of the HLW unless a nuclear 
propulsion rocket can be developed which has a large Iv = 1000 sec, or 6000 sec for a solid-core 
nuclear fuel or gaseous-core nuclear fuel. 

Disposal of LLFPs using an Accelerator 

Instead of using a rocket to generate the escape velocity, by ejecting LLFPs with the escape 
velocity using an accelerator, we can reduce substantially the energy needed for their disposal. 
To uniformly disperse the LLFPs into outer solar space from the parking orbit, requires an earth 
escape velocity (y^) = 42.07 km/sec. Column 2 of Table 2 shows the required accelerating 
energy, which is in the order of 1 keV, for each LLFP isotope. The third column shows the power 
required to accelerate the total amount of LLFP isotopes created by one 1-GWe LWR. 



TABLE 2. The energy required to accelerate the isotopic species of LLFPs, and the 
corresponding accelerator power. 

Disposing uniformly in the outer solar 
system. 

Disposing uniformly in an earth 
orbit plane. 

Species Accelerating 
Energy (eV) 

Accelerator 
Power (W) 

Accelerating 
Energy (eV) 

Accelerator 
Power (W) 

"Se 722.2 5.523 61.9 0.473 
9 3 Zr 850.2 669.8 72.9 57.43 

"Tc 905.0 718.5 77.6 6L6 
107p d 978.2 978.2 83.9 17.4 
1 2 6Sn 1151.9 25.374 98.8 2.17 
129j 1179.3 166.7 101.1 14.3 
1 3 5Cs 1234.2 279.8 105.8 24.0 

Total 2843.9 177.4 

TABLE 3. The energy required to accelerate the elemental species of LLFPs and the 
corresponding accelerator power. 

Disposing uniformly in the outer solar 
system. 

Disposing uniformly in an earth 
orbit plane. 

Species Accelerating 
Energy (eV) 

Accelerator 
Power (W) 

Accelerating 
Energy (eV) 

Accelerator 
Power (\V) 

Se 722.2 525.8 61.9 45.1 

Zr 850.2 3374.4 72.9 289.3 

Tc 905.0 718.5 77.6 61.6 

Pd 978.2 1278.8 83.9 109.7 

Sn 1151.9 162.1 98.8 13.9 

I 1179.3 218.3 101.1 18.71 

Cs 1234.2 2220.3 105.8 190.3 

Total 8498.2 728.6 



Instead of dispersing the LLFPs uniformly in outer space, if we disperse them uniformly in the 
plane of the earth's orbit, then the velocity required is reduced from 42.07 km/sec to { \/(2)-
1}VBC= 12.32 km/sec. The fourth column in Table 2 shows the acceleration energy for each of 
the LLFP isotopes, and the fifth column shows the power for accelerating these isotopes produced 
by one 1-GWe LWR. 

The above values were calculated for LLFPs which were separated out isotopically from the 
other elements. When the isotopes are not separated, the total range of isotopes for the element 
has to be ejected; the acceleration energy needed is almost same as the isotopic requirement 
without taking into account the small mass difference of isotopes, and the power for accelerating 
all LLFPs elements produced by one 1-GWe LWR to dispose uniformly in outer space and in the 
earth orbit plane are, respectively, 8.5 kW and 0.73 kW, as shown in third and fifth columns in 
Table 3. 

These energies are far smaller that required to transmute the LLFPs by spallation neutrons where 
the neutrons are multiplied by the subcritical assembly, which is in the order of a few 10s of MW. 

HTQH-CTTRRFNT NFITTRAT^BKAM ACCELERATOR 

Although the energy required to accelerate the LLFPs is not large, the current to dispose the 
isotropic and elemental LLFPs ions becomes large. As shown in the Table 1 the total current for 
the accelerated isotopes and elements is, respectively, about 2.2 and 8.2 amperes. When the 
charged ions are ejected into outer space, the magnetic field in solar space might trap the charged 
ions so that the dispersion of LLFPs into the outer solar system would not be accomplished. To 
prevent this trapping, the charged ions should be neutralized in the same way as is done for 
neutral-beam injection in the magnetic fusion reactor. 

When a neutral particle penetrates solar space, it can be ionized by colliding with other particles; 
the ionization cross-section of the particle about 10"16 cm2, and the proton density of outer space 
is 1/cm3, thus the total cross section becomes of the order of 10"l6cm"!. The mean free path of 1016 

cm is comparable to the radius of the solar system which is roughly the distance between the Sun 
and Pluto, that is, 40 times the distance between the Sun and Earth (0)=4Oxl.5xlO,scm = 
60xl015cm. Therefore, a fraction of the neutral beam will become ionized before escaping the 
solar system. However, the solar magnetic field is so small and the galactic magnetic field might 
transport the ionized LLFPs to the outer space without their becoming trapped inside the solar 
system. 

To heat up the plasma in magnetic fusion, a neutral beam which can penetrate the magnetic field 
confining the plasma, has been developed by accelerating negative ions and then stripping an 
electron from them, producing neutrally charged atoms. 

For use with the tokomak-type reactor, high-intensity sources of H" and D" ions sources have 
been developed (Okumura, O., et al. 1994 and Hemsworth, R.S. et al. 1994) and presently, a 
350-keV 10-A neutral hydrogen beam accelerator with a pulse duration of 10 sec is being 
investigated at Japan Atomic Energy Research Institute (JAERI). Also a neutral deuteron beam 



with a power of 8.3 MW with 1.3 MeV for very long pulses of up to 2-weeks' duration is being 
studied in the ITER program. 

Since our acceleration energy would be about 1-keV less than the accelerator used in the fusion 
program, the electrostatic accelerator can be used in the same way as its fusion application, even 
though LLFP nuclei are much heavier than H" or D". 

THE USE OF CLUSTERED LLFPS 

The current needed to dispose the LLFPs generated by one LWR is so high that to dispose of 
the LLFPs generated by many LWRs with one accelerator would require that it generate an even 
greater current. However, a reduction of the current needed can be achieved by accelerating the 
LLFPs in the form of clusters instead of individually. The LLFP cluster composed of 100 -1000 
nuclei with a single charged state, can be accelerated to an energy of 100 keV to 1 MeV. This 
accelerator is very close to the ones which have been developed for applications in magnetic 
fusion. 

SPAPF PAKKTNO & MOON'S STIRFACE 

Since energetic particles cannot penetrate the Earth's atmosphere, we have to launch the rocket, 
loaded with LLFP packages, to Earth's parking orbits or to the Moon's surface before ejecting 
the LLFPs into the outer solar system using the electro-static accelerator or Radio Frequency 
Quadrupole (RFQ). To launch the rocket into the Earth's Parking orbit whose circular velocity 
is 7.77 km/sec, a rather large amount of energy is required; also, a soft landing on the Moon's 
surface requires more energy. For space parking, the mass ratio of rocket to pay load is 
exp(7.77km/4.21km=1.85)=6.33. In this launching procedure, the shielding of the LLFP 
material should be considered, especially when a possible abort of the launching is considered; 
then, the package of LLFPs will have to be able to withstand the shock of crashing into the earth. 
Thus, the strong structural and shielding materials are needed to protect the release of radiation 
from the LLFPs, necessitating a large pay load for the LLFP package, even if type-I FFLPs, such 
as ^Sr and , 3 7Cs are not included. 

To reduce the energy and cost of this rocket launching, we might use a machine such as a rail 
gun or a large gun for sending small LLFP projectiles; then, the probability of a launching abort 
of these small projectiles can be reduced, and the amount of shielding and structural materials of 
the projectile also can be substantially reduced compared to a large package of LLFPs. In this 
approach, a space craft could catch the LLFPs projectile while it is circulating in Earth orbit, and 
transport it to another space craft which is loaded with the electro-static accelerator (or RFQ) 
needed to propel the LLFPs into outer space. 



rOMrTITSTONS 

The ejection of the LLFPs, or associated elements to outer space using the electro-static 
accelerator (or RFQ) could save energy compared to the option of launching them with a chemical 
rocket. In avoiding the risk of aborting a misguided launching using a rocket, the safety of this 
acceleration procedure is much more favorable. Compared to transmutation of LLFPs using 
neutrons generated by spallation and multiplied in a subcritical assembly, the accelerator power 
needed is about 10'3 smaller, so the approach becomes more economical. 

The ejection of a cluster of LLFPs instead of LLFP nuclei lessens the accelerator current needed; 
additionally, the energy costs can be reduced further, and safety is enhanced by launching small 
projectiles of LLFPs using a rail gun or a large gun. 

The author would like to express his thanks to Drs. H. Rief, G.Maise, and Prof. S.Mikami for 
their valuable discussion and for providing him the information for writing this report, and to Dr. 
Woodhead for editorial work. This work was performed under the auspices of the U.S. 
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