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ABSTRACT

The governing equations for future equilibrium nuclear state are presented and
their characteristics are discussed. These equations are solved for several typical
cases.

In the present study on the equilibrium state, two coincidences are found.
The 1-st one is the coincidence on the neutron balance performed by the nuclides

satisfying the equilibrium condition. The infinite neutron multiplication factor is
near unity.

The 2-nd one is the coincidence on the toxicity. The produced long-life fission
product toxicity is near the incinerated natural fuel toxicity.

Introduction

The nuclear energy has a potential for even a million years of human being's
utilization by fission reactors with their breeding ratio of about unity and low grade
uranium such as one from sea water. However problem is not only the amount of
resources, but also safety, waste, environment, peace, et cetera. Some other energy
sources such as solar energy may be available for such a long period, but they all
also have some difficult problems to be overcome. We should study the fission energy
as one of the most probable energies to be used for such a long period.

When we use the energy for such a long period under constraints acquired by the
finiteness of the earth, the ideal energy consumption rate should be stable. Though
many kinds of fission energy systems can be considered, in the present study only
simple cases are investigated to get knowledges on general characteristics. The
generality and robustness of these results are important in the present stage.

As such simple cases, we consider the following systems: A nuclear energy
center is considered to confine the radioactive materials in it from the environment.
Fission reactors are employed in the system, and natural uranium or thorium is
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inserted into each of these reactors as a part of a continuous process. All of the
actinides are recycled into the reactor. The end products of the heavy-isotope decay
series (lead and bismuth) and the stable fission products are taken out from the
center. The discharged short-life fission products are cooled down until dying out in
the center. Neither of these reactor types and feed fuel elements are mixed to
perform synergic systems in the present preliminary study, but simple one-reactor-
type and one-fuel-element combinations are compared.

In this paper some analytical methods to investigate this system are presented
and general characteristics of this system predicted from physical constants are
studied.

Governing Equation

In the traditional formal analysis, the nuclide densities in the reactor can be
obtained by solving the burnup equation. At certain time-steps, the neutron
transport equation should be solved to assure that the system is at critical state. At
the beginning or end of each cycle, a proper fuel management should be employed
in the analysis, and the system should also satisfy the equilibrium condition.
However the aim of the present study is to get some general characteristics of the
future equilibrium nuclear society, then simple analyses for simple cases may be
enough and desirable.

Since the continuous process is studied, the number density of each nuclide in
the reactor satisfies the following simple material balance equation using one-
group approximation for neutron energy:

) (1)

for the heavy nuclide, when its leakage from the system is neglected, and

i = 0 (2)

for the lead, bismuth and fission products, where

A j = ZiAi—»j
j

and
Aj_*i : Decay constant of isotope j to produce isotope i,
oj_*i : Microscopic cross section of isotope j to produce isotope i,
rj-n : Breakup reaction factor (1 for non-fission reactions and 0.5 for 2

fragments producing fission)
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$ : Neutron flux level,
Si : Supply rate of number density for isotope i,
Ki : Discharge constant of isotope i.

In the present study the discharge constant is treated to be the same for each fission
product.

For the first stage of the study, a one-group cross-section set is given for each
type of reactor. Then these equations become simple linear equations. From
these equations the following characteristics can be found: The relative values of
heavy-nuclide densities are determined by only nuclear data and flux level, and their
absolute values are fixed with the fuel supply rate, which is determined by the power
level. The relative values of fission-products densities are determined by the
discharge constant in addition to the nuclear data and flux level.

We can get the nuclide densities simply from eqs. (1) and (2), but whether they
satisfy the criticality criterion is left as a problem. The criticality depends on the
reactor design in general, but we are interested in general things independent from
details of the design at present. Then we investigate the infinite neutron
multiplication factor of the system, which can be written by using the one-group
macroscopic cross-sections in conventional notations as

(3)
- 2£n,3n

Only eqs. (1) through (3) are our governing equations to describe our system in the
present study.

From eqs. (1) and (2), the following characteristics can be derived: The nuclide
density is sensitive to the one-group cross-sections, but the change of macroscopic
cross-section caused by the microscopic cross-section change is compensated by the
nuclide density change. Eq. (3) shows that the infinite neutron multiplication factor
is sensitive to eta-value mostly and then only the relative values of cross sections.

Reactor design changes the one-group cross-section by changing its neutron
spectrum. Core composition, such as coolant, construction material and/or
moderator, changes the global shape of neutron spectrum, and fuel pin design
modifies self-shielding effect to change microscopic shape of neutron spectrum.

Equilibrium Fuel Composition and Criticality (1-st Coincidence)

We consider two types of thermal reactors and two types of fast reactors, whose
characteristics and neutron spectra are shown in Table 1 and Fig. 1, respectively, as
typical examples for the present study. The number density for each nuclide in the
equilibrium state has been evaluated as shown in Fig. 2. The actinide nuclides
existing in the uranium cycle are heavier than the thorium cycle. The amount of
heavier nuclides increases for the softer spectrum and higher flux level, and vice
versa.
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Table 1
Reactor Design Parameters

Thermal power output
Power density
Discharge constants

Thermal reactors

3GWt
50W/cc
0.37 year1

Fast reactors

3GWt
300W/cc
0.347 year1

aDischarge rate for reprocessing.
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Fig. 1. Neutron spectra for (a) two types (hard-spectrum and soft-spectrum)
thermal reactors and (b) two types (hard-spectrum and soft-spectrum) fast
reactors employed in the present study. These reactors correspond to the
following reactors: hard-spectrum fast reactor - sodium-cooled metal-fuel
reactor, soft-spectrum fast reactor - sodium-cooled oxide-fuel fast reactor,
hard-spectrum thermal reactor - PWR with recycled Pu, soft-spectrum
thermal reactor-homogeneous graphite moderated reactor with C/U ratio of
about 104.

The number density ratio of the main fissile nuclide to the fertile is obtained
with good accuracy by the following simple equation:

(4)
nferfile

For the uranium cycle, the ratio of 238U to 239Pu is calculated as:

f 0.03 for the soft thermal reactor
n49 _ I 0.06 for the hard thermal reactor
n2s ~ 1 0.13 for the soft fast reactor

i 0.16 for the hard fast reactor
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Fig.2. Actinide atomic densities for different reactor and charged fuel. The

abscissa denotes each nuclide (Th 226-234, Pa 231-235, U 230-241, Np 235-
241, Pu 236-246, Am 239-246, Cm 241-251, Bk 249-251, Cf 249-255, Es 253-
255).
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These differences are resulted from the global difference of neutron spectrum. These
values are similar to usually designed values, though they can be changed by
varying self-shielding effect by modifying fuel pin design. It is just a coincidence,
but suggests that the densities of main nuclides in the equilibrium state may not be
so different from those at the present state. Next we will discuss this coincidence in
more detail.

The infinite multiplication factors calculated for these fuel compositions are
shown in Fig. 3. For the uranium cycle, both thermal reactors show infinite
multiplication factors of less than unity, then the thermal reactors with natural
uranium are unable to perform the equilibrium state. However the values for both
fast reactors exceed unity. The hard-spectrum fast reactor in particular shows a
large multiplication factor (about 1.3), and may easily attain the equilibrium state by
employing proper reactor design and fuel management. For the thorium cycle, all of
the reactors are able to perform the infinite multiplication factor of more than unity
by only a small amount. It may be difficult to perform the equilibrium state only by
thorium cycle.
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Fig. 3. Infinite multiplication factors with neutron flux level for different reactor
and fuel in the equilibrium nuclear state.

Toxicity (2-nd Coincidence)

The waste problem will become severer in the future equilibrium society than the
present time. In our present system the middle-life fission products (soSr, wCs and
isiSm) are stored in a repository in the center. The equilibrium amount of each
nuclide stored in the repository is about 11 per 3-GWt reactor[l]. However, if isotope
separation will not be employed, their stable isotopes should be added to them. But
the stored amount increases by only several-tens times, and the total amount still
remains manageable. For the long-life fission products (79Se, l26Sn, 99Tc, 93Zr, i35Cs,
'«7Pd and 129I), if they are stored in the repository, they accumulate to
unmanageable amount. They may be incinerated in the reactorfl], but isotope
separation is inevitable, otherwise the reactor becomes subcritical. However the
toxicity of long-life fission products is not so high.
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The risk may be the best index for evaluation of this problem, but it depends on
the disposal method and environmental conditions, and furthermore the analysis for
obtaining it has usually large uncertainties and errors. On the other hand, toxicity
is given for each nuclide and can be used like a nuclear data. In the present paper,
we discuss the possibility of fission nuclear systems satisfying the condition, that
the toxicity of waste discharged from the nuclear energy center is less than the
original fuel toxicity incinerated in the reactor. When the discharged toxicity is
less than the original uranium toxicity, we can expect that the risk of the
discharged wastes can be also managed to be less than the original uranium risk.

The fuel (natural uranium or thorium) of about 1.11 is charged to a 3-GWt reactor
in our system. Together with it the long-life daughters of natural uranium or
thorium can be charged with only negligible change of the neutron multiplication
factor. The toxicity of fed fuel is shown in Fig. 4, where three cases (uranium only,
uranium + thorium, and uranium + thorium 4- radium) shown for natural uranium
and two cases (thorium only and thorium + radium) for thorium. The additionally
charged nuclide amount is the equilibrium amount to each parent (uranium or
thorium).
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Fig. 4. Expected change along the time of the incinerated toxicity measured by
Annual Limit on Intake of (a) natural uranium (uranium only, uranium +
thorium, and uranium + thorium + radium) fed to the 3 GWt soft-spectrum
fast reactor per year and (b) thorium (thorium only and thorium + radium)
fed to the 3 GWt hart-spectrum thermal reactor per year. The amounts of the
additionally charged nuclides are the equilibrium amounts to each parent
(uranium or thorium).
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A 3-GWt reactor consumes the fuel of about 1.1 t, and then produces fission
products of about L i t . About 11 % of them are the long-life fission products. Their
toxicities are shown in Table 2. They are not so sensitive to the reactor type or
inserted fuel with few exceptions (lo^Pd, i35Cs), and remain constant for almost 105
years. These values are close to the incinerated toxicities. This is the 2-nd
coincidence.

Table 2.
Toxicities Measured by Annual Limit on Intake

of the Long-Life Fission Products Removed per Year from 3-GWt Reactor

Fuel

Spectrum

Se-79

So-126

Tc-99

Zr-93

Cs-135

Pd-I07

[-129

Total

Uranium

Thermal
Soft

4.20X 104

3.31 XlO4

S.79X104

2.43 XIO2

2.02 X105

I.93X105

1.31 x 10'

5.76X1O5

Thermal
Hard

5.11 X104

3.24 X 104

9.31 X104

2.30 XIO2

2.23 X103

2.23 XIO5

2.15X104

6.49 XIO5

Fast Soft

5.46 XIO4

3.36X104

9.9SXI04

I.88X102

2.32XI05

2.35XI05

5.58XKT

7.11 XIO5

Fast Hard

5.69 XlO4

3.45 XlO4

1.02X105

I.30X 102

2.33X105

2.43 XiO5

5.68 XIO4

7.26X105

Thorium

Thermal
Soft

1.12X105

5.40 XIO4

6.19XI04

1.11X101

2.31 XIO5

2.22 X105

1.34X104

6.94X105

Thermal
Hard

1.I5X105

5.33 XlO4

6.23 XlO4

1.45 X101

2.10 X105

2.39 X105

2.31 X104

7.03 X105

Fast Soft

1.14X105

5.39X104

6.84 X104

1.33X1O1

2.22 XiO5

2.52X105

5.90 X104

7.69 X105

Fast Hard

1.I7XI05

5.43 X104

6.90 XlO4

1.27X101

2.2! XIO5

2.56 XIO5

5.95 XlO4

7.77 XIO5

Though the total toxicity of long-life fission products is higher than the
corresponding pure natural uranium toxicity, it is lower than the corresponding
equilibrium natural uranium toxicity. The toxicity level of produced long-life
fission products becomes the same level of incinerated toxic nuclides at about 2000
years after incineration for uranium + thorium burning and at about 20 years for
uranium + thorium + radium.

For the system using thorium, the total toxicity of long-life fission products is
higher than either toxicity of the corresponding pure or equilibrium thorium.
However the difference between incinerated and produced toxicities is small.

The actinides are confined in the center and incinerated in the reactor. But we
should consider their leakage especially at the reprocessing process. The
permissible leakage limit has been evaluated, but the results are not presented
here, since it is rather human controllable item and published elsewhere together
with other practical problems[2].

522



Conclusions

The fission energy can be considered as one of the most promising future energy.
In the far future it will attain an equilibrium state.

The governing equations for future equilibrium nuclear state are presented
and their characteristics are discussed. And these equations are solved for several
typical cases.

In the present study on the future equilibrium nuclear state, two coincidences
are found.

The 1-st one is the coincidence on the neutron balance performed by the nuclides
satisfying the equilibrium condition. The infinite neutron multiplication factor is
near unity.

The 2-nd one is the coincidence on the toxicity. The produced long-life fission
product toxicity is near the incinerated natural fuel toxicity.

It is said that the cosmic coincidences result in a fruitful universe which produce
even life and intelligence in it, and the human beings also use this kind of nature's
characteristics to improve their living. Two coincidences presented here seem to
show a potential of the nuclear energy for its future fruitful utilization.
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