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Abstract

Transmutation of minor actinkles and fission products using spa.llation neutrons has been

proposed. The energy requirement for thk transmutation can be reduced by multiplying the

spallation neutrons in a submitisal assembly which surounds the sp~lation mget. We have

studied the relation between the energy requirements and the multiplication factor k of the

subcritical assembly in seveeal parameter ranges of the spa.llation target.

1. Introduction

As an alternative to isolating high-level radioactive waste in a geologically stable storage

formation, we investigated the possib~lty  of transmuting the minor actinides and fission products

using s@lation and fission ntmtrons from a subcritical assembl#s2j . Using a small power

accelerator with a slightly subcritical-fast neutron assembly, these minor actinides might be used

to improve fuel economy as “well M to mitigate the problem of reactor safety .f3s4J

The original idea of “ex@oiting the s@ation process to transmute actinides and fission

~roducts directly soon had to be giveq up. The proton beam currents required were much larger

than the most optimistic theoretical design goals for the accelerator ,which are around 300 mA.

I~d@, it was shown that the yearly tk?struction rate of a 300 mA proton accelerator would

correspond only to a fiction of the waste generated by one LWR of 1 GWe in th&ame period
(S,6,7).

Z The dkect use of t$pal\ation Neutrqns

To use only the spallation neutrons as they are generated in a proton target, the fission

products would have to be placed around the target. For the best efficiency, depending on the

material to be transmuted, either the fast neutrons wcx.dd have to be used as they were emitted

from the target, or they would have to be slowed down by a nwderator to energy bands with

higher transmutation cross-sections, as, for example, the resonance or the thermal regions~.
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Assuming that it is possible to make all the spallation neutrons available for

transmutation, the following amount of energy is n~essary  to transmute the fraction, q~, of

radbnuclei  per fission process in a nuclear energy system:

[MUq (1)

where qfi = fraction of fission products to be transmuted

P~ = proton energy

‘w = neutrons yield from one proton

~h = efficiency of converting electricity into proton bmn energy (=0.5)

7T = efficiency of converting thermal energy into electricity (=0.33)

In the case of a 1.5 GeV proton beam emitting 50 neutrons per spallation in a lead target,

the-&ansmutation of ‘~c, lw~ 137Cs,.~Sr, ~Krand93Zr (constituting 28% of all fission products)

would rquire 0.28590/0.5/0.33 =51 .3MeV. This amountis 5 1.3/200 =26% of the total power

production. Because of thev~ optimisticassumptions made in this estimate, the actual percentage

of energy required would even be higher. TogetherWith the cost forpmessing, this type of accelerator

tmnsmutation would become prohibitively expensive, at least in a commercial nuclear energy

system.. .

3. Accelerator-Driven Subcritical Assemblies

To improve neutron economy, however, the possibility remainsof multiplying tlie spallation

neutrons in a subcritical assembly. ln such a system, the main part of transmutation k performed

by fission neutrons in a reactor-like facility. Technically, this scheme is realkaxi by surrounding

a proton target region by fissionable material. In most designs, a circulating liquid lead k proposed

to remove the high specific heat released in the target. However, we rnent.ion here that the specific

heat production per neutron k considerably lower than in a fission process (30 Mev against 80

MeV).
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First, the power production, Pfi, of a subcritical assembly fed by spdlation neutrons is

quantified: “.

a.k
‘9  =  ‘v ~E

v(l-k) C  f
(2)

wherr,

k = multiplication factor

a = importance of the target position

v = mean number of neutrons in a fission” process

Ef = energy release per fission ( =3.1 *l@l 1 J,- 200 MeV)

‘w = neutron yield from one proton

i = proton current
.

C = proton charge
.

(1.6*10-19A SW)

. .

Figure 2 shows the power production of an acceleratordriven facility is shown as function

of multiplication factor k. It is assumed that a proton beam of 1.0 GeV impinging on a Pb target

releases 33.3 neutrons per spallation, with importance of a= 1. It leads to

Pfi(l A)- 0.796 n ~ [m
q (1 -k)

(3)

Thus$it can be seen that near criticality, a 1 mA cument already generates relatively high

fission-power . For nw = 33.3 and k= O.974, more than 100 MW can be achieved.

The additional neutrons from the subcritical system, as well as its fission power which

can be transformed into electricity, are now exploited to run the transmutation process. Expression

4 quantifies the thermal energy required to transmute a fraction qti of fission

a system. A positive sign of ~ means that there is even a surplus of energy,

sign indicates the need to add energy to the system from outside.

products in such

while a negative
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“=i~$:[’’f::ll “’
where q@ = the fraction of fission products which will be transmuted by neutron gamma reaction,

and

EC(FP)
nfi  =

ll$FP+Fuel+Struct.Mat.)

fi Eq.4, the second term of in the [ ] of nominator is the energy consumption for transmutation

by the spallation neutrons; the first term is the energy gain due to the fission reaction in a subcritical

assembly. The fwst term of denominator is the number of fission products transmuted by spallation

neutrons; the second &rm is tie one due to tie fission neutrons, including q% which is the incr-e

in FP due to fission. .>
The condition for break-even or a positive energy balance is given by:.

We note that this expression is independent of the proton current, and also, to a large extent,

of the type of system considered. For a lead target and proton beam of 1 to 2 Gev which ~ is

about 33.3 /per 1 Gev proton energy the break-even point requires a kbr value near 0.7.

But the number of nuclei transmuted depends on the power of the system,  md therefore,  on the

proton current as shown by Equation 2.

Table I shows the main yields of fission products generated by LWR , their half life,

and thermal and fast ( resonance) neutron- capture ( N- gamma) cross-sections.

Figure 2 shows the energy required to transmute 28% of the fission products ?9Tc,. 1291,

137CS, 90Sr, 85Kr, and 93Zr) assuming pb = 1 GeV , v=2.5,  n~P =33.3, ~b = 0.5 ??’r=0.33, and
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q@=0.285.

Figure 3 shows the energy required to transmute under the same conditions except when

nW = 16.6, half the value of the last case.

To transmute the fission products of Cs137 and S#O by thermal neutrons, with an effective

deacy ti.~e of 3 years, requires a very high neutron flux of 10IG -1017 n/cm2/see, and it is difficult

to tileve this high neutron flux with a fission reactor. Spallation neutrons with such a high fluxQ
might be generated without a subcritical assembly, but this would requires a very high power

accelerato~8*91  and is not economical.
Figures 4 and 5 show the energy require to transmute 16.4 % of the fission products ~hc,

1291, 85~, ~d ‘Z but not 137Cs and ‘Sr ) under the same condhions Figures 2 and 3, respectively.

Our study suggested that the energy required to transmute the fission products without

multiplying the neutrons in a subcritical assembly is high, and that the multiplication factor of

&which makesbreakeven for energy requirement arerespectiveiy ~,= 0.7and 0.82 for depend

on the number of spallation neutrons produced from spallation target nm =33.3 and = 16.6. and.
tils is not depend on so much on the.efficiency  of neutron capture by fission products q~.

Above the multiplicidon factor ~r , the energy generation by transmuting the fission

product increase as neutron captux’e efficiency qfi decreases. This is due to the large number of

neutrons is required to transmute the fission product, and this cpndition requires larger proton

currents than the case of efficient neutron capture by fission products.

As dkcussed  in the above, the transmutation of 137Cs and 
90Sr by thermal neutrons is very

difficult. the use of epi-thermal neutron ( or f~t neutron) can be considered but the n-y cross

section is not well evaluated, it is required to have accurate measured value.

For transmutation of 137CS and 90Sr by 14 Me neutron generated by fusion reaction was

not discussed here, these studies will be find in reference (10).
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4. Production power required to transmute Fiiion Products

When the fission products are transmuted by neutron generated in the spallation and fission

processes generate heat. This heat has to be removed efficiently by coolant forgetting high neutron

fluxes, The amount of thermal energy P* gene~ted by tie sp~lation md fission pr~sses  is

expressed by

Figures 6-9 show the P@ calculated the cases described in figures 2-5 as function of the

multiplication factor k of the subcritical assembly and in the parameter of the neutron capture

efficiency q@ of 0.4-:.0.  As shown in the figures 6and 7 for nw = 33.3, the generated heats

for transmuting the fission product are.- independent on the multiplimtion factor k of subcritical

assembly except the ~ of capture efficiency of II@ =0.4 in qb = 28.5%. For the CXU= of nw

= 16.6, (Rgures 8 and 9) as the k increse, the generated heats decrease.

5. Proton beam current

Proton beam currents Ifs which required to -srnu~ the fmction qf~ of fission product

generated by 1 GWe power LWR by spallation neutron and the fission neut.ron<is  expressed

as

(8)

Where I = 56.7A.
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Figures 10-13 show the proton beam current required to transmute the fission product

generated by 1 GW LWR in the parameter used in the ease of the figures 2-5. As the k becomes

close to 1 the current is reduced as almost proportionally to. the sub-criticality.

The n,P is defined as the neutron yields per 1 GeV proton injecting into the target. The

power Qf accelerated 100 mA cuments proton beam is 100 MW. As shown in the figure 11, the

proton beam current to transmute the 16.48 % of FP ( Tc + I + Kr + Zr ) without multiplication

of spallation neutrons (k =0) becomes 150 mA (150 MW) for ~ = 0.8. When the spallation

neutron multiplied with subcritical assembly of k= O.95, only 25 mA (25MW) beam current is

requinxi, the electric power of 50 MW is used for accelerating the proton beams.

6 .  C o n c l u s i o n .

We investigated the energy requirtxi for transmutation of the fission products using the

spallation neutrons and the fission neutron genexated the subcritical assembly surround the spallation

target. With the subcritical assembly which has a signifkant multiplication factor k the energy

required to transmute fission productxxm be redueed,  and above the break even point of kbr, the

energy is gained from the fission’react.ions. The study indicated that the heat generated by spallation

and fission reaction becomes somewhat independent on the k value. for the neutron yields of 33.3

per lGeV proton to lead target. But when the yields decreases from 33.3 to 16.6 per proton, the

generated heat decreases as k values increases.

The proton beam curfent to transmute the fission products which generated by 1 GWe

LWR becomes small as the k value approaches to 1, and the large beam current is required when

the no subcritical assembly which has large k , is provided.
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90-Sr 137-CS 99-Tc 129-1 85-Kr 93-Zr 135CS

Yield 5.91 6.15 6.12’ 3.56 1.33 5.45

( % )

sub sum - 12.06 16.46

tot sum 28.52

Half life 29. - 30 .2 2.1* 1.6* 3.*106

(year) I& 107

%@) 0.01 0.25 20 31

ufast@) 0.2 0.2

4*** >1017 >4.1016 4.0 - 2.5

-3y *1014 *10I4

HLeff*
,x

@f~** >1016 >1016

-10 y

HLeff*

. .

)

* Effective half life, ** unit in n/cm2/sec.,

Table I. Fmion  products yield,half Iiie tirnes,thermal  and fast (n,gamma) cross section,

tra~mutaion  f l u x e s .
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