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A U-PU-NP FUEL CYCLE IN THE 6CFR 

ABSTRACT 

The Np237 produced in LWRs is a strategic nuclear material and 

should be safeguarded accordingly. An interesting possibility 

is to recycle Np237 in an FBR inside a nuclear park and thereby 

produce energy and breed Pu238. 

The Pu238 could be used to fabricate "denatured" Pu fuel ele

ments for use in '.WRs outside a nuclear park. Pu with a high 

Pu238 content has an increased spontaneous fission rate and, in 

combination with oxygen, an enhanced neutron radiation due to 

a,n reactions. A fuei element of this type would be more proli

feration resistant than an ordinary Pu fuel element. 

In this context the performance of a 300 MWe GCFR as a "Np237 

gobbler" and a "Pu238 breeder" has been studied. The reactor 

would process the Np237 from 10 LWRs and could produce enough 

Pu238 to denature the Pu fuel for 2 to 3 LWRs. 
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1. Incentive for a U-Pu-Np Fuel Cycle 

Up to the present not much attention has been paid to the fact 

that, in addition to Pu, the existing LWRs produce a considerable 

amount of Np237 (about 13 kg/GWe-y). In the waste from a repro

cessing plant Np237 is the most abundant actinide (excluding 

L1238). It therefore seems to be justified to try to assess the 

role that Np237 could play in the nuclear fuel cycle. 

Np237 can be separated relatively easily and is available with 

a high isotopic purity. Due to a short prompt neutron lifetime, 

a relatively large critical mass and a low spontaneous fission 

rate it is a particularly sensitive material from the prolifera

tion point of view. 

In principle, Np237 can be disposed of (1) by fissioning it in 

a hard neutron spectrum and (2) by converting it to the short 

lived Pu236. If it could be fissioned, it would deliver 3 use

ful amount of energy. 

The Pu238 could be mixed with normal Pu in the fabrication of 

new LWR fuel elements. Such a "denatured" Pu fuel element would 

be more proliferation resistant than an ordinary Pu fuel element 

due tc (1] an increased average spontaneous fission rate of the 

Pu, (2) an enhanced neutron radiation caused by a,n reactions on 

the oxygen isotopes 017 and 018 of the oxide-type fuel and 

(3) the appreciable amount of heat generated by the Pu238 

a ducay, which would make it difficult to assemble a critical 

mass of Pu. 

From the viewpoint of proliferation at a national level, in

creasing the neutron background (by spontaneous fissions or 

a,n reactions) seems to be useful, because it would make the 
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construction of a nuclear explosive device with a well defined 

yield more difficult, a well defined yield being an important 

requirement for any military application. Although it is not the 

purpose of this paper to assess quantitatively, whethar a high 

Pu238 content can effectively prevent the misuse of Pu, a few 

important effects of the Pu238 "spike" on the performance of a 

nuclear device are discussed in Appendix A. 

For a given amount of denaturing the increase of the neutron 

background can be estimated from the data in Table 1. By adding 

Pu238 to ordinary LWR fuel in a 1 to 2 ratio relative to Pu240 

(This is equivalent to enriching the plutonium in the isotope 

238 to 12.5 %) the spontaneous fission rate can be doubled. 

The neutron source strength in the presence of oxygen is mainly 

governed by the total Pu238 content of the fuel. A calculation 

taking both Pu238 and Pu240 into account shows thst, with the 

same amount of denaturing, the neutron source strength of typi

cal LWR plutonium (in combination with oxygen) can be increased 

by a factor of 5.5. 

For a 1 Gwe LWR with self-sustaining Pu recycle a Pu238 to Pu240 

ratio of 0.5 corresponds to an annual Pu23B loading of 43 kg. A 

higher Pu238 loading is probably not desirable since the Pu238 

a activity would considerably contribute to the total o activity 

contained in the core. It would have to be proved that in a 

hypothetical accident the given limits for the release of actinides 

could still be met. 

The Pu238 could be bred from Np237 in a reactor located in a se

cure area. Since it is unlikely that a new reactor type would 

be developed specifically for this purpose, it can be assumed 

that the Pu238 would be produced by modifying the fuel cycle of 

an existing reactor. In Section 3 of this paper calculations for 

an appropriate fuel cycle using a GCFR are described. 
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As a result of the present technical and political problems 

with the nuclear fuel cycle and the introduction of advanced 

reactors, LWRs will continue to play an important role for many 

years tu come. The recycling of denatured Pu in LWRs could help 

to stretch the fuel supply until the proliferation problems can 

be solved more satisfactorily. 

Moreover, it seems that ii an LWR operating in a "denatured Pu 

recycling mode" (i.e. V3 of the charge consisting of denatured 

Pu fuel and the remainder of U235 fuel] both the total plutonium 

and the total Pu238 inventory remain approximately constant. 

Provided that the fuel is intimately mixed, az any t me during 

burnup only denatured Pu can be discharged. In particular, the 

protection extends to the spent fuel elements. 
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2. Availability and Nuclear Properties of Np237 

The relatively stable Np237 (half life 2.14-106 y) is produced 

via the short lived U237 either by successive captures in U235 

or by n,2n reactions on U238. In spent LW? fuel the concentra

tion relative to Pu is about 0.05. Excluding U and Pu, Np237 

contributes 74% to the actinide waste from a reprocessing plant 

(cf. Table 2]. 

According to Table 3 the nuclear capacity necessary to cover the 

energy demand of the western industrial countries will increase 

from 68 GWe in the year 1975 to 955 GWe in the year 2000. Corres

pondingly, the cumulative Np237 availability will increase from 

about 3 t to about 120 t. 

IMp237 has interesting physical properties. It exhibits a fission 

threshold at a relatively low energy of about 600 keV. For compa

rison, U238 and Pu240 have fission thresholds near 1500 keV and 

700 keV respectively. With Np237 a chain reaction can be sus

tained in a fast spectrum only. 

Transport theory calculations for an unreflected Np237 metal 

sphere based on a 99 group GAM-II library derived from ENDF/B-4 

gave a critical mass of 60 kg and a prompt neutron lifetime of 

3.1*10 9 s. The critical mass is in agreement with other cal

culations /3/. The prompt neutron lifetime is similar to that 

of a bare Pu sphere although the critical mass of Np237 is com

paratively large. This results in a high value of the parameter 

(R/£) for Np237. This quantity containing the radius of a 

critical sphere and the prompt neutron lifetime is a measure 

for the potential yield of a material as a nuclear explosive 

(cf. Appendix A). 
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3. The U-Pu-IMp Fuel Cycle in a GCFR 

The fuel cycle calculations were performed for a GCFR which con

forms exactly to che General Atomic 300 MWe design /4/, except 

for the composition of the fuel elements. An extract of the spe

cifications is given in Table 4. In view of possible problems 

with the fabrication of Np237 bearing fuel elements and the Pu238 

a heating in the irradiated fuel elements a very high Np237 en

richment was not thought to be desirable. A Np237 to Pu ratio of 

1 for the fresh core seemed to be a good compromise. The Np237 

was substituted for the same amount of L). Since this replacement 

caused a reactivity change of only 1.1% it was not necessary to 

readjust the Pu enrichment in the different core zones. 

Burnup calculations for the reference Pu fuel and the 1 to 1 

Np237/Pu fuel were carried out in 10 energy groups using a two-

dimensional R-Z model of the reactor with 4 core zones and radial 

and axial blanket zones. The cross sections were derived from 

the British FGL5 data set. Fundamental mode spectrum calculations 

and subsequent cross section condensations were performed with 

MURALB to obtain zone dependent 37 group constants. These group 

constants were then fed into a one-dimensional radial reactor 

calculation which yielded zone integrated fluxes for a further 

cross section condensation from 37 to 10 groups. 

For the reference Pu fuel a 360 day equilibrium cycle was calcu

lated assuming an average thermal power of 574 MW. This corres

ponds to 250 full power days during the 360 day reactor cycle 

and an average burnup of 74400 MWd/t (heavy metal) in the core 

after 3 reactor cycles. For the Pu-Np fuel the burnup calcula

tion started with a fresh core and extended to 1080 days, i.e. 

the maximum burnup is achieved in a single reactor cycle. 
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4. The IMp-Pu FBR in Symbiosis with the LWR 

It can be seen in Table 2 that a 1 GWe LWR produces 13.2 kg of 

I\lp237 each year. A 300 MWe GCFR with a 1 to 1 Np237/Pu core com

position has an average annual Np237 demand of 161 kg and can 

therefore operate in symbiosis with about 12 LWRs. On an average 

the GCFR produces 102 kg of Pu236 per year. According to the 

considerations made in section 1 this Pu238 output is sufficient 

to provide denatured Pu fuel for 2 to 3 LWRs. An ideal converter 

with a Pu238/Np237 conversion ratio of 1 could support 3 to 4 

LWRs 

It has been shown that a GCFR is an efficient "|\ip gobbler" with 

an annual consumption of 540 kg/GWe. In the proposed mode of 

operation (Np237 recycling, Pu238 discharge) about 35% of the 

Np237 is fissioned directly or indirectly and thus contributes 

to the power. 63% is converted to the short lived Pu238 and the 

rest to higher Pu isotopes. If the principal aim was to achieve 

a high Pu238 output, an LFIFBR would have a slight advantage over 

the GCFR due to the higher Np237 capture to fission ratio. 

The best Pu238/Np237 conversion ratio could be obtained with an 

LWR. It would, however, be necessary to develop r. n-w LWR design 

with a high fuel enrichment specifically for this purpose. On 

the other hand, FBRs with suitable core characteristics will be 

installed independent of a possible Np economy, for instance to 

produce U233 in Th blankets for ad anced converter reactors. 
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5. Comparison with other Proposals and Concluding Remarks 

Similar considerations concerning the denaturing of Pu have 

recently been made by Allied-General Nuclear Services /5/. In 

the AGNS proposal fresh LWR fuel is spiked with Np237 and U236. 

The Np237 and the U236 content would be adjusted to create 

Pu23B concentrations of 5 to 10 \ in the discharged LWR fuel. 

In contrast to the AGNS proposal in the present concept the 

Pu238 production is separated from the reactor whose fuel cycle 

is to be protected. Thereby the following major problems of 

the AGNS method can be overcome: 

1) Spiking LWR fuel with Np237 involves the unprotected circu

lation of considerable amounts of Np237. The Np237 could 

be separated from the fresh fuel (which can be handled 

easily) and also from the spent fuel in a reprocessing plant. 

It has been shown in Section 2 that Np237 is an effective 

weapons material. 

2) If it is desired to use U236 as a spike on a wider basis, 

spent LWR fuel would have to be used as a source for the U236. 

However, after a single pass of uranium through an LWR the 

enrichment in the isotope 236 is only about 0.5 %. To achieve 

adequate Pu238 concentrations further recycling of the 

uranium in a reactor or processing in an enrichment plant 

would presumably be necessary. 

If the Pu denaturing technique proves to be worthwhile to 

be pursued, the use of fast breeders to produce Pu238 could be 

an interesting possibility. In the nonproliferation discussion 

the fast breeder already plays an important role as a "fuel 

factory" for advanced converter reactors. In this work we have 

attempted to show that the fast breeder has also the potential 

of playing a key role in the protection of the LWR fuel cycle. 
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Table 1 

Neutron Production by Oif-T^rent Pu : sotopes 

Isotope 

Pu238 

Pu239 

Pu240 

Pu241 

Pu242 

From SF :) 

(s-1 g~l) 

3.44«103 

0.03 

1.6 «103 

-

1.67«103 

1) 
From a-Decay 

8.7«10H 

3.1*10* 

1.2«103 

1.0«10l 

2.0-101 

Total Production 

e.G-IO* 

3.1»102 

2.8«103 

1.0»10l 

1.7«103 

2) 
Annual Charge 

(kg/y) 

6.84 

212 

66.4 

37.8 

14.1 

1) cf./1/ Tables 1.1 and 1.2 

2) 1000 MWe LWR, normal Pu fuel, self-sustaining recycling 

cf./2/ Tables 2.4 and 2.D 



Table 2 

Annual Discharge from a 1 GWs LWR 
(U fuel after a burnup of 33'Q00 MWd/t) 

Material 

U238 

Fission products 

Pu 

U235 

U236 + U234 

Np237 

Cm244 

Cm242 

Remaining a c t i n ^ e s 

kg " 

25791 

955 

255 

219 

127 

13.2 

0.85 

0.15 

3.7 

1) cf. /2/, Tables 2.4 and 2.C 



Table 3 

Availability of Neptunium237 

Year 

13 
Installed nuclear power (GWe) 

Cummulative nucl. power (GWey) 

Annual production of Np237 Ct) 

Cummulative prod, of Np237 (t) 

1975 

66 

200 

0.90 

2.6 

1985 

247 

1600 

3.3 

21 

2000 

955 

9400 

12.6 

120 

1) Figures for western industrial countrias 

10thWorld Energy Conference, Conservation Commission 

Report on World Energy Demand 1985-2200 (1977). 



Table 4 

GCFR Specifications 

Electrical power 

Thermal efficiency 

Load factor 

Core height 

Core diameter 

Thickness of radial blanket 

Thickness of axial blanket 

300 MW 

0.363 

0.694 

1.00 m 

1.00 m 

0.33 m 

0.45 m 

Specifications are taken from ref. /4/ 



Table 5 

Inventories of the U-Pu-Np-Cycle 

1. Initial inventory (kg/GWe) 

U235 
U230 

Pu238 
Pu239 

Pu240 
Pu241 

Pu242 
Np237 

total heavy metal 

1) 
2. Inventory after 360 days (kg/GWe) 

U235 
U238 

Pu238 
Pu239 

Pu240 
Pu241 

Pu242 
Np237 

total heavy metal 

1) 3) 
3. Inventory after 1080 days kg/GWe) 

U235 
U238 

Pu238 
Pu239 

Pu240 
Pu241 

Pu242 
Np237 

2) 
total heavy metal 

Core 

31 
12341 

0 
3475 

1586 
892 

384 
6266 

24975 

28 
12141 

398 
3255 

1560 
771 

387 
5693 

24275 

22 
11728 

1025 
2876 

1505 
581 

388 
4658 

22893 

Axial 
Blanket 

58 
23175 

0 
0 

0 
0 

0 
0 

23233 

55 
2305u 

0 
110 

1 
0 

0 
0 

23216 

50 
22784 

0 
328 

6 
0 

0 
0 

23168 

Radial 
Blanket 

144 
57442 

0 
0 

0 
0 

0 
0 

57586 

140 
57253 

0 
167 

1 
0 

0 
0 

57561 

132 
56861 

0 
501 

5 
0 

0 
0 

57499 

1) load factor = 0.694 

2) including all actinides 

3) corresponding to the full burnup of 74400 MWd/t (heavy metal) 



FIG.1 REACTIVITY DROP DURING BURNUP 
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Appendix A 

Effects of the Pu238 "Spiking" Technique from the Non-Prolifera-

tion Point of View 

1. Neutron Background 

The yield Y of a nuclear explosive device is proportional to 

(Ak)JR2/«2, where Ak is the excess reactivity, R the radius 

of the device and 4 the prompt neutron lifetime. In the pre

sence of a high neutron background neutrons begin to multiply 

producing power (which leads to the termination of the excur

sion) before the maximum supercriticality Ak is reached. 

According to Locke /6/under these conditions the probability 

P that the energy release exceeds a given fraction y of the 

maximum yield Y decreases exponentially with the neutron 

source strength S (in neutrons/s), i.e.: 

_. , , -Sfcf(y) 
P(y) •I J 

The dimensionless expression f(y) contains the reactivity ramp 

which in a nuclear weapon is produced by compression or reacti

vity insertion. For metallic LWR plutonium and a relatively ad

vanced triggering mechanism achieving a velocity v a 103m/s the 

formula yields, for instance, P(0.1) = 3•10"'* and P (0.01) z 0.2, 

i.e. probabilities which indicate already a quite poor performance. 

As a result of the above functional dependence we may write 

P Cy) - (P(y))*, 

where D denotes Pu with an x-fold increased neutron background. 

Taking the enrichment in Pu238 to be 12.5%, we find x s 2 
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for metallic Pu and x * 5.5 for PuO_ (cf. Section 1). It seems 

that this reduction in P is sufficient to make the denatured ma

terial considerably less attractive at least for military use. 

This were particularly true if it was attempted to make a first 

crude weapon from PuOj. 

On the other hand the work of Locke indicates that a minimum 
5 

relative yield y . s (v/v l1"5, v * 10 m/s, can always be 
min o o J 

achieved regardless of the neutron background. With a mode

rate triggering technique corresponding to v * 100 m/s the 

minimum energy release would still approach the equivalent of 

1 tor. of TNT. It is therefore an open question whether increa

sing the neutron background by means o* spontaneous fissions or 

ct,n reactions is an effective method to ensure that Pu cannot 

be misused by terrorist groups. 

It has also to be mentioned that, if a nation disposes of a very 

advanced triggering technique (v above iOvm/s), increasing the 

neutron background of Pu could hardly prevent it from developing 

an efficient weapon. 
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2. Alpha Heating 

The heat production in pure Pu238 due to o decay amounts to 

567 W/kg. In 12.5% denatured plutonium the Pu23B a decay con

tributes 96% to the total heat production of 73.8 W/kg. For 

denatured Pu in the 6 phase (density 15.9 g/cm3) we have com

puted the mass of a bare critical sphere to be 20.2 kg. The 

total heat production is therefore 1.5 kW, or less for a re

flected device. 

Without an adequate cooling system the heat production would 

be sufficient to melt the Pu and, in particular, to melt the 

chemical explosive charge surrounding the Pu in any conventio

nal weapon configuration (the melting point of Pu metal is 

640°C, melting points of possible chemical explosives are be

low 200°C). Therefore, the interesting question arises, whether 

the device could be cooled. 

In principle, 1 kW is only a moderate power which can easily be 

handled with a simple cooling system. It can be said that the 

ex heating problem introduces a useful additional barrier against 

the misuse of Pu. On the other hand it seems hard to believe that 

a skilled individual or group, who masters all the various other 

difficult problems associated with the assembly of a nuclear ex

plosive device, cannot construct an adequate cooling system. 


