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ABSTRACT 

New options for the development of the nuclear energy economy which might 

become available by a successful development of fusion-breeders or fusion-

fission hybrid power reactors are identified, and their nonproliferative 

attributes are discussed. The more promising proliferation-resistance 

attributes identified include: (1) Justification for a significant delay in 
238 the initiation of fuel reprocessing, (2) Denaturing the plutonium with Pu 

before its use in power reactors of any kind, and (3) Making practical the 
development of denatured uranium fuel cycles and, in particular, denaturing 

232 the uranium with U. Fuel resource utilization, time-table and economic 

considerations associated with the use of fusion-breeders are also discussed. 
It is concluded that hybrid reactors may enable developing a nuclear energy 

economy which is more proliferation resistant than possible otherwise, while 

assuring, at the same time, high utilization of the uranium and thorium 
resources in an economically acceptable way. 

The opinions expressed in this paper are those of the author, 
or of the reference authors quoted. 
Prepared in Nov. 1983 for the project: The Nuclear Connection - A Reassessment, 
headed by Dr. Alvin Weinberg of the Institute for Energy Analysis, 
Oak-Ridge, Tennessee. 
Published without scientific editing by the NRCN Scientific and 
Technical Information Department. 
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EXECUTIVE SUMMARY 

This paper reviews the ways for fusion to assist the fission energy 

economy, with special emphasis on nonproliferation issues. The view-point 

is admittedly optimistic - that is, that the technical and engineering 

problems of fusion can be solved in the not too distant future. This is 

an assumption with which not all would agree. The earliest significant 

contribution fusion is likely to make to the fission economy is via the 

development of fusion breeders (FB); that is, fusion devices the primary 

function of which is the conversion of fertile into fissile fuel. A fusion 

breeder might consist of a magnetically confined very hot plasma of 

deuterium and tritium ions interacting to produce a copious source of 

neutrons. Surrounding the plasma in an FB is a fertile material - thorium, 

natural uranium, depleted uranium, or even spent fuel elements. The 

neutrons from the plasma convert the fertile material into fissile 
233 239 material - U or Pu. Thus, an FB ideally converts fertile material 

into fissile material without requiring an initial loading of fissile 
material. In contrast,ordinary fast breeder reactors (FBR) need large 

quantities of weapons-grade plutonium or uranium for their initial fuel 
loading (and operation). Producing a large number of surplus neutrons 
per unit energy release, and FB can produce fissile fuel at least one 

order of magnitude faster than does a fast breeder reactor (FBR) of 
identical capacity (measured in terms of thermal power level). Thus, a 
single FB could provide the fissile fuel makeup for up to one or two dozen 

239 233 equal capacity LWRs using Pu or U as the primary fissile fuel. The 

same FB could support more than twice the number of advanced thermal 
converters (such as high temperature gas-cooled reactors). 
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As a result of their large support ratio (ratio of total capacity of 
fission power reactors receiving their fissile fuel needs from a breeder 
reactor,to the capacity of the latter), as well as their freedom from 
initial inventory of fissile fuel loading, FBs could in principle supply 
all the fissile fuel needs of the energy economy. Thus in such a system, 
enrichment plants, with their independent threat of proliferation, might 
become superfluous. Because of their high support ratio, the FBs of 
the FB-LWR system could be located in a relatively small number of secured 
sites, along with the reprocessing facilities. The only type of nuclear 
facilities that need be located, in a matured FB-LWR system, outside of the 
secured sites, are the relatively proliferation-resistant LWRs (especially 
if using denatured fuel - that is, fuel mixed with isotopes that render 
the mixture awkward or impossible to use in a nuclear bomb). Several 
technological achievements and institutional arrangements need take place 
for the preceding contribution of FBs to be realized. These include an 
early commitment to the development of FBs; a relatively early demonstra
tion of the scientific and technological feasibility of FBs; and inter
national agreements on the establisment of well-safeguarded fuel centers 
(consisting of the FB, fuel reprocessing, and possibly waste disposal 
facilities), the assurance of the services of these centers to all nations, 
and on the ban of deployment of reprocessing facilities and fusion breeders 

outside the fuel centers. Once operational, FBs could improve the prolifera-
238 tion resistance of the nuclear energy system by denaturing, with Pu, all 

the plutonium accumulated in the LWRs (before it is recycled), as well as 
238 the plutonium they produce. It is found that the Pu production ability 

of FBs far surpasses that of LWRs and even more so that of FBRs. Being a 
238 strong heat source, Pu is considered the most effective denaturant of 

plutonium, as it is expected to complicate the fabrication, handling, 
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maintenance, and efficiency of nuclear weapons. Thus, FBs offer a unique 
possibility for denaturing plutonium-based fuel. 

233 In addition, FBs could provide denatured uranium (with U as the primary 

fissile isotope) that is more proliferation resistant than possible other-
238 wise. This can be done by incorporating some Pu in the denatured 

uranium fuel supplied by the FB, so as to denature the plutonium produced 
238 (from the U denaturant) during the irradiation of this fuel. Alterna-
233 232 

tively, the U could be denatured with U, which is a strong heat and 
232 radiation source. FBs are found to be uniquely capable of producing U 

(from thorium). 

It might be possible to develop a FB-supported energy economy that is free 

not only of enrichment facilities but also of facilities for separating 
233 plutonium or U from "spent" fuel. The idea is to use a "refreshing" 

or "regenerating" fuel cycle in which natural uranium or thorium fuel is 
irradiated in the FB until its fissile fuel contents reach the level 
required for fission reactors. After use in the fission reactors, the 

fuel is reirradiated in the FBs to bring its fissile fuel contents back 

to the desired level. Between irradiations, the fuel may have to undergo 

partial reprocessing, just to extract fission products. 

Similar enrichment-free and fissile fuel separation-free energy systems 
could be developed on the basis of fusion-fission hybrid power reactors 
(HPR). One of the most promising HPR concepts identified can maintain a 
constant fissile fuel content when fueled with natural uranium (or with 
spent fuel from LWRs). Although very attractive conceptually, it is 
questionable whether such HPRs could compete, economically, with the 
symbiosis of FB and LWRs. 
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Thus successful FBs, because of their high support ratio and their flexible 
embodiments, could serve as the basis for a nuclear system in which all 
weapons-grade fissile material is produced and confined to a relatively 
few, heavily monitored sites. One must remember, however, that the 
technical, engineering, and economic success of the FB is by no means 
assured. The visions we have outlined of proliferation-resistant systems 
based on the FB might add incentive for their development so that the 
validity of these speculations can be determined. 
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1. INTRODUCTION 

The earliest significant contribution the fusion research and development 
program could likely make to the energy economy is via assisting the fission 
energy system. The idea is to have fusion reactions to assist fission 
reactions or, stating it differently, to combine the best features of the 
fusion and fission reactions for the benefit of the energy economy. 

Fission reactions are energy rich but fuel and neutron poor; whereas a fission 

reaction releases a relatively large amount of energy (per reaction and per 

fission neutron generated) and does not require energy investment for 

bringing it about, it is relatively scarce on fissile fuel supply and in 

surplus neutrons for converting fertile into fissile fuel. However, the 

fission energy generating technology is well developed and economically 

competitive with fissile fuel and other energy generating technologies. Thus, 

by the time the fusion technology will be able to contribute to the energy 

system, fission power reactors are likely to contribute a large fraction 

(in countries like France and Japan, probably more than 50%) to the electrical 

energy production. 

Being blessed with a large surplus of neutrons, fusion can assist fission 

in two ways: 

CI) Converting fertile into.fissile fuel, to make-up for the fuel defficiency 

of the Light Water Reactors CLWRs) and other converter reactors, as well as 

to provide the initial fuel inventory for converter and breeder reactors. The 

fusion fissile fuel production is to be performed in Fusion Breeders (FB) or 

fusion fuel factories. 
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(2) Removing the criticality constraint on the design of fission reactors, 
thus enabling to design fuel-self-sufficient reactors more attractive than 
possible otherwise (for example, light-water moderated and cooled reactors 
which breed when fueled with natural uranium). These fusion driven subcritical 
fission systems will be referred to as Hybrid Power Reactors CHPR). 

Figure 1 A schematic layout of the nuclear part of fusion-fission 
hybrid reactors using magnetically confined plasmas. 

A very schematic layout of the nuclear part of hybrid reactors using fusion 
devices with magnetic confined plasmas is shown in Figure 1. The fusion 
reactions taking place in the plasma provide the source of neutrons which 
"drive" the blanket. The fusion energy released in the process contributes 
to the hybrid reactor total power. 

The "first wall" is the plasma (or pellet, in case of inertial confinement 
fusion) chamber wall; it is the first material wall encountered by the neutror--
and radiation (as well as neutral atoms and charged particles) leaking out 
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With the data base for hybrid reactors (FBs as well as HPRs scant as it is, 
and with the large uncertainty concerning the availability of uranium 
resources, the demand for electricity and in particular, the time-table for 
hybrid reactor commercialization and economics, the assessment done is bound 
to have some measure of speculation. We believe, nevertheless, that such an 
assessment is important for bringing the promise of hybrid reactors to the 
attention of the nuclear energy community and for helping energy policy-makers 
to make educated decisions about the long range energy R and D programs. 

2. FUSION BREEDERS 

2.1 Introduction 

Fusion breeders were first proposed in the early fifties, in connection with 

the search for efficient ways for the production of fissile fuel. The 

interest in fusion breeders soon faded to appear again more seriously in the 

late seventies - when it appeared that the fusion programs are approaching 

the proof of scientific feasibility stage (a more detailed historical account 

can be found in section 1.3 of Ref. 1). 

There can be many concepts for fusion breeder designs which differ in their 
fusion driver type (such as tokamak, mirror or inertially confined devices), 

233 blanket type (such as fast-fission, fission suppressed, producing U or 
239 

Pu), fusion driver and blanket design details and modes of operation 
(such as ignited or driven, steady-state or pulsed). A detailed review of 
fusion breeder concepts and design considerations can be found in references 
2 to 4. In this paper we shall only briefly review fusion breeder design 
approaches, concentrating our attention to the blanket system and to 
performance characteristics of relevance to the energy economy. 
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2.2 Blanket Design Approaches 

Even though destined to produce primarily fissile fuel, fusion breeders 

generate energy as well. This energy originates from (1) the fusion reactions 

necessary to release the fusion neutrons (i.e., to create the neutron source); 

(2) binding energy release as a result of neutron capture reactions -

primarily in Li (to produce the tritium needed to fuel the fusion drivers) 
238 and in the fertile isotopes (Th or U) and (3) fission energy released 

either by fast fissions (in, primarily, the fertile isotopes) or by thermal 

fissions (of the fissile fuel produced). Whereas energy sources (1) and (2) 

are unavoidable and only little controllable, it is possible to control 

energy source (3) to a large degree. 

Till now it is not clear what mix of fissile fuel and energy production is 

the most promising, economically (and otherwise). The range of possibilities 

can be bracketed by the following design philosophies: (1) Maximize the net 

number of fissile fuel atoms production per fusion neutron (or fusion energy), 

to be denoted by F. This approach assures maximal fissile-fuel production 

from a given fusion device irrespective of the total energy released 

(and, therefore, need be removed) in the process. (2) Maximize the fissile 

fuel production per unit energy that need be removed from the fusion breeder, 

i.e., maximize F/W, where W is the total energy that need by removed from 

the FB, per fusion neutron. This approach assures maximal fissile fuel 

production from a FB of a given (supposedly limited) power output. 

Table 1 shows the fissile-fuel production ability of a number of promising 
blanket constituents. Pertaining to idealized leakage and structure free 
blankets, the F and T data of the Table are to be considered as upper-bound 
estimates. A measure of the value of F attainable with the materials 
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considered (excluding the fissile isotopes) is F+T-l.l, where the 1.1 is 

the assumed number of tritons that need be produced so as to assure a net 

number of one triton to be fed to the plasma per fusion neutron (from the D-T 
reaction it produces). 

Table 1 Number of Fissile (Fg) and Tritium (Tg) Atoms Produced, and 
Energy Released per 14 MeV Neutron, in Infinite Media Made of 
Neutron Multiplying Materials(a) 

Media ( b J Product Atoms 
CFg+Tg) 

Energy Release 
(MeV) 

(c) (d) (d) 

"fju 4.18 2 3 9Pu 199 0.0207 
Nat. U 5.0 2 3 9 P u 300 0.0165 
2 3 8U+7.6% 6Li 239 3.1 "HPu+l.l T 193 0 .0161 
2 3 2 T h 2.49 2 3 3U SO.5 0.0461 
2 3 2Th +16% 6Li 233 1.3 " U+l.l T 49 0 .0248 
9 6 
3Be+5% Li 2.72 T 22 
9Be+S% 2 3 2Th 233 2.66 J U 29.6 0. ,osos ( e ) 0.080 

Pb+S%6Li 1.74 T 18 

Pb+5%Th 1.58 2 3 3U 21 0. .0215 ( e ) 0.0645 
6Li 1.08 T 16.5 

hi 0.89 T 12.3 
Nat. Li 1.90 T 16.3 0. 0364 ^ 
239 

Pu fissions dominated blankets - fast fis 
thermal 

isions 
fissions 

0.0049 
0.0028 

233.. fissions dominated blankets - fast fis 
thermal 

sions 
fissions 

0.0028 
0.0019 

2 3 S U fissions dominated blankets - fast fissions 
thermal fissions 

0.0027 
0.0015 

(a) The data is taken from Refs. 2 and 5. 
(b) Percentages are atom percent. 
(c) Total energy deposited in the blanket per fusion neutron. 

To get W, add 3.52 MeV. 
(d) F=F0-1.1, whereas F0£Fg+Tg. 
(e) The difference in the binding energy release per neutron capture 

in Li and the fertile material (taken to be 2 MeV per capture) 
is accounted for. 
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considered (excluding the fissile isotopes) is F+T-l.l, where the 1.1 is 

the assumed number of tritons that need be produced so as to assure a net 

number of one triton to be fed to the plasma per fusion neutron (from the D-T 
reaction it produces). 

Table 1 Number of Fissile (Fg) and Tritium (Tg) Atoms Produced, and 
Energy Released per 14 MeV Neutron, in Infinite Media Made of 
Neutron Multiplying Materials(a) 

Media w Product Atoms 
CFg+Tg) 

Energy Release 
(MeV) 

(c) (d) (d) 

"fju 4.18 2 3 9Pu 199 0.0207 
Nat. U 5.0 2 3 9 P u 300 0.0165 
2 3 8U+7.6% 6Li 239 3.1 "HPu+l.l T 193 0 .0161 
2 3 2 T h 2.49 2 3 3U SO.5 0.0461 
2 3 2Th +16% 6Li 233 1.3 " U+l.l T 49 0 .0248 
9 6 
3Be+5% Li 2.72 T 22 
9Be+S% 2 3 2Th 233 2.66 J U 29.6 0. ,osos ( e ) 0.080 

Pb+S%6Li 1.74 T 18 

Pb+5%Th 1.58 2 3 3U 21 0. .0215 ( e ) 0.0645 
6Li 1.08 T 16.5 
7Li 0.89 T 12.3 
Nat. Li 1.90 T 16.3 0. 0364 ^ 
239 

Pu fissions dominated blankets - fast fis 
thermal 

isions 
fissions 

0.0049 
0.0028 

233.. fissions dominated blankets - fast fis 
thermal 

sions 
fissions 

0.0028 
0.0019 

2 3 S U fissions dominated blankets - fast fissions 
thermal fissions 

0.0027 
0.0015 

(a) The data is taken from Refs. 2 and 5. 
(b) Percentages are atom percent. 
(c) Total energy deposited in the blanket per fusion neutron. 

To get W, add 3.52 MeV. 
(d) F=F0-1.1, whereas F0£Fg+Tg. 
(e) The difference in the binding energy release per neutron capture 

in Li and the fertile material (taken to be 2 MeV per capture) 
is accounted for. 
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Uranium-238, due to .its high fast fission, as well as significant (n,2n) 

and (n,3n) cross-sections (see Figure 2) and high v, offers the highest F . 

Of the non fissionable materials, beryllium offers the highest F, slightly 

superceeding that of thorium. Beryllium also offers the highest F/W; the net 

number of fissile atoms which can be produced in a fusion breeder using 

beryllium as the primary neutron multiplier is higher by a factor of 

approximately 3, than the fissile atoms producible in a fusion breeder using 

depleted uranium for neutron multiplication and having the same total power 

output. The F/W of blankets the neutrons production in which is dominated by 

fission reactions (i.e., blankets containing relatively large concentration 

of the fissile isotopes) is expected to be more than 3 times lower than that 

of the depleted uranium (with very low fissile concentration) blanket. 

From the above data and discussion it is concluded that if the fusion breeder 
design goal is to maximize F/W, its blanket should be designed to minimize 
the fission probability. The resulting blankets are of the "fission-suppressed" 
type. Fission-suppressed blankets using beryllium for neutron multiplication 
appear to be the most promising for high F/W fusion breeders. 

Even higher F values can be obtained by adding fissile material to 
(41 the blanket1 . The higher the contribution of the fissile isotopes, 

however, the lower becomes F/W. 
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It is interesting to compare the fissile fuel production ability of fusion 
and fission breeders. Assuming that LMFBRs could be designed to have a 
breeding ratio of 1.4, their equivalent F/W is approximately 0.002 atoms/MeV. 
This is to be compared with a F/W of n, 0.05 atoms/MeV offered by the (ideal] 
beryllium fission-suppressed fusion breeder considered above. 

The need to incorporate structural and coolant materials in the blanket,as 

well as other design constraints,can significantly interfere with the 

performance of fusion breeders. Other factors which can have a significant 

effect on the blanket performance include the chemical form of the fuel 

(i.e., the degree of fuel dilution), blanket layout and fuel cycle considera

tions (such as fuel residence time and fissile fuel content in the blanket). 

Representative examples of fusion-breeder designs and performance are 

presented in the following section. 

2.3 Fusion-Breeder Designs - Examples 

Selected characteristics of representative fast-fission blankets, one using 
depleted uranium and the other using thorium, and of a representative fission-
suppressed blanket using thorium for the fertile fuel,are given in Table 2. 
Compared with the idealized blankets (Table 1) it is observed that the 
realistic blanket designs (Table 2) offer significantly lower F+T values 
(up to a factor of almost two, for the uranium fast-fission blanket; the 
dilution of the uranium with carbon is largely responsible for the reduction 
in F+T) and, consequently, also F/W values. 
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Table 2 Characteristics of Representative Blankets for 
Fusion Breeders (from Ref. 6) 

Characteristic Blanket Type 
Uranium Thorium Thorium 

Fast-Fission Fast-Fission Fission-Suppressed 

Fertile Fuel Zone 
Thickness (cm) 16 16 80 
Fuel Type (V.F.)^ 5 UC^(0.50) Th(0.60) MS ( C^(0.10) 
Structural Material (V.F 0 SS (0.20) SS(0.12) C (0.10) 
Moderator^ (V.F.) — — Be (0.80) 
Coolant (V.F.) He (0.30) He(0.28) MS 

Tritium Breeding Zone 
Thickness (cm) 45 45 
Fuel Type (V.F.) Li 20 (0.70) Li20(0.70) 
Structure (V.F.) SS (0.10) SS (0.10) 
Coolant (V.F.) He (0.20) He (0.20) 

F + T 2.17 2.01 1.87 
H& 7.92 5.20 1.62 
W (MeV) 115 77 26 
F + I ' I' 1 (at./MeV) 0.0093 0.0118 0.0296 

Coolant 
Inlet/Outlet Temp. (°C) 300/550 300/550 600/650 
Inlet/Outlet Pressure (MPa) 6.SO/7.SO 6.50/7.50 0.69/0.79 

Ca) V.F. stands for volume fraction. 
(b) Alternative fuel type is U metal alloy or U_Si. 
(c) MS stands for molten salt containing thorium (LiF + BeF. 
(d) Or neutron multiplier other than the fertile material. 
(e) M is the blanket energy multiplication = Total energy deposited 

and generated in the blanket per fusion neutron, divided by 14.1 MeV. 

ThF4) 
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Tables 3 to S compare the overall performance of three sets of fusion 
breeders, using the blankets described in Table 2. The fusion breeders 
of Table 3 use a tandem mirror fusion driver, and are designed to have 
the same total thermal power of 4000 MW. Due to the different energy 
multiplication (M) of the blankets considered, the fusion power level 
of the tandem mirrors need be adjusted to meet the total power constraint. 
This is accomplished by adjusting the length of the central cell, in 
which most of the fusion reactions take place. 

Having the lowest M, the fission-suppressed fusion-breeder needs the most 

powerful fusion driver, making the device the most expensive. However, 

the capacity of LWRs which could be supported by this fusion breeder 

{24 GWe) is significantly higher than the LWR capacity supportable 

by the two fast-fission fusion-breeders. Consequently, the effective 

capital cost per installed capacity ($/KWe) of the symbiotic FB-LWR 

system is the lowest with the fission-suppressed blanket and the highest 

for the uranium fast-fission blanket. 

A similar situation exists in the case of 4000 MW fusion breeders driven 
by tokamaks (Table 4). Compared with the tandem mirror driven fusion 
breeders (Table 3), the tokamak driven fusion breeders of Table 4 have 

2 a significantly more electricity for sale and lower capital cost. 

'The lower net thermal-to-electrical efficiency of the tandem-mirror 
fusion breeders reflect an inherent characteristic of their drivers -
their need for a relatively large power input (i.e. large recirculated 
energy fraction) for their operation. Tokamaks, on the other hand, 
can be designed to have ignited plasmas, thus needing essentially 
no (in practice, very little) electrical energy investment to maintain 
their plasmas burning. 
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Table 3 Comparison of Tandem Mirror Hybrid Reactors Producing 
4000 MW of Total Thermal Power (from Ref. 6) 

Characteristic Blanket Type 
Uranium Thorium Thorium 

Fast Fission Fast Fission Fission-Suppressed 
(a) Minor Radius (m) 1.29 1.29 1.29 

Central Cell Length (m) 20 30 93 

Max. Field Strength (T) 12 12 12 
2 

First Wall Loading (MW/m ) 2.6 2.6 2.6 

Fusion Power (MW) 580 875 2675 

Gross Electric Power (MWe) 1500 1533 1696 

Net Electric Power (MWe) 620 650 995 

Fissile Fuel Production1 ' 

(kg/yr) 1850 2320 6160 

LWR Capacity Supported 
(GWe) 5.30 9.20 24.0 

Support Ratio 
(GW t h LWR/GW t h FB) 4.0 7.0 12.6 

Hybrid Capital Cost 
(1980 B$) 1.99 2.00 3.52 

System ($/KWe)/LWR($/KWe) 1.28 1.17 1.12 

(a) Of the plasma in the central cell of the tandem mirror. 

(b) Assuming a plant availability factor of 0.7. 
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Table 4 Comparison of Tokamak Hybrid Reactors Producing 4000 MW 
of Total Thermal Power (from Ref. 6) 

Characteristic Blanket Type 
Uranium Thorium Thorium 

Fast-Fission Fast-Fission Fission-Suppressed 
Minor Radius (m) 1.30 1.57 1.S7 

Major Radius (m) S.20 6.28 7.48 
Max. Field Strength (T) 11.40 9.70 9.90 
First Wall Loading (MW/m2) .1.80 1.80 3.20 
Fusion Power (MW) 830 1200 2940 
Net Electric Power (MWe) 1300 1300 1480 

(al Fissile Fuel Production'' ' 
(kg/yr) 1810 2100 SS80 

LWR Capacity Supported 
(GWe) 5.10 8.20 21.90 

Support Ratio 
(GW t h LWR/GW t h FB) 3.90 6.20 16.60 

Hybrid Capital Cost 
(1980 B$) 2.32 2.38 3.47 

System ($/KWe)/LWR($/KWe) 1.21 1.15 1.11 

(a) Assuming a plant availability factor of 0.7. 
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Table 5 Comparison of Tokamak Hybrid Reactors with 1000 MW 
of Fusion Power (from Ref. 6) 

Characteristic Blanket Type 

Uranium Thorium Thorium 
Fast fission Fast-Fission Fission-Suppressed 

Minor Radius (m) 1.43 1.43 1.43 

Major radius (m) 5.72 5.72 5.72 

Max. Field Strength (T) 10.SO 10.50 10.50 

First Wall Loading I (MW/m2) 1.80 1.80 1.80 

Total Thermal Power (MW) 4880 3320 1340 

Net Electric Power 1 [MWe) 1580 1040 500 

Fissile Fuel Product W 
(kg/yr) 2180 1750 1890 

LWR Capacity Supported 
(GWe) 6.20 6.90 7.40 

Support Ratio 
(GW t h LWR/GW t h FB) 3.80 6.30 16.70 

Hybrid Capital Cost 
(1980 B$) 2.56 2.14 2.23 

System ($/KWe)/LWR($/KWe) 1.17 1.17 1.26 

(a) Assuming plant availability factor of 0.7 
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Notice that the tokamak device needed to drive the fission-suppressed 
blanket is not only the largest, but is called to operate at the highest 
first wall loading (defined as the flux of 14 MeV neutrons crossing, 
per unit time, a unit area of the first wall, multiplied by the neutron 
energy). That is, this tokamak will have to withstand the most severe 
radiation damage rates. 

If designed to have the same tckamak driver (Table 5) the fusion breeders 

offering the least expensive symbiotic systems are those using the fast 

blankets; their higher electrical power output more than compensates for 

the somewhat lower capacity of LWRs they can support. 

It can be concluded that the economical attractiveness of fusion breeders 

depends on the ground-rules assumed. It also depends on the fuel cycle 

technology not accounted for above; generally speaking, the U/Pu fuel cycle 

is expected to be cheaper than the Th/U fuel cycle. Being incomplete and 

considering point designs (rather than optimal designs), the example? 

presented in Tables 3 to S should not be used to withdraw too general 

conclusions from, but rather to provide illustrations on the range of 

performance parameters and trends to be expected. 

Missing from Tables 2 to 5 are illustrations of the performance of systems 
based upon plutonium producing fission-suppressed blankets. The fissile 
fuel production ability of such blankets is expected to be similar to that 
of U producing fission-suppressed blankets . The support-ratio of 
uranium fission-suppressed fusion-breeders is,however, only about 2/3 that 
of thorium fission-suppressed fusion breeders; 
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This is due to the higher a ( s capture-to-fission ratio) and lower 

conversion ratio (CR) of plutonium based fuel in thermal reactors. 

An estimate of the support-ratio can be obtained from the following simplified 

relation: 

MSR - 200(F/W)n (GWe) , 
M b K " (l-CR)(l+a) TGW^T 

in which r\ is the net thermal-to-electrical energy conversion efficiency of the 

client fission reactors. MSR, the Makeup Support .... o, is the total capacity 

(in GWe) of the client fission reactors, the makeup fissile fuel for which is 

provided by a GW , of fusion breeders. It depends on the characteristics of the 

fission reactors and its fuel cycle (via ri , CR and a). 

Table 6 shows the MSR as well as the Inventory Support Ratio (ISR) for different 

types of fission reactors supported by a fusion breeder using a beryllium 
233 fission-suppressed blanket the F/W for which is 0.03, wher producing U, and 

10% lower when producing Pu^ ' . The iSR is defined as the capacity 

(in GWe) of fission power reactors which can be installed per year, if the 

initial fuel inventory for which are to be provided by one GW of fusion 
(3) breeders. The range of makeup support-ratios expected1 ' from different mixes 

of fusion-breeders and client fission reactors is summarized in Figure 3. 



Table 6 Fission Reactor Characteristics and Their Possible Hybrid Support Ratios 

Characteristic Fission Reactor Type (») 

LWR HWR HTR 
U/Pu Th/ 2 3 3U Th/ 2 3 5U Th/ 2 3 3U 

LMFBR 

Th/ 2 3 SU Th/ 2 3 3U U/Pu 

Efficiency^ 

Initial core loading (Kg fissile/GWe) 

Conversion Ratio 
Support Ratios 

Makeup (GWe/GWe) 

0.33 0.33 

2000 1904 

0.65 0.7 

4.2 6.2 

0.29 0.29 
2760 2110 
0.88 1.002 

0.40 0.40 0.40 

1910 1260 2900 

0.74 0.77 > 1 

9.7 

Inventory (SiS/GWth) 0.69 0.76 0.69 1.1S 0.47 

(a) Most of the data about the performance of these fission reactors is taken from the INFCE reports. 

(b) Thermal to electrical energy conversion efficiency. 
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Figure 3 One fusion breeder supports many equivalent thermal power fission 
reactors Cfrom ref• 3). 

To close this section, Figure 4 and Tables 7 to 9 describe, in some detail, the 
design and performance characteristics of a recent fusion-breeder conceptual 
design ' , to be referred to as the "reference tandem mirror fusion-breeder". 
This design calls for the use of a liquid lithium coolant flowing radially 
through a two-zone packed bed of beryllium pebbles on each of which a thorium 
snap-ring is mounted (Figure 4). The composite beryllium/thorium pebbles 
(3 cm in diameter) are loaded into the top of the blanket and discharged at the 
bottom once every 3 to 6 months. This design concept is characterized by a 
number of attractive features, including the following: 

- low blanket power density, 
low afterheat level, 

- refueling without blanket disassembly. 
- readily recycled and easily fabricated beryllium. 



BERYLLIUM 

Figure 4 Reference tandem mirror fusion breeder (from ref. 8). 



Table 7 Key Design and Performance Parameters for 

Central Cell Parameters 
Central Cell Fusion Power8 . 
Central Cell Fusion Neutron Power 
Maximum Central Cell Thermal Power0 

Average Central Cell Thermal Powerd 
2 3 3 U Fuel Production6 

Central Cell Length^ 
Number of Blanket Modules 
Number of Central Cell Coils 
Central Cell Coil B- Field Strength on 

Blanket Module Mechanical Design 
Structural Material E HT-9 
Module Length 4 m 
In_er-Moduie Vacuum Seal Arrangement metal fl seal 
Fraction of Module Length Used for 
Multiplier/Fuel Zones'1 •v. 954 
First Wall Radius l.S m 
Number of Multiplier/Fuel Zones Two 
Multiplier/Fuel Zone Volume Fractions 1 

Beryllium S54 
Lithium (0.2 a/o °Li) 404 
Thorium (incl. brsd fissile) 34 
Ferritic Steel 2% 

Thickness of Each Fuel ZoneJ 20 cm 
Lithium Reflector Thickness 1 1 30 cm 
Blanket Outer Radius 2.34 m 
Shield Thickness 75 cm 
Magnet Inner Bore 6.7 m 
Magnet Pitch 4 m 
Number of Coolant Outlet Pipes 20 each 

3000 MW 
2400 MW 
4728 MW 
3864 MW 
S62S kg/yr 
200 m 
50 
50 

Axis 4.2 T 

Reference Tandem Mirror Fusion Breeder [fro* Ref. 7 ] , 

Heat Transfer, Power Flow, and Thermal Design Parameters 
Neutron Wall Loading 
Coolant1 

Maximum Thermal Power Per Blanket Module 
Coolant Inlet Temperature" 
Coolant Outlet Temperature" 
Lithium Flow Rate 
Lithium Pressure Drop 0 

Lithium Pump Power (all modules) 
First Wall Pressure0 

Minimum First Wall Temperature? 
Maximum First Wall Temperature*) 
Maximum Structure Temperature1, 

Maximum Beryllium Surface Temperature 
Maximum Beryllium Internal Temperature5 

Maximum Beryllium AT' 

1.27 
liquid lithium 

94 MW 
340°C 
490°C 
0/31«J/sec 

*2 MPa(300PSP) 
*** 35 MW 

•vl.7 MPa(250psi) 
361°C 
409°C 
490°C 
475°C 
<483°C 
< 38°C 

Nuclear Design Parameters 
Net fissile Breeding Ratio1 

Net Tritium Breeding Ratio" 
Minimum Blanket Energy Multiplicationv 

Maximum Blanket Energy Multiplicationw 

Maximum Thorium Power Density" 
Maximum Beryllium Power Density" 
Maximum Lithium Power Density" 
Maximum Average Power Density" 
Zone 1 Fuel Residence Timej 
Zone 1 Uranium Discharge Concentration 
Zone 1 Protactinium Discharge Concentration 
Zone 2 Fuel Residence Time* 
Zone 2 Uranium Discharge Concentration 
Zone 2 Protactinium Discharge Concentration 
Average Fission Rate Per Fusion* 
Average Fission Surnup at Fuel Discharge" 

0.62 
1.06 
1.25 
1.97 
182/CB 3 

5.4 w/c«3 
3.3 yi/afl 
7.7 w/c»3 

78.3 days 
8564 
.532% 
156.6 days 
.739* 
.1954 
"10.04 
<V500 MWD/MT 

I 
i in wi in 



Table 7 (continued). 

a) all quantities normalized to central cell fusion power (3000 MW). 
End cell fusion power • 140 MW. 

b) Charged particle and radiation power (MUSO -MW) primarily 
deposited in end eel Is,on direct converter and electron dump, 
but -v40 MW of radiation surface heat load appears on first 
wall (0.018 MW/m 2). 

c) Corresponds to maximum blanket energy multiplication of 1.97. 
d) Corresponds to average over-cycle blanket energy multiplica

tion of 1.61. 
e) At 70% plant average capacity factor and fissile breeding ratio = 

0.62 per fusion. 
f) Shorter central cells also possible as discussed in Chapters IV 

and VIII of Ref. 7. 
g) Or similar low nickel ferritic (e.g., 2-1/4 Cr-lMo). Design 

stress -v. 16 KSI. 
h) Remaining - 5% used for module side walls and inlet coolant duct. 
i) Assumes 59% packing of beryllium/thorium pebbles in the 98% of 

volume not occupied by structure 
j)Zone 1 recycled twice as often as Zone 2. 
k) Reflector is also the lithium outlet annulus. 
1)0.2% a/o 6Li. 

m) Lowest temperature to avoid loss of ductility 
(DBTT) during irradiation 

n) Highest temperature to provide confidence in 
corrosion/compatability characteristics. 

o) Approximate values based upon existing modeling 
capability. 

p) Coolant interface at left side first wall inlet. 
q) Plasma inside interface at right side of first 

wall. 
r) At rear of blanket 
s) Estimate requires more detailed model 
t) Adjusted for multidimensional and heterogenious 

effects 
u) This quantity is net for the blanket. The . 

reactor net tritium breeding is 1.01 after 
correcting for tritium to sustain the additional 
140 MW of fusion in the end plugs (no blanket). 

v) Beginning of cycle - no fissile material 
w) End of cycle-prior to Zone 1 and Zone 2 fuel 

discharge. 
x) Average over time and blanket volume. 



- 22 - NRCN-S55 

Table 8 Reference tandem mirror fusion breeder performance parameters 
(from Ref. 7) 

Fusion power (MW f) 
Average blanket energy multiplication (M) 
Average total nuclear power (MWn) 
Average net electrical power (MWe) 
Average net nuclear-to-electrical efficiency 
Net fissile fuel production rate (kg/yr) 
Net specific fissile fuel production rate (kg/MW-yr) 
In-core fissile inventory (kg) 
Ex-core fissile inventory (kg) 
Total fissile inventory (kg) 
Specific fissile inventory (kg/MWn) 
Average fissile discharge enrichment (%) 
Heavy metal throughput, MT/yr thorium 
Average plant capacity factor (%) 

3000 
1.61 

4464 
1317 

0.295 
5646 

1.81 
1032 
2874 
3816 

0.8S4 
1.24 

604 
70 

Average over blanket operation. 
At 70% capacity factor. 
Value for full power operation. 

Table 9 Summary of reference tandem mirror versus LWR fixed charges 
(from Ref. 7) 

Direct cost ($M) 
Indirect cost ($M) 
Time-related cost ($M) 
Total capital cost 1982$ ($M) 
Specific cost ($/kWt) 

Reactor Type 
Fusion Breeder LWR 

3744 789 
3179 585 
1232 245 
8155 1620 
1826 540 
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Figure 5 Conceptual Be/molten salt blanket module (from ref. 8). 
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The safety features of this blanket design are noteworthy: The afterheat 
level (typically St of the operating power, at shutdown) is dominated by the 

233 decay of actinides, produced in the U producing chain: 

„ + " 2 T h + 233 T h fe 233 p a y 233,. 

The concentration of the fission products in the discharged fuel is about 
100 ppm - only about 1.5% that of LWR discharged fuel. The provision to 
discharge the fuel (i.e., composite beryllium/thorium pebbles) to an 
independently cooled dump tank adds another safety measure. 

An alternate blanket design concept considered for the tandem mirror fusion 
breeder is illustrated in Figure 5. Both the fissile and fusile (i.e., tritium) 
fuel are to be produced inside molten-salt containing tubes penetrating 
through the beryllium pebble bed, which is to be cooled by helium. The 
attractive features of this concept include the possibility for on-line 
refueling and reprocessing; low-cost reprocessing; very low fissile fuel and 
tritium inventories; very low afterheat levels; and constant blanket energy 
multiplication (and other properties) with irradiation. 

2.4 Fuel Cycle Considerations 

Fusion breeder produced fuel can be of a very high quality - due either 
to the short residence time of the fissile fuel in the blanket (such as 
possible with the molten salt blanket concept of Figure 5), or to the hard 
neutron spectrum in the blanket (such as in fast-fission blankets). 
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Table 10 A Comparison of the Isotopic Composition of the Fuel Bred in 
Hybrid Reactors and in Conventional Fission Reactors [from Ref. 9] 

Thorium Cycle Uranium Cycle 

Isotope Hybrid ( a ) HTGR Isotope Hybrid ( a } LWR 

2 3 2 u 7300 ppm 460 ppm 236 n Pu 13 ppm 0.004 ppm 
233„ 98% 80% 238 n Pu 3730 ppm 18,000 ppm 

2 3 4 u 0.9% 16% 239 n Pu 98% 57% 
2 3 S u — 3.3% 240„ Pu 1.2% 26% 
236 u — 0.5% 241,, Pu 190 ppm 13% 

242 n Pu 1 ppm 4% 

^After 400 day irradiation. 

Table 10 compares the isotopic composition of plutonium and uranium bred in 
typical fast fission blankets with their composition in the fuel discharged 
from, respectively, typical LWRs and HTGRs1, ' ' . Particularly remarkable 
is the difference in the quality of the plutonium. The hybrid bred fissile 
plutonium content exceeds 98% versus about 70% for the LWR bred fuel (and 
as low as 50% in the fuel recycled in LWR plutonium burners). The fissile 
fuel content of plutonium produced in LMFBRs is approximately 75%, even 
though the plutonium produced in the blanket can have 98% fissile isotopes. 
Even higher quality fuel is expected from fission-suppressed fusion 

(11) breeders "• 

Fusion breeders will have to be supplemented by fuel reprocessing faci l i t ies 

for them to be a practical source of f i ss i le fuel. Fusion breeder reactor 
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studies carried out during the last few years indicate that reprocessing 
might have a significant effect on the economics of fusion breeders. This 
effect depends on the fuel type, fissile fuel concentration in the fuel, and 

reprocessing technology. Table 11 compares the economics of four reprocessing 
(7) technologies, found promisingv ' for fusion breeder applications. It is 

233 observed that the cost of separating U from thorium is expected to be 
comparable to, or possibly cheaper (if the pyro-chemical process is found 

practical) than the cost of separating plutonium from uranium. The pyro-
(7) chemical process proposed^ ' exploits the high solubility of thorium, and 

the low solubility of uranium, in molten magnesium. In any event, the 

development of technically sound and economically acceptable reprocessing 

technologies is a pre-requisite for the successful commercialization of 

fusion breeders. 
Table 11 Reprocessing Cost Comparison (from Ref. 7) 

PROCESS THOREX PUREX PUREX PYRO-CHEMICAL 
Fuel Type thorium 

metal 
uranium 
carbide 

uranium 
metal or 
oxide 

thorium 
metal 

Throughput3 (MTHM/yr) 604 604 604 604 
Fissile Discharge Assay 
(atom %) 
Plant Capital Cost. ($M) 

1.24 
68S 

1.24 
641 

1.24 
602 

1.24 
150 

Cost of Capital ($M/yr) 124 US 109 27.1 
Plant Operating Cost. ($M/yr) 42 42 39 10 
Total Annual Cost ($M/yr) 166 157 148 37.1 
Reprocessing Cost c ($/kgHM) 
Unit Cost c ($/e fissile) 

274 
22.2 

260 
21.0 

24S 
19.8 

61.4 
4.95 

(a) based upon reference fuel cycle as described in Tables 7 § 8. 

(b) 18.04% carrying charge. 
(c) Current dollar cost referenced to 1982 dollars. 
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An alternate route proposed for fusion breeders is fuel "refreshment". The 

idea is to irradiate, in the hybrid reactor blanket, either fresh or "spent" 

fuel elements until their fissile fuel content reaches the level necessary 

for fueling fission reactors. This "refreshed" fuel could be either partially 

reprocessed, just to extract the fission products and refabricate the fuel 
M o r 

(13-16) 

(121 elements or used, as is, for another irradiation cycle in the fission 

reactors 

One of the more attractive refresh fuel cycles proposed involves the irradia

tion of thorium containing HTGRs type fuel pebbles in fusion breeders1 

233 After their U content is high enough, these pebbles are used to fuel 

HTGRs. It was estimated that if a beryllium fission suppressed blanket 

is to be used for the fusion breeder, a makeup support ratio of 36 might be 

attained (see also Figure 3). 

Refresh fuel cycles are conceptually very attractive as they offer eliminating 

the need for fuel reprocessing (on the expense of some reduction in the fuel 

utilization). Whether or not the metallurgical and mechanical properties of 

irradiated fuel elements would enable realization of the refresh fuel cycle 

remains to be verified experimentally. 

2.5 Nuclear Waste Transmutation 

Fusion fission hybrid reactors open new possibilities for the transmutation 
of fission products and toxic actinides to isotopes having lower radioactivity 
or toxicity level (see Ref. 1 and references therein). One possibility doing 
so is to leave the actinides and perhaps also part of the fission products in 
the fuel recycled, and to compensate for the resulting adverse reactivity 
effect by proper addition of fissile fuel; with the fusion breeder source of 
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fissile fuel, the higher fissile fuel loading and lower conversion ratio 
of the fission reactors is not expected to have a significant adverse effect 
on the fuel resource utilization. 

Another possibility is to place the problematic actinides and fission products 

in the blanket of fusion breeders or of other fusion devices dedicated to 

nuclear waste transmutation. Particularly powerful for this approach are 

fusion devices based on inertial confinement; with the extremely high fluxes 

of high energy neutrons as well as of material densities (in the pellets) 

expected in ICF, it might be feasible to transmute even the most problematic 
90 137 fission products, such as Sr and Cs (see Ref. 4 for references). 

2.6 Time-Table Considerations 

Presently there is no stated goal and, consequently, no time-table for fusion 
breeder (or any other type of hybrid reactor) development in the U.S.A. 
(as well as in Western Europe and Japan). It appears, nevertheless, that the 
primary critical path in fusion breeder development is the development of the 
fusion driver. Consequently, the time-table for hybrid reactor development 

will be assumed to be similar to the time-table for the development of fusion 
3 power reactors . 

In fact, there are types of hybrid reactors (especially those with 
high blanket energy multiplication) which might be developed earlier than 
fusion power reactors - due, primarily, to the less demanding plasma 
confinement conditions as well as to the lower first wall neutron loading 
(and, hence, radiation damage rates). 
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The time-table for the development of fusion power reactors strongly depends 

on the resources made available for, and the degree of risk taken in the 

fusion R§D program. Figure 6 shows the U.S. DOE thinking, at the beginning 

of the present decade, on the time-tabl" for fusion power reactor 

development . 

1980 1490 2000 2010 2020 2030 2040 

I960 1990 2000 2010 2020 2030 2040 

Fig. 6 This chart details the major facilities and decision points of the 3 
program paces laid out in the National Magnetic Fusion Program Plan. 
Abbreviations have the following meanings: 
TFTR Tokamak Fusion Test Reactor 
ETF Engineering Test Facility 
EPR Engineering Prototype Reactor 
DEMO Demonstration fusion reactor 
(T) First use of tritium 
Plants Full-scale fusion reactors 
IOC Initial operating capability 
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The Magnetic Fusion Energy Engineering Act of 1980 signed Con October 12, 

1980) by President Carter called, among other things ' : (1) to achieve, at 

the earliest practicable time, but no later than the year 1990, operation of 

a magnetic fusion engineering device, and (2) to establish, as a national goal, 

the operation of a magnetic fusion demonstration plant at the turn of the 

21st century. Program plan pace B (Figure 6) is set to fit the goal set by 

the Act. According to this program plan fusion power reactors should be ready 

for initial operation by the year 2011. 

The U.S. DOE fusion R6D program does not have today firm target dates for the 

initial operation of the demonstration fusion reactor (DEMO) and of the commer

cial fusion power reactors (Plants). It appears that this fusion R&D program 

is presently geared closer to Pace A than to Pace B. The Euratom fusion 

development program pace appears to follow that of the USA. There are indica

tions that the U.S.S.R and the Japanese are considering an accelerated 

pace closer to Pace C than to Pace B, for their fusion development. In the 

following we shall assume that commercial hybrid reactors could start operation 

by 2015. This is consistent ';ith the perception of both the U.S. DOE and EPRI, 
(211 when the development of hybrid reactors was an openly stated goal . 

2.7 Options Opened to the Nuclear Energy System 

If successfully developed in due time, fusjon breeders can open many new 

options for the development of the nuclear energy economy. Following is a 

brief outline of a few of these options: 

2.7.1 FB-LWR Symbiosis 

Consider, first,a system in which plutc: ium producing fusion breeders are to 
provide the fissile fuel needs of LWRs. This scheme makes utmost use of the 
existing nuclear energy technology: except for relatively small modifications 
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in tin cor« design and fuel Mnageswnt associated with the use of plutoniua 
23S rather than U MS the primary fissile Material, the utilities and reactor 

industry will not have to Master new technologies. The economical, safety 

and public acceptance implications of this situation are likely to be of 

•uch significance; their quantification is, nevertheless, out of the scope 

of this work. 

UraniuM-233 producing fusion breeders open additional interesting options. 

First, the FB-LWR system enables the utilization of the thoriun resources 

using a technology which is sinilar (with the exception of the fuel-cycle 

technology) to the FB-LWR technology developed to operate on the U/Pu fuel 

cycle. In addition, the Th/U fuel cycle can improve the fuel (and neutron) 

utilization-ability of LWRs. 

Fusion breeders also open a number of fuel denaturing schemes which might 

reduce the diversionability of the LWR fissile fuel for weapon applications. 

These are discussed in Section 4.2.2 . 

2.7.2 Improvements in LWRs 

With the fissile fuel supply from fusion breeders, it migh be economically 
desirable to design the LWR fuel cycle to have the longest irradiation cycle 
and highest fuel burnup levels allowable by reactor maintenance and fuel 
integrity considerations. This is due to the fact that the economical penalty 
associated with the extra cost of, and with the reduction in the conversion 
ratio (caused by an increase in the fissile fuel loading) is smaller in the 
FB approach than in the uranium enrichment approach to the supply of fissile 
fuel; the cost of a given quantity of FB fissile fuel is essentially 
independent of the fissile fuel concentration, whereas the cost of enriched 
uranium increases with the enrichement level. Moreover, no penalty in the 
uranium (or thorium) ore utilization is associated, in a FB-based system, 
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with an increase in the fissile-fuel-content (and, therefore, a reduction 
in the conversion ratio of the fission reactors). 

A particularly interesting possibility is the use of duplex fuel pellets, 
consisting of natural (or depleted) uraniua core surrounded by a plutoniim 
bearing annulus. Having a flat radial temperature profile, such duplex fuel 

(22) was found to exhibit remarkable mechanical integrity"• , possibly offering 

for a higher burnup levels than realizable otherwise. Moreover, the flatter 

temperature profile may enable increasing the average core power density or 
(23) improving the safety of LWRs . 

A completely different option is the use of medium (or highly) enriched cores 
made of compact lattices, possibly using fuel elements having a high surface-
to-mass ratio and good thermal conductivity which are capable of withstanding 
very high burnups^ -1. This approach may enable designing the reactors to 
have higher power densities and/or to be safer and, possibly, more economical 
than present LWRs. The potential for improved safety features of such LWRs 
is associated with the large heat transfer area of the fuel elements, the small 
temperature gradient across the fuel elements (and the low central fuel 
temperature), and the more compact pressure vessel (for a given power output). 
With the FB backup, the energy system using these medium enriched LWRs will 
still be fuel-self-sufficient. 

The FB-LWR symbiosis may enable improving the utilization of the fission 
reactor neutrons. For example, by replacing presently used control materials 
(such as B) with Li (or He), it might be possible to utilize, for tritium 
production, close to 5% of the fission neutrons (otherwise lost by parasitic 
captures). The tritium thus produced could significantly improve the fuel 
(and/or power) production-ability of hybrid reactors, thus improving the 
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economical viability of the symbiotic system. For example, using the 
tritium produced by neutrons otherwise lost in the control of LXRs for 
D-T based FBs, it is estimated that the support ratio of these FBs could 
be increased by 50% or more} Alternatively, this LWR produced tritium 
could provide the basis for the "tritium-assisted" catalyzed or serai-catalyzed 
deuterium fuel cycles recently identified to be promising for the fusion 
driver of F B s C 2 S ' 2 6 ) . 

2.7.3 Development of Advanced Converters and Thermal Breeders 

Most of the advanced converter reactors, such as the HTGRs and high conver
sion ratio HWRs, as well as the thermal breeder reactors, such as the light 
water breeder reactor and the molten salt breeder reactor, call for the use 

233 (271 
of the Th/ U fuel cycles . A major deficiency of energy systems based 233 on such reactors is the supply of the initial inventory of U needed for 

233 their deployment. As FBs promise ample supply of U, fissile fuel 
availability will net stand in the way of developing these reactors, or in 
the rate at which they could be installed. 

2.7.4 Assisting Fast Breeder Reactors 

LMFBRs are to have a high breeding ratio if their doubling time is to be short 
enough to enable a reasonable rate of expansion of their installed capacity. 
The need for high BR strains the design of LMFBRs. As long as LMFBRs were 
considered to provide the only possible means for the breeding of fissile 
fuel, this strain in design is justifiable. With the breeding back-up of FBs, 
the design of LMFBRs could be relaxed; they could be designed to have a lower 
BR - perhaps even close to unity. By relaxing the BR constraint it might be 
possible to simplify the design of LMFBRs(e.g.,using oxide rather than carbide 
or other high-density fuel) and improve their safety (e.g., by designing the 
LMFBR to have larger negative void and temperature coefficients of reactivity). 
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2.8 Fuel Resource Utilization 

Results from a recent study'' ' on the cumulative uranium requirements for 
the nuclear energy economy in the U.S.A. and the Western World are summarized 
in Figures 7 and 8. Compared in the figures are seven different nuclear 
development strategies, described schematically in Figure 9, in addition to 
two LWRs only scenarios - one using the once-through (OT) and the other 
plutonium recycling (RC) modes of operation. 

Among the assumptions used for the study are the following: 

- the nuclear electricity demand projections are those of Table 12. 
233 

- a fission-suppressed blanket (F=0.5; M=1.5) is assumed for the U 
producing fusion breeder, while a fast-fission blanket 
(F«1.5; M=S.O) is assumed for the Pu producing FB . 

Table 12 Nuclear Electricity Demand Projections in the U.S.A 
and Western World (from Ref. 28) 

Year 
Capacity (GW J 

Year 
Capacity (GW ) 

Year 
U.S.A, Western World 

Year 
U.S.A Western World 

1980 50 145 2030 470 1950 

1990 90 375 2040 542 2250 

2000 200 830 2050 • 614 2550 

2010 312 1295 2060 687 2850 

2020 398 1650 2070 759 3150 

A better comparison would have resulted if a fission-suppressed blanket 
was to be used for the plutonium producing fusion breeder as well. 
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2000 2025 2050 2025 2050 2075 

Year 
Figure 7 Cumulative uranium consumption in the United States. New technologies 

are introduced in the year 2000 (a) or 2020 (b). Scenarios shown are 
LWRs operating on the once-through (0T) and recycling (RC) modes and 
the energy systems of Figure 9. Column at right shows the U.S. known (RES), 
probable (PROB), possible (POS) and speculative (SPEC) uranium resources 
(from Ref. 28). 
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Figure 8 Cumulative uranium consumption in the Western World. New 
technologies are introduced in the year 2000 (a) or 2020 (b). 
Scenarios shown are LWRs operating on the once-through (0T) 
and recycling (RC) modes and the energy systems of Figure 9. 
Column at right shows the reasonably assured (RAR), estimated 
additional (EAR) and speculative (SR) uranium resources in 
the the Western World (from Ref. 28). 
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Schematic diagram of the d i f fe ren t combinations of 
nuclear r eac to r systems considered. These systems 
operate e i t h e r on the U/Pu (Pu) or the Th/U (U3) 
fuel cyc l e s . The l a t t e r can be denatured (denoted 
by D, e . g . , LWRD). HC stands for plutonium burning 
r e a c t o r s having a high conversion r a t i o ; HYB stands 
for fusion breeders and FBR for f a s t breeder r e a c t o r s 
(from Ref. 28). 
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- all the new reactor types (except. LWRs) are assuned to start 
commercial operation either in the year 2000 or 2020 . Reprocessing 
starts at the tine of introduction of the new reactor types. 

- the rate of deployment of the reactors of the new technology is 
representative of historical market penetration scenarios; the tine-
dependent market share, f(t), is given by the relation: 

log {f(t)/[l-f(t)]} = ot + B [2] 
in which a = 0.03 yr" and 6 = - 3. 

- the cumulative uranium resources shown at the right side of Figures 7 

and 8 pertain to recovery costs up to 130 $/kg U (= SO $/lb U 0 • in 

1978 dollars). 

Referring to the U.S. situation (Figure 7), it is observed that the 

scenarios demanding the least uranium resources are all based on fusion 

breeders (HYB). The cumulative uranium consumption projected for the 

fusion-breeder based systems all level off, reaching a time-independent 

value approximately 25 years from the date of fusion breeder initial 

deployment. This asymptotic value is within the probable U.S. uranium 

reserves for, at least, three of the scenarios. Note that the uranium 

resource requirements of the FB-LWR energy system using the U/Pu fuel 

cycle is among the lowest . 

'This assumption favors the fusion breeders. The year 2000 appears 
to be also too early for fast breeder reactors penetration. 

'A similar situation is expected in a FB-LWR system using the Th/U 
fuel cycle, provided the plutonium accumulated in the LWRs fuel prior 
to the use of the Th/U fuel, will be utilized [rather than keeping 
operating the enriched uranium LWRs on the OT cycle, as in scenario 
III (Figure 9)]. 
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A sinilar situation exists for the Western World uraniua needs 
(Figure 8), except that with the advanced technology reactor introduction 
date of 2020, the cumulative uranium needs reach the "speculative 
resources" range. However, if the new reactor types are allowed to 
penetrate the market with a high rate. The cumulative uranium consumption 

T28^ could be met by the RAR + EAR uranium resources . It is noteworthy 
that of all the energy systems considered, fusion-breeders are the »ost 
suitable for a rapid market penetration - due, primarily, to their 
relatively low total installed capacity needed. 

Abdel-Khalik's study' ^ indicates that, if commercialized by 2015 
(see Section 2.5), fusion-breeders might assure the fuel needs for the 
nuclear energy economy (in the U.S.A. and the world) for millenia, while 
allowing for a continuous growth in nuclear power. From a resource 
standpoint, the type of plutonium burner to be coupled to the fusion-
breeder is unimportant; little difference in the cumulative uranium 
demand has been observed when LWRs, HCs or even FBRs are coupled to 
the fusion-breeders. This appears to be due, to a large extent, to the 
same introduction date assumed for all the advanced reactors. 

Another perspective on the potential contribution of fusion-breeders 
to the alleviation of the fissile fuel resource limitation is brought 
in Figure 10 l '. Setting a goal for the nuclear industry to provide 
50% of the total electricity in the United States by 2050, Maniscalco 

r 31 
et at.l •* consider a LWR-LMFBR nuclear energy system with and without 
a support from fusion-breeders. 
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2030 2040 

YEAR 

Figure 10 Nuclear electricity generation projections 
without hybrid with hybrid (from Ref. 3) 

Under the set of assumptions made (concerning the energy demand projection, 
(31 uranium resource availability etc.). it is found •" that the LWR-LMFBR 

symbiosis will not be able to reach the goal set, even if the LMFBRs are 

commercialized by 2005; in fact, the LMFBRs can not be deployed rapidly 
enough to compensate for the loss of LWR capacity due to the lack of 

assured uranium supply (hence the dip in the total nuclear capacity around 
the year 2035), If, however, the fusion-breeder is deployed starting in 

2015, it can provide the fissile fuel needed for deploying new LWRs at 

the rate necessary for reaching the 50% goal by 2050. Even if their 
commercialization is delayed in 30 years (i.e., until 2045), fusion-
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breeders might have an important contribution to the enerjzy economy -
by enabling the deployment of LMFBRs at an accelerated pace (Figure 10). 

2.9 Fusion Breeder Economics 

Consider a FB-LWR symbiotic system using the reference tandem mirror 
machine described in Section 2.3 for its fusion breeder, and operating 

7 
with the denatured thorium fuel cycle . Having a fuel makeup support 
ratio of 14.4 (MW^LWR/MW FB), this reference tandem mirror fusion 
breeder can provide the fissile fuel needs of 21-1 GWe LWRs. As the 
specific capital cost ($/kW,) of this fusion breeder is 3.4 times that 
of the LWRs (Table 9), and its net thermal efficiency is 29.5% (Table 8) 
versus 33% for the LWRs, the average specific capital cost of the 
symbiotic system is found1 ' to be 16% higher than that for the LWRs. 
This appears to be lower than the specific capital cost of thermal and 
fast breeder reactors. 

in which the fuel consists of, typically, 3.3% U, 18% 2 3 8 U 
and 78.7% Th, in addition to small traces of other actinides. 
For more details see Section 4.2.2. 
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Turning now to the cost of electricity from the symbiotic system, let us 

first consider the annual charges associated with the operation of the 

fusion-breeder. These charges, summarized in Table 13, consist of a 
(7) 

royalty (assumed to amount to 18.04% per year J ) on the capital invest
ment (given in Table 9) and various operating and fuel cycle costs. 
Using these cost values along with, the costs associated with, 
the operation of LWRs, the average cost of electricity from the 
symbiotic FB-LWR under consideration is found to be a mere 11% higher 
than the cost of electricity from conventional LWRs fueled with 
enriched uranium, when the uranium price is $5S/kg in the first year, 
and is subjected to a 3% real escalation (above inflation) in each of 
the succeeding years. Using an optimized fusion breeder design, the 
cost of electricity from the symbiotic FB-LWR system was found to be 
only 5% higher than that from the present day LWR. An additional 
1.5% reduction in the FB-LWR cost-of-electricity is expected^ ' if the 
pyrochemical rather than the THOREX method (see Section 2.4) is used 
for reprocessing of the fusion breeder fuel. Operating the FB-LWR 

Q 

system with the denatured uranium rather than the denatured thorium fuel 
cycle has insignificant effect on the system cost-of-electricity. 

8 2%\ 7^8 

In which the fuel consists of, typically, 2.4% U and 97.8% U. 

For more details see Section 4.2.2. 
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Table 13 Reference Tandem-Mirror Fusion-Breeder Annual Charges 
(1982 dollars) 

Cost Item Annual Charge 
($M/yr) 

» 
Royalty on Capital Investment 
Fuel Reprocessing Plant Operating Cost 1 

Thorium Fabrication Plant Operating Cost 
Beryllium Fabrication Plant Operating Cost 
Beryllium Material Losses 
Product and Waste Transfer 
Total Fuel Cycle Costs 
Blanket Structure Replacement 
Other Operation and Maintenance Costs 
Total 

1471 

85 
2 

137 
1695 

42 
19 
S 
10 
9 

(a) Using the THOREX technology 

With the present uncertainty in the cost and performance characteristics 

of fusion-breeders, it is important to know now sensitive is the FB-LWR 

electricity cost to such uncertainties. Figure 11 shows this sensitivity 

to uncertainty in the capical cost of the optimized tandem mirror fusion 

breeder mentioned above 1 ' . The FB-LWR system is seen to have much 

robustness against FB capital cost uncertainty; a ± 50% change in the FB 

capital cost corresponds to a i 17.6% change in the system cost of 

electricity. In contrast, fusion power reactors using the tandem mirror 

driver of our fusion breeder are seen to be much more sensitive to 

capital cost uncertainties, in addition to having significantly more 

expensive electricity. 
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Figure 11 The cost of electricity from fusion-fission electricity 
generating and fusion electric power plants, versus the 
capital cost of the plant (from Ref. 7). 

(29 301 Recently there are indications ' that FB-LWR systems using tokamak 

drivers (for the FBs) coulc be economically competitive with LWRs 
supported by enrichment facilities when the uranium price < 100 $/kg 
U,0_. An indication or the potential economic benefit that might result 

from a successful development of fusion breeders is provided in Figure 12, 
f311 which summarizes preliminary results from a recent EPRI study1 . This 

study compared the bus-bar cost of electricity generated in LWRs operating 

in the once-through (0T) and recycled (D) modes, in a LWR-LMFBR system (F3) 
and in four FB-LWR systems using different fusion breeders (D+Hi; i = 1,2,3,4), 
The advanced reactor plants and reprocessing are assumed to start commercial 
operation in 200S. 



- 45 - NRCN-5S5 

40 

| 38 

I x 

! • 
-5 30 

8 2B 
<o 

CD 2 6 — 

3 > 
0 C_ 

OT 

D+H4-\ TD+H2 

D+H1-

F3-

D+H3-
CO 

1980 1990 2000 2010 .2020 2030 2040 2050 
Year 

Figure 12 Average bus bar cost of electricity for various ETA-MACRO 
scenarios fo- the U.S.A., employing different combinations 
of advanced nuclear systems. Labelling of curves is as 
follows: 0T - LWRs; on the once through fuel cycle; 
D - U/Pu recycle in LWRs; F3 - Pu recycle in fast breeders 
having capital cost 30% greater than LWRs and a 15 year 
doubling time, and with LWRs on a once through fuel cycle; 
D+Hl - LWRs on U/Pu cycle and hybrids with capital cost 
l.S x LWR cost, support ratio of 4, and 800 MWe net electricity 
production; D+H2 - LWRs on the U/Pu cycle and hybrids with 
capital cost 2.5 x LWR, support ratio of 4 and 800 MWe; 
D+H3 - LWRs on the U/Pu cycle and hybrids with capital cost 
2.5 x LWR, support ratio of 12, and 100 MWe; D+H4 - LWRs 
on the U/Pu cycle and hybrids with capital cost of 2.5 x LWR, 
support ratio of 8, and 800 MWe net. (from Ref. 31). 
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Using assumptions on the nuclear energy growth and uraniua resource 
availability in the U.S.A. similar to those of Ref. 28 (see also Sec. 2.7) 
the EPRI researches find that fusion breeders sight reduce the cost of 
electricity the most. The increased saving in the cost of electricity 
with time, which can be attributed to fusion-breeders, is due, primarily, 
on the leveling-off of the cumulative uraniua requireaents (see Figure 7). 
The higher the cumulative uranium requirement, the more expensive becomes 
the uranium. 

The significance of the savings in the generation of electricity which 
may be attributed to the fusion breeders can be appreciated by comparing 
the D+Hl and OT scenarios. In 2025, for example, the D+Hl system offers 
a 4.5 millsAWh cost reduction relative to the reference OT scenario. 
This corresponds to a total annual U.S.A. electricity cost savings of 
4.5 billion dollars'- ' (in 1982 dollars). Compared with the F3 scenario, 
the D+Hl scenario can save, in 2025, approximately 1.9 mills/kWh which 
corresponds to an annual saving of 17 billion dollars. 
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3. HYBRID POWER REACTORS 

3.1 Introduction 

Hybrid power reactors will be defined, in this paper, as fusion-fission 

hybrid reactors in which the fusion neutrons are to drive a subcritical 

fission system (incorporated in the blanket) for the primary purpose of 

power production. Thus, a primary design goal of HPRs is maximizing 

the blanket energy multiplication (rather than maximizing F or F/W - the 

design goals for fusion breeders), subjected to a variety of constraints, 

such as a fuel-self-sufficiency constraint. 

The interest in HPRs first stemmed from the realization that by designing 
a high energy multiplication blankets, it will be possible to significantly 
relieve the plasma confinement requirements as well as to mitigate some 
of the technological difficulties (such as the radiation damage of the 
first wall and other structural components) for the fusion device - thus 
possibly enabling an earlier contribution of the fusion R5D program than 
possible otherwise. 

Rather than viewing HPRs as a combination of fusion with fission in which 
the "energy-rich" fission component is to assist the "energy-poor" fusion 

r 121 
component, we propose^ ' viewing HPRs as a combination of fusion and 
fission in which the neutron-rich fusion driver is to make up for the 
neutron-deficiency of the fission system, possibly enabling the design of 
nuclear power reactors more attractive than possible otherwise. 
The distinction between the two points of view is not just semantic; 
St has a bearing on the HPR design philosophy. 
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Relative to a critical reactor, a source-driven reactor can be designed 
to have one, or a combination of the following improvements: 

1. Higher conversion (or breeding) ratio. 
2. Lower enrichment level. 

3. Higher burnup level. 

4. Higher power density. 
5. Higher specific power. 
6. No risk of criticality accidents. 

The number of combinations of fusion drivers and fission blankets which 

can sake up HPRs is enormous. We shall illustrate the characteristics 

attainable from HPRs and the options HPRs open for the energy economy 

by considering a single concept - that of Light Water Hybrid Reactors 

(LWHRs) . This concept is unique in that it is a thermal system 

which breeds with light-water moderated (and cooled) natural uranium fuel. 

So far there has been no detailed conceptual design of LWHRs (or, for 

that matter, of any other type of HPRs). Thus, the description of 

LWHRs and their performance is based on a preliminary feasibility 
fl21 study1 ' . Consequently, the results presented are to indicate trends 

and to point to promising directions which may deserve future exploration. 

3.2 Properties of Subcritical Natural-Uranium Light-Water Lattices 

It is convenient to divide the physical processes induced by the fusion 
(12 32} neutron into two parts 1 * '. The first, or direct interaction part is 

terminated when the energy of the fusion neutron and its progenies 

reaches, for the first time, an effective energy of fission-born neutrons. 
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The second, or chain reaction part includes all the processes encountered 
in the evolution of a fission neutron and which can be accounted for with 
standard critical reactor calculational Methods. Starting with one fusion 
neutron, one gets Y fast fissions induced by the fusion neutron in the 
"direct-interaction" part of the evolution and ft "fission-like" neutrons 

entering the second part. These 0 neutrons initiate the chain reaction. 
fl2 321 The energy Multiplication is given approximately by the expression1 * ': 

«r 1 4 L V* (S-T/O *y] • i [3] (l-kj 

where k corresponds to the lithium-free infinite lattice, T is the 

tritiua breeding ratio (i.e., the number of tritons to be produced in 

the blanket per fusion neutron) and £ is the probability that a neutron 

lost from the blanket will bring about the production of one triton. 

T > 1.1 and £ = 0.9 will be assumed throughout. 

2.4 

2.0 
ca. 

1.6 

0.4 

>-0.2 

0.0 

' i • • i 

I 2 
Vm'V, v m / v f 

Figure 13 Effect of water-to-fuel volume ratio (V /Vf) on the fast 
fission parameters S and y , on the multiplication constant 
(1; ), and on the energy multiplication (M ). Fuel rod 
is 1 cm in diameter. 
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The affect of the fuel Material and water volune fraction on 8, •», k M 

and M (M_ with T*0) is illustrated in Figure 13. The results of the 

figure pertain to lattices consisting of natural uraniun rods 1 cat in 

diameter, cladded with 0.6 an Zircaloy. The lattice is clean (i.e., zero 

burnup with no fission-product poisoning) and hot; the average fuel 

tenperature is taken to be 1000°C and 600°C for, respectively, U0, and 

U.Si. The average water temperature is 290 C. 

It is observed that the energy multiplication offered by the U Si fuel 
is almost twice that attainable with L)0 The highest k is obtained 

2 °° 
for water-to-fuel volume ratio of about V /V. = 2. Due to the direct 

m t 
fast fission effects (B and Y ) , the improvement in the neutron economy 

offered by going to denser fuel material (the theoretical density of 

U,Si is 15.6 g/cm versus 10.5 g/cm of UO.) is more significant in 

source driven systems than in critical systems. In the following we 

shall use the U-Si fuel for assessing the potential of source driven 

fission systems. Even though U,Si has not been routinely used so far 

in any fission reactor, it was developed for HWRs ' . 
The energy multiplication attainable from an idealized leakage-free 

blanket consisting of the clean U,Si V /V„ = 2 lattice considered above 
3 m r 

and designed to breed tritium (T=l.l) is estimated, with Eq. (3), 
to be H. = 47 (versus M = 120). The blanket energy multiplication 
vary with burnup due, primarily, to the burnup dependence of the lattice 
multiplication constant, as illustrated in Figure 14. The lattices 
of Figure 14 consist of CANDU like pressure tubes, each housing a cluster 
of 37 U Si, 1 cm diameter, 4 mm Zircaloy cladded fuel rods. 
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Figure 14 The evolution, with burnup, of the infinite multiplication 
constant (k ) and of the fissile fuel content (FFC) for 
U,Si-H-0 lattices. 
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Of particular interest is the V^/Vf » 2 lattice; it Mintains an almost 
constant fissile fuel content (of t> 0.71%) and its cycle average km 

(and therefore also average blanket energy multiplication) is the maximal 
attainable with a uranium fuel having an Equilibrium Fissile Fuel 

235 (i.e. U and plutonium, in the case considered) Content (EFFC) of 

<v 0.7%. 

This EFFC is an inherent characteristic of the particular lattice 

under consideration: for example, had we started with depleted uranium, 

the FFC of the V /V. = 2 lattice considered above would have built m t 
itself (in about 30 GWD/T) to an equilibrium value of about 0.7%^ ' '. 

It is possible to select the EFFC by adjusting the lattice V /V,. The 

smaller, the V /V-, the higher is the EFFC. Figure IS summarizes the 
O TO 

EFFC of light-water lattices (using U for the fertile fuel) in the 
2 > V /V- > 0.S range,along with the corresponding k"̂  and, for the 
light-water blankets, also M. . (open circles) . The bars in k^ and 
M . indicate a 30,000 WWD/T cycle averaged values. It is observed 
that when V /V„ = 0.S, k^ is just about one. The corresponding EFFC 
and ML . are approximately 5.5% and 460,respectively. Thus, in principle, 
one could get, with the light-water blanket considered, as high an 
energy multiplication as one desires. In the low V /V. region the 
light water systems are no longer thermal ones. In fact, in the 
V /V- < 1.25 regime there are more epithermal and fast fissions than 
thermal fissions. Moreover, below about V /V f = 0.5, cooling 
difficulties are expected. 
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WATER/FUEL VOLUME RATIO 

Figure IS Equilibrium Fissile Fuel Content (EFFC), average 
(over a 30 GWD/T cycle) infinite multiplication constant 
(IT ) and the corresponding blanket energy multiplication (M) 
of H.O and D.O lattices. 

Also shown in Figure IS is the k m of D O lattices having different 

values of the EFFC. Throughout the EFFC range considered, the H,0 k^ 
is superior. This result, unexpected from the physics of critical 

reactors, stems from the fact that the light water lattices considered 
have small enough water volume fractions to make the parasitic neutron 
capture in the water insignificant, so that there are not many thermal 

neutrons to save by going to heavy-water. On the other hand, having a 
low moderator volume fraction, the H O lattices enjoy from an enhanced 
fast fission effect which more than compensates for the higher probability 
for the thermal neutron loss in the H,0 lattices. If the k" of the D„0 

2 «° 2 
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lattice is only slightly smaller than that of the H.O lattice having 

the same EFFC, the D O lattice fast fission effects B and Y are 

significantly lower. 

Compared with D O , H_0 is the preferable moderating material for high M 

low fissile fuel content blankets as it offers (1) the highest M, for a 

given EFFC, and (2) the most compact lattice (and, hence, thinnest blanket 

and cheaper reactor). H-0 lattices are expected to offer also a higher M 

and be more compact than the corresponding gas cooled graphite moderated 

lattices. The situation is not so clear in the case of beryllium 

moderated gas cooled lattices in which the Be(n,2n) reactions are expected 

to contribute to the M value attainable. 

The energy multiplication of H-0 moderated blankets quoted above are by 

no means the maximum attainable from such systems. One approach for 

getting higher M H_0 blankets is to use thicker fuel rods. Fuel rods 

3 cm in diameter, for example, offer almost 50% higher M than 1 cm 

diameter rods . Rather than using thick fuel rods (which impose power 

density limitations), it is possible to get a similar energy multiplica

tion using thin fuel rods arranged in a gas cooled cluster^ ^. 

Throughout this section we considered fuel-self-sufficient moderated 
lattices. It ought to be realized that similar lattices can also be 
designed to produce extra fissile fuel. The less moderated the lattice, 
the larger becomes its fissile fuel production-ability, when fueled, 
initially, with fuel the fissile fuel content of which is smaller than 
the EFFC (see Figure 14). 
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3.3 Options Opened to the Energy Economy 

As an illustration of the options HPRs can open to the nuclear energy 
economy, let us consider the following types of LWHR blankets 
(see Sec. 3.2): 

(a) V /V„ = 2 blankets the equilibrium fissile fuel content of which is 
235 similar to the content of U in natural uranium. Their cycle 

average energy multiplication is M. = 28(12) _ 

(b) V /V_ = 1.35 blankets the EFFC of which is similar to the content 
of fissile fuel in the spent fuel of LWRs. Their cycle average 

— (12) energy multiplication is M. . = 40 k . 

(c) Blankets which, when fueled with spent fuel of LWRs, build up the 
fissile fuel content in one irradiation cycle of 30,000 MWD/T 
to the level required for feeding LWRs (V /V f = 0.65). 

(d) Blankets which, when fueled with natural uranium, build up the 
fissile fuel content in one irradiation cycle to the level required 
for feeding LWRs (V /V f = 0.5). 

(e) Variable lattice LWHR blankets designed for a high burnup 
once-through fuel cycle. 

Power systems based on LWHRs of Type A and B are illustrated in 
Figure 16 in comparison with the conventional power system that is based 
on LWRs (Figure 16c). In the power system of Figure 16a, each new 
reactor added to the system is loaded, initially, with natural uranium. 
After the fuel reaches its burnup limit, it is partially reprocessed 
only to extract all or part of the fission products. Natural or depleted 



- 56 - NRCN-5S5 

START 
Q-yo/. 235 D.7% Z S 3 U ^ I 
i i L - s =*• 10.7% 
U depl. m > - ^ 4 LWHR 

CO-PROCESS 

c on and on MIXED 
(a) 

START CO-PROCESS 
' • 5 % m ") i r - r 

LWHR ,5 EXTRACT/ 
U not. _ / * LWHR ,5 EXTRACT/ 

.̂  m> J 
LWHR 

^ -on and on MIXED jr 

(b) 

(WASTE) 

Figure 16 Schematic descriptions of nuclear power systems based on 
fuel-self-sufficient type A (a) and type B (b) LWHRs in 
comparison with contemporary LWR based system (c). 
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Figure 16 Schematic descriptions of nuclear power systems based on 
fuel-self-sufficient type A (a) and type B (b) LWHRs in 
comparison with contemporary LWR based system (c). 
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Figure 17 Schematic description of nuclear power systems based on 
fissile fuel producing type D (a) and type C (b) LWHRs. 
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aadlmcraases the fissile fuel content up to about 3% in O M cycle. This 

fuel is then uMd again in the UNI and so on and so forth. 

The high burnup once-through fuel cycle provided by Type E U M s is an 
adaptation of the fuel cycle schema proposed for a (as cooled fast-core 
moderated-blanket critical reactor^ * . Depleted uranium fuel is loaded 
into blanket sections having a low water volume fraction (V^/V^ % 0.5) 
where the breeding ratio is high. As the fissile fuel content builds up, 
the fuel is Maintained at an equilibrium level and provides a relatively 
high energy Multiplication. Towards the end of its life, the fuel is 
shuffled to a highly Moderated zone (V /V f > 2) where aost of the plutonium 
accumulated in it is consumed. This scheme offers the attainement of hijh 
fuel burnups (as high as metallurgically and mechanically possible) while 
avoiding the need for reprocessing or enrichment and, at the same time, 
avoiding the accumulation of large inventories of plutonium in the 
discharge fuel. The variable lattice UUHR actually performs the functions 
of both the LVHR and the critical fission reactors of the power systems 
illustrated in Figure 16. 

3.4 Discussion 

Many technical questions concerning the feasibility of integrating a LWHR 
type blanket and a fusion driver to make up a technically sound HPR design 
are yet unanswered. Neither is the question of the economical feasibility 
of LWHRs. It is noteworthy, though, that there exist designs of tokamak 

fusion-breeders of the uranium fast-fission type (see Section 2.3 for 
(391 details) which use water coolantv . Similar designs could undoubtedly 

be made to have a higher (by a factor of 4 or so) blanket water volume 
fraction to correspond to the need of the LWHRs. CANDU type fuel clusters 
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proposed for the LNHRs ware adopted alto for the INL accelerator fuel 

breeder t 4 0 ). 

An indication on the possibilities which idght be offered by LNHRs 
can bt acquired froa Table 14, which coapares selected parameters of 
three LNHRs with those of the STARFIRE coaaercial fusion power reactor*4S*, 

all using tokaamks for their fusion devices. The parameters for the 

LHHRs are estimated froa the paraaeters of the relevant tokaaaks and 

the V /V. - 2 reference LNHR blanket. Not based on consistent conceptual 

designs, these LMHR "designs" have a higher degree of speculation than 

either the STARFIRE or the fusion breeder designs considered in 

section 2.2. 

The interesting point to note froa the comparison of Table 14 is that 
the LWHRs can be auch aore compact, and have a significantly lower first 
wall fusion neutron loading than the fusion power reactor. Two of the 
LNHRs considered (cases A and C) use neutral beaa driven tokamaks; they 
do not have to have ignited plasmas and, in fact, have a very low fusion 
energy gain - of the order of the gain expected from the TFTR tokamak at 
Princeton, which began operation earlier this year. In fact, as far as 
the plasma conditions are concerned, the requirements of the 0-T tokamaks 
for cases A and B are a modest extrapolation from the TFTR design. 

Being free from the need to breed tritium (in the blanket), the SCO mode 
(441 of operation offers for an attractive LWHR; the increase in the 

blanket energy multiplication made possible by eliminating the need for 

tritium breeding can compensate for a reduced fusion energy gain. It is 
believed that tritium-breeding-free LWHRs could be designed to have 
a significantly higher net energy conversion efficiency than that of Case C, 
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Table 14 Illustrative Parameters of Hybrid routr Reactors Using 
Neutral leaa Driven Tokaaaks Driving the VJVf > 2 LMHR 
Type Blanket 

Parameter UMR 
Case h W Case t W Case C IcT STARFIRE 

Fusion Fuel Cycle D-T D-T SCD<d> D-T 
Fusion Energy Grain, Q 1.24 •» 0.53 m 

Plasaa Major Radius (•) 3.9 4.9 6.6 7.0 
Plasaa Minor Radius (•) 0.9 1.3 1.6 1.94 
Plasma Elongation, k 1.5 2.0 1.5 1.6 
Max. Magnetic Field (T) 8.9 7.3 14.0 11.1 
n e T E (• s) 9.0xl0 1 8 2.7xl0 2 0 2.9x10'' 
Neutral Beam Energy QceV) 200 - 750 -
Neutral Beam Power (MH) 325 - 490 -
Neutral Beam Injection Efficiency 0.6 - 0.6 -
Fusion Power (MH) 400 540 260 3510 
Neutron Wall Loading (MM/m2) 1.47 0.90 0.22 3.6 
Blanket Coverage*e' 0.8 0.8 0.9 0.9 
Blanket Average Energy 
Multiplication 24 24 39 1.2 
Gross Thermal Power (MW) 4700 5300 6630 1000 
Net Electrical Power (MWe) 1000 1750 1370 1200 
Net Thermal Efficiency(f) 0.21 0.33 0.21 0.30 

(a) Taken from Ref. 12. Based i 
design^ 4 1). 

on the Westinghouse Actinide Burner Tokamak 

(b) Based on the MIT near term i tokamak reactor design AFTR2^ ' . 
(c) Worked out in Ref. 43. 
(d) SCD stands for Semi-Catalyzed-Deuterium fuel cycle in which the 

is being fed with deuterium and whatever tritium produced in the 
D(D,T)p reaction which leaks out of the plasma(44). 

plasma 

(e) This is the fraction of the 
blanket (the other fraction 

first wall which : 
is not accessible 

is covered by the fission 
for this blanket). 

(f) Assuming a thermal-to-electrical enei rgy conversion < sfficiency of ' 33%. 

.20 
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without imposing significantly nor* deaanding requirements on the design 
of their fusion drivers. Particularly attractive appears to be the 
Tritium-Catalyzed-Deuteriua (TCD) fusion fuel cycle' ' which is similar 
to tht SCO fuel cycle' ' except that the He froai the D(D.n)3He reaction 
is converted, by neutron capture in the blanket, into tritium, which is 
being fed into the plasma. Had the LMHR of Case C used the TCD mode of 
operation, the fusion energy gain would have become t 1.4S, and the blanket 
power output would have increased by about 50t. The overall effect is an 
increase in the net thermal-to-electrical energy conversion efficiency to 
t>28l. An even better energy balance was obtained by Pettus , who used 
a gas-cooled water moderated version of the LNHR blanket. 

In summary, the LNHR system described in this section to illustrate the 

approach to the design of, and range of characteristics attainable from 

HPRs appears to have an interesting collection of useful features, including: 

(a) It is a thermal fission system that breeds with natural uranium. 

(b) Therefore it has no doubling tine limitation on the rate of introduction 
of LNHRs into the power system. 

(c) It can utilize depleted uranium. 
(d) It can utilize spent fuel from LWRs and HWRs. 

(e) It has the technology base of LWRs and HWRs with regard to the fuel 
and fuel cycle, heat removal and power conversion, materials 
compatibility, etc. 

(.£) It requires a simple fuel cycle: 
- no need for uranium enrichment 

- no need for plutonium separation; (i.e., partial reprocessing). 
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(g) It has a saall inventory of fissile fuel both in the cort and in 
the out-of-core fuel cycle. 

(h) The fissile fuel can be kept always at a low concentration - siailar 
235 to the concentration of b in natural uranium. 

(i) Under no credible circumstances can there be a criticality accident 
in the reactor or in the out-of-core fuel cycle, 

(j) The design of UHRs relies on the most developed fission technology 

and the earliest expected fusion technology, 
(k) The LHHRs provide a natural link between the present nuclear 

power reactors - the thermal fission converters, and the ultimate -
pure fusion power reactors. 



- 64 - NKH-SSS 

4 HY1RID REACTORS AND NONPROLIFEKATION 

4.1 Introduction 

Evan though thare have been atteapts to develop quantitative approaches to 
measure the proliferation-resistance of nuclear energy systems1 " '.we 
shall not adopt such an approach for the present assessment. Instead, 
we shall try to identify new hybrid-based options for the development of 
the nuclear energy economy which appear to offer better proliferation 
resistance than conventional (i.e. hybrid free) energy systems. 

Our main attention is given to horizontal proliferation; either direct 
proliferation - via the diversion of fissile materials, or indirect 
(or latent) proliferation - via the acquiring of technologies for, or under 
the disguise of the nuclear power program. 

As far as indirect horizontal proliferation is concerned, we judge the 
following nuclear energy system characteristics as the most desirable: 

1. No need for fuel reprocessing and, in particular, for the separation 

of plutonium. If unavoidable: 
2. Deferral of the need for fuel reprocessing for as long as possible, 

and minimal justification for locating reprocessing plants outside of 
international (or regional) fuel centers. 

3. No need for uranium enrichment(or at least minimal justification for 
locating enrichment) plants outside of international (or regional) 
fuel centers. 



- 6S - KRCN-SSS 

As far •» direct horizontal proliferation-resistance is concerned, 
Mt judge desirable the following characteristics of the nuclear energy 
system: 

1. The fori of the fissile fuel (particularly that outside of inter

national fuel centers) is the least suitable for weapons application 

and aost difficult to upgrade. 
2. No uraniua enrichment and fuel reprocessing in the "have not" countries. 

3. Low fissile fuel inventories, concentrations and flow rates (at least 
outside of international fuel centers). 

4. Ultimate consumption of the fissile fuel accumulated. 

In assessing the nonproliferation attributes of hybrid reactors, we shall 
limit our attention to energy systems consisting of, primarily, LWRs and 
possibly LMFBRs as the fission power reactors. Consequently, we may not 
have identified the most proliferation resistant energy system possible to 
have with the help of hybrid reactors. 

4.2 Nonproliferation Attributes of Fusion-Breeders Supported Energy Systems 

4.2.1 Energy System Struature 

Consider the three energy systems described in a very simplified schematic 
way in Figures 18 to 20. The contemporary enrichment supported LWR energy 
system of Figure 18 operates without reprocessing. It is generally accepted 
that fuel reprocessing will have to be initiated (on a large scale) in the 
near future (say, by the turn of this century), so as to prepare the initial 
plutonium inventory needed to start the fast breeder reactors. 
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Figure 20 A schematic illustration of an energy system based on the symbiosis 
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Figure 19 illustrates the structure of the energy system after the 

introduction of the FBRs. Consider an enrichment-free fuel-self-
9 

sufficient LHFBR-LWR system at a steady-state, in which all the fissile 
fuel needs of the LMts are provided by the LMFBRs. As the equilibrium 

fissile fuel needs of a plutonium burning LNR is approximately 475 kg 

fissile plutonium per GWe*yr , and the surplus fissile fuel production 

ability of LMFBRs (using mixed oxide fuel of conventional design) 

is about 300 kg per GWe-yr , the asymptotic ratio of LWR to LMFBR 

capacity in such a system is about 2 to 5. 

It need be realized that in an energy system consisting of a large 

capacity of LWRs before the deployment of the FBRs is initiated 

(such as in the U.S. energy system), it may take dozens of years before 

the system could become free from enrichment services (see, for example, 

Figure 10). 

q 

By which we mean a system capable of providing all its fissile fuel 
needs when fed with natural (or depleted) uranium (or thorium). 

Data extracted from the INFCE program summary reports . 
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On the other hand, the FB-LNR system of Figure 20 can be free from the 
need for reprocessing until FB deployment is initiated, and free from 
the need for enrichment services starting shortly thereafter. It thus 
appears that the structure, or nature, of the FB-LWR system offers a number 
of proliferation resistance attributes relative to the FBR-LWR system. 
These include the following: 

1. Need for fuel reprocessing could be deferred - possibly for 
additional 20 years or so. 

2. Likewise, the use of plutonium to fuel power reactors could be 
deferred (or, possibly, eliminated altogether). 

3. Enrichment services will be needed for a shorter period of time -
possibly until about IS years from the commercialization of fusion-
breeders . 

To illustrate the significance of these proliferation resistance attributes, 
let us suppose that there is an international commitment to the development 
of fusion breeders, assuring unlimited, economical fissile fuel supply 
(in a proper form and subjected to proper safeguard arrangements) to all 
nations, starting before we (the world or a given nation) run out of 
economically recoverable uranium resources. The fusion breeders are to be 
located, along with the fuel reprocessing and fabrication plants, in well 
safeguarded international fuel centers. The only major nuclear facilities 
outside these fuel centers are the LWRs. 

With this background in mind, let us consider a country which is interested 
in exploiting its nuclear power program, or its announced intentions for 
establishing a nuclear power program, to acquire facilities or technologies 
for the production and/or separation of fissile materials. These include, 
primarily, enrichment and reprocessing technologies, as well as experimental 
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reactors . 
Aattrtion: With the international coMaitaent for FB development, this 
country will find it More difficult to justify a need for (and, hopefully, 
acquirement of) these technologies for its nuclear weapons programs, than 
with a FBR-LWR energy system of the type described in Figure 19. 

Justification: 

1. Whereas the FBR-LWR energy development strategy might justify a need 

for reprocessing facilities before the turn of this century, 

(and therefore acquiring of reprocessing knowhow, manpower training 

and possibly construction of pilot plants in few years time), the 

FB-based energy system development commitment mentioned above provides 

no real incentive for the development of repro.cessing capabilities 

by individual countries at all. 

2. With the high fuel utilization and the fissile fuel supply assurance 
of the fusion breeders, it will be more difficult to justify the 
need for high power test reactors than in scenarios involving the 
development of advanced power reactors. 

3. Likewise, concerning the need for early introduction of FBRs or 
even of a small experimental fast reactor (having significant 
quantities of plutonium). 

As another illustration of the proliferation resistance attributes with 
the structure and development strategy of the FB-LWR energy system, 
consider a party interested in stealing of fissile fuel (of the highest 
quality possible) from the nuclear power system. 

What we have herein mind are high power experimental reactors justified 
as tools for the development of power reactor fuel technology, etc. 
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Assertion: A nuclear energy system developed according to the FB-LWR 

strategy is more theft -resistant than the other systems considered. 

This is because relative to the other approaches, the FB-LWR development 

strategy is characterized by: 

1. Having no plutonium-bearing new fuel elements until way into the 

21st century. In contrast, the deployment of FBRs may require such 

fuel, and plenty of it, before the turn of this century. 

2. Having no weapons grade fissile fuel in the energy system until 

way into the 21st century (when FBs start operating), and no weapons 

grade fissile fuel out of the safeguarded (presumably very well) fuel 

centers. In contrast, the fissile fuel to be produced in the blankets 

of the FBRs will be of weapons grade. 

Additional proliferation resistance attributes of the FB-LWR system 
pertain to the unique capability of FBs to denature the fissile fuel 
and, possibly, to enrich or refresh the fuel without the need for 
reprocessing. These attributes are discussed in the following three 
subsections. 

4.2.2 Denatured Uranium Fuel Cycles 
f52-541 233 It has been proposedv ' that U fissile fuel isotopically denatured 

238 with U (or even uranium isotopes, in general) can increase the 
proliferation resistance of the nuclear fuel cycle, as compared with 

12 a plutonium based fuel cycle . Unfortunately, due to the lack of 

i 9 
Even though there are opinions that the proliferation resistance of the 
D/Pu fuel cycle can be as good as that of the. denatured uranium fuel cycle 
(see, for example, Devolpi's review^ •') , we shall adopt, for the sake of 
the present discussion, the above mentioned assertion. 
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tfficimt way* for the conversion of thorium into 2 3 3 U im existing LNRs 

and even in M K s , the transition into the denatured uranium fuel cycle is 

likely to take a vary long time, tc require the support of uranium enrich

ment services or of FMs and to have relatively large aaounts of plutoniua 

in the energy system* '. 

Fusion breeders may change altogether (if successfully developed) the 
practicality of the denatured uranium fuel cycle; shortly after their 
deployment they night enable converting a large fraction of the nuclear 
power reactors in the world to operate on the denatured uranium fuel cycle. 

A schematic illustration of two FB-LMR energy systems operating on denatured 
f71 uranium fuel cycles is presented in Figures 21 and 22 v J. The difference 

in the fuel cycles of the two figures is in the isotope used as the primary 
238 fertile material - thorium in the system of Figure 21 and U in the system 

•>33 of Figure 22. The primary isotopes in the fuel feed are 3.3* ~ U, 18* 
238 

U and 78.7% Th in the denatured uranium-thorium (DU/T) fuel cycle, and 
2.4% U and 97.6% U in the denatured uranium-uranium (DU/U) fuel cycle. 

238 The plutonium produced in the U denaturant present in the LWRs is assumed 
to be used in separate LWRs ("plutonium burners"), presumably operating in 

"responsible" countries, and well safeguarded against plutonium diversion. 
Alternately, the plutonium could be properly stored, possibly for use in the 
distant future. The material flow-rate and capacity of the different reactors 

correspond to fuel centers consisting of three fusion breeders, similar to the 
reference tandem mirror fusion breeder design described in Section 2.3. Their 
fuel cycle characteristics are summarized in Table IS, while Table 16 
summarizes fuel cycle data assumed' ' for the LWRs of the FB-LWR systems 
described in Figures 21 and 22. 
13 
Including all the reactors in "sensitive areas". 
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Figure 21 Symbiotic electricity generation system based upon the reference fusion breeder 
and operating on the denatured-uranium-thorium fuel cycle (from Reference 7) 
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Table IS Fuel Cycle Suaaary for the Reference Taadea Mirror 
——""— fusion Broader na«t [ froas Ref. 7] 

Thorium Inventory (NT) 
Fissile Inventories (kg) 293 
2 3 3 U • 2 3 3 P a In-core' 1032 
233 0 ^ 233 p a BXmeorJ> 2 7 M 

Fuel Manageaent Modec Batch 
Zone 1 Fuel Residence Ti*e c (yr) 0.21 
Zone 2 Fuel Residence Tiae c (yr) 0.42 
Nat Fissile Production*1 (kg/yr 2 3 3U) 5646 
Average Blanket Discharge Concentration in 
Thoriua* (atoa %) 

2 3 3 0 0.81 
2 3 3 P a ).42 
Fission Products 0.081 
2 2 8 T, 
2 3 2 U 
2 2 8 T h 2.92-10'7 

3.21-10"4 

Reprocessing Plant Thoriua Throughput (KT/yr) 604 
Reprocessing Plant Discharge Product 
Concentrations0 (atoa % ) 

in " "U 0.026 
1.7«] L0-* 

885 
36< •10* 

2 
18- 10 6 

232y ,_ 233, 
2 2 8 T h in Thoriua 

Berylliua Inventory (NT) 
Nuaber of Be Pebbles 
Estimated Pebble Lifetime (yr) 
Estiaated Pebble Throughput (yr~ ) 
Required Be Makeup6 (MT/yr) 29 

(a) average over fuel cycle and fuel zones 
(b) 0.5 yr 2 3 3 P a decay to 2 3 3 U included 
(c) see Chapter IV for details 
(d) 70% average plant capacity factor included 
(e) 7% loss assumed 
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TabU 16 in Fuel CycU Hrfoianct Data [ from Rtf. 7] 

INK FUEL CYCU Tin 

Characteristic Pu Dtnaturad Denatured OU • Fu OT * Pu 2 3 S U 
Burner Uraniua Thorium (a) (b) turner 

(DO) (DT) 

Net Fissile Requirement 
(j/Jttf-yr) (C) 0.200 O.20S 0.144 0.1S3 0.126 0.194 

Excess Plutoniua non- non- non- non-
Production, recycled 0.068 0.02S recycled recycled recycled 
(j/m-yr) (c) 
Fuel lurnup (IMD/MTHM) 30,400 33,000 33,400 32.300 33,000 30,400 
Equilibrium Fissile 
Enrichment (ate* %) 4.9 2.4 3.3 3.1 3.S 3.2 
Core Power Density 
(kWt/kt>*0 37.1 37.2 40.2 37.2 39.8 38.4 
Equilibrium Fissile 
Inventory (g/kwt) 1.83 0.68 1.09 1.07 1.29 1.14 
Net Theraal-to-Electric 
Efficiency (%) 33.4 33.4 33.4 33.4 33.4 33.4 

(a) Mixed system including 74% LNRs on the denatured uraniua fuel cycle 
and 26% LNRs on the plutonium fuel cycle. 

(b) Mixed system including 88% LNRs on the denatured thoriun fuel cycle 
and 12% LNRs on the plutoniua fuel cycle. 

(c) At 100% plant capacity factor. 
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T«Wt_17_ Coaparison of Ft-UfR and F1R-1MR Eaeray Systeas. 
MM Operate on the Denatured Uraaiua/rhoriua Fuel Cycles 

Characteristic 

Breeder Type 

Fusion (a) K4FBR (b) 

331 U/Th C6re Pu/U core Pu/Th core 
Th Refl. Th Refl. Th Refl. 

Net annual production 
CKr/Ofe«yr) ( c ) 

U - 233 5.0 0.03 0.22 0.80 
Pu - fissile 0 0 0 -0.66 

Support Ratio 

(«e DU/T LNR/GKe 
breeders) 

IS 0.10 0.70 2.70 

Fissile Pu flow 

(kg/GHe«yr) ( c ) ( d ) 

Fresh fuel 49 1920<^ 1020 540 

Discharged fuel 32 1 9 2 0O) 11S0 500 

(a) Assumed to be the fusion breeders of Figures 21 and 22. 
(b) Assuaed to use oxide fuel; when used, the plutonium is of LWR grade. 

Data taken from Ref. 52. 
(c) Assuming a capacity factor of 75%. 
(d) Not including fissile flow out of fusion breeder. 
(e) Including undenatured U used in the LMFBR. 
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TIM 00/T iu*l cycl* (Figur* 21) appears to b* the more attractive, as far 
as proliferation resistance is concerned. This is dua to its lower 
plutoniua) production rat* - lass than on* half (par GH* installad capacity) 
that of the DU/U fuel eye It (Figure 22). Th* DU/T fual cycla requires, 
however, th* us* of nor* complicated fuel reprocessing and fabrication 
technologies. Economically, th* DU/T and D'J/U systems are found to b* 
comparable ' - th* higher support ratio in the DU/T fuel cycle offsets 
the increased fuel cycle cost. 

To appreciate the suitability of fusion breeders to support a denatured 
uranium energy economy, Table 17 compares selected characteristics of the 
FB-LNR system of Figure 21 vith three alternative systems of FBRs and 
LKRs. The performance of the three LMFBRs is taken from Ref. 56. None 

of these LMFBRs uses a denatured fuel cycle; had the first version 
233 (using U plus thorium for its core) used denatured uranium, it would 

not have been able even to maintain its U content. The LMFBR using 

plutonium and thorium in the core and thorium in the reflectors is, in 
233 a sense, converter of plutonium into U; its plutonium feed could come 

from the plutonium accumulated in the LMRs (in the pre-denatured uranium 

area). Such LMFBRs could operate in a transition period; they are not 

suitable for a system of equilibrium. 

From the data presented in Table 17 it can be concluded that: 

(a) The capacity of the LMFBRs required for the LMFBR-UfR systems is much 
too high (i.e., their support ratio is much too low) to make practical 
their location in a relatively small number of secured sites. 

(b) The flow of non-denatured fissile fuel (out of the fuel centers, assumed 
to exist in the case of fusion breeders) in the LMFBR-LWR energy systems 
in larger by more than one order of magnitude than in th" FB-LWR system. 
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(c) Eve* if their deployment starts 10 to 15 years after that of the 

IMFBRs, it it very likely that fusion breeders will be able to 

convert the LNRs to operate on • denatured uraniua fuel cycle, earlier. 

4.2.3 Radiation Stating Futl Denaturing 

Although not effective as weapons grade, the plutoniua produced by LNR 
is thought to be suitable for weapons applications (see, for example, 
DeVolpi's review1 ' ) . To make the plutonium used in the nuclear energy 

system more difficult to use for nuclear weapons, is has been suggested 
238 (see, for example, Ref. 57 to 61), to add Pu. 

Being a strong a emitter with a half-life of 89 years, the specific power 
238 of the Pu is 0.56 watts per gram. By incorporating high enough concentra-
238 tion of Pu in the plutoniua, it might be possible to complicate the 

fabrication,handling and maintenance of nuclear weapons, for the following 
possible reasons^ * •*: "High temperatures of the plutoniua during 
fabrication, assembly and storage coaplicate weapon production. Plutonium 
metal is very reactive at high temperatures so that humidity mu"t be kept 
low and hydrogen must be excluded. Because plutoniua is pyrophoric in air, 
the risk of fires is high... thus... perpetual cooling might be needed to 
avert disruption or melting of the cores; difficulties in handling are 
encountered due to surface temperatures; and complications arise in avoiding 
thermal decomposition of the high-explosives. It should be remembered that 
the self-heating of fissionable material is an effect largely independent 
of other effects of denaturing, such as preinitiation and critical mass 
increase; thus, radiation heating serves to compound other counter-
proliferation measures". 
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Carolyn Haising-Goodma* MtiMtad^ 6 0 1 that "a 5% by wight ( 2 3*Pu) 

danaturant is sufficient to product dasirad safaguards afftcts in raactor-

grada plutonium". Fivt percent Pu is also considtred the denaturing 

goal by Waltz tt a Z . ( S 9 ) and by Nassty and Schn»ider ( 6 1 ). while Campbell and 

6ift' S 8^ considered Pu concentrations of 10%. 

238 It turns out that the Pu content in the plutonium produced in 
contemporary LWRs operating on the once-through fuel cycle (to average 

discharge burnups of t* 30 GWD/T) is approximately 1.5%^ " ' . By 
237 2̂ 56 2^8 

recycling the Np and U, the Pu concentration can reach 5% after 
f591 238 

three irradiation cycles1 '. Alternatively, the 5% Pu concentration 

could be reached after one cycle, provided the fresh fuel is "spiked" 

with 0.11% 2 3 7 K p ( 5 9 ) . When 2 3 6 U , 2S7Up and 2 4 1 A m are recovered from the 

spent fuel and recycled in LNRs the resulting plutonium (recycled as 
238 fS81 well) could eventually contain more than 10% Pu '. 

Recently, Massey and Schneider found1 ' that using a proper fuel cycle 
scheme (involving the recycling of neptunium and half of the U) it 

238 might be possible to build-up the Pu content of a LWR energy system 

of a constant capacity (supported by reprocessing facilities of adequate 
capacity) to 5% in about 10 years. The denaturing of the fuel for an 
expanding LWRs system will need more time. More problematic is the 

238 denaturing of LMFBRs. They can not produce enough Pu to denature 

their plutonium, unless they are provided with neptunium from external 
ffil 1 2^8 

sources . If required to U3e Pu radiation heated fuel, the 
capacity growth rate of LMFBRs can be severely restricted^ ' . As the 
growth rate of the installed nuclear generating capacity in the 21st 
century is likely to be dominated (in the absence of fusion or accelerator 
breeders) by the growth rate of LFMBRs installed capacity, the requirement 
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let use suppose that the United States nuclear energy program continues 
with LNRs using the present once-through fuel cycle until 2025, by which 

23ft 
tisie fusion breeders are to provide the Pu necessary for converting 
all the LNRs to operate with denatured plutoniuan Reprocessing of the 
LNR fuel starts early enough 
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Figure 23 238, Pu production paths (from ref. 53). 
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9\7 241 

to provide all the NP (and, possibly, Aa) needs of the fusion 
breeders and -11 the plutonium needs of the LWRs (if they are to switch 
to the plutoniust burner mode of operation). Let us also suppose that 
the installed capacity of the LMts will evolve according to tho prediction 
of Table 13, and that the fusion breeders to be used are similar to the 
reference tandem Mirror fusion breeder considered in Sections 2.3 and 
4.2.1; they are converted froa 0 to Pu producers by replacing the 

237 thorium snap rings on the beryllium balls with snap rings made of NP 
(and/or 2 4 1 A m ) 1 4 . The 2 3 7 N P (or 2 4 1Am) is transmuted into 2 3 8 P u via the 
process of Eq. (6) [or Eq. (7)J. 

Assuming that, in 2025, the installed capacity of LWRs in the U.S.A. will 

be 435 GWe (Table 12); that the annual reload needs of plutonium fueled 

LWRs is 450 kg fissile plutonium per GWe-year (taken from Table 16, 

adjusted to a capacity factor of 75%); that the fissile fraction in the 
238 plutonium available is 70*; and that this plutonium contains 1.5% Pu 

238 238 
we find that the additional amount of Pu needed to bring up the Pu 
concentration in the reload plutonium to 5% is 9.8 tons per year. With 
an expected production capacity of about 5.6 tons per year (see Table 8), 
two fusion breeders starting operation shortly before 2025 could provide 

238 all the Pu needed. After only a few years of operation a large fraction 
of the capacity of these fusion breeders could be converted to the production 

238 of fissile fuel (possibly denatured uranium), as the LWRs fueled with Pu 
238 denatured plutonium could maintain the Pu concentration needed for 

denaturing. 

Detailed design study is necessary to identify practical and promising 
ways to incorporate the neptunium in the fusion breeder blanket, and to 
reliably estimate its performance. Such a study is beyond the scope of 
this work. 
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Where shall we take the huge amount of raw Material needed for the 
238 production of dozens of tons of PuT Assuring that standard LWRs 

237 
produce 15 kg of NP per GWe*yr (at a capacity factor of 0.7); and 
that this neptunium recovery efficiency is 80%, we estimate that the total 

237 Mount of NP recoverable fro* the LWR discharged fuel accumulated 
until 2020 (corresponding to an accumulated nuclear energy production of 

241 about 8500 GWe-yr) is approximately 100 tons. The amount of Am and 

Pu (which eventually dec-ys into Am (Eq. 7)) is approximately two 

times as large. Additional significant amounts of NP (and Am) 
will be available from the LWR fuel discharged after 2020. 

237 In case there will be need for NP inventories beyond those recoverable 

from the discharged fuel, fusion breeders could be designed to answer 
238 that need. The idea is to use primarily the U(n,2n) path of Eq. (5), 

taking benefit from the uniquely high energy of the fusion neutrons. 
A preliminary estimate indicates that the uranium fast-fission fusion 

breeder of Table 4 might be able to produce, this way, about 160 kg of 
237 237 

NP per year. This is about 8 times higher than the NP production 
237 ability of LWRs. Moreover, NP could also be produced in uranium 
23S ?̂ fi 7̂ 57 

fast-fission hybrids using the U(n,3n) U(n,y) U path. This path 
237 

might be able to increase the NP production ability of uranium fast-
fission fusion breeder by up to 50%. 

In summary, one of the interesting new options the development of fusion 
breeders might open for the nuclear energy economy is to keep running 
with LWRs on the once-through fuel cycle, deferring reprocessing until 
way into the 21st century. Shortly after reprocessing is commenced, 
the LWRs could be converted to utilize (and get rid of at least part of) 
the huge inventories of the plutonium accumulated, after this plutonium 
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23S is denatured with the radiation heating isotope Pu with the help of 

the fusion breeders. As the plutonium inventories dwindle, the LWRs 

could continue operating on the U/Pu fuel cycle with the fusion breeders 

providing all the plutonium needed for the makeup (and initial inventory). 

This fusion breeder supplied plutonium could be denatured to even close 
238 237 

to 15% Pu, if the NP producile in the fusion breeder, via the 
U(n,2n) and U(n,3n) reactions mentioned above, is transmuted into 

238 

Pu. This strategy for the evolution in the nuclear energy system is 

attractive in that it calls for th° development of the least number of 

new reactors and fuel cycle (e.g., no thorium) technologies, while 

assuring high utilization of the uranium resources in a manner which appears 

to be more proliferation resistant than "conventional" strategies. 
Alternatively, rather than using the LWR produced plutonium properly 

238 denatured with the fusion breeder produced Pu in LWRs, it is possible 

to use this denatured plutonium in LMFBRs. With the assistance of fusion 

breeders, a LMFBR including energy system could be more proliferation 

resistant (as well as free from doubling time limitation on the rate of 

its capacity expansion - see section 2.5), than possible otherwise. 

Radiation heating of plutonium bearing fuel can make the denatured uranium 

energy systems described in section 4.2.2 even more attractive - with 

the help of fusion breeders it will be possible to denature the relative 

low inventory of plutonium produced in the denatured uranium fuel cycles 
238 to probably as high a Pu concentration as desirable. 

In fact, fusion breeders open the possibility for radiation heating 
233 233 

denaturing of the U fuel itself. The idea is to denature the U 
232 with the heat source U; with an half-life of 74 years, the specific 
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232 power of U is 4.8 watts per gran - if the decay energy of the seven 
232 daughters of U is accounted for. Thus, to obtain the same total heating 

238 rate provided by 5% Pu in a plutoniura weapon, it is necessary to 
232 incorporate only about 0.6% U in a uranium weapon of comparable mass. 

232 The U concentration in the fuel discharged from HTGRs is expected to 
232 be <v 460 ppm (see Table 10). LWRs operating on the Th/ U fuel cycle 

appear to offer higher concentrations of U - approaching 0.3%^ 
232 recycling can significantly increase the U concentrations - to ^ 0.6% 

Fuel 

after the second cycle and even to <*. 1% after the fourth or fifth cycle (62) 
232 233 

The U concentration in the U fuel produced in thorium fast fission-

fusion breeders can be 0.73% (see Table 11) - which is the equivalent 
238 (in heating efficiency) of 6% Pu. In fact, fusion breeders can provide 232 even significantly higher concentrations (and quantities) of U than 

indicated above. 

s^ 1 
232„ n 2«u 232„ 2«u 

.SO.3d) 

2 3 1 P a 

n 
« 2 P a 2 3 1 P a « 2 P a 
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Figure 24 Uranium-232 production paths. 
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232 Of the U production paths shown in Figure 24, let us consider the 

following primary path: 

2 3 2Th(n,2n) 2 3 1 T h ^ 2 3 1Pa(n,,) 2 3 2 P a ^ 2 3 2 U • [8] 

232 In addition to the 0.73% U, the thorium fast-fission hybrid reactor 
(101 231 

blanket of Leonard and Jenquin J produces almost one atom of Pa 
233 (via the Th(n,2n) reaction) per three U atoms. If designed to convert 

231 232 231 231 
the Pa into U (via the Pa(n,y) reaction) at the rate of Pa 
production, fusion breeders might be able to provide denatured uranium 

232 233 IS 
fuel containing up to i> 25% U (the rest being mostly U) . The above 
conclusions lead us to suggest an alternative denatured uranium fuel cycle 

232 consideration - a fuel cycle the primary fuel isotopes in which are Th, 

U and U. Not containing U, this denatured uranium fuel cycle will 

be free from plutonium as well. 

232 Before closing let us not that the fusion breeders produced U could be 
235 used, in principle, for denaturing of U based fuel for power or research 

reactors. Uranium-232 contributes to the proliferation resistance of the 

fuel cycle also via the enhanced radiation levels it is responsible for -
208 mainly through its daughter product T£ which emits a high-energy 

gamma ray. 

15 231 232 
The above analysis assumes that the transmutation of Pa into U 
is carried out in separate fission-suppressed fusion breeders. 
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4.2.4 Enriching Fuel Cycles 

Fusion breeders were proposed (see, for example, Ref. 12-16 and 40) to replace 

reprocessing and enrichment facilities, thus improving the proliferation resis

tance of the nucelar energy systems. This can be done in many different varia

tions. We shall illustrate the idea in the context of the FB-HTGR symbiotic 

system proposed by GA1- ' ' . 

Spherical pebbles, identical to HTGR fuel pebbles except for being free of any 

fissile isotopes (but containing thorium), are irradiated in the blanket of 
233 the fusion breeder until the U concentration builds up to 4%,on the average. 

This fuel enrichment cycle takes between 2 to 4 years. The irradiated pebbles 

are then imbedded in a graphite matrix to fabricate standard HTGR fuel 
233 elements. After the U concentration in the HTGR fuel is depleted to about 

3%, the fuel elements are taken apart to remove the pebbles which are sent to 

the fusion breeder blanket for "refreshment", i.e.j re-enrichment to the 

-v, 4% level. This procedure is to be repeated a number of times. As the 

fission products keep accumulating in the fuel pebbles, it is necessary to 

increase the fissile fuel loading in the HTGR with time. Thus, there appears 

to be no advantage in fuel utilization in going beyond three FB-HTGR cycles 

before the fuel is retired. The accumulated fuel burnup attained this way is 
fl31 estimated at about 8% fisssions per initial thorium atonr ' . The support 

ratio is predicted to be between 2 to 16 MWe total system power per 1 MW of 
(131 fusion power, depending on the blanket technology used1 . 

This FB-HTGR system concept appears to be very attractive - nonproliferation 

wise, as it is free from the need for fuel reprocessing and uranium enrich

ment technologies altogether. It can be even more attractive if designed to 
232 use denatured uranium (including the U denaturant). Its drawbacks are 

limited (̂  8%) thorium utilization and no natural connection to present 

nuclear energy systems. 
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Most of the other concepts for enriching - refreshing fuel cycles'- ' ' ' 

refer to LWR fuel. Due to mechanical-metallurgical limitations on the 

burnup (and irradiation) levels LWR type fuel can withstand, the fuel 

utilization to be expected in these concepts is likely to be lower than 

in the pebble bed fuel concept described above, unless resorting to 

reprocessing and fuel refabrication. Partial reprocessing techniques, 

like the APEX method suggested by BNL to extract only the short lived 

and stable fission products, may nevertheless, enable improved fuel 

utilization on the expense of only partial sacrifice of the proliferation 

resistance of the fuel cycle. 

4.3 Nonproliferation Attributes of Hybrid Power Reactors 

The nonproliferation attributes of hybrid power reactors will be illustrated 

by considering the light-water hybrid reactors described in Section 3. 

Specifically, referring to the energy systems described in Section 3.3, 

let us consider a number of nuclear energy development strategies. 

1, Consider a country which did not start its nuclear energy program 

(or did not develop it to any significant extent) before the LWHRs 

become commercial. Type A LWHRs (see Figure 16a) offer such a 

country (or, for that matter, a utility) a fuel-self-sufficient 

nuclear energy system with no need (and therefore no justification 

for the development) of uranium enrichment. A fuel utilization 

comparable to that offered by FBRs is attainable with this natural 

uranium fueled system, if supplemented by facilities for coprocessing 

of the irradiated fuel (just to extract the fission products, without 

separating the plutonium). Locating these co-processing facilities 
23S in international fuel centers and/or denaturing the fuel with Pu 
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can increase the proliferation resistance of this energy system even 
further. Alternately, this energy system could operate on the once-
through fuel cycle, thus eliminating the need for even the coprocessing 
technology. The resulting fuel utilization will be about 6 times 
higher than that of conventional LWRS. 

2. Consider countries having a significant capacity of LWRs installed 
by the time the LWHRs become commercial. Such countries could 
increase their nuclear power capacity by installing Type C LWHRs 
(see Section 3) to build-up the nuclear energy system of Figure 17b -
again free from the need for the separation of plutonium and, when 
the LWHR installed capacity matches that of LWRs, also for uranium 
enrichment. 

3. An alternative strategy for the same type of countries is to install 
LWHRs of Type B and run them on the fuel discharged from the LWRs 
(Figure 16b). As the LWRs are decomissioned and their spent fuel 
consumed, the LWHRs could be converted to Type A. 

Compared with a FBR-LWR energy system, the LWHRs and LWHR-LWR systems 

appear to be significantly more proliferation resistant due to the 

following attributes: 

1. They can be free from the need for uranium enrichment. 
2. They have no need for the separation of plutonium from the 

discharged fuel. 
3. They have no need for initial fissile fuel inventory, other than the 

fissile fuel in natural uranium or in the fuel discharged from LWRs. 

4. The total inventory and concentration of fissile fuel anywhere in 
the energy system is significantly lower. 

238 
5. As a result, it will be easier to denature their fuel (with Pu). 
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4.4 Hybrid Reactors and Proliferation 

Being neutron rich as they are, there is no doubt that fusion devices, 
including fusion-fission hybrid reactors of all sorts, could provide a 
prolific source of fissile, as well as fusile (particularly tritium) 
materials. The potential contribution of hybrid reactors to nuclear 
weapons proliferation was recently throughly reviewed by Jasani et al. ' . 

Their primary message is the following: 

1. Being capable of producing large quantities of plutonium and tritium, 

fusion breeders might contribute to vertical proliferation. 

2. Having a copious source of 14 MeV neutrons, they might offer a source 

of special transplutonium isotopes which may open new possibilities 

for weapons design. 

3. Hybrid reactors based on inertially confined fusion (IF) offer a 

number of contributions to nuclear weapons development not available 

with magnetically confined fusion (MCF) based hybrids. These include 

a higher capability of producing special heavy transplutonium isotopes 

(due to the very high neutron fluxes available in ICF systems) 

They observe, nevertheless, that "hybrid reactors are technologically 
extremely sophisticated and their use is likely to be confined for some 
time to the nuclear weapon states. They are, thus, a vertical proliferation 
problem". 

One should not preclude the possibility that relatively small and crude 
fusion devices capable of producing significant quantities of strategic 
materials could be developed ' - thus possibility contributing to 
horizontal proliferation as well. A potential candidate for such a device 
is the dense plasma focus1 , 
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Thus, in order to minimize possible misuse of the fusion-fission hybrid 
(and fusion) reactor technology to be developed, it is necessary to work 
up and agree upon proper international agreements and institutional 
arrangements for hybrid deployment. 

CONCLUDING REMARKS 

If successfully developed in due time, fusion-fission hybrid reactors can 

open many new options for nuclear energy systems development strategies. 

Among the more promising proliferation-resistant strategies identified are 

the following: 

(a) Continue running (and, if needed, keep installing new capacity of) 

LWRs with the once-through fuel cycle. In parallel, develop the 

technology for fusion breeders of the fission-suppressed type, for 

fuel reprocessing (as well as waste disposal etc.), and for neptunium 

recovery and handling. In about 25 years from now, start reprocessing 
237 the LWR discharged fuel to accumulate the Np; store the plutonium 

separated (do all these functions in adequately safeguarded fuel 

centers). When their economical feasibility is proved, start 

operating the fusion breeders (hopefully by 201S) to transmute the 
237 238 238 

Np into Pu. Use this Pu for radiation heating denaturing 
of plutonium accumulated in the LWRs. Use this denatured plutonium 
to provide the fuel makeup for the existing LWRs and the initial fuel 
inventory for newly installed LWRs. In parallel, phase out the uranium 
enrichment services. As the plutonium stockpiles are consumed, 
produce all the plutonium needs of the LWRs (properly denatured with 
238 

Pu) in the fusion breeders. 
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(b) Follow the development of scenario 1, but develop LMFBRs in parallel 

with the fusion-breeders. As soon as the FBs start producing 
238 enough Pu to denature the LWR produced plutonium, start installing 

LMFBRs. With the backup of the FBs these LMFBRs can be designed 

to have a low breeding ratio. 

(c) Follow strategy (a) until the plutonium accumulated in LWR discharged 

fuel is largely consumed (in the LWRs converted to operate in the 
238 plutonium burner made after being denatured with Pu). At the 

proper time install thorium fast-fission fusion-breeders to produce 
232 231 231 232 

U and, as a byproduct, Pa. Transmute the Pa into U 
(possibly in the fission-suppressed fusion breeders used to 

237 238 232 
transmute the Np into Pu). Once denatured (with U and 

238 possibly also U) uranium is available, convert the LWRs to operate 

with this fuel. 

(d) Similar to strategy number (a) (or number (b) ) , but use HWRs rather 

than LWRs. This strategy is suitable for countries like Canada, 

countries which did not start yet their nuclear energy program or 

countries willing to shift from LWRs to HWRs. 

An attractive feature of this strategy is that it is free from the 

need for uranium enrichment altogether. It has, however, a week point 

(proliferationwise) - the on-line refueling mode of operation of the 

HWRs. However, as reprocessing facilities will not be needed, in 

the energy system considered, until shortly before the fusion breeders 

become commercial, proper international agreements on the ban of 

reprocessing facilities until needed for the FB" (and then on the 

location of such facilities in properly safeguarded fuel centers) 

will reduce the proliferation hazard of on-line refueling. 
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Countries which did not start their nuclear energy program before hybrid 

reactors are commercial have additional interesting options, including 

the following: 

(e) Install fusion breeders and HTGRs to work in tandem using the 

"refresh" fuel cycle - thus having an enrichment free and reprocessing 

free nuclear energy economy altogether. 

(f) Install natural uranium fueled light water hybrid power reactors 

(LWHR) the equilibrium fissile fuel content of which is "v. 0.7%. 

For hybrid reactors to contribute to the proliferation resistance of the 

nuclear energy economy, it is necessary that: 

(a) Hybrid reactor technology will be developed before the nuclear energy 

economy runs out of economically recoverable uranium resources. 

(b) Hybrid reactors based energy systems will be economically competitive 

with alternative nuclear energy systems; and 

(c) Proper international agreements and institutional arrangements be 

worked out to minimize the possibilities for misusing hybrid reactors 

and associated technologies. 

As far as the technical-economical issues are concerned, the evidence and 

analysis presented in the preceding sections indicate that both prerequisites 

(a) and (b) could be met. Whether or not they do depends, to a large extent, 

on an early establishment of a national or international program dedicated 

to the development of hybrid reactors and associated (mostly reprocessing 

and fuel fabrication) technologies. 

Before an ambitious hybrid RSD program is initiated, though, it is recommended 

that a thorough study aimed at (1) setting the goals for hybrid development 

and, (2) identifying the most promising hybrid concepts to develop. 
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be undertaken. Included in the hybrid development goals should be the 

time window for hybrid commercialization; fissile fuel production-ability 
233 238 232 (F or F/W); type of fuel to be produced (fissile Pu, U, Pu, U); 

and, most importantly, upper limit to hybrid capital cost (or cost of 

produced fuel). The promise of accelerator breeders versus fusion breeders 

should also be thoroughly assessed. 

If the nuclear energy economy is to be given the chance to benefit from 

the unique opportunities that might be offered by hybrid reactors, the 

study and the hybrid development program to follow (if justified by the 

study) should be initiated soon, and with the collaboration of the fusion 

and fission communities. In parallel, it is desirable that energy policy 

makers, statesmen and legislators will start checking into the possibilities 

of formulating international agreements and institutional arrangements 

that will enable us to draw the utmost benefit from the options which 

might be available if fusion and fission are properly combined. 

As long as the successful development of fusion-fission hybrid reactors 

and associated technologies is not assured, promising conventional 

alternative options for fuel supply assurance ought be kept open. 
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