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INTRODUCTION AND BACKGROUND 

Battelle-Northwest (BNW) has, over the past four years, been actively 

Involved in the evaluation and development of a nuclear reactor concept which 

couples fusion and fission technologies. BNW's interest in this concept, 

generally referred to as fusion-fission (or hybrid) stemmed from the 

thought that; 1) it may be realizable before pure fusion (CTR)* povrer 

plants, because the fusion reaction and plant engineering requirements do 

not appear to be as stringenti and 2) a hybrid has potential to alleviate 

some of the constraints in the fission power economy, namely, fuel supply 

and waste disposal.^ ' This paper outlines our perspective of the concept 

and suirniarizes technical highlights of our studies. 

To provide a brief background, the fission and fusion processes are 

described along with how these processes combine in the hybrid concept. 

The fission process Is depicted in Figure 1. A heavy element nucleus, 

such as 235u^ -js bombarded by a neutron, causing the fission of the nucleus 

Into fragmentss yielding between two and three neutrons, and releasing about 

200 MeV of energy. The fusion process is depicted in Figure 2. It 

Involves light element nuclei, such as deuterium and tritium, which when 

confined as a plasma and heated, fuse together to form a helium nucleus, 

yielding a neutron, and releasing about 17 MeV of energy. Relatively 

speaking, the fission process can be described as energy rich and neutron 

poor whereas the fusion process is neutron rich and energy poor. 

The hybrid reactor, as Illustrated in Figure 3, combines fusion and 

fission. The concept is based upon interactions between the high energy 

fusion neutrons ('̂^̂4 MeV) and heavy element nuclei placed In the blanket. 

The choice and arrangement of heavy element nuclei in the blanket depend 

upon the functional role intended for the hybrid. 

The roles envisioned for the hybrid are three: 1) power production, 

2) production of nuclear fuels^ and 3) destruction of nuclear by-products. 

*Hereafter we shall refer to fusion-fission systems as hybrids, or fusion-
fission systems whereas we refer to fusion only (I.e., pure) systems as CTRs. 
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The first of these roles seeks to amplify the energy of fusion neutrons 

('\,14 HeV) through absorption in fissionable nuclei (e.g., ^ssu)^ causing 

fission thereby releasing '̂ 200 HeV of energy. The second role seeks to 

produce fuels for fission reactors and fusion reactors. This is 

accomplished by neutrons becoming captured 1n fertile nuclei (^^^jh, 238u^ 

^Li) thereby producing fissionable material (̂ ŝy f,.Q,T̂  232jj^ gĵ ĵ 239py fY.Q^ 

2^^U) and fusionable material (tritium from ^Li). The third role seeks to 

eliminate or significantly reduce the radioactive waste created by fission 

reactors through transmutation. Transmutation is the changing of one 

nucleus into another nucleus. For the waste management concept» transmu

tation must result in a product nuclide having a lower toxicity and/or 

shorter half-life for radioactive decay than its predecessor. The process 

envisioned 1n the hybrids Is the transmutation of long-lived nuclei via 

neutron absorption to produce other nuclei which have shorter half-lives. 

Thus, the decay rate of certain toxic species In radioactive waste may be 

effectively accelerated via transmutation. Since all three roles involve 

use of heavy nuclei (i.e., actinides) in the blanket^ a hybrid reactor may 

be characterized as "any fusion reactor with a blanket containing actinides" 

(i.e., fissile and/or fertile material). 

The concept does not appear to be limited to a singular role. It 

could be combinations thereof such as producing power and useful nuclear 

materials or producing power and reducing by-product waste. Further study 

of the technical and economic feasibility of hybrid reactors designed to 

fulfill these roles is definitely needed. 
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TECHNICAL APPROACH 

Some general ground rules were established, at the outset, in our 

study on hybrids. In order that the reader view the findings of our 

work in the proper context, these ground rules are stated here. 

First, the studies are based on technology which has been developed, 

or which is expected to be developed in the near future. The rationale 

being, the hybrid should not require substantial R&D investments over 

and above the investments currently being made in the nations energy plan. 

Thus, it should be a step along the pathway of achieving pyre fusion 

power, and realizing the benefits of the fission power economy. If 

substantial new R&D investments are required for the hybrid to becone 

conmercially viable, then the concept 1s less attractive. 

Second, idealistic conditions are assumed in initial feasibility 

assessments. There are two reasons for this: 1) if the concept does not 

appear technically feasible under idealistic conditions, it will not be 

feasible under realistic conditions, and 2) the analysis is sirapl1fied» 

thereby requiring less investment of time and money in these studies. 

However, we certainly realize the need for caution that viable concepts 

are not initially ruled out on the basis of lack of knowledge. 

Lastly, to negate the need for costly operational safety systems, 

we deliberately selected systems having the greatest potential for avoiding 

or mitigating the effects of reactor accidents. For example, a safety 

criterion in our analyses was that the blanket of a hybrid reactor must 

be subcrltical at all times. Likewise, blanket technologies which 

intuitively seemed to have more potential to withstand loss-of-coolant with-

out fuel melting were favored. 
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The technical approach described above has been and is being used in 

the studies conducted at BNW. We feel It is a prudent path in that it 

Identifies the no-go points early in a concept development without invest

ing substantial amounts of time and money. 
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SUMMARY AND PRINCIPAL FINDINGS 

As mentioned in the Introduction section of this report, BNW has been 

engaged in the study of hybrids over the past several years. The results 

of our studies to date lead us to conclude that there is no a priori 

basis to eliminate the hybrid as fulfilling a useful function in meeting 

the nations energy needs. 

We have conducted a variety of studies over the past few years and 

the principal results of these studies are summarized here. Studies of 

power producing hybrids, the use of fusion neutrons for transmutation of 

radioactive waste, and the evaluation of the most likely combinations of 

fusion and fission technologies are addressed. More details are given in 

the following section and we refer the reader to the bibliography for 

more complete discussions. It should be noted that these studies have 

been primarily technical based and that economic bases are not firmly 

established. Preliminary economic evaluations of hybrids are given in 

the paper by Deonigi in this document. 

A. Power Producing Hybrids 

The initial work on the evaluation of hybrids as power plants 

began over four years ago. In fiscal year 1974 (July 1973 to 

July 1974), BNW and Lawrence Livermore Laboratory (LLL) undertook a 

cooperative study of hybrids based upon a mirror fusion device. The 

direction taken and conclusions reached on each of these studies are 

briefly described here. 

1. Early BNW Studies - The early efforts were aimed at defining the 

gross characteristics of a power producing hybrid.^ ^ ' We 

chose a graphite moderated helium cooled, uranium fueled blanket, 

since this type of system has some commonality to the High Temperature 

Gas Cooled Reactor (HTGR) thermal power systems currently being 
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operated and constructed. A fusion plasma patterned to the 

Tokamak machines was selected. The characteristics of such a 

hybrid power plant were then projected. The principal findings 

of this early study follow. 

m Power multiplications between 30 and 50 over a non-

fissile blanket appeared feasible. 

m The tritium consumed in the plasma could be reconstituted 

in the blanket. 

« A blanket subcrltical from a self sustained fission 

reaction appeared achievable. 

BNW/LLL Cooperative Studies - BNW has been involved in a coopera

tive study with LLL to determine the characteristics of a power 

producing fissile blanket matched to a mirror magnetic confinement 

device.^ > s » » / J^^Q fjaĝ -Q design objectives were to: 

(1) produce electrical power, 

(2) produce as much tritium as consumed, 

(3) produce more fissionable material than consumed. 

LLL undertook study of a fast fission blanket and BNW undertook 

study of a thermal blanket. The results of the LLL studies are 

presented in the paper by Moir and Lee in this document and are 

summarized in Reference (7). The conceptual designs were 

basically built around the plasma characteristics as defined by 

the Livermore group. BNW designed a thermal fission lattice for 

the hybrid blanket, optimized for power production and fissile-

fertile fuel utilization. The principal analytical results of 

the design analyses for this mirror confinement, thermal blanket 

system are as follows: 
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e An electrical power plant utilizing a sub-Lawson plasma 

to drive a subcrltical thermal fission lattice Is feasible. 

« In this system, more fissionable and fusionable material 

is produced than Is consumed. 

e The fission blanket remains subcrltical at all times for 

temperatures ranging from room temperature to those 

estimated for operating conditions. 

« Fuel meltdown 1s not expected as a consequence of loss-of-

coolant. 

Transmutation 

BNW has been studying alternatives for management of high-level 

radioactive waste.^' ' Transmutation is one of these alternatives. 

Possible methods included use of accelerators, fission and thermo

nuclear explosives, fission reactors, and fusion reactors. One of 

the conclusions reached In this study was the neutrons produced in 

CTRs have significant potential for the transmutation of radioactive 

waste placed in blanket regions of CTRs.^ ' ' ̂  The principal 

findings of the analytical studies on the use of neutrons produced 

in CTRs for transmutation are: 

9 Transmutation of actinides Is theoretically feasible. 

« Transmutation of selected fission products is theoretically 

feasible. 

However, to accomplish this, the fission products and the actinides 

In spent fission reactor fuels probably have to be separated (chemically 

or by other means). 
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C. Evaluation of Possible Fusion-Fission Technology Combinations 

The objective of this study, which is currently being conducted, 

is to evaluate the technical feasibility of various fusion-fission 

technology combinations in terms of a self sustained electrical power 

plant. The combinations will be ranked on the basis of engineering 

constraints to identify the most promising configurations as candidates 

for point design studies. Since this study is in progress, no conclu

sions have been reached as yet. A discussion of the approach being 

taken in the evaluation is given in Section IV. 

Technical details upon which these statements are based are summarized 

in the following section. For additional information, we refer the 

reader to the references. 
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RECQMMENDATIONS 

Based upon studies performed to date, the fusion-fission (hybrid) 

appears to have significant potential for fulfilling useful roles In this 

nations energy plan. Hybrid plants might be able to: a) produce electricity, 

b)*enhance utilization of natural resources (i.e., breed power producing 

materials), c) alleviate constraints In management of nuclear by-products. 

Development of fusion-fission energy systems fits logically on the path

way to development of CTRs because: 

m it provides useful Information on CTR plasma characteristics, 

» it allows early assessment of engineering and economic 

constraints, 

e it provides an avenue for early involvement of private 

Industry. 

The plasma physics and materials damage requirements for a hybrid may 

be less stringent than those for a CTR. Information gained In designing 

and proof testing a hybrid would add to our understanding of CTR plasmas. 

Being able to construct and operate a hybrid device, sooner than a CTR, 

would aid in identifying major engineering constraints and evaluating the 

economic impacts of these In developing CTRs, 

The goal of the CTR program Is to develop commercially viable CTR 

power plants. To achieve this goal, the base technology of CTRs must be 

developed and this technology must be transferred to private industry so 

they become capable to design, construct, and operate power plants and 

related CTR facilities. Since CTRs and fission reactors are congruent 

being both nuclear based, we speculate that commercial firms currently in 

the fission reactor business will ultimately become Involved In the 

fusion reactor business. The fusion-fission systems are not as foreign 

to these companies as CTRs and may prove to entice their venturing into 

CTR systems sooner than would be the case if hybrids were not in the plans 

for CTRs. 



-130-

The results of our studies to date are encouraging. Therefore, we 

recommend further study of the hybrid concept to crystallize its role 

In our nations energy plan. 
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TECHNICAL RESULTS 

The principal findings of studies conducted at BNW on hybrids has 

been summarized above. Additional technical detail is given here. 

A. Power Producing Hybrids 

The power producing hybrid work at BNW began over four years 

ago on a very low level funding basis. The early efforts were 

aimed at roughly scoping the characteristics of a power producing 

hybrid. These early efforts were focused on roughly defining 

blanket components and configurations which might achieve: 

1) Neutron power multiplications in the order of 25 to 

50, 

2) Production/destruction ratios for tritium and fission

able material equal to unity or better, 

and determining the impact on CTR plasma parameters and neutron wall 

loadings. In these studies we attempted to stay within the 

confines of existing or near extant fission reactor technology. 

Within this restraint, we chose a gas cooled (helium), solid 

moderator (graphite), uranium fueled fission reactor system as the 

(near) extant fission reactor technology most obviously suitable 

for CTR requirements. The criteria for suitability Included-, the 

inherent safety of various systems relative to reactivity insertion 

and loss-of-coolant accidents, and the apparent lack of Impact of 

helium cooling on the CTR magnetic field. We then attempted to 

define the characteristics of such a system, implicitly tied to a 

TOKAMAK fusion device. The results of these studies, although 

most of the analysis was purely neutronic, indicated promise for 

further analyses of hybrids. Results of these studies and 

discussion thereof are given in a Nuclear Technology Review Article, 

Proceedings of the University of Texas Conference,^ ' and PNL 
f3) 

Annual Reports,'' ' 
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More recently BNW was involved in a cooperative study with LLL 

to determine the near term characteristics of a power producing fissile 

blanket matched to a mirror magnetic confinement device, shown 

pictorially -in Figure 4. The conceptual design has been built around 

the plasma characteristics as defined by the Livermore group. These 

plasma conditions are expected to be attainable with reasonable 

extrapolations of present technology. The Yin-Yang confined plasma for 

this mirror hybrid was fed by four high-energy neutral-beam injectors. 

The characteristics of the magnetic mirror fusion segment of the 

hybrid are listed in Table 1. 

Battelle-Northwest designed a hybrid lattice which was optimized 

for power production and fissile-fertile fuel utilization to fit in 

the design configuration. The blanket consisted of some 320 modules 

of the type shown in Figure 5, Each module consisted of a converter «. 

region, a thermal fission lattice region, and inner and outer tritium 

breeder regions. The Inner blanket region, called a converter, 

consisted of depleted-uran1um-dioxide, with the uranium being 0,3% 

^^^U atom percent. The thermal fission lattice region consists of 

slightly enriched UOg fuel (1.35 wt.% ^ssy)^ graphite moderator, and 

helium coolant. The inner and outer breeder regions contained 

natural lithium. 

At initial operating conditions the energy multiplication was 

calculated to be about 40 times 14.1 MeV. Using this value 

parametric studies of the system were carried out to define plant 

parameters. The overall system efficiency, Ng, as a function of 

the plasma energy multiplication, Q, for various assumed values of 

the efficiency of the neutral beam injectors (N,) 1s shown on 

Figure 6. In Figure 7, the net electrical power and the overall 

system efficiency is shown as functions of N.Q. The parameters 

selected for the magnetic mirror hybrid are shown in Table 2. We 

note that for the values chosen here, a breakeven power plant ^MQ^. = Os 

would require Q = 0.16. 
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Table 1 

MIRROR HYBRID PLASMA CHARACTERISTICS 

PLASMA 

Ellipsoid 

3.5 m radius 

NEUTRAL BEAM INJECTION 

150 keV 

500 Amperes 

68 MW(e) 

MAGNET 

10 m radius 

Central Field = 1.9 Tesla 

Mirror Field = 7.1 Tesla 
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FIGURE 6 
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FIGURE 7 
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TABLE 2 

HYBRID REACTOR DESIGN PARAMETERS - PNL/LLL STUDY 

PARAMETER 

SYSTEM EFFICIENCY 

VALUE 

32% 

THERMAL TO ELECTRIC CONVERSION 
EFFICIENCY 39% 

PLASMA ENERGY MULTIPLICATION 

FISSILE BLANKET ENERGY 
MULTIPLICATION 

INJECTOR EFFICIENCY 

NET ELECTRICAL OUTPUT 

FISSILE BLANKET THERMAL POWER 

POWER INJECTED INTO PLASMA 

POWER CREATED IN PLASMA 

0.94 

40 

30% 

663 MWe 

2045 MWt 

68.3 MW 

64.2 MWt 
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Study of the steady state and dynamic thermal hydraulic behavior 

of the hybrid blanket was also made. In Figure 8 various blanket 

temperatures calculated assuming different values of average specific 

power generations are shown. The data on Figure 9 shows calculated 

temperature profiles for projected operating conditions. The 

calculated radioactive afterheat following shutdown is shown on 

Figure 10 for various assumed operating powers and times. Calcula

tions of temperature following loss of gas coolant have also been 

made and the results are shown on Figure 11. As shown, a peak 

temperature of approximately 2010°C is predicted at about 55 hours 

after shutdown. The melting point of UOg is 2450°C. Thus there 

is a 400°C margin between predicted fuel temperatures following 

loss-of-coolant and the temperature at which the fuel melts. 

Thus, it tentatively appears that an emergency core cooling system 

might not be needed in this device. 

Some of the more significant accomplishments of the study are 

outlined on Figure 12, On these bases there would appear to be no 

technical reasons for eliminating this mirror hybrid as a candidate 

for further development as a power plant. 

The status of the LLL mirror hybrid design results was reported 

in two papers presented at the First Topical Conference on the 

Technology of Controlled Nuclear Fusion at San Diego in Aprir ' ' and 

in a paper presented at the 8th Symposium on Fusion Technology, 

Noordwijkerhout, Netherlands, in June.''^ A detailed technical 
fl3^ 

report, BNWL-1835, covering the work has been issued.^ ' 

Since these initial results, neutronics calculations have been 

made to extend and clarify these results. Deficiencies were noted 

in 23^U ENDF/B descriptions of secondary neutron energies. These 

were modified and certain calculations were repeated to determine 

the impact of these cross section improvements on hybrid performance. 

We also increased the thickness of the inner lithium region to improve 

t 
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FIGURE 10 
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FIGURE 11 
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tritium conversion. We calculated the neutron energy source 

distribution rather than assuming one. Finally^ we performed 

burnup studies to deduce the change in neutronic parameters during 

operation. 

The net effect of these factors on the projected hybrid was 

not substantial, and the general conclusion is that the previous 

work is valid. The results of these studies were presented at the 

Fifth IAEA Conference on Plasma Physics and Controlled Nuclear Fusion 

Research held in Tokyo on November 11-15, 1974.^^ 

The calculated neutron energy source spectrum is worth mentioning 

further because of its possible significant in other CTR technology 

areas. In Figure 13 the spectrum calculated essentially exactly 

from a 100 keV neutral beam ion energy distribution is shown. The 

distribution shown is very broad, 1.7 MeV, and would be even broader 

for the 150 keV neutral beams now proposed. 

The results of the burnup evaluation are given in Table 3 in 

terms of initial, final and cycle averaged parameters for a 200 day 

full power operating cycle. The present projections of tritium and 

fissile breeding are more favorable than originally predicted and 

show promise of good fissile-fertile utilization. 

Transmutation 

Studies over the past several years have been concerned with the 

possible use of CTRs to eliminate or significantly reduce the 

radioactive waste of the fission reactor economy.^ ' ' These studies 

were integrated in an extensive review of all alternative methods for 

managing high-level radioactive waste,^ * ̂  The use of CTRs in this 

regard has been inspired by the large values of neutron flux which 

have been projected for CTR blanket systems. Although projected CTR 

neutron source strengths have been reduced by about an order of 

magnitude in the recent past due to materials damage considerations, 

the CTR is still a neutron rich device and some possibilities of useage 

for neutron-induced transmutation still appear to exist. 
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TABLE 3 

PERFORMAWCE PARAMETERS OF HYBRID 
BLANKET WITH POWER OPERATION 

200 DAYS AVERAGE 
PARAMETER INITIAL OPERATIOri VAJyE 

FUEL EXPOSURE IN O 5000 WWd/MT 25 WWd/MT/day 
FISSION LATTICE 

235U INVENTORY 1000 kg 685 kg 
lENRICHEDLATTICEl 

TOTAL PLUTON lU M 0 340 kg 
INVENTORY 

BLANKETTHERWAL 40 3S 45 
ENERGY^14.1 MeV 

TRITIUM PRODUCED 1.065 0.88 1.07* 
PER DT EVENT 

*Not corrected for source neytrori losses 
through plasma and beam ports. 
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As mentioned abovej BNW performed a comprehensive overview study 

of potential alternatives for long-term management of high-level 

radioactive waste^ * ' for the AEC's Division of Waste Management 

and Transportation. The logistics of nuclear fuel In the fission 

power economy is shown in Figure 14. High-level waste Is defined 

in lOCFRBOj Appendix F,^ ' as the aqueous waste resulting from the 

first cycle solvent extraction step of reprocessing. It contains 

the fission productss actinides other than uranium and plutonium, 

and the unrecovered (1.e.s losses of) U and Pu. The concepts 

reviewed are listed generlcally in Table 4. Within each there were 

numerous variations. For example, transmutation was considered on 

the bases of using accelerators* nuclear and thermonuclear explosives, 

fission reactors9 and CTRs. 

Partioning 1s a chemical separation of waste constituents into 

two fractions: one which contains the actinide elements and one which 

contains the fission products. As noted in Table 4, this is needed 

for the extraterrestial disposal and transmutation concepts. 

The methodology employed In the study is outlined in Figure 15. 

For each variation of every concepts an assessment of tbchnical 

feasibility was made. If the concept was proven Infeasible, relative 

to predefined feasibility crlterias then it was rejected. If it 

passed the tests then evaluations were made of safety, environmental 

impacts research and development requirements (funds and t1me)j the 

costs for building and operating the needed facilities^ conflicts with 

existing national or international policy, and the attitude of the 

public and their perception of safety. 

For transmutation, the criteria listed in Table 5 were used to 

determine technical feasibility. First of all, does the concept 

have a favorable energy balance? Secondly, is the energy consumed 

in the implementation of the concept sufficiently less than the 

electrical energy obtained creating the waste? Thirdly, is the 

predicted rate of elimination sufficient to keep up with the waste 
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TABLE 4 

HIGH LEVEL WASTE MANAGEMENT CONCEPTS 

Concept 

Geologic Storage 

Seabed Storage 

Ice Sheet Storage 

Extraterrestrial Disposal 

Transmutation 

Variations 

6 

4 

3 

3 

4 
Partit ioning 
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TABLE 5 

CRITERIA FOR EVALUATING TECHNICAL FEASIBILITY 

e Energy Balance 

9 Waste Balance 

9 Specific Transmutation Rate 

9 Total Transmutation Rate 
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production rate? Finally, is more waste created by the process tiian 

eliminated? 

As stated above, the transmutation concepts evaluated included 

accelerators, thermonuclear explosives, fission reactors and fusion 

reactors. The conclusions reached in the study are listed in Table 6. 

The results of the evaluation resulted in elimination of all accelerator 

schemes except possibly a spallation neutron source for transmutation 

of long-lived fission products. Likewise, use of neutrons from 

a thermonuclear explosion does not appear technically feasible. 

Fusion and fission reactors met the selection criteria for transmuta

tion of actinides. Fusion reactors may also transmute selected 

fission products. Finally, partitioning will most likely be needed 

to separate actinides from fission products. Total elimination 

1s not possible, hence some storage for residuals is required. 

Results are presented in Table 7 which typify transmutation using 

CTRs. We note that for fission products, which represent potential 

short-term hazard, that relative to natural decay, qains in time between 

factors of 2 and 20 are achieved through transmutation. Substantial 

gains are achieved for long-lived isotopes such as ^^^I and the 

actinides. The long-lived isotopes are the most difficult to 

manage, thus the continued interest in the use of neutrons to transmute 

these species to ones which are shorter-lived and/or less toxic. 

Fusion-Fission Technology Combinations 

The studies described above focused on a power producing hybrid 

system by combining either a Tokamak or Mirror fusion device with a 

uranla-fueled, graphite-moderated, gas-cooled fission blanket to make 

a self contained electrical' power plant. These are just two of the 

many possible combinations of fusion and fission systems. 

The range of possibilities may be seen by first noting that 

fusion neutrons from plasmas can be generated using Injected machines 
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TABLE 6 

TRANSMUTATION STUDY CONCLUSIONS 

Transmutation of Actinides is Technically Feasible In Fission 

Reactors 

Transmutation of Actinides is Theoretically Feasible In Fusion 

Reactors 

Transmutation of Certain Fission Products Is Theoretically 

Feasible in Fusion Reactors 

The Transmutation Concept 

- Requires Storage for Residuals 

- Requires Partitioning 

% 
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TABLE 7 

SUMMARY OF TRANSMUTATION IN FUSION REACTORS 

Gain in Time Relative to Natural Decay 

Fission Products Low Flux Levels High Flux Levels 

- Short Term Hazard (e.g., 90Sr) 'v.i-4 '̂ '3-25 

- Long Term Hazard (e.g., 1291) ^lO^ -viô  

Actinides 

~ 2i+i^ ^800 -vSOOO 
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or ignition machines either of which may operate on either 0-0 or 

D-T fuel cycles. To the first order, the blanket must contain an 

energy multiplier, hence the matrix of possible fuel cycles shown 

in Figure 16, Another way of looking at the hybrid (Figure 17) is 

the use of fusion neutrons to alleviate certain constraints in the 

fission power economy, such as waste transmutation or fissile fuel 

production. The Electric Power Research Institute (EPRI) 1s 

funding BNW and others to evaluate this type hybrid concept. Another 

way is to view the possible combinations of fusion and fission 

systems Into a hybrid reactor as elements of a matrix having fusion 

technology as one dimension and fission technology as the other. 

This is the view being taken in our study for OCTR on evaluating 

possible fusion-fission technology combinations. Such a matrix is 

shown in Figure 18, with candidate fusion technologies listed 

across the top and developed fission technologies listed at the side. 

The fission blanket may utilize either thermal neutron systems 

or fast neutron systems and there exist many combinations of neutron 

moderator and heat transfer systems for uranium, thorium^ or plutonium 

fuel cycles. In order to reduce the number of possibilities to a 

manageable set for this study, the fusion and fission systems are 

considered to operate only on current, or currently planned fuel 

cycles. Thus, the fusion devices are considered to operate on a 

D-T cycle and the fission fuel cycles are restricted to current or 

near-term fuels and materials technology. 

The approach being used to evaluate the possible combinations of 

technologies is illustrated in Figure 19, Current descriptions of 

CTR and fission reactor systems are being used to define the technology 

of each. The range of fission technology considered is restricted to 



-156-

FI6URE 16 

POSSIBLE HYBRID FUEL CYCLES 
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FIGURE 17 

POSSIBLE PURPOSES OF HYBRID 
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FIGURE 18 

EVALUATION OF POSSIBLE HYBRID REACTOR COMBINATIONS 
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HYBRID IVIATRIX STUDY 
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that of current manufacturing capability or planned for near term 

manufacture by industry. This restrictive view is taken to eliminate 

the need for substantial additional investment in fission technology 

for hybrid development. Design compatibility parameters for both the 

plasma and the fission blanket are defined to aid the development of 

criteria for preliminary screening of the possible combinations. 

The design compatibility parameters developed to date are listed in 

Tables 8 and 9 for the plasma and for the fission blanket, respectively. 

The design compatibility parameters along with other criteria such as 

illustrated in Table 10, form the bases for making a preliminary 

screening of the possible combinations. As listed in Table 10, the 

potential functional capability (i.e., role) can be a criterion for 

screening. However, for the purposes of this study, the role is 

limited to an electrical power plant producing more fissionable 

and fusionable material than it consumes in a given fuel cycle. This 

view is taken primarily because the design studies performed to date 

are mostly based upon this premise and it includes elements of fuel 

production and actinide burning. 

As shown, in Figure 19, these data sources are used in making a 

preliminary ranking of concepts for presentation to a peer CTR committee. 

When a final ranking 1s established after peer review and comment, 

analytical study of key performance parameters for the most likely concepts 

win be made to firm up the technical basis for the ranking of the systems. 
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TABLE 8 

DESIGN COMPATIBILITY PARAMETERS: PLASMA 

9 Type of Neutrons and Distributions 

» Blanket Volume Characterization 

- Magnet Configuration 

- Structural Requirements 

- Plasma Injection 

- Divertor Design 

- Vacuum System 

e Cycle Time and Duration 

e Current Performance Range Considering Lawson Criteria, Wall 

Loadings, etc. 

» Subsystem Costs and Sensitivity to Operating Parameters 
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TABLE 9 

DESIGN COMPATIBILITY PARAMETERS: FISSION BLANKET 

» Coolant Characteristics 

- Temperatures 

- Pressures 

- Flowrates 

« Magnetic Field Characteristics 

- Piping Requirements 

e Neutronic Lattice Characteristics 

- Reactivity 
- Heat Generation 

e Power Density - Average and Technical Specification Values 

e Range of Flexibility in Fission Lattice Characteristics 

« Current Subsystems Costs 

• 
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TABLE 10 

PRELIMINARY SCREENING CRITERIA 

• Design Compatibility 

- Neutronic Compatibility 

- Structural Compatibility 

- Coolant Compatibility 

- Operational Compatibility 

• Range of Flexibility in Plasma and Fission Lattice Technologies 

® Potential Functional Capability (1,e,, The Role) 

m Potential Hybrid Cost Reductions 
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QUESTIONS ABOUT FOURTH PRESENTATION 

Baker; You stated that one of the reasons or advantages of the hybrid 

system is to provide information on plasma characteristics. What does that 

mean? 

Liikala; Well, vrith regards to achieving Lawson conditions, I think in 

the event you achieve near Lawson conditions that, to me, is along the 

pathway. 

Baker; You may relax conditions, but what does it mean that it's going to 

provide us sufficient information on plasma characteristics. 

Wolkenhauer: On that particular slide, we were talking about those which 

are critical path it ems that have to be achieved on the pathway of getting 

to a hybrid. 

Baker; I take issue \srith that, perhaps, and also with the comment that was 

made earlier, that the hybrid from the plasma point of view is something 

that you would do alon|̂  the road of pure fusion. That may be, but it may 

not be. It could be a iburden. 

Wolkenhauer: The point is simply to have a hybrid you need a decent plasma. 

You don't need a Lawson plasma but, it turns out, it has to be reasonably 

close. That's the point. 

Liikala; I think the poiiit is that we wouldn't feel comfortable going ahead 

and doing the design» and considering moving on to a hybrid pilot plant with

out first having experiment'.al verification of the plasma characteristics. 

Goffman; We have progressed this long, and no one has really addressed 

the question of having a blanket that was critical. If you are going 

to take a fusion reactor and put a fission blanket on it, and run it 

subcritically, then the next logical step to get your energy mulitpli-

cation is just run it as a cr:ltical blanket and put control rods in it. 

Liikala; Well in all our studies, being subcritical basically was a 

criterion (i.e., that we would indeed be subcritical at all points in 

time). We have never addressed whether there are advantages to be critical. 

Goffman; I guess, my question is why have we not? 

Liikala; Again, sim.ply from a Siifety point of view of the system. 

Wolkenhauer; Your energy multiplication is infinity. That's a critical 

system. 

file:///srith
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Goffman; Isn't that the design constraint that you're bumping on. It's 

to get it more than say 20? And if 100 is good, why not run it at 200? 

Wolkenhauer: It turns out, and this is a point that has been totiched on 

but only indirectly, that there is a whole spectrum to possible multipli

cations that you can design a hybrid to, anywhere from essentiallji' zero which 

was Larry Lidsky's case on up to critical. The selected multipliciition is 

based on tradeoffs in various things, like economics and safety and so forth. 

One of the things that may be apparent from the studies done to datê - is 

that there is an economic advantage to running fairly low multiplica tion 

systems, a' la the kinds of things J, D. Lee does. There is an appai'ent 

safety advantage to running high multiplication systems like the kind of 

things we have done. This is simply the realm in which future studies are 

going to have to be done to nail down what exactly would be done in pra'Ctice. 

Miley; I noticed that in your future plans you have listed DD sjstews. 

1 was interested in this since as Lar̂ 'y Lidsky pointed out earlier, 

14.1 MeV neutrons are best for breeding. Still, I noticed in your 

earlier studies that 2.5 MeV DD neutrons are quite attractive for fission 

product burning, provided that we forget about possible plasma problems. 

Could you comment on this? Why are you looking at DD systems? 

Liikala: Our sponsor asked us to. He basically wants to consider all « 

possibilities; we don't want to be constrained with just DT. Let me give 

you my perspective on what the Electric Power Research Institute is attempti.ng 

to do. They see the waste management problem with regards to fission reactoi;"s 

as one of the problems utilities face. In the event a technology that is 

consistent with GTR development can be employed in helping to reduce that 

problem let's go ahead and evaluate what precisely we can do and develop 

the idea to the stage that if it's ever needed, we can implement it. If it's 

needed, then we will have the technical and economic basis established. So 

that's point number one. Moreover, since we are considering GTR systems, 

let's not be limited by just DT, 

Miley; Gould you comment on your previous studies of DD neutrons versus DT? 

Liikala: I'll let Bill Wolkenhauer. 

Wolkenhauer; That data can be kind of misleading simply because the results 

were couched in terms of megawatts per square meter on the first wall. Be

cause there is less energy per neutron for the DD reaction, you're getting 

more neutrons through the wall at the same megawatts per square meter, and 

so you are getting a faster transmutation rate. Now, if you couch the same 
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data in terms of transmutations per initial neutron, which is another way 

of looking at the information, it is quite likely that it would turn 

around, and the DT neutron would be more interesting. Also, there is 

another podnt that wasn't factored into that study which since has 

become ve'ry interesting. This is the fact that injected reactors do not 

have a mC)noenergetic 14 MeV source; they have a spectrim. You're getting 

a significant number of neutrons above 14 MeV, and those particular 

neutronfj are very valuable. It simply opens up many more reactions that 

may be used. 

Miley; I guess that to a large extent, it depends on whether or not the 

wall Loading represents a key design limit. 

Wolkenhauer; Yes, it's simply the way the data was presented. It can be 

mis 1< 2a ding. 

Lii].kala; Shown on this slide is what Bill was referring to. Basically, 

the' neutron eenergy distribution is a function of the ion distribution where 

thi.s shows a Maxwellian distribution and that shows the ion distribution 

tbiat Livermore calculated. 

Dudziak: Regardless of the source you used, do you evaluate the relative 

/safety of the actinides that, for example, tend to transmute for a certain 

number of years in a reactor versus the number 800 times that out of the 

reactor? Say, 800 times that many years for whatever other alternatives of 

disposal. It seems to me you must introduce some qualifying factor for 

the relative hazard of having the actinides in a reactor subject to release 

in the event of an accident versus being buried, for example, in a stable 

geological formation. 

Liikala: No, it hasn't been, but that is what needs to be done. That was 

the reason for putting up that fuel cycle chart. When we're talking 

about transmutation, we have to keep our eyes wide open. We are keeping 

these actinides in process, and there are always going to be losses in 

process. These are likewise going to end up in waste streams, and therefore 

we have to evaluate what is the relative risk with regards to transmutation 

in contrast with other disposal schemes. So, really to evaluate what the 

best scheme is in terms of its safety, we have to come up with a relative 

risk of all these systems and that gets to be the first hurdle in my way 

of thinking. The ones that are shown to be less risky are the ones that 
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I think you would be prone to go ahead and develop in contrast to those 

that have high risk factors. Now, the next things that alter your thinking 

are other environmental considerations, costs, policy conflicts and all of 

the others shown on the slide. Indeed, you cannot just sit there and evaluate 

the technical feasibility in terms of the gains in time by transmuting 

these materials because we have to reprocess them, transport them, refabricate 

them, etc. The judgement of technical feasibility is just the first step. 

Using these idealistic conditions, if you don't get reasonable gains in 

time by transmutation of actinides, forget it. You never will achieve these 

idealistic conditions, and you won't have to evaluate risk and other factors. 

Steiner: In one of your slides, you referred to a study of alternative 

waste disposal methods which include accelerator based schemes. Did you 

also consider schemes based on deuteron breakup on targets such as lithium 

and beryllium and, if you did, were any conclusions reached? 

Liikala; No, with qualifications from Bo (Leonard). We didn't, did we Bo? 

Leonard: No, that type of a source just doesn't produce enough neutrons 

to do the job. The only accelerator source that has shown some potential 

of being attractive is a 1 BeV type proton accelerator, where the proton 

beam is impacted directly on the fission product target that you want to 

get rid of. You do your transmutation both by internuclear cascades and 

evaporation process on the incident particles and also by reactions caused 

by the secondary neutrons. There is a Japanese study that indicates that 

there is some technical feasibility if an accelerator with the required 

current at these energies could be built. 

Hertzberg; What current do you need at a billion volts? 

Leonard: The current? An ampere or more. 

Dudziak; Bo, are you considering that as a parasitic use of the accelerator 

or costing the entire accelerator based upon that use? 

Leonard; The Japanese are considering it purely as a transmutation tool 

because they apparently don't have any salt beds. Thiey have a real storage 

problem. 

Dudziak; You could look at that as a parasitic use of an existing or future 

accelerator, 

Leonard; Yes, as a matter of fact most people haven't even considered re

covery of the thermal energy that has been deposited in the target but it's 

so close to being technically nonfeasible that most people are sitting 

back waiting for development of the required accelerator technology. 
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Liikala; I would like to ask one question of our utility friends. What 

roughly is the capital cost investment in safety systems for, say, the LWR; 

the ECCS, and control rod systems in terms of percentages? Ten? Thirty? Fifty? 

Huse: I don't think we really know the answer. Certainly I don't. The 

cost changes. We had a unit that was supposed to go on line in 1971 

and now we think 1976 will be a good year to look for it. It costs 

us some $300,000 per day for the outage. Many of these changes are 

brought about by changes in safety requirements. So how much of this Is 

chargeable directly to safety requirements? I'm not sure, however, it's 

a large nimber. 

Miley; Along that line, what do you consider to be the most critical, 

i.e., the maximum credible accident in this type system? You have eliminated 

some possibilities, but what are left? 

Huse; Someone putting a coffee can in a pump, I suppose. 

Liikala: I think it would probably have to do with dynamic structural 

considerations. The reason being is that you have the tendency to design 

structures on the basis of static considerations for which you have never 

done a dynamic evaluation. We haven't done any evaluations of the dynamic 

characteristics for any types of structures. We have done a rough feasi

bility cut, and, firstly, we know it's not the reactivity insertion accident 

which needs to be mitigated because we are not critical; secondly, there 

doesn't seem to be configurations that could lead to a supercritical configur-

tion. As important, we have some studies which illustrate a reasonable 

margin between fuel melting temperatures and projected fuel temperatures 

under loss of coolant conditions. However, we haven't done any analyses with 

regard to large forces on first vacutim walls and counteraction systems. 

Probably the principal design basis accident is seismic related. 

Grace: A lot of comfort is being derived from the assumption that the 

blanket is going to be made subcritlcal, but I think no matter how good 

the arguments are going to be against blanket failure, meltdown, we will 

still have to contend with the issue. Have any considerations been given 

or any calculations be made of more critical configurations of the blanket 

material and whether or not a design criterion would have to be imposed 

in that regard. 

Liikala: We haven't. However, I see that Don Dudziak at LASL has a comment. | 
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Dudziak; Well, we did for our theta-pinch with the LMFBR-type blanket which 

we studied earlier for a U-238 fuel cycle. We did a loss-of-lithium accident. 

In fact, I was going to raise another question, which is whether you allow 

lithium cooled systems in your matrix there? 

Liikala: As far as fission technology is concerned? 

Dudziak: Yes. 

Liikala; No. 

Dudziak: But with the liquid lithium there is a fire hazard also. 

Liikala; Right, but lithium coolant is not fission technology. 

Dudziak: Our particular design did not go critical upon loss of lithium, 

but it is a problem. One gains a lot of reactivity by losing liquid lithliim. 

Leonard: Maybe I misunderstood the question on criticality, but yes, for 

ordinary burnup we did calculate criticality both at room temperature and 

hot operating conditions. In the various first calculations there were 

only four time steps Involved. We calculated the source of criticality in 

both hot and cold conditions. 

Grace; But how about distorted geometry? 

Dudziak; We looked at that also by just filling our plasma chamber 

with blanket material and then determining reactivity. 

Liikala; I would interpret many of the questions with regards to LMFBR 

technology, as being related to the dynamic behavior of single fuel elements 

becoming the source term for propagating core meltdown or core destructive 

accidents, i.e., local events propagating though the core. 1 wouldn't 

expect this question being vastly different in a hybrid blanket. So even 

though you may be subcritlcal under static conditions, in the event that 

you may have some local disturbances (i.e., in individual MFBR fuel 

channels) you'd probably have to design the system to give sufficient 

margin against that sort of thing. 




