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ABSTRACT 

The feasibility of fission-fusion hybrid reactors based on breeding light 

water thermal fission systems is investigated. The emphasis is on fuel-

self-sufficient (FSS) hybrid power reactors that are fueled with natural 

uranium. Other LWHRs considered include FSS-LWHRs that are fueled with 

spent fuel from LWRs, and LWHRs which are to supplement LWRs to provide 

a tandem LWR-LWHR power economy that is fuel-self-sufficient. Nuclear 

power e onomies based on any of these LWHRs are free from the need for 

uranium enrichment and for the separation of plutonium. They offer a 

high utilization of the uranium resources (including of depleted uranium) 

and have no doubling-time limitations. 

The first part of the study consists of a thorough investigation of the 

properties of subcritical thermal lattices for hybrid reactor applica

tions. Light water is found to be the best moderator for FSS hybrid 

reac rs for power generation. Several lattice geometries and composi

tions of parcicular promise for LWHRs are identified. 

Using one of these lattices, fueled with natural uranium, the 

performance of several concepts of LWHR blankets is investigated in the 

second part of the work, and optimal blanket designs are identified. 

The effect of blanket coverage efficiency and the feasibility of sepa

rating the functions of tritium breeding and of power generation to dif

ferent blankets are investigated. Optimal iron-water shields for LWHRs 



are also determined. 

The performance of generic types of LWHRs is the subject of the third 

part of the work. The evolution of the blanket properties with burnup 

is evaluated and fuel management schemes are briefly examined. The 

feasibility of using the lithium system of the blanket to control the 

blanket power amplitude and shape is also investigated. A parametric 

study of the energy balance of LWHR power plants is carried out, and 

performance parameters expected from LWHRs are estimated. 

The last part of the work consist0 of discussions of special features of 

LWHRs and their fuel cycle, as compared with those of critical reactors 

and of other types of hybrid reactors; of options for nuclear energy 

strategies opened by LWHRs; of the promise of LWHRs to alleviate dif

ficulties of the nuclear energy technology - including resource utili

zation, proliferation, and safety related difficulties; and of the 

question of the implementation of LWHRs. A number of alternative con

cepts of, and fuel cycles for LWHR blankets are also described. 
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1. INTRODUCTION 

1.1. Background 

The purpose of most of the fusion-fissi.on hybrid reactors proposed to 

date^ ' is to alleviate part or all of the difficulties encountered 

by the (fission) nuclear energy technology. These difficulties have to 

do with 

(a; The need to significantly improve the utilization of the nuclear 

fuel resources; actually, to assure breeding. 

(b) Non-proliferation issues. 

(c) Safety issues. 

In fact, the primary purpose of most of the hybrid reactors proposed is 

to produce fissile fuel (i.e., to convert fertile into fissile fuel). 

This fissile fuel is then to be used in fission reactors such as the 

conventional non-breeding critical thermal fission reactors. That is, 

the neutron deficiency of the conventional fission reactors which prevents 

them from being able to breed is to be compensated by the fissile fuel 

produced with neutrons from hybrid reactors. 

A different approach to assure an adequate utilization of the fissile 

fuel reserves is to make up for the neutron deficiency of conventional 

fission systems by supplying these systems with neutrons from an external 

source. In other words, one could design a fission system similar to 

that of the conventional reactors to breed, when d-iven by an external 

neutron source. When the external neutron source Is provided by a 
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fusion device, we shall refer to the resulting system as an hybrid power 

reactor. The hybrid reactors for fissile fuel production described 

earlier will be referred to as hybrid "fuel factories". 

The majority of the blanket concepts proposed for the hybrid fuel fac

tories call for the use of a fast fission system of one kind or another. 

Among the reasons leading to the choice of fast blankets are the following: 

(1) High probability for the 14 MeV neutrons to bring about fast fissions 

and the generation of extra secondary neutrons. 

(2) High ratio of net fissile fuel production to fission energy liberated 

in the blanket. 

(3) The blanket can be very compact. 

The second reason reflects the philosophy cf a leading school in the con

ception of hybrid reactors saying that the larger the amount of the net 

fissile fuel produced in the blanket per given amount of fission energy 

generated, the better is the hybrid reactor. Several studies per

formed recently indicate that it might be economically desirable to design 

hybrid reactors to provide the maximum possible energy multiplication 

(while maintaining fissile fuel breeding) or, perhaps, a given ratio of 

power generation to fuel production rate. 

A nuclear power system based on the symbiosis of hybrid fuel factories 

and non-breeding fission reactors needs a two-stage fuel cycle to support 

itself; in the fuel production stage natural or depleted uranium (or 
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thorium) is irradiated in the fuel factory and then taken out, reprocessed, 

refabricated and used to fuel the critical reactor. The second stage is 

the fuel cycle of the critical reactor. 

A simpler single-stage fuel cycle is needed to support a power system 

based on (breeding) hybrid power reactors. In this scheme the nucleai 

energy is extracted in the same type of device that converts the fertile 

into fissile fuel. If the hybrids are to be power reactors, it is clear 

that their blankets should provide the highest possible energy multiplica

tion commensurate with certain constraints imposed on their design (such 

as providing for fissile~fuel breeding). The relief from the requirement 

to have a high fissile breeding ratio along with the requirement to provide 

a high energy multiplication make thermal fission systems attractive 

candidates for hybrid reactor blankets. 

A limited number of thermal blankets had been examined so far. The PNL 

group (and later on, also jointly with the LLL mirror group ) 

examined gas cooled graphite moderated thermal blankets. These blankets 

were found to be very bulky and economically unattractive. Moreover, to 

assure tritium and fissile fuel breeding, slightly enriched uranium had 

to be used. More exotic types of thermal blankets were examined by the 

(9) 7 

LLL laser group . These blankets used either ZrH or LiH for the 

moderator and He or Li for the coolant. They were found to be able to 

breed both tritium and fissile fuel when fueled with natural uranium. 
(9) 

Moreover, the hydrid moderated blankets are significantly more compact 
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and have much higher power densities than the graphite moderated 

(7 8) 

blankets * . All the thermal blankets mentioned above had a fast con

verter zone in front of them. Moreover, they were designed to provide a 

net fissile fuel production. 

Motivated by the merits of the hybrid power reactor approach described 

above, we approached the conception of hybrid reactor blankets asking: 

How can one make use of the intense source of fusion neutrons to improve 

upon the performance of fission systems so as to alleviate the difficul

ties faced by the nuclear energy economy. The idea is to upgrade the 

performance of the fission system by designing it subcritical dri/en by 

an external neutron source. Relative to a critical system, a source 

driven subcritical system (of the type of the reference critical one) can 

be designed, in principle, to have one or a combination of the following 

improvements: 

(1) Lower enrichment. 

(ii) Higher conversion, or breeding ratio, 

(iii) Higher pover density, 

(iv) Higher specific power, 

(v) No risk of criticality accidents. 

Tn selecting the type of fission system to be considered for the hybrid 

power reactori>, we used two additional guidelines: 

(1) The fission evstetn should be of a proven technology. The development 

of a new type of fission system is a very long and expensive under

taking. If hybrid reactors are to contribute to the energy economy 
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towards the end of the century (when the relatively rich uranium ores 

a*-e expected to become scarce), it is desirable that it will rely as 

much as possible on existing fission reactor technology. 

(2) The fuel cycle needed to support a power economy based on the nybrid 

reactors should be as free as possible from the safety and 

safeguard related problems that are causing the present objections 

to the development of the liquid metal fast breeder reactors (LMFBR; 

and the opposition to the reprocessing of thermal reactor fuel. 

Both of these guidelines led us to focus our consideration onto the most 

developed thermal fission systems: Light Water Reactors (LWR), Heavy Water 

Reactors (HWR), and graphite moderated Gas Cooled Reactors (GCR). The 

second guideline also led us to look for as simple and safe a fuel cycle 

as possible. Desirable ingredients of such a fuel cycle include 

(a) natural or depleted uranium fuel, (b) low overall fissile fuel inven

tories, (c) as low a concentration of fissile fuel as possible. 

Of the fission systems we have examined for source-driven subcritical 

power reactors, the light-water moderated, natural-uranium fueled thermal 

fission system was found to be particularly attractive; and for the 

following reasons: 

(1) It can provide a high energy multiplication with natural-uranium, 

while at the same time 

(2) It breeds on natural uranium. Consequently 

(3) There is no doubling-time limitation on the rate of introduction of 
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these power reactors, and 

(4) The fuel cycle needed to support a power system based on these power 

reactors is simple and safe. Among other things it is free from the 

requirement for uranium enrichment as well as from the need for the 

separation of plutonium. 

(5) It relies on the most developed fission reactor technology - that of 

light water and heavy water thermal reactors. 

Compared with natural uranium fueled heavy-water and graphite moderated 

blankets that provide the same energy multiplication, the light water 

moderated blanket is significantly more compact. In fact, the light-water 

blankets we consider are as compact as many of the fast blankets proposed 

for hybrid reactors. Moreover, a preliminary investigation we have done 

indicates that if the natural uranium fueled thermal blanket is required 

to provide a given breeding ratio, then using light water for the moderator 

assures the highest energy multiplication! 

1.2. Purpose and Scope of Present Work 

The above assessment of the features of hybrid reactors based on light 

water blankets - to which we shall refer as Light Water Hybrid Reactors 

(LWHR), is based on a very preliminary investigation^ . The conclusions 

from this preliminary investigation indicated that LWHRs have a collection 

of useful fearures that might alleviate many of the pressing problems of 

the nuclear energy economy. The promise of LWHRs do justify a more 
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thorough feasibility study of this reactor concept. And this is the pur

pose of the study sunmarized in this report. 

The present study of LWKR is, actually, a scientific feasibility study. 

We do not present any specific hybrid reactor design details, nor do we 

consider any specific fusion device for the neutron source (although we 

bring examples of LWHR based on beam-driven Tokamaks), nor do we perform 

an analysis of the economics of LWHRs. We do concentrate on the inves

tigation of the physical properties of LWHRs, or their fuel cyc?e charac

teristics, and on the possible contribution of LWHRs to the nuclear 

energy system. 

This approach of the study shows itself also in the r.lculational methods 

used. We resort to simplifying assumptions that are expected to provide 

reliable answers about the performance expected for LWHRs but not design 

type information. For example, we use a slab geometry for most of the 

LWHR blanket studies. 

The primary emphasis in this work Is on LWHRs for power production. 

Specifically we concentrate on natural uranium fueled Fuel-Self-Sufficient 

(FSS) LWHRs. The F3S-LWHR has an average breeding ratio of unity, so that 

it preserves the fissile fuel content of its fuel at about the level of 

235 
the content of U in natural uranium while providing for the utilization 

238 
of U as good as any fission breeder can do. We also consider another 

version of LWHRs, a Fissile-Fuel-Producing (FFP) LWHRs. The FFP-LWHRs are 

obtained by reducing the water-to-fuel volume fraction in the blanket. Of 
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the possible FFP-LHHR blankets we concentrate on a specific design that 

can provide the fissile fuel needs of LWRs in a special way: The FFP-

LWHR and the LWR work in tandem in such a way that the spent fuel of the 

LWRs is fed into the FFP-LWHR whereas the fuel unloaded from the latter 

provides for the fuel loading for the LWRs. A nuclear power system based 

on this tandem fuel cycle can be fuel-self-sufficient (in the same sense 

as described above for the FSS-LWKR). 

The first phase of the feasibility study consists of a detailed investi

gation of the properties of subcritical light water lattices (Section 2). 

Starting with simple single-rod lattices that are clean (without fission 

products) and free of lithium, we perform a parametric study of the 

neutronic properties attainable from natural uranium light water lattices. 

The primary consideration is given to two properties: the energy multi,. i-

cation and the conversion ratio. The energy multiplication attainable 

from blankets composed of a given lattice is estimated using a simple and 

easy to apply model developed in Section 2.1. In the parametric study we 

examine, among other things, the effects on the lattice properties of the 

fuel material (Section 2.2), lattice geometry (Sections 2.3 to 2.6), 

variation of fuel composition with burnup (Section 2.7) as well as the 

effect of lithium incorporated in the lattice for tritium breeding (Sec 

tion 2.9). We also identify the equilibrium fissile fuel content corre

sponding to lattices of different water-to-fuel volume ratios (Section 

2.8). 



- 9 -

The next question considered is the performance expected from finite 

blankets based on the most promising lattices identified in the previous 

stage. Searching for the optimal distribution of lithium in the blanket 

we have studied four different basic configurations (Sections 3.3 through 

3.6). Th« optimal blanket corresponding to each of these schemes have 

been identified. Next we have examined the effect of geometrical constraints 

ci, the overall performance expected from LWHRs. One constraint is the 

difficult access to the inner side of the torus of a Tokamak fusion 

device. This difficulty led us to examine rhe feasibility of designing 

the inner blanket to provide for tritium production leaving the fission 

(i.e., power generating) blanket to the outer side of the torus (Section 

3.8). Another geometrical constraint examined (Section 3.9) is the finite 

blanket coverage efficiency (In realistic hybrid reactors it is not likely 

that one could design the blanket to completely surroud the fusion neutron 

source). 

Following a brief optimization study of the shielding requirements of the 

LWHR blanket (Section 4) we evaluate the performance of two versions of 

LWHRs: The FSS-LWHR (Section 5) and the FFP-LWHR (Section 6). In section 

7 we discuss the LWHR fuel cycle, compare basic features o* the LWHRs with 

those of fission reactors and other types of hybrid reactors. Then we 

discuss safety and safeguards issues and describe alternative concepts of 

LWHR blankets. A summary of the possible contributions of LWHRs to the 

nuclear power economy and the new options they provide to the nuclear energy 

strategy is also given in Section 7. 
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2 ^ PROPERTIES OF SUBCRITICAL LIGHT WATER LATTICES 

The single most important property of the blanket is its energy multi

plication, M, defined as the total thermal energy generated in the 

blanket by an average fusion neutron reaching the blanket, divided by 

the fusion neutron kinetic energy. The blanket energy multiplication 

depends on the type of fission system the blanket is based upon, and on 

the details of the blanket geometry (including the incorporation of 

lithium for tritium breeding). Specific blanket considerations are 

examined in Section 3. In the present section we investigate the 

inherent properties of subcritical light-water lattices that are of 

interest for hybrid reactor applications. One of the outcomes of this 

investigation is the selection of the lattice composition and geometry 

to be used for the more detailed space-dependent blanket studies. The 

investigation of the evolution of the lattice properties with burnup 

also provides a useful guidance for interesting modes of operation of 

LWHRs. Another outcome of the lattice studies are homogenized group 

constants for the blanket calculations. 

2.1. A Simple Model for the Blanket Energy Multiplication 

The energy multiplication attainable from blankets based on a given 

fission system can be estimated using a simple model that is easy to 

apply, useful for developing physical insight, and efficient for scoping 

studies. 
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Consider a uniform space-independent subcritical fission system subjected 

to an external source of fusion neutrons. How many fissions will be 

induced, on the average, in this system per one fusion neutron? 

We find it convenient to divide the physical processes induced by the 

fusion neutron into two parts: 

(1) The reactions induced directly by the fusion neutron; (2) All the 

rest. 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. This effective 

energy is defined as that energy a neutron that slows down below which 

has the same probability to induce fast fissions as an average fission-

born neutron. In the fission systems considered we estimate this energy 

to be of the order of 5 MeV. 

Figure 1 illustrates, schematically, the two-phase process described 

above. Starting with one fusion neutron one gets y fast fissions induced 

by the fusion neutron in the "direct-interaction" phase of the evaluation 

and 6 "fission-like" neutrons entering the second phase. These 6 neutrons 

correspond to a source of 8k/v fissions initiating a chain reaction. 

In the above, k is the multiplication constant of the fission system (to 

be defined later more uniquely) and v is the average number of neutrons 

born per fission event in the chain reaction process. In the iiatural 

uranium thermal lattices we consider in this work, \> is tpproximately 

2.5 (taking into account fast fissions). The total number of fissions 
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I'ig. 1, A schematic description resulting of the evolution of the neutron 

population resulting from one fusion neutron. 
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taking place, on the average, in the chain reaction initiated by one 

fission is l/(l-k). Consequently, the total number of fissions induced 

by one fusion neutron is 

v (1-k) Y 

and the energy multiplication is given by the expression 

, . " ' 
14.06 y (1-k) Y + 1 [1] 

where the one at the right side of Eq. [1] takes into account the kiretic 

energy of the fusion neutron, and E*. is the average energy generated in 

the blanket per fission reaction. We shall take this energy to be 

200 MeV. 

In realistic blankets, neutrons can get lost via two mechanisms not 

accounted for so far: (1) Leakage out of the fission blanket and (2) Cap

ture in lithium for the production of tritium. Any neutron loss reduces 

the energy multiplication attainable from the blanket. The question is 

how much. 

One way to account for the effect of the neutron loss mechanisms on II is 

to -stimate their effects on k, 6 and y (the latter two parameters are 

not very sensitive, usually, *-o leakage and capture) and use the values 

of the effective parameters in Eq. [1]. This approach is useful to 

account for leakage effect. 
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To estimate the effect of the tritium bleeding requirement on the 

attainable M we shall distinguish between two basic approaches for the 

production of tritium - one approach is to incorporate the lithium in 

the fission blanket (See Sections 2.9 and 3.3) and the other approach 

is to design lithium zones adjacent to the fission blanket (see Sections 

3.4 - 3.8). In the first approach the lithium competes fcr the neutrons 

with the fertile and fissile fuel whereas in the second approach the 

tritium is to be produced by the neutrons leaking out of the fission 

blanket. 

Consider, first, lithium-free fission blankets adjacent to which there 

are lithium zones. Let P be the average non-leakage probability (i.e., 

the probability that a neutron born in the fission blanket will not 

leak out of it) so that 

k _. = Pk [2] 
ef f =° 

Let us assume that g and y are independent of P. The question is what 

values should P assume so as to provide enough leutrons to leak into 

the lithium zones to produce T tritons per fusion neutron. Let £ be 

the probability that a neutron .eaking into the lithium zone will bring 

about the production of one triton. Then the total number of neutrons, 

N, born xii the fission blanket (including neutrons originating from the 

direct interaction of the fusion neutron) per one fusion neutron is 
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The tritium breeding requirement is 

T = £N(1 - P) [4] 

The last two equations provide an expression for P, 

P = ^ - T [5] 
65 - k T 

00 

Knowing P and k^ one gets the effective multiplication constant k 

which, when used in Eq. [1], provides as estimate for M in the tritium 

breeding blanket. Alternatively, Eq. [1] can be rearranged, using the 

expressions of Eqs. [2] and [5] giving 

Ef 
M = 

14.0b 
(B-T/O + Y 

l-K 
+ i [6; 

A similar expression is obtained for the case in which lithium is in

corporated in the blanket, if one neglects neutron leakage out of the 

blanket and spectral changes due to the inclusion of lithium in the 

blanket. The parameter P in this case stands for the probability of a 

neutron not to be absorbed in the lithium. 

Most of the neutrons absorbed in the lithium are thermal neutrons. 

Wh^n the lithium is added to the blanket, the neutron spectrum in the 

blanket can vary significantly and the assumptiors used in deriving 

Eq. [o] are not satisfied. A more accurate expression for estimating 

•"he energy multiplication in a lithium containing lattice can he derived 

using a two-group model. Thus let the multiplication constant he 
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expressed using the four factor formula 

k = n f e p [7] 

The addition of lithium to the lattice affects primarily the thermal 

utilization factor f, and we shall assume it affects only f. Then in 

the lithium containing lattice 

k = n f e p [3] 

The number of thermal neutrons generated per source neutron in the 

lithium containing lattice is 

Nth " £P 0^) • [9] 

The probability that a thermal neutron absorbed will produce a triton 

is £(f-f)/f where E, is the probability that a thermal neutron absorbed 

in the lithium system (including structural material and other consti-

tuents accompanying the Li) will be absorbed in Li. The tritium 

breeding requirement is thus 

T = N .5(l-f/f) = — ^ (k-k) [10] 
th (l-k)nf 

For a prerequisite T, Eq. [10] provides an erpression for k 

. ^K - nfT 
k = —r0 r= . [11] 

56 - nfT 

Using this expression in Eq. [1] we get, after rearrangement, 
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14.06 
1 k - nfT/£B . 
v 1 - k + Y + 1 . (12] 

The parameter r\f is obtained from the same lattice calculation that is 

required to get k. 

The parameters k (as well as nf), 3 and y depend on the composition and 

geometry of the blanket. Our next goal is to find the lattice composi

tion and geometry which will provide the combination of these parameters 

that will maximize M. In most cases considered, the parameter f. is close 

co unity. In the following we shall assume that £ = 1. 

2,2. Calculational Methods 

The parameters g and y are calculated with the one-dimensional transport 

code AMISN using the DLC-37 cross-section library . In the MeV 

energy range considered there are no significant spatial fine-structure 

fluctuations in the neutron distribution in the lattice. Therefore, for 

estimating Q and y we have taken the blanket to be an homogeneous (volume 

weighted) mixture of the lattice constituents. 

Moreover, the values of 6 and y reported on in this section pertain to 

an infinite lattice. The value of g is taken to be the number of 

neutrons reaching thr ->nergy range below 3 MeV per one source (fusion) 

neutron, and including the slowing down of the source neutron itself and 

its progenies (resulting from (n,2n) and (n,3n) reactions) as well as 

neutrons emerging out of fissions induced directly by the source neutron. 
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It was found that the spectrum of these g neutrons is similar to the 

fission neutron spectrum. For the same reason the value of y is taken 

to be the number of fast fissions induced by the source neutron (and 

its progenies) in the energy range above 5 MeV. 

The second part of the neutron evolution, the chain reaction phase (see 

(14) 
Fig. 1), was studied with the aid of the lattice code WIMS (version 

D) along with its associated cross-section library. This library has 

69 groups covering the energy range from 0 ev to 10 MeV. Using its 

collision-probability algorithm, WIMS first calculates the neutron 

spectrum in the unit cell (zone-wise) in the 69 groups structure and 

generates zone averaged few group constants. The detailed space-de

pendent lattice calculations are performed with this few-group stucture. 

The few-group structure selected for this work consists of 20 groups 

the boundaries of which are summarized in Table 1. Half of these groups 

are in the thermal energy range. 

Three different geometrical options of WIMS were used for the LWHR 

lattice studies: (1) Simple single rod unit cells; (2) A unit cell con

sisting of a cluster of fuel rods, and (3) A macro-cell consisting of 

two fuel clusters (see Section 2.6) and one lithium tube (see Section 

2.9). The single rod unit cells were calculated with the S (with n=4) 

transport routine of WIMS. The collision probability routine was used 

for the calculation of the other two types of unit cell. A white 

boundary condition was assumed for all of the lattice calculations. 
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TABLE 1. Energy Group Structure Used for Lattice Studies, 

Group 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Upper Energy Boundary 
(ev) 

1.0-107 

2.23-106 

8.21-105 

1.83-105 

2.48-10* 

5530.0 

1425.1 

148.7 

27.7 

4.0 

Group 
No. 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Upper Energy Boundary 
(ev) 

0.625 

0.36 

0.22 

0.14 

0.08 

0.058 

0.042 

0.030 

0.020 

0.010 

The accuracy of WIMS for the calculation of light water lattices has 

been recently investigated . For slightly enriched uranium fueled 

lattices having a water-to-fuel volume ratio in the range of 1.5 to 

3.0, WIMS was found to predict k^ within 1%. The accuracy of WIMS for 

the prediction of the performance of unit cells based on clusters of 

fuel rods has been examined by Kemshell . For natural uranium 

heavy-water lattices of a pressure tube design (containing clusters 

with up to 28 fuel rods) WIMS predicted k̂ , to within 1%. These 

accuracies well satisfy the needs of the present feasibility study. 
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Future lattice studies aimed at more detailed LWHR blanket design will 

require a closer examination of some of the assumptions used for the 

present study (such as the white boundary condition). 

2.3. Effect of Fuel Material 

Table 2 summarizes the values of 0 and y calculated for different fuel 

materials and for homogeneous mixtures of fuel and water. These values 

were calculated with ANISN for an infinite medium that is free of struc

tural materials. It is seen, as expected, that the higher the dilution 

of the uranium, the lower is the value of the fast fission parameters. 

The metal form of uranium is not suitable for power reactor applications. 

The fast fission parameters of the uranium silicide are slightly smaller 

than those of the metal but higher than the corresponding parameters of 

the oxide. Moreover, uranium silicide is expected to be superior to the 

uranium oxide fuel used in most of the contemporary power reactors both 

from the point of view of thermal performance and from the point of view 

of neutron balance considerations (see Section 2.4). Even though the 

maximal operating temperature of U^Si is significantly lower than that 

of U09, the maximal linear heat rating (i.e., the power that can be 

extracted per unit length of the fuel rod) is about 20% higher than that 

of the oxide fuel (and about 80% higher than that of the metal). 

Ur.inium silicide has been developed mainly by the Atomic Energy Commission 

of Canada ' and considered as a fuel for the Canadians' heavy water 



TABLE 2. Effect of fuel material and fuel dilution on the fast fission parameters 

B and y. 

Material 

U (metal) 

U3Si 

V07 

U + H„0 

ILSi + H20 

uo2 + H^O 

Fuel 

Theoretical 
Density 
(gr/cm3) 

19.0 

15.6 

10.5 

(2.5) ( a ) 

(2.0) 

(1.5) 

Limiting 
Tempt rat '.re 
T m (°C) 

660 ( b ) 

930 ( b ) 

2800(c) 

max 
(watts/cm) 

400 

1080 

905 

Fast fission 

B 

3.20 

2.90 

2.40 

2.20 

2.00 

1.80 

parameters 

Y 

0.44 

0.39 

0.29 

0.24 

0.23 

0.17 

(a) Water-to-fuel volume fraction that provides the highest energy multiplication with 1 cm 

in diameter fuel rods. 

(b) Phase transition. 

(c) Melting point 

T 

(d) 4 rr / k(T)dT 
500°C 

i 
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reactors. To the best of our knowledge U,Si is not used yet routinely 

as the standard fuel of any reactor. We shall, nevertheless, consider 

the uranium silicide as a possible fuel for our LWHR blankets hoping 

that the date of commercialization of LWHRs leaves ample time for the 

development and testing of U_Si until it becomes a reliable fuel material. 

It might be interesting to note that the new Livermore mirror machine 

(18} 
hybrid reactor concepts also call (independent of our choice) for 

the use of U-Si for the fuel material. 

The energy multiplication attainable from natural-uranium light-water 

systems depends, in addition to the fuel material, on the fuel geometry, on 

the moderator-to-fuel volume fraction and on the amount of structural 

material in the lattice. In Sections 2.4 and 1.5 we consider the effect 

of two parameters: Water-to-fuel volume ratio and fuel rod diameter. 

The parametric studies reported on are performed for a simple, single 

fuel rod unit cell clad with Zircaloy. The thickness of the cladding 

is fixed as 0.6 mm. The lattice is assumed to be clean (i.e., zero burn-

up and no fission-product poisoning) and hot: the average fuel tempera

ture is taken to be 1000°C and 600°C for the U02 and U3Si fu^l, respec

tively. The average water temperature is taken to be 290°C. 

Two fuel materials are examined in the parametric study: uranium oxide 

and uranium silicide. The performance parameters considered are the 

nultiplication constants and initial conversion ratio. 



- 23 -

2.4. Effect of Water-to-Fuel Volume Ratio 

The effect of water-to-fuel volume ratio on 3, y> '< and M is illustrated, 

for lattices having 1 cm diameter fuel rods, in Fig. 2. The values 

of the blanket energy multiplication are estimated from Eq. [1]. It is 

observed that the highest energy multiplication offered by the U-Si fuel 

in a light-water thermal system is significantly higher than that offered 

by the U0? fuel. The optimal water-to-fuel volume ratio is for the UO 

fuel slightly below 2 and for the U_Si fuel slightly above 2. Reactor 

stability and safety considerations favor systems having a negative 

temperature coefficient of reactivity, that is, dk/dT < C. This consid

eration restricts the V /V, range of interest to the left side of the k 

m f B -» 
vs. V /V curves; in other words, to the slightly undermoderated systems. 

Due to the significantly higher energy multiplication offered by the 

ILSi, we shall concentrate on this type of fuel for assessing the poten

tial of the LWHR concept. 

2.5. Effect of Fuel Rod Diameter 

The dependence of the infinite multiplication constant (k^) and the 

initial conversion ratio (ICR) on the fuel rod diameter and water-to-fuel 

volume ratio is shown in Fig. 3. The ICR referred to in this and in the 

following sections pertains to the chnin reaction phase of the evolution 

of the fusion neutron (See Fig. 1); it does not take into account fissile 

atom production and consumption events occuring during the direct inter-
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Water/Fuel volume ratio 

3.0 

2. Effect of water-to-fuel volume ratio on the fast fission 

parameters 8 and y , on the multiplication constant k^, and 

on the energy multiplication M. fuel rod is 1 cm in diameter. 
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action phase of the evolution of the fission neutrons. We consider this 

approach to provide a good approximation for the conversion ratio (CR) 

in view of two facts: (a) the direct fast fissions (y) constitute up to 

10y, of the total nural.er of fissions attainable per fusion neutron in 

realistic LWHR designs. (b) Most of these direct fast fissions are *" U 

fissions; that is, they do not consume fissxle fuel! 

The highest multiplication constant attainable fron the U_Si-H_0 fission 

system fueled with natural uranium is found (see Fig. 3) to be about 

0.96. To obtain this value one needs to use fuel rods the diameter of 

which is about 3 cm or thicker. Figure 3 shows that in the 3 to 6 cm 

range of fuel rod diameters the maximal k^ is essentially independent of 

the fuel rod diameter. The water-to-fuel volume ratio that provides the 

maximal k decreases with the increase in the fuel size. This fact can 

be attributed to two phenomena: (a) The thicker the moderator region, 

the higher is the probability for a thermal neutron to get parasitically 

absorbed in it. Whence the tendency for the optimal ratio of water-to-

fuel volume to decrease with the thickness of the fuel (and moderator 

region), (b) In the limit of very thick fuel rods, it is mostly the 

outer shell of the fuel with which most of the interactions of thermal 

and epithermal neutrons take place. In this sense, the effective volume 

of the fuel is Mnaller than the physical volume. The optimal water 

volume adjusts itself by the effective fuel volume. 

It was shown, in Section 2.3, that the smaller the water volume fraction 
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the larger are the fast fission parameters 8 and y (see also Fig. 2). 

Thus, the thicker the fuel rods the higher can be the energy multiplica

tion. Consider, for example, a lattice consisting of 3 cm diameter 

fuel rods with V /Vr =1.6. Using the values of ° and Y for this lattice 
m r 

from Fig. 2 and k from Fig. 3 we find (from Eq. [1]), chat the theoret

ical energy multiplication for this lattice is M = 280. The upper 

limit for the energy multiplication in the 3 cm diairxter fuel rod 

lattice that is required to breed tritium with T = 1.1 is estimated from 

Eq. [6] to be about M ~ 130! 

The ICR increases with the reduction in the fuel rod diameter and the 

water volume fraction. Both reductions lead to an increase in the reso

nance absorption probability, thus increasing the contribution of the 

epithermal energy range to the fissile fi ̂ 1 proGuction rate (reLative to 

tbp fissile fuel consumption rate that takes place mostly in the thermal 

energy range). 

In selecting the lattices most suitable for the blanket for a hybrid 

power reactor one has to take into account a number of practical consid

erations and design constraints. First we require the fission system to 

assure an efficient utilization of the uranium ores, that is, to breed. 

This implies an average conversion ratio CR >, 1. Breeding reactors based 

on critical systems require an average conversion ratio (or breeding 

ratio) which is larger than unity so as to assure a short enough doubling 

time. A reactor fueled with a naturally occuring material, such as 
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natural uranium, has no doubling time limitation. Therefore, all that is 

required for assuring an efficient fuel utilization in the LWHR is CR = 1. 

A reactor having CR = 1 will be fuel-self sufficient, that is, it will 

conserve its fissile fuel content. If, in addition to power production, 

the reactor is to supply fissile fuel to support non-breeding power reac

tors, it should be designed to have CR > 1. Figure 3 defines the range 

of U Si-H 0 lattice geometry that can provide ICR >, 1. The variation of 

the CR wiuh burnup will be examined in the next section. 

A second constraint on the selection of the lattice for the LWHR blanket 

is imposed by power density considerations: The linear heat rating the 

fuel can withstand is limited, and almost independent of the fuel rod 

diameter. Hence, the thicker the fuel rod, the lower will be the power 

density attainable from the blanket. Economic considerations tend to 

favor compact, that is, high power density systems. 

Thermal hydraulic considerations impose a lower limit to the fuel rod 

diameter (and therefore blanket power density). The maximum permissible 

heat flux that can be extracted from the surface of the fuel is limited 

by the cooling technology (too high a heat flux may cause a cladding burn

out) . The maximum permissible heat flux together vith the maximum per

missible linear heat rating determine the minimal permissible fuel rod 

diameter. For water cooled systems this diameter is about 1 cm, when 

U0? is used for the fuel material. Light water reactors (both PWRs and 

BWRs) actually use 1 cm ir diameter fuel rods. Natural uranium fueled 
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heavy water reactors use somewhat thicker fuel rods - up to 1.5 cm in 

diameter. This is due mostly to neutronics considerations - obtaining a 

higher multiplication constant. 

For the reference LWHR blanket we shall adopt the fuel rod diameter of 

LWRs, i.e., 1 cm. This will provide a conservative estimate for the 

energy multiplication attainable from LWHR; the upper limit of M attain

able at beginning of life from a zero leakage blanket based on 1 cm 

diameter U-Si fuel rods is about 120 for a lithium free blanket (see Fig. 

2) and about 50 for a blanket that produces T = 1.1 tritons per fusion 

neutron. It is obtained for a water-to-fuel volume ratio of V /Vr = 2, 
m r 

and is about 40% of the maximal energy multiplication of the 3 cm diameter 

fuel rod lattices examined above. 

The water-to-fuel volume ratio that provides the highest energy multipli

cation is somewhat lower than the ratio providing the highest k . That 

is, the lattices providing the highest energy multiplication are slightly 

u.idermoderated. This means that the light water blanket designs that 

provide the best energy multiplication have a negative temperature (or 

power) coefficient of reactivity (i.e., dk/dT < 0). Even though there 

is no danger for criticality accidents in LWHRs, stability and safety 

considerations actually require that dM/dT $ 0. This condition will 

eliminate uncontroled fluctuations in the blanket power density. For 

a source driven system that can not become critical we could have allowed, 

from safety considerations, that dM/dT •*• 0. From operational standpoint, 
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it is desirable to have dM/dT •+ 0 because in this situation the blanket 

energy multiplication will not be sensitive to short term fluctuations 

in operating temperatures. 

The particular lattice that provides the highest energy multiplication 

has an initial conversion ratio of about 1.17. As will be demonstrated 

in Section 2.7, this value of the ICR provides an average conversion 

ratio of about unity. Of more practical interest are the facts that the 

average energy multiplication through the irradiation cycle (envisioned 

to last up to about 30,000 MWD/T) is just about the energy multiplication 

at beginning of ^ife, and that the fissile fuel content remains almost 

215 
constant throughout the fuel life, at the level of the content of U 

in natural uranium. 

2.6. Effect of Fuel Cluster Arrangement 

For power reactor applications, the water coolant has to be contained in 

a high-pressure (and temperature) system. The two approaches used, in 

the fission reactor industry, for the design of a high-pressure water 

system are - the pressure vessel approach (used for both pressurized water 

reactors, PWRs, and boiling water reactors, BWRs) and the pressure tube 

approach (used for heavy water reactors, HWRs). In this section we con

sider the pressure-tube design. The pressure vessel design is examined 

in Section 3.2. 
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The basic pressure tube arrangement considered for the LWHR blanket is 

20 
adopted from the Canadian design of the BRUCE heavy-water reactors. 

Each pressure tube houses a cluster of 37 fuel rods. Two approaches for 

the water distribution are considered: In one of the approaches the 

pressure tube contains just that amount of water required for cooling th? 

fuel; the coolant-to-fuel volume ratio in modern HV/Rs of the BRUCE de-

20 
sign , for example, is 0.75. The rest of the water needed to make for 

the water-to-fuel volume ratio called for the lattice is contained in 

between the pressure tubes. To reduce the loss of heat from the hot 

coolant to the cold moderator, the moderator is displaced from the pres

sure tube by a calandria tube. A small gas gap in between the pressure 

and the calandria tube provides for thermal insulation. This cluster 

lattice configuration is illustrated, schematically, in Fig. 4a. This 

arrangement is borrowed, essentially as is, from the HWR design. The 

primary difference being that the overall water volume fraction required 

for the LWHR blanket is about an order of magnitude lower than the heavy 

water volume fraction required for the HWRs. 

The relatively low water volume fraction required for the LWHR lattices 

makes it practical to incorporate all the water inside the pressure tubes. 

In this single water system there is no need for calandria tubes, but the 

pressure tube has to be of a somewhat larger diameter (and, consequently, 

thickness). The one-water system lattice is shown, schematically, in 

Fig. 4b. 



O Fuel rod Wi 

3^S Zircaloy — 

IHi Water 

Effective unit-cell 
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Fig. 4. Schematic layout of the fuel clusters and pressure tube configurations: (a) a dual 

water system; (b) a single water system. 
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Adopting the technology of the BRUCE HWRs , we take the pressure tube of 

the dual water system lattice to be made of Zircaloy having an inner ra

dius of 4.31 cm and a thickness of 0.434 cm, when the coolant design 

pressure is 95 atm. The calandria tube is 0.11 cm in thickness, and dis

placed 0.87 cm from the pressure tube. In the single coolant system 

arrangement, the inner radius of the pressure tube has to be 5 cm so its 

thickness should be about 0.5 cm if it is to contain the same coolant 

pressure as of the reference cluster design. The fuel rods in both 

cluster arrangements are 1 cm in diameter and clad with 0.6 mm of 

Zircaloy. For comparison, the clad thickness in the BRUCE HWR is 0.38 mm 

and in typical PWR 0.65 mm. How does the specific cluster and pressure 

tube arrangement affect the lattice properties? 

Table 3 summarizes the values of the infinite multiplication constant, 

the corresponding blanket energy multiplication with no tritium breeding 

and the initial conversion ratio calculated with WIMS for the two cluster 

lattices described above, and compare them with the corresponding values 

of the single rod lattice having the same water-to-fuel volume ratio. 

It is observed that the single-water-system cluster arrangement (Fig. 

4b) provides a somewhat higher energy multiplication and ICR than the 

dual-water-system cluster. The incorporation of the pressure tube in the 

lattice reduces the energy multiplication by about 30%. 

Also given in Table 3 are the k and ICR values calculated for a single 
CO " 

water system c l u s t e r having a pressure tube th i ckness which is 60% la rge r 
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than that of case c. This thicker pressure tube could contain water at 

about 160 atm - a typical pressure of PWRs. With such a water pressure 

the operating water temperature and the thermal efficiency could be about 

300°C and 33%, respectively (versus about 270°C and 30% of the CANDU type 

reactors). For the rest of this work we shall refer to case "c" of Table 

3 as the reference fuel cluster for the LWHR blankets. 

TABLE 3. Effect of Fuel Cluster and Pressure Tube Arrangement on 

Lattice Properties. 

Case 
No. 

a 

b 

c 

d 

Lattice Geometry 
No. Fuel* 
Rods 

1 

37 

37 

J7 

Pressure 
Tube 
Rad iu s 
(cm) 

-

4.31 

5.0 

5.0 

Pressure 
Tube 
Thickness 
(cm) 

-

** 
0.434 

0.5 

0.8 

k 

0.912 

0.375 

0.881 

0.865 

M 

116 

79 

83 

73 

ICR 

1.19 

1.13 

1.21 

1 .27 

*Fuel rod is 1 cm in diameter, cladded with 0.6 mm Zircaloy. 

**There is an additional calandria tube, 0.11 cm in thickness. 

2.7. Effect of Burnup on Lattice Properties 

The effect of burnup on the isotopic composition of the fuel, and through 

it on the lattice performance parameters are calculated with the lattice 

code WIMS (see Section 2.2). As in the case of the CR, the variation of 
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the fuel isotopic composition and of the CR with burnup is calculated 

assuming that all the neutron induced reactiors take place in the fission-

chain phase of the evolution of events initiated by a 14 MeV fusion 

neutron. The amplitude of the neutron flux used for the burnup calcula

tions corresponds to a specific power of 40 kW/Kg U which corresponds to 

a linear heat rating of 470 W/cm. 

In reality, the fast fissions induced in the first phase of the evolution 

of events initiated by a 14 MeV neutron in LWHR blankets are expected to 

be of the order of 10% of the total fissions in tritium breeding blankets. 

238 

These fasL tissions are mostly fissions of U. Consequently, in inter

preting the burnup dependent results one should bear in mind the follow

ing facts: 

'38 

(a) The isotopic composition of the fuel isotopes (other than U) 

calculated by WIMS for a given burnup should really r^rtain to a somewhat 

higher (by about 10%) burnup level. 

(b) The lattice properties,such as k and CR,scales similarly with burn-

up. 

238 
(c) The depletion of U is faster, by the fast fissions, than predicted 
by WIMS calculations. 

Figure 5 shows the variation of the concentration «f the variou.s fuel 

isotopes with burnup for the reference lattice and Fig. 6 presents the 

corresponding evolution of k and CR. It is observed (Fig. 5) that the 
CO > r7 ' 

t o t a l f i s s i l e fuel content s t ays almost constant with i r r a d i a t i o n , throt.gh-
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Burnup (GWD/T) 

Fig. 5. Variation of the fuel isotopes with burnup for LLSi - ILO lattices 

of the reference 37 fuel rod clusters. Power density is 40 kW/Kg U. 



37 

Burnup (GWD/T) 

Fig. 6. Vaiiation of the infinite multiplication constant and 

conversion ratio with burnup for the problem of Fig. 5. 
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out the 30,000 MWD/T assumed for the fuel lifetime (per irradiation cycle). 

With the buildup of plutonium, the lattice multiplication first increases 

and the conversion ratio decreases with burnup. These phenomena are due 

239 
to the fact that Pu has a higher absorption cross-section for thermal 

235 
neutrons than U while a remains almost the same. At about 5000 MWD/T 

the multiplication constant starts decreasing reflecting the effect of 

accumulation of the fission products. 

The initial drop of the value of the CR with burnup is due to the higher 

239 2 35 

thermal absorption cross section of Pu relative to that of U. When 

the CR drops below unit> , the rate of consumption of fissile fuel exceeds 

the rate of ii_s production, causing a depletion of the fissile fuel 

content. This depletion leads to an increase in the CR and so on and so 

forth. In other words, the fission system is self-regulating, as far as 

the fissile fuel content is concerned. Each fission system has a charac

teristic equilibrium fissile fuel content. Whatever the initial fissile 

fuel content, the fissile content in a given system (operating under 

given conditions) will adjust itself, with burnup, to its characteristic 

concentration, ror assessing the potential of hybrid reactors for power 

generation,it is useful to identify the equilibrium fissile fuel content 

of different fission systems and the corresponding performance parameters 

of these systems at equilibrium. This subject is dealt with in the next 

section. 

The effect of the power density on tne evolution of the fissile fueL 
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content and infinite multiplication constant is shown in, respectively, 

Figs. 7 and 8. It is observed that the equilibrium fissile fuel content 

is insensitive to the power density. The slight decrease in the fissile 

fuel content for the low power density case reflects the fact that the 

fission-product poisoning is lower, leading to a slightly lower equi

librium fissile fuel content. Neutron balance-wise, the reduction in 

reactivity associated with the reduced fissile fuel content is more than 

compensated by the reduced fission product poisoning. The net effect 

is an increase in k with the decrease in the power density (see Fig. 8) . 

In the rest of this work we shall take the results calculated for a 

specific power density of 40 kW/Kg U to represent the average blanket 

properties (see Section 5.1 for further discussion). 

2.8. Equilibrium Fissile Fuel Content 

The equilibrium fissile fuel content of a fission lattice is a charac

teristic property of the moderator material, fertile fuel material and 

lattice geometry (other factors, such as the structural material and 

operating conditions, also affect the equilibrium fissile fuel content, 

but to a lesser extent and will not be considered here), but independent 

of the initial fissile fuel type and concentration. Figure 9 shows the 

evolution, with burnup, of the fuel isotopic concentration for a lattice 

which is identical with the reference lattice (see, e.g., Fig. ri) except 

that the fuel loading is of depleted uranium (0.2% U ) . It is seen 
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Fig. 8. Effect of specific power on the evolution of k with 

burnup. Lattice is as of problem of Fig. 5, 
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Fig. 9. Variation of the fuel isotopic concentration with burnup. 

Fuel is initially depleted uranium. Lattice is as of 

problem of Fig. 5. 
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that the fissile fuel contert of a depleted uranium fueled lattice is 

just about the same as that of a natural uranium fueled lattice when the 

burnup approaches 30,000 MWD/T. 

The evolution of thp CR and k for the depleted uranium fueled lattice 

is shown in Fig. 10. The conversion ratio starts at a very high value 

of 2.6 and gradually declines, as the fissile fuel content builds up, 

towards its asymptotic value of 1.0. The infinite multiplication constant 

increases, initially rapidly, with burnup, approaching its end-of-cycle 

value already at about 4000 MWD/T. By the end of the first irradiation 

cycle, the multiplication constant of the lattices fueled initially 

with depleted uranium and with natural uranium essentially coincide. Had 

we started with a slightly enriched fuel, the ICR would have been smaller 

than one and the equilibrium fissile fuel content and the asymptotic k 

would have been approached from above. 

The dependence of the equilibrium fissile fuel content on the water-to-

fuel volume fraction is indicated to in Fig. 11. It is observed that 

when V /Vc >, 2, the fissile fuel content drops below the reference 0.7%. 

The corresponding k drops faster with burnup, making the cycle averaged 

k smaller »:han that of the V /Vc = 2 lattice. When V /Vr i 2, there is °° m r m f 

a buildup of the fissile fuel content with burnup. This fissile fuel 

bui]dup moderates the decline of k with burnup. 

Metallurgical considerations limit the burnup level of current LWR fuel 
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to about 30,000 MWD/T. Let us assume that when the fuel reaches this 

burnup level, the fuel is partially reprocessed just to extract the fission 

products (but not the actinides), refabricated into fuel rods and under

goes another irradiation cycle and so on and so forth. Figure 12 

shows the evolution of k. of the water-to-fuel volume ratio 2 

lattice over three consecutive irradiation cycles. It is found that 

the k versus burnup curve in the third (and also following, not shown) 

cycle is almost identical with that of the second cycle. This curve is 

significantly different from the k versus burnup dependence during the 

first cycle. This difference reflects the change of fissile fuel from 

235 

U in the first cycle to pluLonium in the following cycles. It is note

worthy, though, that the average value of k in the second irradiation 

cycle is almost the same as the first cycle average k (which, in turn, 
00 

is similar to the value of k at the initial of life). 
oo 

Figure 13 illustrates the « pproach to the equilibrium fissile fuel content 

in a V /V, = 1.4 lattice. As in the V /Vc = 2 case of Fig.12, it is m r m r 

assumed that when the fuel reaches its burnup limit (30,000 MWD/T), it 

is partially reprocessed, just to extract the fission products, and re-

fabricated. Starting with natural uranium it taki.3 three irradiation 

cycles for the fissile fuel content of this lattice to reach to within 

97% of its equilibrium value - 1.45%. The infinite multiplication constant 

increases with the increase in the fissile fuel content. At equilibrium 

the cycle average k^ is approximately 0.91. This is higher than the 

average k obtained for the V /V, = 2 lattice (icm
 x 0.89). The corre-

o <x> m f °° 
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Bumup (GWD/T) 

Fig. 13. The approach to equilibrium fissile fuel content of a natural 

uranium fueled lattice having a water-to-fuel volume ratio 

of 1.4. Roman numerals denote irradiation cycle numer. 



- 49 -

sponding energy multiplication is M = 113 and M(T=1.1)=50. In other 

words, the energy multiplication attainable from blankets based on the 

type of light-water lattices considered increases as the water volume 

fraction goes down. This observation pertains to the situation in which 

the fissile fuel content is in its equilibrium level; that is, 

when the blankets operate in a fuel-self-sufficient mode (their average 

breeding ratio is unity). 

The light water lattice in which the water-to-fuel volume ratio is about 

2 possesses a unique combination of interesting features: 

(1) Its equilibrium fissile plutonium content is ju«t about the content 

235 
of U in natural uranium. 

(2) The average (u;er the cycle) energy multiplication of this lattice 

with plutonium (at equilibrium) for the fissile fuel is just about 

the average energy multiplication attainable with natural, uranium. 

(3) This average energy multiplication is just about the initial multi

plication provided by the natural uranium fuel. 

(4) This energy multiplication is the highest attainable with natural 

uranium fuel (of the geometry and chemical composition considered). 

(5) This lattice has a small but negative temperature coefficient of 

reactivity. 

One can retain this collection of features going to thicker fuel rods 

by adjusting the moderator volume fraction. Consider, for example, a 

2 cm in diameter U_Si fuel rods. The water-to-fuel volume ratio that is 
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required to provide an ICR of 1.17, the value of the reference 1 cm 

diameter fuel rod lattice, is found from Fig. 3 to be about 1.6. Figure 

14 compares the evolution of k,. in a single fuel rod lattice consisting 

of the 2 cm in diameter rods and having a V /v.. of 1.6 with that of the 

m r 

reference lattice. It is observed that the thicker fuel lattice has a 

higher k^ by about 2%, throughout the irradiation cycle. The equilibrium 

fissile fuel content of both lattices is found to be almost identical. 

It is concluded that the property of fuel-self-sufficiency can be 

retained (along with the other useful properties ascribed to the 

V /Vc = 2 lattices described above) for thick fuel lattices, bv 
m t 

a proper selection of the moderator volume fraction. 

Can a heavy water moderator provide a higher energy multiplication than 

that attainable with a light water moderator, v..ten the fission system is 

constrained to be fuel-self-sufficient? Figure 15 shows the infinite 

multiplication constant and the initial conversion ratio of heavy-water 

lattices fueled with 1 cm in diameter U-Si fuel rods that are clad 

with 0.6 mm Zircaloy, a= a function of the moderator-to-fuel volume 

ratio. The corresponding k and ICR of light water moderated lattices 

are also shown in the figure. The infinite multiplication constant of 

the heavy water moderated lattice that provides the same initial conversion 

ratio (ICR ~ 1.17) as the reference light-water moderated lattice (having 

Vu rt/Vc = 2) is approximately 0.94 as compared with about 0.91 of the 
H2O f 

reference light-water lattice. This heavy water lattice has a Vm/Vf ~ 14. 
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The evolution of the fissile fuel isotopes of this D_0 lattice is shown 

in Fig. 16. The corresponding evolution of k^ and ICR is given in Fig. 

17. The average cycle k is approximately 0.87 versus about 0.89 of the 

reference H~0 lattice. The equilibrium fissile fuel content of the D-0 

235 
lattice is about the content of U in natural uranium. 

The somewhat lower average multiplication constant of the D?Omoderated lattices 

(as compared with the multiplication constant of a H_0 moderated lattice 

having the same equilibrium fissile fuel content) can be understood with 

the aLd of Figs. 18, 19 and 20. The four factors shown in the figures 

are defined as follows: 

n is the ratio of the total number of neutrons generated by thermal 

fissions per thermal neutron absorbed in the fuel, 

f is the ratio of thermal neutron absorption in the fuel to thermal 

neutron abosrption in the unit cell. 

E is the total number of neutrons born in fissions (at any energy, in 

the chain reaction) per neutron born by thermal neutron fissicn; and 

p is the atio of thermal neutron absorptions to the total absorptions 

in the unit cell. 

Consider the four factors for the reference lattices, \L „/V, = 14 and 
D2O r 

VH 20
/ Vf = 2' Vftlereas

 <D 2O
 =

 "H 20
 3nd PD 20

 = PH20«
 U is o b s e r v e d that 

e _ < e„ _ but f > f . That is, going from a H„0 to a D»0 moderated 

lattice one gains on the thermal neutron balance (less parasitic capture 

in hydrogen) but loses on the fast fissions. The net result is a slight 
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Fig. 18. Dependence of the four factors n, f, e, p and of kw on the water 

to-fuel volume ratio. Fuel is 1 cm diameter U. Si (natural uraniui 

rod clad with 0.6 mm Zircaloy (f- = 600°C: f = 290°C). 
* m 
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Fig. 19. Dependence of the four factors n, f, e, p and of k^ on the heavy 

water-to-fuel volume ratio. Fuel is 1 cm diameter U Si (natural 

Uranium) rod clad with 0.6 mm Zircaloy (f- = 600°C; ff = 290°C). 
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increase in k (for the same ICR). The f i s s i l e fuel i s shif ted, with 
CO 

235 

burnup, from U to the plutonium isotopes. As the latter have a sig

nificantly higher thermal absorption cross section, this shift in the 

fissile fuel composition brings about an increase, illustrated in Fig. 

20, in the value of f for the H.O lattice. The f value of the D20 

lattice is not sensitive to the fissile fuel composition since it is very 

close to unity with natural uranium fuel already. This relative increase 

in f explains why k for the H_0 lattice is greater than the k value for 
oo Z co 

the D„0 lattice after a certain burnup level. The infinite multiplica

tion constant averaged over an irradiation cycle of 30,000 MWP/T is thus 

higher, for the H„0 lattice, than for the D-0 one. 

If the infinite multiplication constant of a D„0 moderated lattice is 

somewhat smaller than that of the H„0 moderated lattice having the same 

equilibrium fissile fuel content, the D^O lattice fast fission effects 

8 and y are significantly lower. This is due to the large moderator 

volume fraction in the D„0 lattices. Consequently, light water moderated 

thermal blankets are expected to provide a significantly higher energy 

multiplication than heavy water moderated ones, when both blankets are 

designed to have the same equilibrium fissile-fuel content. In other 

words, as opposed to the situation in critical fission reactors, light 

water is superior, neutro-.iically, to heavy water (as well as to graphite) 

as the moderating material for subcritical blankets of power hybrid 

reactors. Additional advantages of light water blankets are compactness 

and relatively ]ow leakage. 
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2.9. Effect of Lithium on Lattice Properties 

Lithium has to be incorporated in the blanket of a hybrid reactor driven 

by a D-T fusion device to provide for tritium breeding. There are two 

basic approaches for incorporating lithium in the blanket, including 

(a) Within the fission lattice 

(b) In special lithium zones adjacent to the fission lattice. 

In this section we shall examine the first approach only. Several 

arrangements of the second approach are examined in Section 3. 

We envision the lithium to be incorporated in the lattice contained in

side special tubes that are inserted in between the pressure tubes. This 

arrangement is described with some detail in Section 3.2. The lithium 

containing lattice properties, including the tritium breeding, are 

estimated by applying WIMS to a macrocell consisting of two fuel clusters 

and one lithium tube. This macrocell is illustrated in Fig. 21. Two 

variable parameters are used in this investigation: The diameter of the 

lithium tube and the lithium concentration inside the tube. 

Figure 22 summarizes the results obtained for the effect of the diameter 

of the lithium tube and of the lithium concentration on the lattice mul-

tiplLcation constant and initial conversion ratio. As expected, increasing 

the lithium tube diameter has a significantly larger effect than attaining 

the same addition in the total lithium inventory by increasing the lithium 

concentration. In fact, the most efficient lithium utilization could have 

bern attained by incorporating the lithium in an annular layer inside the 

tube. 
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Zircaloy 

Fig. 21. A schematic layout of a fission lattice with lithium 

containing tubes. 
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The addition of lithium to the lattice significantly increases the epi-

thermal to thermal neutron absorption in the fuel, causing a pronounced 

increase in the lattice initial conversion ratio (shown in Fig. 23). 

This spectral change shows itself in the evolution of the fissile fuel 

content and k with burnup, given in Fig. 23 for the reference V /Vr = 2 

a> m t 

lattice designed to provide an initial tritium breeding ratio of 1.1. 

To regain the fuel-self-sufficiency property, the water-to-fuel volume 

ratio of the lithium containing lattice should have been increased. 

Such a change will reduce k . A better performance is expected by 

letting the fissile fuel content in the V /V,=2 lattice build itself up 
m i 

to its equilibrium value (Fig. 23). We shall not examine here the results 

of these approaches as the approach we have chosen for tritium breeding 

is to incorporate the lithium outside of the fission lattice (see Sec

tion 3). Such an arrangement has a relatively small effect on the 

neutron spectrum in the fission blanket so that we expect that the evolu

tion, with burnup, of the properties of lithium-free lattices studied in 

previous sections will represent the evolution of the properties of 

blankets in which lithium is incorporated outside of the lattice. 

2.10. Summary 

Table 4 summarises the maximal energy multiplication, averaged over a 

30,000 MWD/T irradiation :ycle,that can be obtained trom different fuel-

self-sufficient light water lattices. The lattices considered are fueled 

with U_Si arranged in i 37 fuel rod cluster inside Zircaloy pressure 
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Burnup (GWD/T) 

Fig. 23. Evolution of the infinite multiplication constant, initial 

conversion ratio and fissile fuel content of a lithium 

containing lattice (T. . . - • 1.1). Water-to-facl volume 

ratio is 2, 
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tubes (as of Fig. 4b). These lattices are calculated to produce 1.1 

tritons per 14 MeV neutron using the leakage model of Eq. [6]. Because 

of this model (with the additional assumption of E, = 1) and also because 

3 and y a r e ti>ken to be the infinite lattice values, the results of 

table 4 are to be considered as upper limit to the performance expected 

from real LWHR blankets. 



TABLE A. Summary of performance characteristics expected from selected lattices. 

Fuel rod 
diameter 

(cm) 

1.0 

1.0 

1.0 

3.0 

Lattice 
Type 

single 
rod 

37 rod 
cluster 

ii 

n 

water-to-
fuel 
volume 
ratio 

2.0 

2.0 

1.35 

1.60 

Equilibrium 
fissile 
fuel 
content 
(") 

0.72 

0.72 

1.5 

0.72 

Fast 

B 

1.94 

1.94 

2.08 

2.04 

effects 

Y 

0.19 

0.19 

0.22 

0.20 

Infinite multiplication 
constant 

Beginning 
of life 

0.91 

0.88 

0.86 

0.92 

1st cycle 
averaged 

0.89 

0.87 

0.86 

0.90(b) 

Equilibrium 
cycle 
averaged 

0.89 

0.87 

C.09 

0.90(b) 

Average 
energy 
multipli
cation (fl) 

42 

36 

49 

52 

(a) Calculated from Eq. [6] for T = l.l, £ = 1. 

(b) Estimated by extrapolation. 
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3. BLANKET STUDIES 

3.1. Calculational Methods 

The blanket design depends on the specific geometry of the fusion de

vice. The geometry of differen. fusion neutron sources vary signifi

cantly from one concept to another, and even within a given type of 

fusion device there is a wide variety of blanket configurations. One 

of the primary goals of this work is to assess the potential of the L'-THR 

blanket independent of the details of the driving fusion device. Con

sequently, in this chapter we examine generic blanket designs in a 

machine-independent manner. VJe are doing this by considering one-di

mensional slab geometry blankets. Geometrical effects on the blanket 

performance associated with the toroidal geometry of Tokamak neutron 

sources are examined in Sections 3.8 and 3.9. 

(12) 
Part of the blanket calculations are carried-out using ANISN with 

22 energy groups. The 22 group constants are obtained by 1/E weighting 

(13) 
of the 100 group DLC-37 library cross sections. Another part of 

the blanket studies is performed with a 10 group structure. The group 

constants for this group structure are obtained by collapsing the 22 

group constants using a typical ANISN calculated LWHR spectrum for the 

weighting function. Table 5 shows the 10 and 22 group structure. 
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TABLE 5. Energy Boundaries of the 22 and 10 Group Structures Used for 

the Blanket Studies. 

Upper 
Energy 
(eV) 

Group Numbers 

1.4918+7 

1.3499+7 

1.0000+7 

6.0653+6 

3.6788+6 

2.2313+6 

1.3534+6 

8.2085+5 

4.9787+5 

3.0197+5 

1.8316+5 

1.1109i-5 

6.7379+4 

4.0868+4 

2.4788+4 

1.5034+4 

9.1188+3 

5.5308+3 

3.5357+2 

4.7851+1 

3.9279+0 

4.1399-1 

(a) 

22 group 
structure 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

10 group 
structure 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

(a) Read: 1.4918 X 10 
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The DLC-37 library group constants use infinite dilution cross-sections. 

The l.ght-water blankets we consider are highly heterogeneous and have 

strong resonance self-shielding effects. Moreover, being thermal sys

tems, the average thermal cross sections are sensitive to the thermal 

neutron spectrum. To account To*- the heterogeneity,self-shielding and 

thermal effects in calculating the blankets performance, we have replaced 

the group constants of group 18 thru 22 of the 22 group structure with 

homogenized lattice group constants generated with WIMS (using its 

(14) 
basic cross section library ). In the above resonance energy 

range, the homogenized lattice group constants are obtained using simple 

volume weighting. 

Most of the blanket calculations are performed using the S.-P. approxi

mation. An Isotropic volumetric source of 14 MeV neutrons (group number 

1) is assumed 'utside of the first wall. A reflective boundary condi

tion is assumed at the source side and a vacuum boundary condition at 

the other side of the blanket. 

All the blankets studied are assumed to have a first wall made of 

niobium, half a centimeter in thickness. In blanket designs having 

lithium zones adjacent to the lattice, 10% of the lithium zone volume 

is taken to be stainless steel. No structural barrier is taken, explic

itly, in between the lithium and the lattice zones. The tritium breed

ing requlrenent imposed on the blanket design is taken to be T = 1.1. 
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3.2. Pressure Tub; versus Pressure Vessel Design 

A high pressure water system can be maintained either in a pressure 

vessel design, such as in LWHRF, (both in LWRs and BWRs), or in a 

pressure tubs design (as in HWRs). A pressure vessel design can be 

visualized for a Tokamak fusion neutron source by designing the blanket 

to be modular, with each module being a pressure vessel. A typical 

blanket thickness is one meter. The minimum wall thickness of a 

pressure vessel 1 m in diameter that has to sustain a water pressure 

of a typical BWR (about 85 atm.) is 3 cm. If such a wall is located 

between the plasma and the fission blanket, it will significantly 

attenuate the source of neutrons that dri-\es the fission blanket; the 

energy multiplication calculated for a typical LWHR blanket using such 

a vessel is about h of that calculated for a pressure tube design. 

Moreover, radiation damage effects on the pressure vessel are likely 

to be also intolerable from technological and safety view points. 

Two basic pressure tube designs, described in Section 2.6 and illustrated 

in Fig. 4, were considered for the LWHR blanket. In the dual water 

system arrangement, the low pressure low temperature moderator can be con

tained In a thin-walled calandria vessel. This calandria container will 

increase the effective thickness of the first wal? (as far as the 

attenuation of the fusion neutrons is concerned). In the single water 

system pressure tube arrangements, on the other hand, there Is no water 

cutside of the pressure tubes so that the blanket can be free both from 

calandria tubes and from a calandria vessel. This means that the single 
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water system arrangement provides for a blanket design having the minimal 

amount of structural material. Such a single water system pressure tube 

arrangement is a possible design for LWHR blankets because of the rela

tively low water-to-fuel volume fraction in these blankets. This frac

tion is about an order of magnitude lower than in conventional pressure 

tube reactors (the HWRs). Based on the above considerations we have 

selected the single water system pressure tube design for the LWHR 

blankets investigated in this work. 

The fuel cluster-pressure tube design used for the LWHR blanket is 

shown in Fife. 4i and compared with that of the new CANDU type HWRs in 

Table 6. 

3.3. Lithiini-in-Lattice Blankets 

The blanket arrangement in which the lithium is contained within the 

lattice, as described in Section 2.9, is shown, schematically, in Fig. 

24. The fission blanket is located directly behind the first wall. 

One out of three pressure tubes in the regular lattice Is replaced by 

a lithium tube. In between the tubes there Is a gas. We shall not 

dwell upon the question of the type of the gas and its state (pressure, 

temperature, velocity, etc.) as these have no bearing on the blanket 

neutronic performance (energy production and tritium breeding). 
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TABLi: 6. Comparison of the LWHR Blanket and of the CANDU type HWR 

(20) 
Pressure Tube Assemblies 

Description LWHR HWR 

No. of fuel rods 

Fuel rod diam. (cm) 

cladding thickness (mm) 

material 

Pressure tube material 

inner diaii . (cm) 

thickness (mm) 

Calandria tube material 

inner diam. (cm) 

thickness (cm 

Coolant-to-fuel 

volume ratio 

Water-to-fuel 

volume ratio 

37 

1.0 

0.6 

Zr 

Zr 

11.0 

5 

-

-

^ 

37 

1.25 

0.42 

Zircaloy 4 

Zr-2.5% Nb 

10.34 

4.34 

Zircaloy 2 

12.95 

0.11 

2.0 

2.0 

0.75 

15 
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Following the fission zone is a reflector. Graphite was chosen for the 

reflector material as it has a better reflecting properties and seems 

to be more compatible with the overall system design, than water. 

The presence of the void between the tubes shows itself by diluting 

the group coi.stants according to the void volume fraction. This dilution 

will enhance the fusion neutron penetration to the fission blanket, as 

is expected to occur in the real blanket due to streaming in between 

the pressure tubes. Accurate evaluation of this streaming effect re

quires the application of sophisticated Monte-Carlo calculational tech

niques. Such calculations are planned for a follow-on phase of the LWHR 

studies. It should be emphasized, nevertheless, that even though the 

approximations introduced by the use of the homogenized diluted cross 

sections may lead to some distortions in the spatial dependence of the 

neutron field and neutronic interactions, the overall neutron and energy 

balance are expected to be well predicted. 

The variable parameters used for the blanket design are the thickness 

of the blanket, the thickness of the reflector, and the lithium con

tent in the blanket. Figure 25 shows the energy multiplication attain

able from blankets of different thickness that are lithium-free and 

reflected with 80 cm of graphite. It is observed that the energy multi

plication approaches a value of about 81. The energy multiplication 

provided by a 150 cm thick blanket i9 within 3% of the asymptotic M. 

Had we used a uniform lattice for the blanket (i.e., not allowing for 
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the lithium tubes), the equivalent blanket thickness is 2/3 of that 

shown in Fig. 25. 

Consider, next, the effect of the reflector material and thickness. 

Figure 26 shows the sensitivity of M, in a lithium-free blanket that is 

80 cm in thickness, to the thickness of graphite and water reflectors. 

It is concluded that graphite is a significantly better reflector for 

LWHR blankets (as is the case for thermal reactors). Water does pro

vide, however, a very compact reflector - a thickness of 10 cm is all 

that is needed. For graphite to exploit its reflecting properties, on 

the other hand, a thickness of about 50 cm is necessary for the reflec

tor. 

To investigate the inter-relation between the tritium production pro

bability and energy multiplication, we have first performed a prelimi

nary scoping study, the results from which are summarized in Fig. 27. 

Using the homogenized group constants for a lithium-free blanket (in 

which one pressure tube out of three is removed from the regular lattice 

to allow for lithium tubes), we add uniformly to the blanket various 

amounts of lithium and calculate the corresponding tritium breeding (T) 

and energy multiplication (M). The blanket is 80 cm in thickness and 

is reflected with 60 cm of graphite. 

Guided by the results of Figs. 27 and 22 we have identified the lithium 

tubes diameter that will provide a T of 1.1. For the 80 cm thick blanket 
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reflected by 50 cm of graphite we find that 4 cm diameter tubes are 

necessary if natural lithium having 1/3 of the metal density is used. 

The corresponding energy multiplication is 18.2. The maximal energy 

multiplication attainable from the Li-in-lattice LWHR blanket (by going 

to thicker blanket) is approximately 20. 

Figure 28 shows the relative fission-density distribution across two 

80 cm thick blankets that are followed by a 50 cm graphite reflector. 

One of the blankets breeds tritium (T = 1.1) and the other is free of 

lithium. It is seen that the power density distribution is quite steep, 

especially in the front end of the blanket; the maximum-to-average fiss

ion density is about 3.6 for the tritium breeding blanket. The power 

density shape is expected to follow very closely that of the fission 

density. 

Tricing a close look at the neutron balance in the tritium breeding 

blanket it is found that per fusion neutron, 0.13 is absorbed in 

the first wall and only about 0.002 neutron is lost by leakage out of 

the blanket (to it reflector). Moreover, the incorporation of the 

lithium tubes in the blanket reduces the probability for fast fissions 

and (n,xn) reactions induced by the fusion neutrons from 6 • 1.70, 

y * 0.17 for the lithium-free blanket to S « 1.38, Y * 0.14 for the 

tritium breeding blanket. Using the recipe of Eq. (6), we estimate 

that the neutron loss to the first wall together with the reduction in 

6 and y are equivalent to a AM of about 12. 
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3.4. Lithium-Lattice Blankets 

3y incorporating a lithium :ione between the first wall and the 

lattice, it is possible to reduce the neutron loss due to absorption 

in the first wall and at the same time, flatten the fission density 

distribution. Figure 29 shows, schematically, a blanket arrangement in 

which all the lithium needed for breeding tritium is incorporated in 

front of the fission lattice. Tritium breeding is assured by adjusting 

the thickness of the lithium zone. The questions we address ourselves 

to in investigating the promise of this blanket configuration are 

(1) What thickness of the lithium layer is required in order to provide 

breeding and (2) what will be the resulting energy multiplication and 

(3) power density shape. 

Figure 30 illustrates the effect of the lithium zone thickness on the 

tritium breeding and energy multiplication. A 20 cm thick water reflec

tor follows the blanket. The lithium is taken to occupy 90% of the 

volume of the lithium zone with the rest 10% of the volume fraction 

assumed to be occupied by stainless steel. No barrier is included, 

specifically in the calculation , between the lithium zone and the 

lattice; it is assumed that the 10% volume fraction of structural mater

ial included in the lithium zone accounts also for the barrier material. 

The density of the lithium is taken to be that of the metal. This is 

not to imply that we propose to use a liquid metal lithium for the 

blanket. It is used as a reference case that provides an upper limit 
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to the performance expected from the blanket concept under consideration. 

The blanket performance is not expected to be sensitive to the chemical 

form in which the lithium is incorporated. The chemical form will 

affect the overall thickness of the lithium zone required for assuring 

tritium breeding. 

The energy multiplication attainable from a Li-lattice blanket that uses 

a 75 cm thick lattice zone and is reflected with water is about 22 (see 

Fig. 30). A similar blanket that uses graphite instead of water for 

the reflector, gives M % 23. Alternatively, the lattice zone thickness 

required to give M of 22 when reflected with graphite (effectively 

"infinite") is about 55 cm. The upper limit to the energy multipli

cation attainable from a Li-lattice LWHR blanket concept (correspond

ing to very thick lattice zone) is estimated to be 24. All the blankets 

mentioned above provide a tritium breeding of T * 1.1. The dependence 

of M on the thickness of the lattice zone in Li-lattice blankets that 

are reflected with 80 cm of graphite Is shown in Fig. 31. 

The lithium zone thickness required to assure T - 1.1 Is approximately 

7 

15 cm. About 0.67 of the tritons are produced by the Li(n,n?o) reac

tion, saving so many neutrons for the initiation of chain reaction* in 

the lattice. The probability for fast fission and (n,xn) reactions in

duced directly by the fusion neutrons in the blanket, however, approaches 

zero. Moreover, the incorporation of a lithium zone in front of the 

lattice attenuates the source neutrons to such a degree that 6«1. 
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But the neutron loss via absorption in the first wall is reduced from 

the 0.13 neutron per fusion neutron in the lithium-in-lattice configu

ration to about 0.045. 

The reference lithium-lattice blanket Is taken to have a 15 cm thick 

lithium zone followed by a 60 cm lattice and a 50 cm graphite reflector. 

This blanket provides T of 1.1 and M of 22. Figure 32 shows the rela

tive fission density distribution of the reference blanket in compari

son with that of the lithium-in-lattice blanket of Fig. 28. It is seen 

that the powur density in the lithium-lattice blanket is significantly 

flatter than that of the lithium-in-lattice blanket; the respective 

maximum-to-average fission densities are 2.2 and 3.6. 

It is possible to make an efficient utilization of the neutrons that 

leak towards the first wall and to flatten the power shape distribution 

using a lithium layer that is much thinner than that needed for tritium 

breeding. The smaller the lithium layer, the larger becomes the effec

tive source of neutrons (6) that drives the blanket. To assure tritium 

breeding, lithium has to be introduced elsewhere in the blanket; either 

in the lattice or beyond it. The thinner the lithium layer in front of 

the lattice, the higher becomes the fast fission factors B and y. 

3.5. Lithium-Lattice-Lithium Blankets 

A schematic layout of this blanket is given in Fig. 33. In both lithium 
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zones the lithium is assumed, as before, to occupy 90% of the volume 

(at the metal density), with the other 10Z being taken by stainless 

steel. There are tvo design variables in this blanket type - the thick

ness of the first lithium zone and the thickness of the blanket. These 

variables are not independent; they are coupled (indirectly) by the 

requirement to breed tritium to give T = 1.1. The strategy adopted for 

the blanket optimization is the following: for a given thickness of the 

first lithium zone, the thickness of the lattice zone is adjusted to 

provide T • 1.1. The outer lithium zone is taken to be thick enough 

(50 cm) to assure the utilization for tritium breeding of all the 

neutrons that leak out of the lattice zone. A 20 cm water reflector 

follows the lithium zone. 

Figure 34 shows the combinations of tie first lithium zone and lattice 

zone thicknesses that provide T « 1.1 and the corresponding energy 

multiplication. The highest energy multiplication, M % 27.9, is obtain

ed for a first lithium layer thickness of about 1.35 cm and a lattice 

zone thickness of 38 cm. It should be realized, though, that one can 

obtain M % 27 over a relatively wide range of thicknesses: from about 

0.5 cm to 4.5 cm of the first lithium zone thickness corresponding to 

32 cm and 48 cm for the lattice zone. The reference Li-lattice-Li 

blanket is taken to have 1.5 cm thick Li zone followed by a 38.5 cm 

lattice. This blanket provides M % 27.8. 

The probability for neutron absorption in the first wall (per fusion 
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Blanket thickness 

34. The energy multiplication attainable from different combinations of first 

lithium zone and lattice zone thicknesses. Outer lithium zone is 50 cm 

thick. T • 1.1. 
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neutron) in the reference Li-lattice-Li blanket is about 10% as com

pared wit*' 13% and 4.5Z for, respectively, the reference lithium-*n-

lattice and the lithium-lattice blanket designs. 

The relative fission density distribution is shown in Fig. 35 where it 

is also compared with the fission density distribution of the reference 

lithium-lattice blanket (from Fig. 32). The maximum-to-average fission 

density of the lithium-lattice-lithium blanket is about 1.46 versus 

about 2.2 for the reference lithium-lattice blanket. The flatter fission 

density distribution of the present blanket is due primarily to its 

smaller thickness - less than two-thirds of that of the lithium-lattice 

blanket thickness. That is, the lithium-lattice-lithium arrangement 

requires a significantly lower fuel inventory than the other blanket 

schemes considered so far. It requires, nevertheless, a larger inven

tory of lithium. A reductijn in the lithium inventory requirement along 

with a further reduction in the fuel inventory are possible by intro

ducing a reflector-moderator material in between the lattice zone and 

the outer lithium zone, 

3.6. Lithium-Lattice-Graphite-Lithium Blankets 

Figure 36 shows a schematic layout of this type of blanks. The rationale 

for using the graphite layer between the lattice and the outer lithium 

zone is double: first, to provide the function of a reflector for the 

lattice, thus making it possible to reduce the fuel inventory and to 
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flatten the power density shape. Secondly, to serve as a moderator for 

the fast neutrons (that leak out of the fission zone and have to breed 

tritium), thus saving on the lithium inventory requirement. 

The maximum energy multiplication we have found for a Li-lettice-C-Li 

type blanket is 25.8. It is obtained for respective zone thicknesses 

of 1.5 cm, 30 cm, 10 cm and 30 cm followed by an additional graphite 

reflector of 20 cm. (It was later found (see Sec. 4.2) that there is no 

real need for thie reflector.) We shall take this blanket as the 

reference Li-lattice-r,-Li blanket. 

This blanket type is seen to be the most compact of all, and with the 

lowest fissionable fuel loading; the overall blanket thickness, from 

the inner surface of the first wall to the shield,ie less than 75 cm. 

The fission density distribution across this blanket, shown in Fig. 37, 

is pretty flat; its maximum-to-average value being about 1.25. This 

is a very good power distribution even in the standards of critical 

nucle-'- power reactors. 

By increasing the central graphite zone thickness, it is possible to 

further reduce the lattice zone thickness w'.ille maintaining about the 

same energy multiplication and overall blanket thickness. In addition 

to a reduction in the fissionable fuel Inventory, this approach enables 

further flattening of the power density distribution. In a 25 cm thick 

lattice zone followed by a 25 cm thick graphite reflector-moderator, 
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for example (the other zones l«.ing at their reference Li-lattice-C-Li 

blanket values), the maximum-to-average fission density distribution is 

as low as 1.1! The corresponding M is 25.6. 

3.7. Summary of Blanket Properties 

In the previous sections we have identified a number of optimal natural 

uranium light water blankets of several different concepts. It is im

possible to determine what is the best blanket without performing an 

overall economic analysis of the hybrid reactor. Such an analysis is 

beyond the scope of this work. It might be useful, nevertheless, to 

summarize the range of characteristics attainable from LWHR blankets. 

Table 7 provides a stmmary of several integral parameters of the re

ference blankets identified in the previous sections. All the blankets 

of Table 7 are designed to maximize the energy multiplication under the 

constraint of T » 1.1. It is possible, of course, to Improve many of 

the characteristics at the expense of reducing M. This is, again, a 

matter for an overall system optimization. It should also be clarified 

that we have not tried, at this stage, to minimize the lithium Inven

tory or the overall blanket thickness. 

The highest energy multiplication Is provided by the Li-lattice-Li 

blanket concept. This blanket concept also provides much flexibility 

in the design of the lithium system; it assures the utilization of all 
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TABLE 7. Summary of Characteristics Attainable from Reference LWHR 

Blankets 

Characteristic 
Blanket T yP e 

Li in Lat. 

l>$.2 

3.6 

80 ( a ) 

1.8 

LI--Lattice 

22 

2.2 

60 

2.0 

Li--Lat.-Li 

27.8 

1.46 

38.5 

1.3 

Li--Lat.-C-Li 

25.8 

1.25 

30 

1 

M 

P /P 
max av. 

Lattice Zone Thickness (cm) 

Fuel Inventory (relative) 

Lithium Inventory 
(relative) 

Overal Blanket Thickness 
(cm) 

M <c> 

1 

130 

20 

1 

125 

24 

5.7 3.5 

110 (90r D ; 91.5 (71.5) U > 

max 
28 26 

(a) Fuel density is 2/3 of rest of blankets; 

(b) Realizable thickness (function of outer reflector taken by shield); 

(c) Maximal expected M, if blanket is optimized to give highest possible M. 

the neutrons leaking to the back end of the lattice. Moreover, there 

is much flexibility in the selection of the chemical form of the lithium 

incorporated in the back end of the blanket and Its geometrical arrange

ment. 
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The Li-lattice-C-Li blanket concept possesses the same advantages of the 

Li-lattice-Li blanket while providing for a reduction in the fuel and 

lithium inventories and in the overall blanket thickness and an im

provement in the blanket average-to-maximum power density. The energy 

multiplication of this blanket is, however, slightly smaller than that 

of the Li-lattice-Li blanket. In the evaluation of the performance of 

LWHRs which follows, we shall, unless stated otherwise, refer to the 

properties of the optimal Li-lattice-C-Li blanket. 

The lithium-in-lattice blanket offers the''owest of all lithium inven

tory. Moreover, the specific lithium system design envisioned for this 

blanket concept (with the lithium being in a fluid state contained in 

special tubes interspersed in between the pressure tubes) provides for 

an efficient and flexible control system for the blanket energy multi

plication and power distribution (see also Section 5.1.2). 

A lattice-Li blanket type has also been examined. It is, in fact, a 

special case of the Li-lattice-Li blanket type. The highest energy 

multiplication found for lattice-Li blankets is 22.5; it is obtained 

for a 20 cm thick lattice the maximum-to-average fission density of 

which is 1.53. 

3.8. Separate Tritium Breeding and Power Generating Blankets 

So far we have considered LWHR blankets designs which are to provide 
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the tritium required for the consumption -f the fusion device that drives 

the blanket, and at the same blanket sections that generate power. In 

an attempt to simplify their Actinia Burner hybrid design, the Westing-

house team proposed to separate the tritium breeding function from 

that of the blanket in the following way: Lithium is incorporated in 

the inner side of the torus of their Tokamak fusion device. Lithium-

free blanket modules are incorporated in the outer side of the torus. 

Such an arrangement enables bringing the superconducting coils in the 

inner side of the torus as close as possible to the plasma (and thus 

providing the highest possible field strength in the plasma). At the 

same time this arrangement relieves difficult design and maintenance 

problems that would have arisen if a fission blanket had to be incorpo

rated in the inner side of the torus. In view of the above mentioned 

advantages of restricting the fission blanket to the outer side of the 

torus and having the inner side dedicated to tritium breeding (and 

coil shielding), we have examined the adaptability of the LWHR blanket 

to this arrangement. A simplified one-dimensional cylindrical geometry, 

illustrated in Fig. 38, is used for this investigation. The fission 

blanket is 100 cm thick (of regular, lithium-free lattice) followed by 

a 50 cm graphite reflector. The inner blanket consists of a 50 cm 

thick region of natural lithium between a 0.5 cm first wall and a 50 cm 

graphite reflector. Ten percent of the lithium region volume fraction 

is occupied by stainless steel. The radii of the plasma chamber are 

taken to be 3.3 m and 6.2 m. 



- 100 -

u 
<u 
AJ 
3 
o 
e « 

C « 

! 

I 

i 
c 
to 

oo 
c 

•H 

> 
ea 
o 
•u 
u 
co 
0) 

.O 
>> 

Si 
u 

CO 0 1 

t; c 

O CO 

O 60 
>> C 
CO 1-t 

• H 4J 
CO 

U U 
•H at 
4J C 
CQ « 

00 
ai x 
o 
co 

oo 
en 

CO 
•H 

s 
0 
Q. 



- 101 -

The energy multiplication calculated for the cylindrical blanket described 

above is 40 but its tritium breeding ratio (averaged per fusion neutron) 

is only 0.86. It is possible to increase the tritium breeding ratio 

either by adding some lithium to the fission blanket, or by replacing 

part of the power generating blanket by a tritium producing blanket. 

To check the feasibility of the latter approach, we have recalculated 

the performance of the LWHR described in Fig. 38, now using a slab geo

metry. In this geometry the tritium breeding blanket spans a larger 

fraction of the solid angle (507.) than in the cylindrical geometry. The 

slab geometry is found to be T * 1.11, just about the design goal for 

tritium breeding ratio. The corresponding average energy multiplica

tion is 24.5 - very close to the energy multiplication attainable by 

the reference LWHR blanket of the standard design (see Section 3.7). 

The energy multiplication normalized per one fusion neutron reaching 

the fission blanket is about 49. 

It is concluded that it is feasible to separate the tritium producing 

from the powet generating blanket of the LWHR, without a substantial 

loss (if any) in the overall blanket power generation ability. 

3.9. Blanket Geometrical Considerations 

The blanket characteristics reported above pertain to blankets that com

pletely surround the fusion neutron source. In practice it might be 
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difficult, if not impossible, to design a Tokamak based hybrid reactor in 

which all the fusion neutrons and blanket born neutrons that leak towards 

the plasma chamber reach the blanket. In this section we discuss the 

layout of a LWHR blanket around a Tokamak fusion device and examine the 

implications the loss of a fraction of the fusion neutrons might have on 

the performance of LHHRs. 

Figure 39 is a schematic layout of the basic Tokamak driven l.WHR concept 

we had in mind. We envision a Tokamak device having an elongated plasma 

(and plasma chamber). Straight blanket modules are located, side by 

side, along the inner and outer sides of the plasma chamber. All the 

access ports to the plasma chamber (for beam injection, vacuum pumps, 

divertors, etc.) are assumed to be provided through the top -iud bottom 

of the chamber. 

The blanket module may be anything from a single pressure tube to an 

assembly of a few or many pressure tubes. Figure 40 shows, schematically, 

a blanket module consisting of a number of pressure tubes. The walls of 

the module do not have to sustain any internal pressure; The wall 

facing the plasma chamber may be designed to contain the 1.5 cm thick 

lithium layer of the reference blanket design. Alternatively, it might 

be desirable to incorporate the lithium layer in the design of the first 

wall. The advantage of this approach is that the lithium containing 

medium will also serve for the function of the first wall coolant. It 

should be emphasized here again that details of the mechanical and 
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Fig. 39. A schematic layout of a hybrid reactor having an inner 

lithium blanket and an outer power generating blanket. 
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thermo-hydraulic designs are beyond the scope of this work. 

A fraction of the fusion neutrons in the plasma region will head towards 

the top and bottom of the chamber and v*ll not reach the blanket. 

Moreover, neutrons originating from the blanket have a certain probability 

of getting lost through the top and bottom. The question then is to what 

extent this neutron loss will affect :he performance of LWHRs. 

Figure 41 provides an estimate of the energy multiplication attainable 

from a typical LWHR blanket as a function of the blanket coverage 

efficiency, ty_. The latter is defined to be the fraction of the fusion 
is 

neutrons that leak out through the sections of the reactor not covered 

by the blanket. The results of Fig. 41 (and Fig. 42) are estimated with 

the aid of the simple model (see Section 2.1) that was modified to account 

fov the effect of the leakage on B, y and k. The effect of the leakage 

on 6, y and k (through the leakage probability from the blanket) was 

estimated with the aid of ANISN. Leakage of neutrons born in, or getting 

from the blanket to, the central cavity (plasma chamber) is taken by 

ANISN into account by imposing an axial buckling factor. Even though 

the simple model results somewhat overestimate the energy multiplication 

values calculated directly with ANISN for the leakage free blankets 

(*B - 1), we expect them to provide a good indication on the effect of leakage 

on the energy multiplication. 

Consider, first, the solid curves of Fig. 41 corresponding to the 

assumption that every neutron that leaks out through blanket-free sections 
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Blanket coverage efficiency, ?B 

Fig. 41. Effect of blanket coverage efficiency on the energy multiplication. 
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of the machine are lost (both for power generation and for tritium pro

duction) . It is observed that the leakage has a very strong effect on 

the energy multiplication; This effect is relatively more pronounced 

for tritium breeding blankets, A. leakage of 10% of the fusion neutrons, 

for example, causes the average energy multiplication to drop down to 

about one half of its value for leakage-free blankets! This sharp 

decrease in M is partially due tc extii5. tritium breeding requirements 

from the blankei of leaking machines; The effective T imposed, for 

example, on the $B 0.9 blanket, is 1.21 when normalized per non-leaking 

fusion neutron. 

It might be possible, hovever, co make use of at least part of the 

leaking neutrons to produce tritium (even if not for driving the fission 

blanket). The dashed curve of Fig. 41 shows the energy multiplication 

that would have been obtained had each neutron that leaks been utilized 

to produce one triton (in which case we shall say that the neutron utili

zation efficiency is e • 1). When the blanket coverage efficiency is 

vj> * 0.9, for example, such a utilization (c • 1) of the leaking neutrons 
B 

restores about 2/3 of the energy multiplication loss corresponding to the 

if>_ • 0.9 and c - 0 situation. 
a 

Figure 42 illustrates the effect of the neutron utilization on the energy 

multiplication attainable from LWHRs having different blanket coverage 

efficiencies. 

The upper limit for c can approach a value of 2, wh6n c pertains to 14 
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MeV neutrons and these neutrons are "captured" in an efficient tritium 

breeding blanket. For lower energy neutrons (such as neutrons that 

leak out of the fission blanket) the upper limit for e is about 1.0. 

Choosing 1 as the upper limit f'r the average c is, therefore, a c nser-

vative assumption; It is made so as to compensate for two facts: (1) It 

is impractical to eliminate a lost of at least a few percent of the 

neutrons, and (2) It is unlikely that tritium breeding blankets designed 

to "catch" the leaking neutrons could be very efficient (because of 

space limitations). 

What blanket coverage efficiencies are expected from real Tokamak based 

LWHR designs? Consider the layout of the LWHR shown in Fig. 39. Let us 

select the dimensions of the Tokamak from the range of compact machines 

(22) 
studied by Jassby and Towner : Suppose the major radius is 475 cm, 

plasma half-thickness is 120 cm, and plasma elongation is 2.5. Suppose 

also that the active blanket length is about 7 meters; that is, the fuel 

region extends about half a meter below aid half a meter above the 

plasma (notice that 7 meters is a typical length of fuel elements in LWHRs). 

The effective blanket coverage efficiency found for such a LWHR is only 

about 0.6! Based on the rtr-ilts from Figs. 41 and 42 we conclude that 

our original concept of LWHRs illustrated in Fig. 39 is not likely to 

provide, as is, a satisfactory energy multiplication. 

Covering the top and bottom of the machine with tritium breeding blankets, 

however, one might be able to obtain an average energy multiplication which 
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approaches that of a leakage-free LWHR (see Section 3.8 and values of M 

corresponding to e - 1). Th^t is, the possibility in separating the 

tritium breeding and power generating blankets introduces a significant 

flexibility in the blanket design that can aid in increasing the effective 

blanket coverage efficiency. It might be possible, for example, to 

design tritium breeding sections of the blanket behind access ports oi 

the vacuum vessel, or in regions not accessible for maintenance of 

(21) 
fission blankets, as done in the Westinghouse design . In this 

(21) 
design the blanket coverage efficiency is higher than 90%. The 

average energy multiplication in a LWHR having such a blanket coverage 

efficiency is higher than 15 (see Fig. 41). 

The flexibility provided by the possibility of separating lithium and 

fission zones (with only a minor sacrifice in the energy multiplication) 

might, perhaps., be utilized to relieve some of the maintenance difficulties 

of LWHRs, and in the following way: Have lithium-free lattice modules be 

Installed in between the toroidal field coils (see Fig. 39) and have 

the spacing in between the blanket modules be lithium zones. This 

arrangement may assure adequate access to the fuel modules through the 

spacing between the culls. 

Still another approach to the design of the LWHR blankets is the con

ventional modular design approach in which short fuel pins are arranged 

perpendicular to the plasma chamber (rather than the parallel arrangement 

(21) 
of our original design). An example is the Westinghouse design 
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In fact, a gas cooled version of the light water blanket may be conveniently 

(21) 
incorporated in a radial modular design similar to that of Westinghouse 

or that of the Livermore designs. The gas cooled blanket we envision 

uses a pressure tube arrangement similar to that of the two-water system 

lattice (see Section 2.6) in which the water coolant in the pressure 

tubes is replaced with a gaseous coolant. Such a concept combines the 

merits of gas cooling (low system pressure and high thermal efficiency) 

and of water moderation (high energy multiplication, low fissile fuel 

contents and fuel self-sufficiency). 

The performance of neither one of the last two LWHR blanket concepts 

mentioned above has been calculated in this work. The purpose of men

tioning them at all is to point out the fact that there are several 

alternatives to the design of light-water blankets for a Tokamak type 

fusion neutron source. Moreover, it should be recalled that the light 

water blanket could, in principle, be used with any type of fusion 

neutron source 

3.10. Alternative LWHR llankef 

The LWHR blankets considered so far are based on the reference lattice 

consisting of 1 cm diameter fuel rods and V /Vr - 2. Had the same 
m i 

blankets been designed with the 3 cm diameter fuel rod lattices 

having Vm/Vf - 1.6 (described in Table 4), their energy multiplication 

would have been about 50% higher than that of the corresponding reference 

blankets. 
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Alternatively, keeping the 1 cm • diameter fuel rods but reducing 

the moderator-to-fuel volume ratio, one can get blankets having a higher 

equilibrium fissile fuel content to which there corresponds a higher 

energy multiplication. The average energy multiplication attainable 

from blankets based on the V /Vr =1.35 lattice considered in Table 4 

m f 

(when at its equilibrium fissile fuel content) is about 40% higher 

than that attainable with the reference lattice. 

Additional increase in the energy multiplication is expected by going 

to a variable lattice blankets in which the side of the blanket facing 

the plasma chamber will have a low water volume fraction (thus enhancing 

the fast effects). The improvement offered by such an approach to the 

design of LWHR blankets ought to be the subject of a separate study. 
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4. SHIELD STUDIES 

The overall thickness of the blanket and shield of a fusion-fission hy

brid reactor (as well as of a fusion reactor) has a direct effect on the 

strength of the magnetic field that can be established in the plasma and 

on the size and economics of the reactor. The question we address our-

selves to in this section is, therefore, what is the thickness of the 

shield that has to be installed between the blanket and the superconduc

ting coils of a LWHR. 

The shield has to protect the coils against a numbpr of different radia-

(23) 
tion effects, including (1) Neutron induced displacements in the 

stabilizing material of the coils. (2) Radiation damage to insulators, 

and (3) Heat deposition in the coils. These radiation effects are mea

sured by the rate of displacements per atom - dpa/sec, rad/hr and watts, 

respectively. 

There is no clear-cut constraint on the values of the different radia

tion damage effects mentioned above. For example, it is possible to 

compensate for an increase in the heat deposition rate by increasing the 

capacity of the coils cooling system. It might als. -> be possible to 

(23) 
reduce the radiation damage in the superconducting coils by annealing 

Consequently, the determination of the minimum shield thickness is a 

matter for an overall system (i.e., hybrid reactor) analysis and opti

mization. Such an analysis is beyond the scope of this work. Instead, 
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we set forth to determine the minimum shield thickness, and its corres

ponding composition, that will reduce to a predetermined level either 

one of the radiation effects considered. We restrict the shield con

stituents to iron and water. 

( 24) 
The shield optimization studies are performed with SWAN using slab 

geometry, the S.-P.. approximation and 22 energy groups - 16 for neutrons 

and the rest for photons. This group structure is summarized in Table 8. 

The coupled neutron-photon group constants were obtained by collapsing 

(25) 
the original 73 group constants of the DLC-28 library using a typical 

shield flux spectrum for the weighting function. The cross-sections used 

to calculate the radiation effects are shown in Fig. 43. For the dpa 

( 7 f \ 

cross-sections we used the stainless steel data provided by Doran 

The dpa cross-sections for copper are expected to have a different mag

nitude, but a similar shape. The Kerma cross-sections presented in 

Fig. 43 are the average for iron and copper in the ratio of 3 to 1. It 

ought to be emphasized that the low order approximation for the solution 

of the transport equation and the approximations used for the prepara

tion of the group constants reflect our attitude to the shield studies -

getting reasonable indication on the shield thickness and composition 

that might be required for the LWHR. The results of these studies are 

not to be taken as detailed design studies. 

In addition to the shields behind the blanket, we consider also optimal 

shields against 14 MeV neutrons. This may be required for those sections 
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TABLE 8. Coupled Neutron-Photon 22 Group Structure Used for the Shield 

Optimization Studies 

Group 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Neutrons 

Upper Energy 
Boundary (eV) 

1.492+7(a) 

1.350+7 

9.049+6 

6.065+6 

4.066+6 

2.725+6 

1.827+6 

1.225+6 

8.209+5 

5.502+5 

2.024+5 

6.738+4 

9.119+3 

1.234+3 

2.260+1 

4.140-1 

Group 
No. 

17 

18 

19 

20 

21 

22 

Photons 

Upper Energy 
Boundary (eV) 

1.4+7 

8.0+6 

7.0+6 

5.0+6 

3.0+6 

1.0+6 

(.0 Read: 1.492xl07 
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of the fusion device that are not covered by a blanker. These shields 

(27) 
have been recently investigated and here we only summarize the results. 

4.1. Optical Shields for 14 MeV Neutrons 

A schematic description of the shield geometry is shown in Fig. 44. The 

shield is enclosed between two fixed stainless steel zones, (W) and (E..). 

The coil is assumed to be composed of copper, occupying 25 percent of the 

volume, and iron. The dpa and dose rates are the average values calcu

lated for the first interval (C,) in the coil. The heat deposition rate 

is calculated for the entire coil volume (C. + C ). The neutron source 

is taken to be uniform and isotropic, normalized to one neutron impinging 

2 
per second on 1 cm of the shield face opposite to the coil side. A 

vacuum boundary condition is assumed in the source side. 

Figure 45 summarizes the results obtained for the mirimum value of the 

radiation effect as a function of the shield thickness. Examples ^or the 

shield compositions corresponding to the 80 cm thick optimal shields are 

shown in Fig. 46. A good estimation of the minimal radiation effect 

that can be obtained for a given shield thickness can oe deduced from 

the following functional relations: 

Displacements = 8.8 X 10 g-0.149x d p a/ g e c 

—4 -fl 1 ti'Xv 
Dose Rate - 1.5 X 10 e U'±;7JX rad/hr 

Heat Deposition = 6.0 X 10~ 1 2
 e " ° ' 1 6 6 x watt 
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In the above, x is expressed in centimeters, and the results are normal

ized per one 14 MeV neutron impinging on 1 cms2 of the first wall per second. 

4.2 Blanket Shield 

The blanket attenuates the fusion as well as fission neutrons (and accom

panying photons) but not enough as far as radiation damage to the super

conducting coils is concerned. For example, had the coil been placed 

right after the blanket, it would have been exposed to a dose rate of 

3 X 10 rad/hr. The current of neutrons coming out of the blanket is 

significantly different from that impinging on the shield in a blanket 

free section. Moreover, the blanket also provides a source of 

photons from fissions and secondary reactions. Consequently, we expect 

that the thickness and composition of the shield required to provide a 

given attenuation of radiation effect behind the blanket will be differ

ent than the thickness and composition of a shield for 14 MeV neutrons. 

We restrict our consideration to one radiation effect - the dose rate. 

(27) 
This radiation effect was found to be the single best representative 

of the three radiation effects referred to above. The blanket considered 

is the optinral Li-lattice-Li blanket concept dealt with in Section 3.5 

with one exception: the graphite reflector is removed, so that the shield 

is ir.ftallec right after the outer lithium zone. This results in a 

reduction of the tritium breeding ratio by 1.5% only. The first 8 cm of 

the shield is taken to be of iron and fixed. Folloi'inp this iron layer 
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the shield is made of iron and water, the relative content and the over

all thickness of which are the variables of the optimization study. 

Figure 47 illustrates, schematically, the overall blanket-shiuld arrange

ment considered. 

The dose rate behind the optimal shield of Fig. 47 was found to vary very 

closely exponentially with the shield thiciuiess. Its value, normalized 

to one fusion neutron reaching 1 cm of the first wall per second, is well 

approximated by the expression 

Dose rate = 9.5 X l(f7 e
- 0- 1 5 6 x

 rad/hr 

where x is measured, in centimeters, starting after the 8 cm iron 

layer. 

It is observed that the slopes of the exponential behavior of the dose 

rate behind the optimal shield for 14 MeV neutrons and behind the opti

mal blanket shield are very similar. This unexpected result led us to 

check whether it is possible that the main contribution to the dose rate 

in the shield-after-the-blanket problem comes, primarily, from the pene

tration of the 14 MeV (and other very high energy) neutrons. Figure 48 

shows the current of neutrons and photons that enters the shield past the 

8 cm iron reflector. Most of the source neutrons are seen to be in the 

KeV energy range. The above-fission-energy neutrons (first two g-^ups) 

constitute less than half a percent of the neutron source intensity. 

Checking the contribution of the different source components to the dose 
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rate behind the shield, it is found, however, that this small fraction 

of high energy neutrons has a significant contribution to the dose rate; 

For a 60 cm thick shield, for example, this contribution is greater than 

40%! In other words, the relative contribution of the source neutrons 

in the energy range above 9 MeV to the dose rate, is about an order of 

magnitude higher than their relative abundance. The thicker the shield, 

the larger is the relative contribution of these high energy neutrons. 

What thickness should the blanket shield have in order to provide an 

acceptable dose rate? Suppose that the design constraint on the inte

grated dose is taken to be similar to that imposed by the Wisconsin 

group : loO Mrad. Suppose also that this dose is to accumulate during 

2 

10 years of operation at a wall loading of 1 MW/m . This implies a 

maximum permissible dose rate of 2.6 X 10 rad/hr, normalized to one 14 

MeV neutron impinging on 1 cm" of the first wall per second. To get to this 

level of dose rate one needs a total shield thickness (including the 

8 cm fixed iron) of 75.5 cm. Together with the 62 cm of the blanket 

(and first wall), the overall blanket plus shield thickness comes ..o be 

137.5 cm. This is to be compared with about 102.5 cm of iron-water 

shield thickness required to get the same dose rate in blanket free sec

tions. It in concluded that the superconducting coils placed behind a 

shielded LWHR blanket need not be displaced from the plasma chamber by 

more than about 35 cm over the distance they would have if placed beyond 

a blanket-free shield. Moreover, the overall thickness of the LWHR blan

ket with the optimal iron-water shield is smallei than the corresponding 
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thickness of many designs proposed for fusion power reactors (in which 

the blanket is to breed tritium). 

How do the optimal iron-water shields for the LWHR blankets look? 

It is found that the distribution of the water volume fraction acioss 

the shield is relatively flat; its amplitude decreases as the shield 

thickness goes up. Going from the 40 cm to the 80 cm thick shield, for 

example, the water volume fraction goes down from about 40% to about 30%. 

The latter value approaches the water volume fraction (of the order of 

(27) 
25%) of the optimal blanket-free shields 
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5. FUEL-SELF-SUFFICIENT LWHRs 

In section 3 we have examined the characteristics of LWHR blankets at 

beginning-of-life (hot and clean lattices fueled with natural uranium). 

How will these characteristics vary with burnup? What will be thp over

all energy balance of LWHRs? How will the blanket fuel management 

look? What options to the nuclear energy strategy do these FSS-LWHRs 

open? These are the primary questions addressed to in this section. 

The analysis done in Section 3 (and in particular, Sections 3.8 to 3.10) 

clearly indicates that the average energy multiplication attainable 

from a LWHR depends on the design details of the blanket. A detailed 

design of a LWHR is beyond the scope of this work. The basic features 

of LWHRs, such as those associated with fuel management and fuel cycle 

issues, do not depend on the design details, nor on the exact value of 

the average energy multiplication. For these reasons we shall evaluate 

the properties of LWHRs referring to the performance of the reference 

LWHR blanket (described in Section 3.7). The results (obtained in this 

evaluation) which depend on the energy multiplication could be trans

formed to correspond to specific LWHR designs using a simple scaling 

with the energy multiplication. The energy multiplication values 

quoted in this and the following sections are estimated with the aid of 

the simple model (see Section 2.1). 
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5.1. Evolution of Blanket Properties 

A unique property of the FSS-LWHR blanket is the fact that it maintains 

a fixed fissile fuel content throughout its operation. As a result of 

fission product poisoning, however, the blanket power density will tend 

to decrease with burnup. Suppose, for a moment, that one could nain-

tain a uniform power density across the blanket. Then, when fueled with 

natural uranium, the blanket energy multiplication would have started 

at about 26, increasing to about 35 at 5000 MWD/T, and dropping back to 

about 17.5 at 30,000 MWD/T. The variation of the energy multiplication 

with burnup becomes even more pronounced in the second and following 

cycles (see Fig. 12); had it operated in a batch mode, the blanket 

energy multiplication would have been ibout 160 at beginning-of-life, 

getting down to about 17.5 at end-of-life. 

Economic considerations favor blankets that maintain a constant 

energy multiplication throughout life. A constant energy multiplica

tion assures an efficient utilization of the capital investment in the 

power plant. In a hybrid reactor having a variable blanket multipli

cation, the power conversion equipment (actually, most of what is known 

as the Balance-of-Plant) will be operated at partial capacity whenever 

the blanket multiplication is below its nominal value. It might be 

possible to keep the blanket power level constant by adjusting the 

fusion neutron source intensity to the energy multiplication. In this 

approach, the fusion device of the hybrid reactor will be partially idle. 
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5.1.1. Fuel management 

One way to reduce the magnitude of the problem of variable blanket power 

is by using appropriate fuel management schemes. Figure 49 illustrates 

the effect of one possible refueling scheme on the reduction of the 

amplitude of the blanket energy multiplication. It is a scatter-refuel-

ing scheme in which each refueling (every 10,000 MWD/T, or about one 

year of operation), one third of the fuel elements that reach the 30,000 

MWD/T limit are replaced with fresh fuel. In each region of the blanket 

there are equal number of fuel rods from three different refuelings. 

The results of Fig. 49 correspond to the reference LWHR blanket at the 

equilibrium fuel cycle that provides a tritium breeding of T • 1.1. Its 

average energy multiplication is 24 and it varies around this value, in 

the three-stage scatter refueling scheme, from about 21 to 31 (see 

Fig. 49). As compared with the batch fueling (also shown in Fig. 49), 

the scatter refueling scheme provides a significant reduction in the 

variation of the blanket energy multiplication. 

Consider, next, the question of the variation of the power shape across 

the blanket with burnup. The variation of the burnup rate across the 

blanket is proportional to the fission density distribution shown, for 

the reference blanket, in Fig. 37. The average specific power in the 

reference blanket, at beginning of life, is (see Section 5.2) 40 kW/Kg U; 

it varies from 50 kW/Kg U to about 22 kW/Kg U. Even though the equili

brium fissile fuel content in the FSS-LWHR blanket is Independent of 

burnup, the lattice multiplication properties are both burnup (see Fig. 12) 
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and power density (see Fig. 8) dependent. This is due to the effect of 

fission product poisoning. 

The fission product poisoning effects will tend to flatten the pouer 

density shape across the blanket, and for three reasons: (1) the rela

tive lower fission product poisoning (as reflected, in Fig. 8, by the 

higher k ) at the low power density regions. Here we refer, primarily, 

to poisoning by short lived fission products like xenon and samarium 

(2) The increased rate of accumulation of the long lived fission pro

ducts at the high specific power regions of the blanket, and (3) the 

fast fissions induced directly by the fusion neutrons mostly in the 

high specific power (front) region of the blanket. These fast fissions 

238 
of U will tend to strengthen the first two effects. The estimation 

of the magnitude of these phenomena on the blanket power shape require 

detailed space-dependent depletion studies, which are beyond the scope 

of this work. Instead, we shall take the fission density distribution 

of the zero burnup blanket to represent the power density shape in 

operating blankets. Doing so we will get conservative estimates for 

the performance of LWHR blankets. 

In the following sections we shall deal with the blanket energetics and 

LWHR energy balance referring to the cycle averaged energy multiplica

tion. The nominal value of this energy multiplication for the refer

ence blanket is (see above) 24. 
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5.1.2. Lithium Control 

Another approach to the maintenance of a constant blanket energy multi

plication is a tritium breeding control. The idea is to adjust the 

tritium production rate either by varying the amount of lithium in the 

blanket (say, in the Li-in-lattice blanket of Section 3.3) or by chang

ing the probability of neutrons to leak from the lattice into the lithium 

zones (for example, by changing the amount of graphite, in the Li-lattice-

C-Li blanket described in Section 3.5). Figure 50 shows an estimate of 

the tritium breeding ratio that is required to keep the blanket energy 

multiplication constant (at about 24) with burnup. The resulting aver

age T breeding ratio is just about 1.1. 

Another possible approach to lithium control is to design the lithium 

system aimed at controlling the energy multiplication like a burnable 

poison system (used in contemporary LWRs). We have not investigated 

this possibility in the present study. 

The Li-in-lattice LWHR blanket concept described in Section 3.3 appears 

to provide the most flexible arrangement for lithium control. We envi

sion the lithium contained in the lithium tubes to be in a fluid state 

(molten salt like Flibe, for example), thus enabling a continuous var

iation of the amount of lithium in the blanket. Such a lithium system 

could provide for three functions: 

(a) Adjusting the blanket energy multiplication in a manner that con

serves the neutrons (that is, for breeding tritium). 
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(b) Flattening the power density distribution (and, hence, also burn-

across the blanket. 

(c) On line extraction of the tritium. 

Combined with the estimate that the Li-in-lattice blanket provides the 

smallest lithium inventory (as compared with the other LWHR blanket 

concepts considered), it appears that the Li-in-lattice concept is 

likely to provide a LWHR blanket design having the minimum tritium in

ventory. 

Thermal blankets, like those of the LWHR, are significantly more suit

able for lithium control than fast blankets. This is due to the high 

cross section for thermal (and epithermal) neutron capture in lithium 

and to the relatively high contribution of the chain reaction (Phase II 

of Fig. 1) to the thermal blanket power output. In addition, the nature 

of the evolution of the FSS-LWHR blanket energy multiplication with 

burnup is particularly convenient for lithium control; as the beginning 

of life energy multiplication is higher than the end-of-life one, the 

lithium control scheme will provide for excess tritium production at 

beginning-of-life. This excess tritium will fill the deficiency in the 

rate of tritium production towards the end-of-life. In comparison, in 

the hybrid reactors proposed for fissile-fuel production (see, for exam

ple, the LLL mirror blanket* 0 , the energy multiplication Increases 

with burnup. If the lithium control scheme is to be utilized to adjust 

rhe energy multiplication of such blankets, the operation of the 

hybrid reactor would have to rely, throughout the first half of its 
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first cycle, on the supply of tritium from external sources. 

5.1.3. Use of Depleted Uranium 

The FSS-LWHR could, in principle, be started on depleted uranium. With 

operation, the fissile fuel content will build itself up as illustrated 

in Fig. 9, reaching the equilibrium fissile fuel content of a V /V 

«2 U—51 

- 2 system already by the end of the first irradiation cycle (30,000 MWD/T). 

The corresponding evolution of the multiplication constant is shown in 

Fig. 10. The scenario described above will be inefficient, especially 

until the fuel reaches a burnup level of about 5,000 MWD/T (see Fig. 10). 

It should be mentioned, though, that the transition from the perfor

mance of a depleted uranium fueled blanket to the performance of a 

blanket having an equilibrium fissile fuel content is, in the FSS-LWHR, 

very short as compared with most of the other hybrid reactor blankets 

proposed to date. 

There is a host of other alternatives for the use of depleted uranium 

in the FSS-LWHR. One possibility is to use, for the first loading, a 

combination of natural and depleted uranium. The depleted uranium could 

be located at the back side of the blanket where it will not affect much 

the overall blanket er-«rgy multiplication. As the fissile fuel content 

in the depleted uranium will Increase up to a value corresponding to a 

burnup level of about 5,000 MWD/T (see Fig. 9), this fuel could be 

loaded in the front of the blanket. 

Still another alternative is to use the depleted uranium to compensate 
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for the very high multiplication constant of the fuel that comes out 

of the FSS-LWHR blanket (after the extraction of the fission products; 

the beginning of life k^ of the second and following cycles of Fig. 12). 

Suppose, for example, that one loads the FSS-LWHR blanket with one fuel 

rod of depleted uranium (k^ = 0.45) per two fuel rods from the equili

brium fuel cycle (k^ » 0*98). The infinite multiplication constant of 

the mix will be, approximately, 0.8. 

Another variant of the scheme for mixing of depleted uranium with equi

librium fuel is to use the depleted uranium for the makeup. During one 

irradiation cycle, about 3% of the fuel is consumed. Some of the fuel, 

of the order of 1%, gets lost during reprocessing and refabrication. 

The idea is to make up for the fuel deficiency by adding about 4% of 

depleted uranium to the reprocessed fuel. The effect on the multipli

cation constant of diluting the equilibrium fuel with 4% of depleted 

uranium is illustrated in Fig. 51. The initial energy multiplication 

drops from about 160 to about 105 (for T - 1.1) with the addition of 4% 

depleted uranium. The multiplication constant averaged over the 30,000 

MWD/T cycle is almost not affected by this addition of depleted uranium. 

The same holds with regards to the fissile fuel content. 

5.2. Blanket Energetics 

Thermal hydraulic considerations impose a constraint on the amount of 

power that can be removed per unit length of a fuel rod. The design 
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linear heat rating of UO. fuel for HWRs of the CANDU type and for typ

ical PWRs is, respectively, about 530 watts/cm and 580 watts/cm. Uranium 

silicide fuel can withstand a higher linear heat rating (see Table 2). 

To be conservative, we shall assume that the maxiuum permissible linear 

heat rating for the U.Si fuel of the LWHR blanket is 580 W/cm. For 

3 
1 cm in diameter fuel rods this implies 740 watts per cm of fuel (which 

3 
is about 50 kW/Kg U), or about 190 watts per cm of pressure tube volume. 

Taking into account the void volume between the pressure tubes we get 

(assuming a pitch of 13 cm in a triangular array) a maximum power density 

3 
of about 150 watts per cm of blanket volume. 

The average-to-maximum fission-rate density across the reference blan

ket is 0.8 (see Section 3.6). Therefore, the average blanket power 

3 
density is 120 watts/cm . With a thickness of 30 cm for the lattice 

zone this implies a maximum permissible blanket power production of 

2 
3.5 kW per cm of blanket (or first wall) surface area. The average 

energy multiplication of this blanket is 24 (see Section 5.1.1). This 

2 
implies a nominal first wall loading of about 1.45 MW/m . We shall 

assume that the maximum energy multiplication the blanket may have at 

any instant in the cycle is (see Fig. 49) 31. Consequently, the maximum 

2 
permissible first vail loading ir» about 1.1 MW/m . 

Table 9 summarizes some of the thermal parameters derived above along 

with the corresponding parameters obtained from the Li-lattice-C-Li 

blanket that is fueled •'•fth two other lattices (cluster type) described 



TABLE 9. Thermal Properties of Selected Blankets 

Diameter 

Fuel Rod Water-to- Equilibrium Max. Blanket Max. Blanket Energy Multi-
Fuel Fissile Fission Surface plication 
Volume Fuel Density Power (MeV) 
Ratio Content 

(cm) (») (watts/cm3) (kW/cm2) 

First Wall 
Loading 
(MW/m2) 

(a) (a) 
Average Max. Nominal Permissible 

1 

1 

3 

2.0 

1.35 

1.60 

0.72 

1.5 

0.72 

147 

175 

24 

3.5 

4.2 

0.58 

24.4 

34.7 

36 

31 

44 

46 

1.45 

1.21 

0.16 

1.14 

0.95 

0.13 

(a) 
Corresponding to the beginning of life value of M of the three-stage refueling scheme of 

Fig. 49. 
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in Table 4. It is observed that LWHR blankets need low to moderate 

first wall loadings; efficient LVHR blankets can be designed to operate 

2 
with first wall loading of the order of 1 MW/m . Going to thicker fuel 

rods one may design high-energy multiplication blankets (average M of 

about 36) that need less than two tenths of a MW/m to drive them. 

LWHRs in which the tritium breeding and power generating blankets are 

separated are characterized by a lower permissible first wall loading 

than the "conventional" LWHRs considered above. This is due to the 

higher energy multiplication provided by the lithium-free fission blan

ket (when normalized to one fusion neutron reaching it). 

5.3. Hybrid Energy Balance 

In constructing the energy balance conditions we consider a very sim

plified model for the hybrid power plant and use the following strategy: 

starting with the energy liberated in the fusion device per beam induced 

fusion reaction we follow the energy flow in two directions: (1) "down

wind" - calculating the total electric power output, U , that can be 

generated per fusion reaction, and (2) "upwind" - calculating the total 

electrical energy, U., that has to be invested in order to bring about 

the beam induced fusion reaction. The overall plant efficiency is then 

calculated to be the ratio of the net electrical energy generated, 

U - U.. to the total nuclear energy (fission plus fusion) liberated 
o 

per beam-induced fusion reaction. 
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Let 

Q - The ratio of the fusion energy released to the neutral atoms 

beam energy injected to the plasma. 

n_ - Efficiency for the conversion of the electrical energy into 

beam energy. 

n . - Thermal-to-electrical conversion efficiency, 
tn 

Then 

U «« [17.56/Q + 3.5 + 14.06M cc]n. (13) 
o ett tri 

n - 17.56 (14) 

and 

n - (U - U.)/[17.56 + 14.06(M - 1)] (15) 
p o i err 

where M .- is the effective value of M, taking into account the blanket 

coverage efficiency r.nd neutron utilization (see Section 3.9). Re

arranging these terms we get 

_± i[(Vth>"1 - n - °-" . (16, 
nth 1 + 0.8M 

eff 

We shall define the blanket efficiency, V, to be 

* ' Meff/M (17) 
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Figure 52 defines the accessible regimes, in the Q - ip space, for given 

efficiencies of LWHRs. The results shown in this figure correspond to 

M = 24.4, nth =0.3 and n± = 0.7. The latter is the expected neutral 

beam injection efficiency. The results of Fig. 52 are upper limit, 

since the direct effects on M of neutron leakage from the blanket are 

neglected. It is observed, for example, that In order for a LWHR power 

plant driven by a Q = 1 fusion device to provide an overall efficiency 

which is higher than 21% (n /n . 5 0.7), ¥, should be in excess of 0.8. 

p tn 

The higher the Q value of the fusion driver, the lower can be the 

blanket efficiency for a given plant efficiency or the higher is the 

plant efficiency for a given blanket efficiency. It appears that a 

fusion driver having a Q i 2 will provide an access to a comfortable 

regime in the ty - n space. 

Knowing the LWHR plant efficiency, the effective blanket multiplication 

and surface power (see Table 9), one can define global characteristics 

of the fusion device required to provide a given electrical power 

output. An estimate (lower limit) for the total neutron source inten

sity required for driving a LWHR that delivers P (MW) of net electrical 

power is 

S(n/sec) = Pe/{1.6021 X 10"*
19n [17.56(1-*B) + 14.06Meff]} (17) 

Figure 53 shows the nominal neutron source intensity the fusion device has to 

provide in order to drive a LWHR power plant of a 1000 MWg net power 
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output. The corresponding minimum blanket surface area is shown in 

Fig. 54. This surface area is estimated from the source intensity of 

Fig. 53 and the nominal first wall loading. The latter is determined 

by the maximum permissible blanket surface power (3.5 KW/cm2) and the 

blan t energy multiplication. The actual blanket surface area has to 

be larger than the minimum area considered here by at least the ratio 

of the maximum-to-average blanket surface power. It is observed that, 

in the Q > 2 regime, the surface area is not sensitive to the values of 

Q and ij/. In this Q regime the total source strength has but a moderate 

dependence on the blanket efficiency, when ty > 0.8. When Q = 4, the 

fusion device is energy self-sufficient, that is, the total electrical 

energy that can be generated from the fusion device only is just about 

sufficient to drive the fusion device. 

Consider, for illustration, the reference Two Component Tokamak (TCT) 

(21) 
fusion device of the Westinghouse recent actinide burner design some 

of the nominal parameters of which are summarized in Table 10. Could 

this device be used to drive the reference LWHR blanket (First entry in 

Table 9), one would have obtained a LWHR power plant capable of delivering 

about 1000 MW of net electrical power, when the blanket efficiency ij about 

e 

0.8 (see Fig. 53). Even though the specific design of the TCT considered 

does not leave enough space for surrounding most of the solid angle 

around the plasma with a fission blanket, it might be possible to arrive 

at a design which provides ifr • 0.8, using the separate tritium breeding 

and power generating blanket concept (or a variant of this concept) de

scribed in Sections 3.8 and 3.9. 
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TABLE 10. Nominal Westinghouse Actinide Burnev Design Parameters. 

Major radius (m) 3.9 

Minor radius (m) 0.9 

Elongation 1.5 

8.9 

3.8 

2.5 

1.0 x 10 1 4 

6.5 

12 
9.0 x 10 

200 

325 

0.92 

1.24 

20 
Total neutron production (n/s) 1.4 x 10 

Wall area(a) (m2) 218 

Wall loading (MW/m2) 1.47 

B on coil 

I 
P 

q 

n 
e 
f = 
e 

VE 
Beam 

Beam 

r 

Q 

(MA) 

i "3-k (cm ) 

(tesla) 

T (keV) 

, -3 
(cm 

energy 

power 

s) 

(keV) 

(MW) 

Liner surface area. Blanket surface area is significantly larger. 
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It should be realized that the Westinghouse device considered is among 

the smallest TCTs proposed for hybrid applications (and significantly 

smaller than Tokamak fusion reactor for power production). Its design 

draws heavily on the physics of the TFTR plasma and is based on what is 

expected to be mid-to-late 1980's technology. 

5.4. Fuel Cycle Strategies 

The FSS-LWHRs might provide the basis for several nuclear power systems 

that can assure a high utilization of the uranium resources and, at the 

same time, need relatively simple and safe fuel cycles. Vie shall row 

describe two such systems, illustrated schematically in Fig. 55. 

The power system shown in Fig. 55a is based on FSS-LVHRs the equilibrium 

FFC of which is about 0.7%. Each new reactor added to the system is 

loaded, initially, with natural uranium. After the fuel reaches its 

burnup limit in the reactor, it is partially reprocessed (after an ade

quate cooling period) only to extract the fission products. Depleted 

uranium or spent fuel from HWRs (after the extraction of the fission 

products) is added to the fuel as the makeup (see Section 5.1.3), and 

new fuel rods are fabricated and loaded for another irradiation cycle 

in the blanket of a FSS-LWHR. I'is sequence of operations is repeated 

over and over again. 

Nowhere in the fuel cycle described in Fig. 55a is the plutonium separ

ated from the uranium. The idea is to use a co-processing procedure of 
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the rype recently being proposed fnr critical fission reactors as 

one of the means to improve the proliferation resistance of the fission 

power economy. In fact, the FSS-LWHR fuel cycle is more suitable for 

coprocessing than the fuel cycle of either LWRs or LMFBRs, as In the 

latters there is a need to vary the relative concentrations of the plu

tonium and the uranium. 

Boger tock recently a preliminary look at the technological fea

sibility and economics of a co-processing procedure for LWHR fuel. He 

concluded that, as compared with the reprocessing procedure for LWR fuel, 

"In the reprocessing plant for LWHRs it is possible to eliminate or sim

plify several of the stages: the first solvent extraction cycle will 

include only two pulse columns instead of four; the whole section deal

ing with the plutonium stream will be eliminated (thus eliminating the 

technological feasibility for separating the plutonium from the uranium); 

the uranium purification cycles requirement will be reduced by one sol

vent extraction cycle (thus leaving some fission product contamination 

in the mixed fuel, making it more difficult to divert this fuel from 

the plant. This practice does not interfere with the LWHR fuel cycle 

as there is no need to send the uranium for re-enrichment and the fuel 

fabrication will have to be done by remote handling in any case be

cause of the plutonium; and the amount of medium and low level radio

active effluent will be reduced accordingly...It is estimated that the 

above simplifications amount to a reduction of 15% to 20% in the in

vestment and in the operating coats of the reprocessing plant." 
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As far as the fabrication of the mixed uranium-plutonium fuel is con

cerned, mixed fuel fabrication processes being developed for plutonium 

(30 
recycling in thermal fission reactors appear to be directly applicable 

for the LWHR needs (except that we would like to use uranium silicide 

rather than uranium oxide for LWHRs). 

Compared with the power system based on LWRs (illustrated schematically 

in Fig. 55c), the power system based on FSS-LWHRs shown in Fig. 55a: 

(1) Is free from the need for uranium enrichment 

(2) Is free from the need for the separation of plutonium 

(3) Assures .i high utilization of the uraniur. ̂ sources (as good as 

any critical breeder reactor can), and 

(4) Can utilize depleted uranium, huge stockpiles of which have been 

(and will be) accumulated over the years. It also 

(5) Can utilize the spent fuel from HWRs (after partial reprocessing 

only to extract the fission products). 

The power system illustrated schematically in Fig. 55b is similar to 

that of Fig. 55a except that it is based on FSS-LiftlRs the equilibrium 

FFC of which is about 1.5%. This power system is proposed for efficient 

utilization of the spent fuel from LWRs, a large quantity of which might 

be accumulated until the time that LWHRs become commercial (especially 

if the LWRs will be operated on the once-chrough fuel cycle). The make

up fuel for the LWHRs under consideration can be either additional spent 

fuel from LWRs or natural uranium. The power system under consideration 
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possesses the merits (l)-(3) described above for the power system of Fig. 

55a. The energy multiplication of the 1.5% blanket is higher than that 

of the 0.7% blanket by about 40%. 

By the time the LWHRs could become commercial, there will be a large 

capacity of LWRs (and HWRs etc.) installed. The corresponding power 

system will have to have uranium enrichment capacity and (unless the 

once-through fuel cycle will persist) plutonium separation (and handling) 

facilities. In Section 6 we shall describe another version of LWHRs 

that might provide a support for the LWRs while eliminating the need 

for uranium enrichment and for the separation of plutonium. 



- 153 -

6. FISSILE-FUEL-PRODITCIKG LHHRs 

In studying the properties of subcri t ical l i g h t water l a t t i c e s and in 

particular, the variation of the l a t t i c e properties with burnup (Sections 

2.7 and 2.8) i t vas found that blankets based on H.O-U-Si l a t t i c e s having 

V /Vf < 2 are F i s s i l e Fuel Producing (V"* . That i s , i f fueled with 
m t 

natural uranium the f i s s i l e fuel content of the fuel increases with 

burnup (see also Figs. 11 and 13) . In f»c t , i t i s their FFP capabil ity 

that provided the motivation for the renewed interest in hybrid reac

tors . 

We have identi f ied two spec i f ic FFP-LWHRs that promise to be useful 

additives to the nuclear power economy. One of then Is fueled with 

natural uraniun; i t s FFC increases to about 3% at burnups of about 

30,000 MWD/T. It can provide the basis for the nuclear power system 

i l lu s t ra ted , schematically, in Fig. 56a. Two ver ; i m s of t h i s system, 

a closed cycle and an open cycle system, are v isual ized: in the closed 

cycle version the fuel unloaded from the HWRs has a FFC of about 0.7%. 

This fuel i s then loaded (after partial reprocessing, just to extract 

the f i ss ion products, and fuel rod faorlcation) into the FFP-LWHR (with 

some natural uraiium makeup), which upgrades the fuel enthalpy. In the 

open cycle version of Fig. 56a the fuel is used in the HWR unt i l i t be

comes depleted as much as current HVR fiwl ge t s . In e i ther version, one 

can extract approximately 90,000 MWD/T per each cycle in the FFP-LWHR. 
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The other power system based on FFP-LWHRs i s i l lus tra ted in Fig. 56b. 

It i s a simpler, two-stage system in which FFP-LWHRs and LWRs work in 

tandem. The FFP-LMHR i s fueled with spent fuel from LWRs. The FFP-LWHR 

increases the FFC up to about 3Z in one irradiation cyc le . This fuel 

i s then used again in the LWR and so on and so forth. 

Both nuclear power systems possess the same fuel u t i l i z a t i o n and pro

l i f e ra t ion resistance attr ibutes as the FSS-LWHR based systems described 

in Section 5 . 4 . Summarizing these features very br i e f ly : these power 

systems enable a high u t i l i z a t i o n of the energy content of the uranium 

(as good as any c r i t i c a l breeder reactor can do) while they are free from 

the need for enrichment capability and from the need for the separation 

of plutonium. 

The f i ss i le - fuel -product ion ab i l i t y of type A FFP-LWHRs (the FFP-LWHRs 

required for the nuclear power system of Fig . 56a) can be obtained by 

adjusting the water-to-fuel volume fraction of i t s l a t t i c e to 0 . 5 . 

Figure 57 shows the evolution of the FFC and k with burnup of a 

V /V- * 0.5 l a t t i c e using the reference 1 cm in diameter U_Si fuel rods, m r 3 

The water-to-fuel volume fraction of the H-O-U-Si l a t t i c e s required for 

the blanket of Type B, FFP-LWHRs (the FFP-LWHRs required for the nuclear 

power system of Fig. 56b) i s about 0.65. Figure 58 shows the evolut ion, 

with burnup, of the f i s s i l e - fue l -content and of k of a V /V, = 0.7 
•» m f 

l a t t i c e s rlkat use the reference 1 cm in diameter fuel rods. The i n i t i a l 

isotopic composition (of the 1.5% FFC fuel) i s taken to be that of the 
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Fig. 58. Evolution of the fissile-fuel-content and of the infinite multiplication 

constant with burnup in a U-Si-HJ) lattices with V /V- » 0.7. 
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spent fuel from LWRs. 

The energy multiplication in Type A FFF blankets increases with burnup. 

Proper fuel-management schemes along with lithium control should enable 

keeping the energy multiplication at about its average value. The aver

age energy multiplication that assures a tritium breeding ratio of 

T = 1.1 is estimated to be about 22 for the Type A FFP-LWHRs and about 

26 for Type B FFP-LWHRs (vs. 24.4 for the reference FSS-LWHR) . 

We have not carried out a detailed blanket design study for the FFP-LWHRs. 
v 

The power distribution across these blankets is expected to be steeper 

than in the FSS-LWHRs and to vary with burnup. (Adequate fuel manage

ment schemes, however, might moderate these variations.) As the- specific 

power, per unit weight of uranium, is similar in all the three types of 

reactors considered (FFP-LWHR, LWR and HWR), and the discharge burnup 

is also similar, the thermal power capacity of the FFP-LWHR that is re

quired to support a given capacity of LWRs should be about equal to the 

thermal power capacity of the LWRs. As the energy multiplication of :he 

FFP-LWHR blankets considered is comparable to that offered by the refer

ence FSS-LWHR (using a FFC of 0.7%), these FFP-LWHRs are expected to be 

more economical^ J than the reference FSS-LWHR. This is not to imply 

that FPP-LWHRs are, in general, more economical than FSS-LWHRs; the 

letters may be designed to have considerably higher energy multiplication. 
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7. DISCUSSION 

7.1. Special Features of the LWHRs Fuel Cycle 

LWHRs provide for a simple and safe fuel cycle having a unique collection 

of useful features. Following is a summary of the major features of the 

reference FSS-LWHRs (the equilibrium fissile fuel content of which is 

235 
similar to the content of U in natural uranium): 

1. The LWHRs are thermal fission reactors that breed with natural 

uranium. 

2. Therefore, there is no doubling time limitation on the rate of 

introduction of these LWHRs into the power svstem. 

3. Moreover, these LWHRs can be refueled wifrh depleted uranium and 

with spent fuel from HWRs. 

4. The LWHRs have the technology base of LWRs and HWRs (with regards 

to the fuel and fuel cycle, heat removal, power conversion 

and materials compatibility). 

5. The fuel cycle is free from the need for uranium enrichment as 

well as for the separation of plutonium. 

6. The LWHRs fuel cycle is most suitable for coprocessing - there is 

no need for changing the composition of the heavy metal (fuel) 

that is left after the extraction of the fission products. 

7. The fissile fuel can be maintained at its low concentration (about 

0.72) anywhere in the fuel cycle. 

8. The overall inventory of fissile fiel required for LWHRs is low, 
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both in the core and in the out-of-core fuel cycle. 

The FSS-LWHRs the equilibrium fissile fuel content of which is about 

1.5Z (to be referred to as Type B FSS-LWHR), offer a similar collection 

of useful features wiirh the following exceptions: (a) they are fueled 

with spent fuel from LWRs rather than with natural uranium (Feature 1) . 

However, since by the time these FSS-LWHRs will be commercial the amounts 

of LWR spent fuel is expected to be very large, there will be no doubling 

time limitation on the rate of expansion of this LWHR based fuel cycle, 

(b) The overall inventory of fissile fuel and its concentration are higher 

than in the reference FSS-LWHRs (Features 7 and 8). The fuel cycle of 

the power systems based on the FFP-LWHRs have the same merits as that of 

Type B FSS-LWHRs. 

Another asset of LWHRs, fuel-cycle-wise, is that they are readily adap

ted to the thorium fuel cycle (for more details see Section 7,2). 

How could these features contribute to the alleviation of some of the 

difficulties encountered by the nuclear energy economy? What options 

do these LWHRs open for the nuclear energy strategy? These questions 

are addressed to in Section 7.7. 

7.2. On The Thorium and Denatured Fuel Cycle 

Recently there is an increased interest In the possibility of using the 

thorium fuel cycle, or the "denatured" version of this cycle, for (a> im

proving the nuclear fuel utilization, and (b) reducing the hazard cf 
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diversion of fissile fuel. What performance characteristics may be pro

vided by LWHRs that use thorium fuel cycles? Detailed numerical calcula

tions are required for reliably answering this question. These are 

beyond the scope of the present work. Following, nevertheless, are some 

qualitative expectations based on general reactor physics considerations. 

233 
A critical LWR based on the Th- U fuel cycle is known (see, for example, 

reference 32) to have a higher conversion ratio than a corresponding LWR 

238 
that is based on the U-Pu fuel cycle. This is due to the higher n 

233 239 235 

(for thermal neutrons) of I relative to Pu (as well as to U). 

To make a light water system to be fuel-self-sufficient (i.e., CR«=1), one 

needs to increase the probability for neutron absorption in the fertile 

isotopes relative to the fissile ones. Such a change in the relative 

absorption probability leads to a reduction in k^. The closer the cri

tical reactor CR is to unity, the smaller will be the reduction in k.. 

Consequently we expect that k. of a fuel-self-sufficient LWHR blanket 
233 

based on the Th- U fuel cycle will be higher than that of a LWHR blanket 
238 

that uses the U-Pu fuel cycle. 

The probability that the energetic source neutrons will induce fast 

fissions (and other neutron multiplying reactions) while they slow down 

to fission-neutron-like energies will, however, be smaller for thorium 

systems as compared with uranium systems. As the thermal blanket under 

consideration does not rely heavily on this direct fast fission effect 

(in contradiction to the case in fast blankets), it is not unlikely that 
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the overall energy that can be generated per source neutron in a LWHR 

233 
blanket using the Ti»- U fuel cycle will be comparable to that generated 

with natural uranium. 

The LWHR concept is expected to provide an interesting system for the 

238 
denatured fuel cycle. In this cycle U 's added to the fuel to provide 

32 231 238 233 
a given (less than 20Z ) ratio of U/ U. The equilibrium U 

233 
content in the fuel of the LWHR is expected to be lower than the U 

238 
content of LWRs. Therefore, the U/Th ratio in LWHRs will also be 

239 
lower than in LWRs and so will be the rate of production of Pu (or 

239 233 

the rate of production of Pu/ U). Moreover, the plutonium concen

tration in the LWHR blanket will establish an equilibrium level which 

is expected to be pretty low - even lower than the plutonium concentra-

238 
tton in FSS-LWHRs that use the U-Pu fuel cycle. 

7.3. LWHRs and Fission Reactors 

About 90% of the energy generated in a FSS-LWHR (the reference reactor) 

is fission energy. In this sense the LWHRs could be considered as, 

essentially, fission reactors. 

Table 11 summarizes selected characteristics of fission reactors and com

pares them with the corresponding characteristics expected from the reference 

(Type A) FSS-LWHRs. The values of the average power density quoted for 

the LWHR pertain to the 1000 MWe FSS-LWHR example considered in Section 
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TABLE 11. Selected Characteristics of Fission Reactors. 

Reactor 

Type 

CCR 

HWR 

PWR 

BWR 

HTGR 

MSBR 

LWBR 

LMFBR 

LWHR 

Average 
Enrichment 
(Z fissile) 

0.71 

0.71 

2 - 3 

2 - 3 

3 - 5 

2.2(c) 

1140<c> 

>10 

0.71«> 

k
U ) 

1.1 

1.1 

1.15 

1.25 

1.15 

0.89 

CR(b> 

0.6 

0.75 

0.5 

0.6 

0.8 

1.07 

1.01-1.02 

1.00 

Bumup 
(MWD/T) 

<10,000 

<10,000 

30,000 

25,000 

65,000 

Average 
Power 
Density 
(KW/1 Core) 

1 - 2 

5 - 1 3 

75 - 90 

40 - 50 

5 - 1 0 

22 

68 

-500 

30,000(e) 8<f> 

Average 
Specific 
Power 
(KW/kg Fissile) 

700 - 1400 

2700 - 3800 

1300 - 1500 

850 - 1100 

1800 

1500 

1000 

-600 

1750 

(a) In cold and clean lattices. 

(b) Conversion ratio. 

(c) Ratio of fissile to fertile fuel inventory. 

(d) LWHRs can be designed also with higher fissile fuel content. 

(e) This burnup limit is imposed primarily by metallurgical considerations. 

(f) Pertaining to the volume encompassed by the outer boundaries of the 

blanket. 

6CR - Natural uranium fueled graphite moderated gas cooled reactors, 

HWR - Heavy water reactors (with natural uranium), 

PVR - Pressurized (light) water reactors. 

BWR - Boiling (light) water reactors. 

HTGR - High temperature graphite reactors. 

HSBR - Molten salt breeder reactors. 

LWBR - Light water breeder reactors. 

LMFBR- Liquid metal fast breeder reactors. 
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5.3 (the fusion device parameters for which are summarized in Table 10). 

In evaluating these values we assumed (in addition to the assumptions 

done in Section 5.3) that the average-to-maximum power density distri

bution around the plasma chamber is 0.5. Furthermore, the blanket 

efficiency is assumed to be V <= 0.8 yielding a total thermal power out

put of about 4,800 MW. The average power density per unit volume of 

core pertain, in the case of the LWHR, to the volume of the blanket plus 

the volume of the plasma chamber encompassed by the blanket plus the 

volume of the center of the donut encompassed by the inner blanket (the 

total height of which is taken to be as the distance between the outer 

sides of the axial blankets a? the major radius). This volume essen

tially dictates the overall dimensions of the outer shield of the reac

tor, of the reactor building, etc. Following are several general obser

vations: 

(a) Natural Uranium Thermal Reactors 

The common feature the LWHR shares with these reactors (GCR and HWR) is 

the natural uranium fuel. But whereas these thermal converters can uti

lize less than about 17. of the energy content of the uranium, the utili

zation offered by the LWHRs is perhaps 50 times higher. Moreover, the 

LWHR could extract more than 3 times as much energy per irradiation cycle 

than the natural uranium fission reactors. 

The average power density of the LWHR Is, surprisingly perhaps, of the 

oame order of magnitude as thee of the natural uranium fission reactors. 
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This is due to the fact that the power density in the blanket of the 

LWHR is (over 100 KW/fc) significantly higher than that in the core of 

the GCRs and HWRs. The snecific power in the LWHR is also similar to 

that in the fission realtors under consideration. 

(b) Slightly Enriched Thermal Reactors 

LWHRs offer two major advantages over the thermal fission reactors that 

use slightly enriched uranium (PWRs, BWRs and HTGRs): (1) it is a breeder 

and thus provides a much higher utilization of the nuclear fuel, and 

(2) it does not require uranium enrichment (or the supply of fissile 

material in excess of that contained in natural uranium). The average 

specific power of the LWHR is significantly higher than that of the LWRs. 

(c) Breeder Reactors 

All critical breeder reactors (including the LMFBR, MSBR and LWBR) re

quire enriched fuel of some kind or the other. Consequently their init

ial loading has to be pre-prepared before a new reac.:or could start 

operating. In the case of the LMFBR (and perhaps also the MSBR), the 

initial loading for a new reactor could be prepared in the existing 

breeders, but the rate of introduction of new power reactors is limited 

by the doubling time. In the case of the LWIRs, the initial fissile 

fuel inventory will have to be prepared in special facilities (reactors). 

LWHRs, on the other hand, are breeding power reactors that use 
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naturally occuring fuel. As such, they have no doubling time limitation 

whatsoever. 

The fuel and coolant technology of the fission part of the LWHRs is 

significantly more similar to that of contemporary fission reactors 

(LWRs and HWRs) than those of any of the critical breeder reactors 

(including of the LWBRs!). A similar situation exists with respect to 

safety considerations, with one additional important advantage of LWHRs -

under no credible circumstances can there be a criticality accident in 

the reactor or in the out-of-core fuel cycle. 

Another unique feature of the LWHR is that it is a thermal breeder 

238 
reactor that can use the U-Pu fuel cycle. All critical thermal 

breeders are based on the thorium fuel cycle. 

Other advantages and disadvantages of LWHRs that refer to all kinds of 

critical fission reactors are listed in Sections 7.1 and 7.7. A dis

advantage of the LWHR is its net thermal efficiency which is expected 

to be lower than the efficiency of the fission reactor that uses the 

same coolant technology as that used for the LWHR blanket. As far as 

the time for commercialization is concerned, the LWHRs rank the last. 

And, of course, there is the question of economics which we'll have to 

leave for future studies. 

An area of a clear superiority of LWHRs (and hybrid reactors in general) 

is the operational flexibility they provide. Being free from the cri-
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ticality constraint, the LWHRs will have considerably better xenon over

ride capability, load following capability, and also stretchout capa

bility as compared with critical fission reactors. 

Being of a pressuii tube design, the LWHRs may provide also for oper

ational flexibility as far as the in-core fuel management is concerned. 

It might be impractical, however, to realize this flexibility because 

of the relatively small distance between the pressure tubes, making 

it difficult to design adequate machines for on-line refueling. 

Another unknown with respect to the performance of LWHRs as power reac

tors is their load factor; that is, the fraction of the time they will 

be available to geneiate power. There are three sources of downtime 

imposed on the LWHRs (as well as on other types of hybrid rea fors): 

duty factor (the fraction of the time the neutron source will be on); 

refueling time and maintenance time. It is the latter factor that is 

presently most uncertain. The uncertainty has to do primarily with the 

question of radiation damage to the first wall. The radiation damage 

rate to the first wall of a LWHR is expected to be relatively low (as low 

2 
as about 0.1 MW/m ) and it is not unlikely the LWHRs could be designed 

with a first wall life comparable to the lifetime of the reactor. If 

this will be the case, then the overall load factor of LWHRs might be 

similar to that of LWRs. 
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7.4. LWHRs and Other Hybrid Reactors 

Most of the more thorough conceptual designs of hybrid reactors performed 

to date refer to gas (usually helium) cooled fast fission systems using 

a high density fuel (such as U/Mo or U_Si). Examples are the Livermore 

(19) (33) 
Mirror group and laser group designs and the Westinghouse design 

(34) 
for a Tokamak type reactor . The Russian conception of hybrid re-

(35) 
actor blankets is similarv . rhe primary purpose of the fast blankets 

is fissile fuel production (to be used in critical fission reactors). 

Our LWHR blankets are thermal fission systems. We shall consider, for 

the purpose of this comparison, the FSS-LWHR the equilibrium FFC of 

which is about 0.7%. The primary purpose of this type of hybrid reactor 

is to generate power. Both the fast blankets and the LWHR blanket con

sidered are fueled with natural uranium. The two types of blanksts 

differ, though, in many respects related to their performance and imple

mentation. Table 12 provides a qualitative comparison of the character

istics of these blankets. 

We do avoid a quantitative comparison between the fast and LWHR blankets 

as the magnitude of many of the characteristics depends on the hybrid 

reactors design details. Following are additional phenomenologlcal 

observations on the two types of blankets under consideration: 

(1) The fa3t blankets are gas cooled. The only heat capacity in the 

powe. generating part of the blanket is actually that of the fuel. 
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TABLE 12. A Qualitative Conparison of Characteristics of LWHR Blankets and 

Fast Blankets 

Characteristics 
Fast 
Blanket 

LWHR 

1. Average energy multiplication 

2. Power shape across blanket 

3. Fissile fuel content 

4. Power variation with burnup 

4. Amenability to power control 

6. Max. fissile fuel content 

7. Safety and Environmental issues 

8. Proliferation-Resistance attributes 

9. Needs for new technological developments 

10. Coolant pressure 

11. Thickness of blanket 

12. Flexibility in lithium system layout 

13. Flexibility in type of neutron source 

14. Options opened for the nuclear strategy 

Higher 

Flatter 

Biilds up Stays constant 

Coes up Goes down 

Higher 

Lower 

More favorable 

More favorable 

Lower 

lower 

Comparable 

Higher 

Higher 

More 
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It therefore appears that the water cooled LWHR blankets are safer 

against loss-of-coolant accidents than the fast blankets. A safety 

advantage of the fast blankets, on the other hand, is that they 

have a lower coolant pressure system. 

(2) Another aspect of the safety of nuclear systems has to do with the 

hazard of plutonium toxicity accidents. The fast blankets have a 

higher fissile fuel inventory and at a higher concentration than 

do the LWHRs (say, the reference FSS-LWHR). Moreover, the fissile 

fuel produced in the fast blankets is to be extracted and used in 

fission reactors. For these reasons it appears to us that the 

probability for a plutonium toxicity accident is somewhat larger in 

a power system based on fast hybrids than in a power system based 

on LWHRs. This conclusion holds also with regards to the proba

bility for radioactive contamination accidents in general 

(3) The actinide waste from thermal systems, such as the blankets of 

(16} 
the LWHRs, is expected to be significantly lower than the waste 

from fast systems. 

(4) In a nuclear power system based on hybrid reactors with fast blan

kets, the fuel is to be produced in one reactor and to be used in 

another reactor. Each of the reactor types in this two-stage power 

system requires the support of a complete fuel cycle. In a power 

system based on FSS-LWHRs, the fissile fuel is utilized in the same 

type of reactor in which it is produced. Roughly speaking, in such 

a power system there is half as much fuel handling as in a power 
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system based on h>brid "fuel factories". This, together with the 

inherent features of the LWHR fuel cycle (see Section 7.1) is likely 

to make the L.IHR more proliferation-resistant than the fast 

hybrids. 

(5) The overall thermal efficiency of a power system based on the fast 

hybrids is expected to be higher (and the thermal "pollution" lower) 

than in a power system based on LWHRs. Gas cooled versions of the 

LWHR (see Section 7.5) do offer, however, similar efficiencies as 

the fast hybrids. 

(6) The fission system of the LWHRs can largely draw on the most valu

able experience gained with the light-water and heavy-water reactor 

technologies. The technology for the fast blankets is still in the 

developmental stage. 

(7) It might be possible, and perhaps preferable, to drive LWHR blankets 

(characterized by a relatively high multiplication constant) with 

(37) 
a Semi-Catalyzed Deuterium (SCD) fusion neutron source . A hybrid 

reactor based on a fusion device operating in the SCD mode of oper

ation is free from the need for tritium breeding and is character

ized by a very low first wall loading. The fast blankets are not 

as compatible with the SCD (and possibly other low-energy) neutron 

sources as do the thermal blankets. 

Perhaps the most important single criterion to judge one type of hybrid 

reactor against another is the economic criterion. Such an economic 

comparison is beyond the scope of this work, 



- 172 -

7.5. Alternative Blanket Concepts 

The reference LWHR blanket concept consists of light water for the 

moderator and coolant and U,Si, in the form of 1 cm in diameter rods, 

for the fuel. Throughout the previous sections we have identified 

several alternatives for the reference LWHR blanket concept that might 

improve its performance, provide flexibility in the design of the blan

ket and/or provide solutions to technological difficulties that might 

be encountered in the course of the development. Following is a sum

mary of these alternatives. 

(a) Thicker fuel rods. This direction provides for a higher energy 

multiplication and a reduced first wall loading on the expense of 

increasing the overall size of the hybrid reactor for a given power 

output. 

(b) Variable lattice blanket. The idea is to enhance the fast effects 

by reducing the #ater-to-fuel volume ratio in the side of the blan

ket facing the first wall. A special case of such an arrangement 

is a LWHR blanket with a gas-cooled (V /V -0) converter zore be-
m t 

tween the first vail and the light water blanket. 

(c) Gas -cooled water-moderated blankets. This scheme provides for a 

design of a blanket having a relatively low-pressure coolant system, 

high efficiency for the conversion of the thermal into electrical 

energy, and a flexibility in the selection of the fuel material. 

(d) Separate blanket sections for tritium breeding and for power gen-
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eration. The primary contribution of this arrangement is flexibil

ity in the blanket layout that might assure a high blanket efficiency, 

(a good neutron utilization) and ease of maintenance problems. 

(e) Thorium fuel cycles, including the denatured one. With the same 

basic technology (except for the fuel cycle technology) the LWHRs 

can provide for the utilization of this relatively abundant fuel 

resource (in addition to the utilization of the uranium resources). 

In addition, the thorium fuel cycle opens new possibilities for the 

design of LWHRs and new options (like the denatured fuel cycle with 

its proliferation-resistance attributes) for the development of the 

nuclear energy economy. 

Following are additional alternatives. 

(f) LWHRs having burnup-independent energy multiplication. These are 

conceivable by a proper selection of the water-to-fuel volume ratio 

in the blanket so that the rate of increase in the fissile-fuel-content 

will compensate for the rate of accumulation of the fission products 

(this feature is close to being provided by the LWHR of Fig, 58). 

(g) Solid homogeneous moderating materials, such as the hydrides ZrH and 

7 ( 9 ) 

LiH proposed by Maniscalco for laser driven fissile fuel pro

ducing hybrid reactors. The performance of these hybrids is ex

pected to be somewhat inferior, from the point of view of neutron 

and energy balance, to the performance of water. The solid moder

ators may be convenient for gas cooled blanket designs. 
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Other fuel materials. One of the primary technological uncertain

ties about the reference LWHR blanket concepts has to do with the 

UjSi fuel. Our priaary concern is the capability of this fuel to 

reach the burnup levels that are likely to be necessary (around 

30,000 MWD/T) for the economical operation of LWHRs. He are not 

aware of any experimental evidence that such burnup levels can 

safely be attained with U.Si. Following are several alternatives 

to U Si for LWHR applications; 

(1) Using one of the gas cooled versions of the LHHRs with a dense 

uranium fuel material that can withstand high burnup levels, 

such as UC. 

(2) Water moderated and cooled LWHR using one of the thorium based 

fuel cycles, in which the fuel is in a metal form. It is 

(32) 
expected that a metallic thorium is compatible with water 

••colant and can withstand high burnup levels. 

(3) Using U0_ fuel in a relatively low water-to-fuel blanket 

arrangement (the equilibrium fissile fuel content correspond

ing to which is >ove 0.7Z). With an equilibrium fissile fuel 

content of 3% , for example (for which V IV, should be 0.8) 

m r 

the average energy multiplication over a 30,000 MWD/T irra

diation cycle is approximately 32. This is to be compared 

with the 24.4 of the reference U.Si based LWHR. 

Alternative neutron sources. All fusion devices envisioned so far 

for fusion-fission hybrid reactor applications are based on the D-T 
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(37) 
fuel cycle. An alternative neutron source recently conceived 

is that based on a Semi-Catalyzed-Deuterium (SCD) mode of operation. 

(37) 

It was found that a SCD fusion neutron source might be particu

larly useful for LWHR applications. It provides for a design of a 

lithium (and tritium) free blankets for hybrid reactors having a 

2 
very low (of the order of 0.1 MW/m ) first wall loading. 

LWHR type blankets could also be driven with neutron sources that 

(38) 
might be provided by high energy proton accelerators 

7.6. On The Implementation of LWHRs 

The fission system of LWHRs is based on the most developed and exper

ienced fission reactor technology, that of LWRs and HWRs. The LWHRs 

offer the most natural link between the fission power reactor technology 

of the present, and the ultimate power reactors - those providing pure 

fission power. The LWR (HWR) •* LWHR •* Pure Fusion scenario promises to 

require the least number of technologies to be developed and acquired by 

industry, and the least number of types of systems (including types of 

power reactors and their components, as well as fuel cycle technologies) 

with which the utilities will have to develop acquaintance and opera

tional experience. This is & very significant asset in favor of LWHRs. 

To appreciate this significance let us recall tnat (a) The fuel cycle 

(the back-end of it) for the contemporary fission reactors (LWRs and 

HWRs) is not closed yet. (b) Transforming existing LWRs (and HWRs) to 
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work oa the thorium fuel cycle will require a long and expensive develop

ment effcrt. (c) Moreover, the development of a new reactor technology, 

such as that of a fast breeder reset:, i, will require at least a quarter 

of a century and many billion dollars. 

The experience gained from the LWHRs could be valuable for the develop

ment of fusion reactors. In other words, the LWHRs (as well as other 

hybrid reactor concepts) could serve as an operational test bed for 

fusion reactors. For the reasons stated above, the economic risk in

volved in the development of LWHRs is anticipated to be small. Moreover, 

the investment required for the development of LWHRs, in excess of what 

will be committed to the development of fusion power reactors, is antici

pated to be small relative to the investment required for the development 

of a new reactor technology. It is not unlikely that the scenario of 

LWR (HWR) •*• LWHR •*• Fusion Reactors offer the lowest cost-to-benif it ratio 

for the long term development of the nuclear energy economy. 

There are a number of major uncertainties, however, before the success

ful implementation of LWHRs could be assured. The first and foremost is, 

of course, the successful development of an adequate neutron source. 

For the LWHRs to provide a realistic option for the development of the 

nuclear energy economy (either as an alternative to, or a supplement for 

critical breeder reactors), they should be commercial by about the end 

of this century. Moreover, it is essential that the technological (and 

economical) feasibility of the LWHRs will be assessed, with a high degree 
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of confidence, within a decade from now - before the U.S.A. commits 

itself to the advanced fission systems of the future. For these reasons 

it is important that the LWHRs will be based on the earliest available 

fusion technology. 

The fusion technology required for the LWHR (and other hybrid reactors) 

is a relatively modest extrapolation of that expected to be established 

(39) 
with the forthcoming generation of the large Tokamak fusion devices , 

like TFTR(40) or the JET(41). It is likely that these devices will 

enable the demonstration of feasibility for obtaining the plasma conditions 

and modes of operation (including the TCT, CIT and possibly the SCD modes) 

required for full scale hybrid reactor applications. 

The next generation of fusion devices may provide for a large-scale 

demonstration of light water hybrid power reactors. We recommend that 

this application receive - serious consideration in planning the 

fusion research program for the eighties. In the meantime, it is possi

ble to start the experimental investigation of the physics of LWHR blan

kets using existing (and relatively inexpensive) 14 MeV neutron genera

tors. 

Other uncertainties about the implementation of LWHRs include (1) the 

technological feasibility of the U-Si fuel for high burnup power reactor 

applications, and (2) the possibility of laying out the blanket around 

the plasma chamber so as to provide for a high blankest coverage effi

ciency and, at the same time, a satisfactory maintainability of the 
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blanket modules and fusion ''evice. 

As far as the U.Si fuel is concerned, it is recommended that a team of 

professionals (metallurgists and fuel-cycle experts) assess its 

potential and recommend a research and development program aimed at 

making U.Si a practical fuel material for hybrid reactor applications. 

In parallel, alternative fuel materials for hybrid reactors (see 

Section 7.5) should also be examined. 

With regard to the blanket layout considerations, it is recommended 

that detailed conceptual designs of LWHRs be undertaken. These 

designs will also aid In assessing the economic feasibility and com

mercial ity of the LWHRs. 

7.7. _ Potential Contribution of LWHRs to the Nuclear Energy Economy 

If successfully developed to become commercial power reactors, and in 

due time, the LWHRs cou.1 alleviate several of the difficulties encoun

tered nowadays by the nuclear technology. These difficulties include: 

(1) the low efficiency of utilization of the nuclear fuel. 

(2) The fact that the back-end of the fuel cycle is not closed as yet. 

(3) Safety and environmental issues, including the long term hazards 

associated with the accumulation of large amounts of plutonium and 

of other actinides. 

(4) The hazard of proliferation. 

We shall now elaborate on these points. 
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Fuel Utilization 

The concern about the possibility that the nuclear energy economy might 

run out of economically exploitable ores of nuclear fuel as early as, 

perhaps, the beginning of the 21st century provided the primary incentive 

for the development of breeder reactors. The development of the first 

contender of these breeders, the LMFBR, is facing nowadays in the United 

States severe difficulties. These difficulties have to do mostly with 

safety and proliferation issues. 

The LWHFs do offer as good a fuel utilization as the critical fission 

breeders, whxle for safety and non-proliferation , they are similar to, 

if not better than, the contemporary thermal fission reactors. (For de

tails see Sections 7.1, 7.3 and Points 3 and 4, in this section). 

One of the toughest problems for nuclear energy policy makers is the 

need to decide today on changes in the nuclear energy strategy that will 

open options that might be (but not for sure) useful, say, by the end 

of \ century. The current state of knowledge on which these decisions 

can be based is too meagre to assure a high probability for success. 

A very attractive feature of the LWHRs is that they promise to open several 

options for the nuclear energy economy that justify the continued expansion of 

the nuclear energy economy, in the meantime, using the present technologies 

(even without closing the back-end of the fuel cycle). 
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Closing the back end of the fuel cycle (or the plutonium economy). 

A dilemma presently faced by the nuclear community is the question of what 

to do with the spent fuel of LWRs (and, to a lesser extent, of HWRs). 

Should this fuel be reprocessed or stored, for the time being, as is ? 

If reprocessed, should the recovered plutonium be recycled or, perhaps, 

stored for possible use in fast breeder reactors? Reprocessing and, in 

particular, plutonium recycling, are viewed by different groups as major 

contributors to environmental and proliferation hazards of the present 

nuclear power economy. The options opened by LWHRs (see discussion 

above) justify storing the spent fue? without reprocessing, thus allevia

ting the short term environmental and proliferation hazards. In the 

meantime, new technologies and procedures for reprocessing spent fuel, 

waste disposal and handling of plutonium that are both economical and 

safe (environmentally accepted) could be developed (in parallel to the 

development of the breeder reactors of the future). 

In due time, the stored spent fuel could be handled in one of several 

different ways, including: 

(a) If fusion power reactors are commercial at that time and eco

nomically attractive, one may dispose of the plutonium with the 

fuel (as well as other actinides and fission products) without re

processing altogether. 

(b) If fusion reactors are not yet commercial but LWHRs are, one may 

use the spent fuel in the LWHRs without separating the plutonium 
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(that is, using the coprocessing scheme described in Section 5.4). 

This scenario provides for an increase in the capacity of nuclear 

power without increasing the uranium ore requirement, nor uranium 

enrichment requirements, nor the overall inventory of fissile 

fuel on earth. It assures the full utilization of the energy con

tent of the spent fuel from LWRs. 

(c) If LWHRs are not yet commercial, then if economically desirable and 

environmentally acceptable, the plutonium could be separated and 

used either in LWRs or in fast breeder reactors. But until this 

happens, there will be ample time for completing the development 

of, and improvements in the fuel cycle technologies, as well as for 

resolving safety and safeguard issues with regard to the plutonium 

economy. 

Safety and Environmental issues 

Under no credible circumstances can there be a criticality accident in 

the reactor or in the out-of-core fuel cycle of the FSS-LWHRs (having 

the equilibrium FFC of natural uranium). This is simply because 

there :ls no combination of natural u-anium and water that can be

come critical. This, along with the fact that the overall inventory of 

plutonium in the LWHR is small and that it is always found in low con

centration, reluce the hazard of plutonium toxicity accidents relative 

to that in LWR and certainly fast-breeder based power systems. The 

conclusion holds also with regards to the probability for fission and 

activation product contaminating accidents. 
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Another environmental aspect of nuclear power is the impact of the long 

lived radioisotopes, notably the actinides Being a thermal fission 

system, the actinide wastes from LWHRs is expected to be signifi

cantly lower than that from fast breeders. If operated with the thorium 

(or denatured) fuel cycle, the actinide waste from the LWHRs is expec-

(41) 
ted to be several orders of magnitude lower than that with the U-Pu 

fuel cycle (this is an inherent feature of the thorium fuel cycle). 

Being of a pressure-tube design, LWHRs are free from the hazards of 

pressure vessel breakdown (one of the issues being raised against LWR 

safety). With regards to loss-of-coolant accidents, the safety of LWHRs 

is comparable to that of other pressure tube reactors, such as of HWRs 

and SGHWRs. 

Non-Proliferation issues 

We anticipate that the fuel cycle needed to support LWHRs will be easier 

to safeguard against the diversion of fissile material than the fuel 

cycle of contemporary LWRs and, in particular, of any other breeder 

reactor, for the following reasons: 

(a) A power system based on LWHRs, or on the tandem fuel cycle of LWHR-

LWR, is free from the need for uranium enrichment! Moreover, the 

235 
highest isotopic concentration of U in such a power system is 

that of natural uranium. Hence, the LWHRs open the option to deve

lop a nuclear power economy that is free from enrichment facilities. 
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This could significantly alleviate the danger of proliferation via 

the enriched uranium avenue. 

(b) A power system based on LWRs or on the tandem fuel cycle of LWHR-

LWR is most suitable for coprocessing. Nowhere in the system is 

there a need to separate the plutonium x ,*om the uranium. Moreover, 

nowhere in the system is there a need to keep tl e plutonium in con

centrated form. This is to be distinguished from any type of cri

tical breeder reactor which requires high inventories of fissile 

fuel and at high concentrations. 

(c) The denatured fuel cycle of the LWHRs is expected see Section 7.2) 

to be of the lowest concentration of fissile plutonium of all 

denatured cycles. 

(d) Even though the LWHRs are not expected to be commercially available 

but towards the end of this century, they can alleviate the hazard 

of proliferation immediately - by justifying storing the spent fee! 

of LWRs (and HWRs) without reprocessing (see discussion above). 

The magnitude of two environmental issues - tritium and thermal pollution, 

are more severe for the LWHRs (as for other types of hybrid reactors) 

than for critical fission reactors. Neither of these issues pose, how

ever, unsolvable problems. Tritium is a relatively short lived isotope 

so there is no long term or accumulative hazard associated with an un

controlled release of it. By proper planning of the power economy the 

waste heat may be beneficially utilized for a variety of constructive 

applications (from the desalination of water to residential heating). 
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Let us conclude this discussion by listing the options to the nuclear 

power economy that might be opened by the development of LWHRs. We 

shall consider three types of LWHRs: 

Type A: FSS-LWHR the equilibrium fissile fuel content of which is 

235 
similar to the content of U in natural uranium. 

Type B: FSS-LWHR the equilibrium fissile fuel content of which is 

similar to the content of fissile fuel in the spent fuel of 

LWRs. 

Type C: FFP-LWHR which is fueled with spent fuel of LWRs and, in one 

irradiation cycle, builds up the fissile fuel content to the 

level required for feeding LWRs. 

Notice that all three types of LWHRs can be achieved with, basically, 

the same hybrid reactor, and require essentially the same fuel and *.ael 

cycle technologies. Following are some of the nuclear energy strategy 

options offered by the LWHRs: 

(1) Countries which did not start their nuclear energy program (or did 

not develop it to any significant extent) before the LWHRs become 

commercial, may develop a self-contained nuclear power economy based 

on Type A LWHRs. 

This option Is most suitable for developing countries; it will allow 

exporting of breeder reactors along with the complete fuel cycle 

technology that is required to make a country self-sufficient in 
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its energy production with an adequate assurance for non-prolifer

ation (no enriched fuel; no enrichment facilities; at most, facili

ties for coprocessing which are designed so as not to be technically 

capable of separating the plutonium. Alternatively, the denatured fuel 

cycle may be Imposed on these countries). 

(2) For countries which are already in the early stage of developing 

their nuclear energy economy and are striving for self-sufficiency: 

the options opened by the LWHRs may justify an international 

legislation that will ban the export (or even better - ban the 

development) of enrichment and reprocessing capabilities. The jus

tification for such a ban is that in due time (we hope before the 

end of the century), LWHRs will become available ind could make 

these countries self-sufficient In their energy economy. In the 

interim period they will rely on the nuclear powers for enrichment 

(and, possibly, reprocessing) services. 

For countries that . have (or rather, that by the time LWHRs will become 

commercial, will have) a significant nuclear energy economy based on LWRs 

(but no breeders): 

(3) Increase the nuclear power capacity by installing Type C LWHRs 

until the ratio between the capacity of the LWRs and the LWHRs is 

such as to provide a self-sufficient nuclear power economy that is 

free from the need for uranium enrichment and for the separation 

of plutonium. 
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From this point on, the additional power capacity might be developed 

along several routes: 

(A) Type A LWHRs with the fuel cycle to support them. The Type C LWHRs 

already in the system will be converted, after the LWRs go out of 

service, to Type B LWHRs. All the available spent fuel of the LWRs 

r will be used for starting up new Type B LWHRs. Or, if economic 

considerations justify, 

(5) Expand the tandem LWR-LWHR power system by adding new LWRs and Type 

C LWHRs in the right proportion. 

(6) For countries that have natural uranium HWRs: develop a self-

sufficient power economy based on Type A LWHRs. Use the spent fuel 

accumulated from the HWRs in the LWHRs. 

(7) For countries that have breeder reactors of ony kind or anoth

er: convert them to be fuel-self-sufficient (i.e., having an average 

breeding ratio of 1) so as not to produce any more extra fissile 

fuel. Then expand the power system based on the LWHRs, using one 

of the options (3), (4) or (5). Alternatively, economic consi

derations may prefer: 

(8) Development of a self-sufficient LWHR based power system in parallel 

to the power system based on the critical fission reactors. 

To the above, one should add options of LWHRs based on the thorium .md 

denatured fuel cycles. 

At the present stage of knowledge about the commercialization of LWHRs it 
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is not justified (and even irresponsible) to disregard or to stop the 

development of advanced critical reactors. But in view of the potential 

contributions of LWHRs to the nuclear energy economy, it is highly re

commended that a thorough assessment of the commercialization of LWHRs 

be undertaken as soon as possible. 
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8. SUMMARY AND CONCLUSIONS 

The feasibility of hybrid reactors based on light water noderated thermal 

fission blankets was investigated and the range of characteristics attain

able from the light water hybrid reactors (LWHR) was defined. The em

phasis in this study was on power reactors that are fueled with natural 

uranium and are fuel-self-sufficient (FSS) - that is, their average 

breeding ratio is just one. Fissile-fuel-producing (FFP) LWHRs that can 

provide the make-up fuel for LWRs in such a way that the tandem fuel 

cycle of these LWHRs and of the LWRs will be fuel-self-sufficient were 

also examined. 

The first phase of the work consisted of a thorough investigation of the 

properties of subcritical light water lattices for hybrid reactor appli

cations. The two most important lattice properties considered were the 

energy multiplication, M, and the breeding ratio (BR). A simple but 

useful model was developed for estimating the energy multiplication 

attainable from blankets based on a given lattice via three integral 

parameters: the infinite lattice multiplication constant, the effective 

neutron source strength, 0, and the probability, Y» for fast fissions 

induced by the fusion neutron. 

Starting with single rod lattices, the energy multiplication attainable 

from natural uranium fueled lattices having different combinations of 

fuel rod diameter and water-to-fuel volume ratio was identified. It 

was found that the natural uranium light water lattices that provide 
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the highest energy multiplication also breed. The denser the fuel mater

ial, the higher is the energy multiplicatior attainable. Uranium silicide 

was selected as the reference fuel material for evaluating the promise 

of LWHRs. 

For a 1 cm in diaaeter fuel rod (U_Si), the water-to- fuel volume ratio, 

V /Vr, which provider the highest M was found to be about 2.0. The 
m f 

energy Jiultiplication increases with the increase in the fuel rod dia

meter, and the corresponding optimal V /V. decreases. A plateau in M is 

m i 

reached when the fuel rod diameter approaches about 3 cm. The corres

ponding optimal V /Vc and maximal k are, approximately, 1.6 and 0.96, 

m r • 
respectively. 

The equilibrium fissile (plutonium) fuel content established, with burn-

up, in the natural uranium fueled light water lattices that provide the 

highest energy multiplication is approximately 0.7% - just about the 

235 
content of U xn natural uranium. This is a mere coincidence, not 

anticipated from general reactor physics considerations. This finding 

provides the basis for the conception of FS2-LWHR having a very attrac

tive fuel cycle properties. These will be summarized later. 

By varying the moderator-to-fuel volume ratio, one can get different 

values for the equilibrium fissile fuel content (FFC). The lower V /Vr, 
m f 

the higher becomes the equilibrium FFC, and vice versa. In the reference 

natural uranium fueled V^//. - 2 lattice, the equilibrium FFC of 0.7% 

is maintained from the beginning of life throughout the irradiation cycle 
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of 30,000 MWD/T. The further V /V. Is from 2, the longer it takes for 
m i 

the FFC to arrive at its equilibrium level. 

The poienHal of heavy-water moderated systems for hybrid reactor appli

cations was also investigated. The heavy water-to-fuel volume ratio 

that provides a fissile fuel content of 0.7% was found to be about 

V /V^ = 14. The energy multiplication attainable with such a he ivy 

water system was found, surprisingly, lower than the energy multipli

cation attainable with the light water system having the same equilibrium 

FFC (V /V. - ?). The advantage of tne light water system stems from t'te 

high fast fission effects in this tightly packed lattice which more 

than compensate for the thermal neutrons lost to captures by water. A 

similar situation was found for fission systems having higher values for 

the equilibrium fissile fuel content. It is concluded that, as opposed 

to the situation in critical fission reactors, light water is superior, 

neutronically, to heavy water (as well as to graphite) as the moderating 

material for subcritical blankets of power hybrid reactors. Additional 

advantages of light water blankets are compactness and low cost. 

Two different approaches for containing the high pressure water - pres

sure vessel and pressure tubes, have been examined. From the points of 

view of neutron economy and energy balance, the pressure vessel 

was found to be considerably inferior to pressure tubes. Two 

concepts of pressure tube arrangement have been «»xantined: one calls for 
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the use of different water systems for the coolant and for the moderator, 

and the other calls for the uss of a single water system for both the 

coolant and the moderator. The dual water system concept is idential 

to the pressure tube concept of the HWRs of the CANDU type. It requires 

a thermal insulation (in the form of a calandria tube, for example) to 

separate the high temperature coolant from the low temperature low pres

sure water outside of the pressure tubes. The single water system is 

found to be a practical arrangement for the LWHR type lattices because 

of the relatively low water volume fraction they have. Advantages of 

the single water system arrangement include: lower fraction of structural 

material (as there is no need for calandria tubes), simplicity in the 

design of the blanket (no need for water tanks) and of the lithium sys

tem, as well as flattening of the power shape distribution. The pressure 

tube design selected for the LWHR blankets in this study contain a clus

ter of 37 fuel rods - very similar to the cluster used for the modern 

designs of CANDU type HWRs. The fuel rods, 1 cm in diameter, are clad 

with 0.6 mm of Zircaloy . Zircaloy is used also for the pressure tubes. 

The pressure tube is 12 cm in outer diameter and has a thickness of 5 mm 

designed to support a pressure of 100 atm. 

Adding lithium, in the amount required to provide tritium breeding, was 

found to harden significantly the neutron spectrum in the lattices con

sidered and, consequently, to increase the value of the equilibrium FFC. 

As a result, the energy multiplication and tritium breeding ratio sig

nificantly vary, in the lithium containing lattices, with burnup. No 
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optimization of lithium containing lattices was undertaken, as blanket 

designs in which the lithium is incorporated outside of the lattice 

zone were found to be more promising. 

Several blanket concepts which differ in the way of incorporating the 

lithium for tritium breeding have been considered. The five basic blan

ket concepts are: (A) Li-in-lattice. Hert lithium containing tubes are 

interspersed between the pressure tubes in a regular pattern. The 

amount of lithium in the pressure tubes is adjusted to provide 

breeding. (B) Lattice-Li blankets. A lithium zone follows the lattice 

zone. Tritium breeding is provided by neutrons leaking from the lattice. 

(C) Li-lattice blankets. A lithium zone Is located in between the first 

wall and the lattice zone. The thickness of the lattice zone is adjus

ted to assure breeding. (D) Li-lattice-Li. The first lithium zone is 

thin and serves to reduce the neutron loss via capture in the first wall, 

and to flatten the power shape. The second lithium zone that follows the 

blanket makes up for the tritium breeding. (E) Li-lattice-C-Li. The 

graphite zone serves as the reflector for the lattice zone and a moder

ator for the outer lithium zone, thus enabling a reduction In the inven

tories of both fissionable fuel and lithium. It also flattens the blan

ket power shape. 

Each of the blanket schemes was optimized to provide the highest possible 

energy multiplication under the constraint that its tritium breeding 

ratio is 1.1. The highest energy multiplication found for the LWHR 

blankets that are based on the reference lattice is 28. It is obtained 
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for the Li-lattice-Li blanket concept. Ranked second on the energy 

multiplication scale is the Li-lattice-C-Li blanket with M = 26. The 

lowest energy multiplication is offered by the Li-in-lattice blanket for 

which M = 20. This blanket concept needs, however, the lowest lithium 

inventory. It provides also the most flexible arrangement for using the 

lithium to control the blanket energy multiplication and power shape. 

The Li-lattice-C-Li blanket offers the flattest power shape - its max

imum-to-average fission density can be smaller than 1.25. This is to 

be compared with 3.6 for the Li-in-lattice blanket which ranks the last 

in the power shape scale. The Li-latLice-C-Li blanket also provides the 

lowest inventory of fissionable fuel as well as the lowest overall blan

ket thickness - about 70 cm. This blanket concept was chosen as the 

reference blanket for assessing the potential of LWHRs. 

Investigating the feasibility of separating the tritium production and 

the power generating functions into, respectively, the inner and the 

outer sides of the torus of a Tokamak fusion device, it was found that 

in order to assure tritium breeding (with T - 1.1) about half of the 

solid angle around the plasma should be covered with a lithium blanket. 

The resulting average energy multiplication is about 24, only a few 

percent less than that of the reference LWHR blanket. This finding pro

vides much flexibility in the design of LWHRs, relieving maintenance 

problems especially in the inner side of the torus, and enabling the 

constructive utilization of neutrons that leak towards regions not ac-
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cessible for fission blankets (such as towards openings for the divertor). 

Another geometrical effect investigated is the effect of neutron leakage 

through sections of the plasma chamber not covered by the blanket on 

the LWHR energy multiplication. It is found that a neutron loss has a 

very strong effect on the LWHR energy multiplication; losing 10% on the 

blanket coverage efficiency, for example, causes a reduction in the aver

age energy multiplication to about one half of its nominal value! It is 

concluded that it is essential that the LWHR blanket be designed 

to utilize, for tritium breeding, as many of the neutrons that leak 

out of the machine (without hitting the fission blanket) as possible. 

The minimum thickness and optimal composition of iron-water shields for 

the superconducting coils located behind the LWHR blanket were determined 

and compared with the corresponding properties of blanket-free shields 

(i.e., of shields against a source of 14 MeV neutrons). The combined 

thickness of the reference blanket and the optimal shield required for 

maintaining an acceptable level of radiatior damage rates was found to 

be about 140 cm. This is less than 40 cm larger than the thickness of 

the optimal shield against 14 MeV neutrons (the first wall loading being 

the same) designed to give the same radiation damage rates. The optimal 

compositions of the two optimal shields compared are significantly 

different. 
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The evolution of the properties of the FSS-LWHR with bumup, and the 

related questions of the blanket power control and fuel management were 

investigated. Had the FSS-LWHR been operated at a constant fusion neu

tron source intensity in a batch refueling mcde, its energy multipli

cation would have changed significantly over the irradiation cycle. 

Starting with a high value of about 160, the energy multiplication would 

have dropped to about 17.5 at the end of an irradiation cycle of 30,000 

MWD/T. It was found that with partial refueling schemes, in which about 

one-third of the fuel (that reaches 30,000 MWD/T) is replaced each year 

by fresh fuel (as is the common practice in PWRs), the fluctuations in 

the blanket energy multiplication are limited to about ±20%. Smooth-

ing of these fluctuations can easily be achieved by lithium control. 

Lithium control was found to be feasible for adjusting the blanket energy 

multiplication (and, possibly, also power shape). This is done by ad

justing the tritium production rate to the blanket multiplication con

stant. In the batch refueling mode of operation, for example, the 

beginning-of-life tritium breeding ratio is about 1.5, dropping down to 

about 0.85 at end-of-life, when the energy multiplication is kept 

at its nominal value. The tritium breeding ratio averaged over 

the irradiation cycle is estimated to be just about the nominal value 

(T » 1.1) for which the FSS-LWHR is designed. The special features of the 

FSS-LWHR blankets that make thein particularly suitable for lithium con

trol (as compared with conventional hybrid reactors that use fast 

blankets) are discussed. 
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Using depleted uranium for the make-up fuel was found to be another 

possibility for reducing the maximum-to-average energy multiplication 

of the TsS-LWHRs. Even though the depleted uranium additive can sig

nificantly reduce the initial peaking of the energy multiplication, its 

effect on the cycle average multiplication constant is insignificant. 

Thus, once fueled with natural uranium, the FSS-LWHRs could be kept run

ning with depleted uranium as the only make-up fuel. 

Thermal-hydraulic considerations impose a constraint on the blanket power 

density and on the maximum permissible first wall loading. Using the 

design maximum linear heat rating of contemporary water reactors, the 

maximum permissible average power density across the reference FSS-LWHR 

3 
blanket is 120 watts/cm . The corresponding maximum permissible first 

2 
wall loading is about 1 MW/m . Several variants of FSS-LWHR blanket 

designs, the maximum permissible first wall loading for which is only 

2 
a few tenths of a MW/m , have been identified. These Include blankets 

with large (e.g., 3 cm diameter) fuel rods and blankets with 

separate tritium breeding and energy generating sections. 

A parametric study of the overall energy balance of a FSS-LWHR based 

power plan', was performed using a simple model. The principal inde

pendent parameters for this study were the fusion energy gain, Q, of the 

fusion device, and the blanket efficiency, ¥. It was found that a fusion 

driver having Q 5 2 could provide significant flexibility in the blanket 

layout (i.e., coverage efficiency) while still providing useful overall 
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power plant efficiencies, n . 

The domains in the Q-Y space providing a given plant efficiency were 

defined, along with the corresponding fusion neutron source intensity 

and minimum first wall surface area required for driving a 1000 MW 

LWHR power plant. For example, the fusion device conceived by Westing-

house (Q « 1.24) , among the smallest TCTs proposed for hybrid reac

tors, could drive a 1000 MW FSS-LWHR based on the reference blanket 

e 
designed with ¥ = 0.8. 

FSS-LWHRs can be designed to have a higher energy multiplication 

using one, or a combination of, the following approaches: (1) Using 

larger fuel rods. (2) Reducing the water-to-fuel volume ratio (thus 

also increasing the equilibrium fissile fuel content). (3) Using vari

able water-to-fuel volume ratio blankets. The LWHRs having blankets the 

water-to-fuel volume ratios of which are smaller than about 2 might 

serve also as fissile-fuel-producing hybrid reactors. In particular, 

designed with V IV. • 0.5, the FFP-LWHR can increase the fissile fuel 

m i 

content from that of natural uranium to about 3%, during one irradiation 

cycle (30,000 MWD/T). 

Several alternatives to the LWHR designs were identified, including the 

following: (1) LWHR blankets having water for the moderator and gas for 

the coolant. These can provide high thermal efficiencies and low coolant 

pressures. (2) Similar blankets but with solid moderator (like ZrH). 
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(3) LWHRs using the thorium fuel cycle or the denatured version of this 

cycle. The FSS-LWHR with the denatured fuel cycle is expected to have 

lower plutonium inventory than any critical fission reactor operating 

with this cycle. (4) LWHRs the fusion device of which is operated in 

the semi-catalyzed deuterium (SCD) mode and the blanket is free from 

tritium breeding. The tritium inventory in this version of the LWHR can 

be about 2 orders of magnitude lower than in hybrid reactors (as well 

as fusion reactors) based on the D-T fuel cycle. Moreover, the tritium 

is confined to the plasma system. The SCD driven FSS-LWHR operated on 

the denatured fuel cycle appears to be an exceptionally "clean" hybrid 

reactor. 

Three alternatives to the U.Si fuel for the LWHR blankets were- identified: 

(a) uranium dioxide with a relatively low moderator-to-fuel volume frac

tion (providing such an equilibrium FFC that assures a high enough energy 

multiplication), (b) thorium metal based fuel (for the thorium or dena

tured fuel cycles), and (c) high density uranium-based fuel (such as UC) 

in a gas cooled version of the LWHR blankets. 

A qualitative comparison between the characteristics of LWHR blankets 

and between those of fait blankets commonly conceived for hybrid reactors 

is provided in Section 7.4 (see Table 12). A unique feature of the 

FSS-LWHRs is that they are the only type of hybrid reactor we are aware 

of, in which the only "product" for sale is energy; most hybrid 

reactors are conceived as "fuel-factories", converting fertile into 
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fissile fuel to be used fcr energy generation in critical (non-breeding) 

power reactors. A power system based on such "fuel-factories" requires 

a two-stage fuel cycle; one stage comprising of the fuel-cycle activities 

(fuel fabrication, reprocessing, etc.) in support of the "fuel factory", 

and the other stage comprising of similar fuel cycle activities in sup

port of the power reactors. A power system based on FSS-LWHR, on the 

other hand, is self-contained with a single stage fuel cycle required 

for its support; in this power system the fuel production and power 

generation functions are taking place, simultaneously, in the same unit. 

In other words, the fissile fuel produced :s actually being consumed in 

situ. 

From the point of view of resource utilization, safety and non-prolifer

ation attributes, the LWHRs are found to provide a unique collection of 

useful features including: 

(1) A high fuel utilization - as high as attainable by the best critical 

breeder reactors. At the same time 

(2) There is no doubling time limitation on the rate of expansion of the 

capacity of a power system based on LWHRs. 

The LWHRs provide for the development of a self-containe<.' fuel-self-

sufficient power systems that are 

(3) Free from the need for uranium enrichment, as well as 

(4) Free from the need for the separation of plutonium (or for handling 
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any fissile fuel at high concentrations). 

(5) LWHRs have a low fissile fuel inventory, which is always found at 

low concentrations. 

(6) Under no credible circumstances can there be a criticality accident 

in the LWHR (with the equilibrium FFC of abo?::t 0.7Z) or in its 

out-of-core fuel cycle. 

Features (3), (4) and (5) provide the basis for the development of a 

nuclear power economy that is, perhaps, the most proliferation-re

sistant. Such a power economy might also have as low a probability for 

Plutonium toxicity accidents (and other actinides and fission product 

contaminating accidents) as conceivable with any other type of fission 

reactor. As distinguished from LWRs, LWHRs are not susceptible to pres

sure vessel breakdown accidents. They should be guarded against loss-

of-coolant type accidents as conventional LWRs or HWRs. The actinide 

waste problem in a power system based on LWHRs is expected to be signi

ficantly lower than that of a fuel-self-sufficient power system based 

on fast breeder reactors. On the other hand, LWHRs Increase the pro

bability for tritium pollution and might have a higher waste heat as 

compared with critical fission reactors. 

The question of the commercialization of LWHRs was out of the scope of 

this work. It is, nevertheless, noteworthy that: 

(1) The design of LWHRs is based on the most developed fission reactor 

technology (that of LWRs and of HWRs-) ar>d on the earliest expected 
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fusion technology (possibly a relatively small extrapolation of the 

technology of the Tokamaks like TFTR and JET). 

(2) As such, LWHRs appear to be a most natural link between the fission 

technology of the present and the fusion power reactors of the 

fvture. 

(3) A nuclear energy strategy based on the scenario: LWRs(and HWRs)-* 

LWHRs •* Pure Fusion reactors promises a gradual transition from one 

technology to the other, while assuring an efficient utilization of 

the nuclear fuel resources and, very important calling for the 

development of the least number of technologies. 

(4) The total additional investment required for the development of LWHRs, 

beyond that required for the development of fusion power reactors, 

is anticipated to be relatively small. Moreover, a low risk is in

volved in such an investment. 

(5) All the types of LWHRs considered in this work require essentially 

the same technology. Moreover, the fuel cycle technology required 

to support these LWHRs exists. 

(6) It is also estimated that LWHRs are readily adaptable to the thorium 

and denatured fuel cycles. 

Three particularly interesting generic designs of LWHR blankets have 

been identified: 

(A) FFS-LWHRs the equilibrium FFC of which is about 0.7%. 

(B) FSS-LWHRs the equilibrium FFC of which is about 1.5%. 
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(C) FFP-LWHRs the FFC for which is 1.5Z at refueling, and about 32 at 

discharge. 

Among the nuclear energy strategy options opened by these types of LUHRs 

are the following: 

(1) a self-contained power system based on type A LWHRs. This power 

system is fueled with natural uranium. Depleted uranium and spent 

fuel from HWRs can be used for the make-up fuel. 

(2) A self-contained power system based on type B LUHRs. This power 

system is fueled with spent fuel from LWRs. It provides for a very 

efficient way of utilizing the spent fuel that might be accumulated 

over the years from LURs. This option for the utilization of LUR 

spent fuel should be taken in consideration when assessing the plu-

tonium economy policy for the near future. 

(3) A self-contained power system based on a combination of type C 

LWHRs and LWRs having a tandem fuel cycle (the fuel is being cycled 

from one type of reactor to the other). 

(4) Any combination of (1) to (3). 

Common features to all the LWHR based power economies described above 

are that they are fed with natural uranium (or spent fuel), assure high 

utilization of the fuel resources, and are free from the need for uranium 

enrichment or for the separation of plutonium. 

Even though the LWHRs are not expected to become commercial much before 
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the end of this century, the long-term options to the nuclear energy 

strategy they open might alleviate several of the difficulties encounter

ed today by nuclear technology. With the LWHR options, it might be 

justified to store the sper" fuel from LWRs (and HWRs), thus reducing 

the short term risks of proliferation and of actinides (and fission pro

ducts) contamination, without risking loss of the "entropy" of the 

uranium reserves or constraining the rate of introduction of br eder 

reactors '*f the LWHR type) in the future. 

Before any LWHu based strategy is adopted, though, it is essential that 

the technological and economic feasibility of LWHRs be assessed and 

compared with thoso of other advanced nuclear reactors. It is thus reco

mmended that a thorough conceptual design study aimed at assessing the 

commercialization of LWHRs be undertaken. If LWHRs are to be given 

a fair chance to contribute to the nuclear energy economy, this assess

ment should be completed in the near future. 
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